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Abstract

Laboratory core flooding experiment was run to investigate the joint use of electrical resistivity, ultrasonic velocities and 3D
images of fluid distribution to improve current understanding of CO, and brine behaviour during drainage and imbibition in
reservoir rocks. The test specimen was cylindrical Rothbach sandstone measuring 100 mm in length and 38 mm in diameter,
with a porosity of 23% and an average permeability of 400 mD. The brine saturated specimen was drained by injecting CO, and
later imbibed with brine while monitoring changes in resistivity and ultrasonic velocity measurements. Actual fluid saturation
level and distribution have been mapped simultaneously using X-ray CT scan. CO, saturation calculations based on CT values
showed a steep saturation gradient at start of drainage and the gradient flattened with more CO, injected into the sample. The
ultrasonic compressional velocity (V) measurements depicted a continuous decrease with increase in CO, saturation while the
resistivity of the sample increased proportionally with increase in CO, saturation. A CO, saturation of 53% was achieved at the
end of drainage after injection of 20 pore volume (PV) CO,. This resulted in a decrease of V,, by 7.2% while the amplitude
decreased by as much as 48%. At the end of drainage, the resistivity of the sample increased to 13.9 Q-m from full brine
saturated value of 3.2 Q-m. During imbibition, the sample was re-saturated close to 100% after 10 PV brine injection. Change in
V,, due to CO;, saturation level variation was relatively consistent during drainage and imbibition (no hysteresis) where as the
resistivity of the sample was more affected by the flooding history resulting in hysteretic variation in resistivity. Resistivity index
(RI) values did not show a consistent pattern and a single Archie’s saturation exponent (n) could not be assigned.
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1. Introduction

In recent years, underground storage of carbon dioxide (CO,) from large scale point sources have been
considered as one of the main options for reducing anthropogenic CO, emissions. The success of such techniques is
highly dependant on the capacity of these repositories to be able to store CO, with no significant leakage back to the
atmosphere. Since much of the CO, stored will initially be trapped hydro-dynamically, a clear understanding of the
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basic mechanisms of transport through the reservoir, as well as measurement and outlining of CO, plume is vital for
quantification, monitoring and detecting of potential CO, leakage during and after injection. Indirect geophysical
measurements have been employed to detect and measure the distribution of CO, plume in geological storage sites
[eg. 1]. However they are highly dependent on the relative saturation and distribution of the specific fluids (e.g.
brine and CO,) in the pore space. Simultaneous use of both electrical resistivity and seismic velocity measurements
enable two complementary measurements. Seismic velocity measurements have better resolution efficiency in fluid
mapping in geological reservoirs compared to electrical resistivity where as the latter has better precision in terms of
quantifying relative saturation levels of immiscible fluids. In the presented work, saturation levels and distribution
of fluids within the porous system is mapped in real time using high resolution X-ray Computed Tomography (CT)
scanner. This gives additional information compared to ordinary imbibition and drainage experiments since
saturation levels are not averaged from amounts of fluid injected and produced, but from actual fluid distribution
and saturation levels obtained from CT images. Hence, the effect of fluid distribution within the sample on the
measured geophysical properties can be investigated. The laboratory experiment was conducted with the purpose of
better understanding fluid distribution in a reservoir rock and for determining the potential to estimate saturation
level of CO, in geological reservoirs using seismic and electromagnetic surveys.

2. Material and methods
2.1. Experimental setup

A new experimental setup (Figure 1) has been designed using a specially built core holder that is made of a
composite structure of steel and carbon-fiber. The central part of the cell, where the rock core is placed, is made
from pure carbon-fiber which is highly transparent to X-ray. The facility allows continuous injection of fluids into
the sample at room temperature. The top and bottom cap of the cell are electrically separated such that electrical
resistivity across the sample can be measured. The pumps connected to the top cap are electrically separated from
the rest of the system to avoid current leakage during the test. Electrical measurements were made using the top and
bottom pedestals as electrodes while 1 kHz and 4V excitation is sent through the bottom pedestal. Thus, the
potential difference between top and bottom pedestals is used to calculate the resistivity of the core at given fluid
saturation. Piezoceramic crystals in the top and bottom pedestals were used for measurement of compressional and
shear ultrasonic velocities at a frequency of 500 kHz. Details of the simultaneous use of velocity and resistivity
measurements are given in [2]. The system is equipped with a logging facility where pore pressure, temperature,
flow rate and volume are continuously recorded. A two-head Isco™ syringe pump was used to keep a constant pore
pressure during injection, while GDS™ pumps were used to control injection rate and volume. The set up is
configured in such a way that the Isco pumps are set to keep a constant pressure of 10 MPa while the GDS is taking
fluids into the pump at a given rate and required volume. The cell pressure (i.e. the confining pressure) was
maintained by GDS pump at 25MPa. Pressure transducer was mounted close to the cell to monitor change in pore
pressure. The entire setup is built outside the CT-scanner cabinet and logging cable and pipe lines are connected
after the cell is mounted inside the CT- scanner. Each scan takes approximately 1 hour. Unlike medical CT-scanner,
the entire cell is rotated with fixed X-ray source and detector. The piping and the logging cables are specially setup
to allow 360 ° rotations at experimental pressure.

2.2. Experimental procedure

The test specimen is a cylindrical Rothbach sandstone sample measuring 100 mm in length and 38 mm in diameter,
with an average porosity of 23 % and an average permeability of 400 mD. The sample has a heterogeneous structure
and it was drilled perpendicular to the layering. It is mainly composed of quartz, feldspar and small percentage of
clay. Synthetic brine with 50g/1 total solids (40 g/ NaCl and 10g/L Nal) and resistivity of 0.16 Q-m was used in the
experiment. Nal was added to the solution as a dopant to increase contrast between CO, and brine during X-ray CT-
scan. The core holder with a dry sample was mounted in the CT- scanner and CT- images of dry, CO, saturated, and
brine saturated sample were collected sequentially. Both electrical resistivity and ultrasonic measurements were
taken at the above three saturation conditions. The CO, was allowed to equilibrate inside the pump at room
temperature and experimental pressure conditions before injection started. During the test liquid CO, (at 20°C and
10MPa) is injected into a brine saturated sandstone core that is kept at isotropic confining pressure of 25 MPa. The
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CO, is injected stepwise while measuring electrical resistivity, ultrasonic velocities and simultaneously scanning the
rock by X-ray CT scans. To study the effect of imbibition of brine and subsequent dissolution of CO, into brine, a
similar procedure was used to imbibe the core with brine after the initial CO, flooding until the sample was re-
saturated to a level close to 100% brine saturation. Fluids were injected into the core at 0.2 pore volume (PV=26.1
mL), per each step and at a rate of 0.3mL/min until 2 PV has been pumped. An injection rate of 0.5, 1.0 and 5
mL/min were used for volume pumped between 2-6, 6-10 and 10-20 PV, respectively. The injection steps used for
the experiment were (0.1, 0.3, 0.5, 0.7, 0.9, 1, 2, 6, 10, 13, and 20 PV) for drainage and 0.1, 0.3, 0.5, 0.7, 0.9, 1, 2, 4,
6, and 10 PV) for imbibition. Values are cumulative injected fluid volume at each step.
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Figure 1: Schematic diagram of experimental setup at NGI laboratory used for the experiment. T and R inside the core holder stand for
transmitter and receiver. Picture of the sample holder is modified from [3].

The X-ray CT pictures were collected 1 hour after the injection of fluid was completed to allow the system to
stabilize following initial dissolution of CO; in the brine. The time limit was chosen based on trial test runs prior to
the start of the experiment. Each scan takes 1 hour and the time between two successive injections was 2 hours.
During the first hour, both velocity and resistivity measurements were taken to detect geophysical variations due to
dissolution and redistribution of fluids in the pore systems. All the CT images were collected at X-ray configuration
of 100 kV, 200uA. The output CT image is digitized as a TIFF-formatted 16-bit image file (2000 x 2000 pixels).
Stacks of 2D projection images created during the CT-scan (1000 still pictures/360° rotation) are used to reconstruct
3D volume images. Each voxel in the volume is then assigned a gray value (CT number) that is proportional to the
X-ray attenuation property of the material. X-ray attenuation is a function of density, experimental condition
(pressure and temperature) and chemical composition of the material in each voxel. CT numbers for pore fluids (air,
brine and CO,) were measured at experimental X-ray configuration by injecting fluid in cylindrical hole drilled in
similar sandstone that is mounted in the core holder. Using 3D volume images and measured fluid CT values,
porosity (¢) and CO, saturation(Sco,) in the sample were calculated using Eq. 1 and 2 [4].

CTbrine, r- CTdry' r
CTorine - CTair

o= (1)
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— CTexp,r - CTbrine,r
CTCOZ,r - CTbrine,r

@

Sco,

Sbrinezl - SC02 (3)

where, CTary, 1, CThrine, r and CT¢qy, are CT values of dry, brine, CO, saturated rock respectively. CTeyp, , is the CT
value of the rock at each injection step and CT,; and CTyyy,e are CT number of the fluids air and brine.

3. Results

Fluid saturation levels and distribution patterns in the sample were mapped by CT-scanner while electrical
resistivity and ultrasonic velocity measurements were taken simultaneously. The top and bottom 10 mm of the
sample has been excluded from the image analysis as the interference from the steel pedestals created shadows due
to the high X-ray attenuation of steel. Therefore the results presented here; porosity and saturation calculations are
representative of the middle 80mm section. Injection of CO, at 20 °C and 10MPa into a brine saturated sample
brought major changes in the geophysical properties of the sample resulting a reduction in amplitude and V,, as well
as a remarkable increase in electrical resistivity. Since the sample was drilled perpendicular to layering alternating
layers of low and high porosity can be seen on the porosity profile (Figure 2). The porosity was low in the middle
part of the sample compared to the other regions of the sample. During drainage, brine was not efficiently removed
from these low porosity regions.
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Figure 2: Profile of mean porosity across the length of the core (10-90 mm) left and picture of core used in the experiment, right. Porosity is
calculated from CT images using Eq. 1.

The saturation profiles indicate steep gradient for the first few pore volumes (<1 PV) of CO, injected (Figure 3).
Breakthrough of CO, occurred after injection of only 0.5 PV CO,. As more CO, is injected the fluid saturation along
the sample became relatively uniform. Both geophysical measurements were taken across the length of the sample
and hence are very much influenced by the variation in fluid saturation in the core. The final residual water
saturation after 20 PV CO, injection was 47 %. This indicates low replacement efficiency by CO, compared to that
of brine where 10 PV injection of brine into the sample resulted in a re-saturation of the core close to 100 %. In the
low porosity layers, brine was not efficiently drained by the CO, as it opted to follow highly permeable pathways
(larger pore sizes) during drainage. This is clearly seen at lower CO, saturations (the first three saturation profile
images in Figure 3B), where layers of low porosity regions tend to have very high brine saturation. Hence, sample
heterogeneity plays an important role in the distribution of fluids within the core during flooding experiments.
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Figure 3A: Average CO, saturation along the length of the core, drainage (left) and imbibitions (right). Saturation levels are calculated from
CT images using Eq. 2.
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Figure 3B: CO, saturation (section images not to scale) along the length of the core of drainage (left) and imbibitions (right). Saturation
levels are calculated from CT images using Eq. 2. Images depicted are made by averaging 15pixel radius and bottom and top
lcm of the sample are not indicated due to interference from top and bottom caps.

The compressional velocity (V,) decreased significantly after injection of 1 PV CO, and does not seem to be
affected significantly with additional injection of CO, beyond 2 PV (Figure 4A). The V,, measured at maximum CO,
saturation of 53% is 7.2% lower than brine saturated velocity and only 4% higher than the value measured at 100%
CO; saturation (Figure 5). The change in amplitude did not show a proportional decrease with increase in injected
CO, volume. However, the amplitude fell sharply after injection of 0.3PV and remained relatively unchanged before
it increased after injection of 1 PV CO, and remained more or less the same. The variation in amplitude might have
been affected by the fluid distribution in the sample as the existence of sharp front (impedance contrast) within the
core resulted in a much higher fall in amplitude (attenuation) at lower saturations compared to values measured at
higher CO, saturation (Figure 4B). Over all, the amplitude fell by 48% after 20PV of CO, was injected. Compared
to the change in V), the change in amplitude due the fluid substitution is much higher. This indicates that amplitude
has an advantage over velocity measurements to detect CO, in the sandstone especially in outlining CO,-brine
contact. However, both parameters are only sensitive within a narrow window of CO, saturation (0-30%) as
depicted in Figure 4 A and B.
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Figure 4: A) Plot of changes ultrasonic compressional velocity, B) amplitude against injected volume of CO, during drainage. Section images
indicated in B depict that the presence of sharp impedance contrast (after 0. 3 PV) resulting much higher drop in amplitude

compared to amplitudes measured at higher CO, saturation and insignificant impedance contrast ( e.g., 2 PV CO, ).
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Plot of V,, against saturation (Figure 5A) depicts a linearly decreasing velocity as CO, saturation increased in the
core both during drainage and imbibition. V,, was not very much affected by hysteresis effect as the drainage and
imbibition lines follow more or less the same pattern. As expected, the shear wave velocity (V) was not sensitive to
variation in fluid composition (Figure 5B).
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Figure 5: A) Ultrasonic compressional velocity and B) shear velocity variation against average CO, saturation in the core.

A method of relating hydrocarbon saturation level in clean sandstone reservoirs with electrical resistivity is
described by Archie saturation equation [5].

RI=R/Ry=(S,)" 4

Where the resistivity index, RI, is equal to the ratio of the resistivity of the sample (R) at partial brine saturation S,,,
over the resistivity of the sample at 100% brine saturation (R,) and » is Archie’s saturation exponent. R, depends on
rock effective porosity (¢); a quantity that takes account of the entire system of interconnected pores and excludes
isolated voids. R, can be expresses as:

Ry = R, F Q)

Where Ry, is resistivity of brine phase and F formation factor given by:

F=ae™ (6)

where, a is the humble factor and m the cementation index. The resistivity of the sample increased to 13.9 from
fully brine saturated values of 3.2 Q-m. After imbibition, the resistivity of the core fell back to fully brine saturated
values after injection of 10 PV brine indicating a close to 100% brine saturation. Plot of RI against S,, shown in
Figure 6 depicts a non linear trend. However the points are scattered and resistivity values seems to depend more on
the flooding history (drainage vs. imbibition) and fluid distribution than what is observed with V. Hence, Archie’s
saturation exponent (n) was not calculated and more analysis and experiments are necessary in order to assess the
effect of fluid distribution on the rock resistivity and heterogeneity. This might also have important consequences
when deciding location of electrodes in geological storage sites.
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Figure 6: A) Resistivity, B) resistivity index (RI) against calculated average saturation of the core.

At the start of drainage experiment, the resistivity of the core decreased exponentially during the first hour after
injection of CO,. The change in resistivity measured after injection of 0.1PV and 0.3PV CO, in to the brine saturated
sample has dropped by as much as 9% and 2.5% respectively within 1 hour (Figure 7). As more CO, is injected into
the core the observed change in measured resistivity with time decreased. The pore pressure in the sample has also
decreased during this period on average by 0.2 MPa. However, the same change in resistivity was not observed
during imbibition which was constant at all stages. When CO, is injected from the bottom into the brine saturated
core it occupies the bottom of the sample overlain by a brine saturated column (Figure 7C). Since resistivity is
measured along the length of the sample, CO, will obstruct the electrical communication in all the pores it occupies.
Therefore, any dissolution of CO, in these pores will have a high chance of re-establishing the original conduction
line since CO, column is relatively thin (Figure 7C, 0.1PV CO,). As the column of CO, gets thicker, the potential of
re-establishment of a fully brine connected pore decreases even if a fair amount of CO, dissolves (Figure 7C, 0.3 PV
CO,). Hence, it causes smaller change in resistivity. During imbibition, injection of brine into the core with a high
CO, saturation creates a scenario in which a much conductive layer is underlain by a less conductive layer (Figure
7C, 0.1PV brine). Therefore, any re-establishment of electrical conduction by fluid substitution/dissolution at the
bottom may not result in change in resistivity unless the electrical conduction is established over the entire length.
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Figure 7: Variation of measured average resistivity of the core along the length of the core in the first hour after end of injection of CO,. A) 0.1
PV CO,, B) 0.3 PV CO, and C) Saturation cross-section images

Between the end of drainage and beginning of imbibition flooding, the sample was left for 72 hours at the same
pressure and temperature conditions. During this time, the resistivity of the sample increased by 6% even if the CO,
saturation decreased. The decrease in CO, saturation of the sample is due to dissolution into the brine phase and a
very small diffusion of CO, across the rubber membrane and into the hydraulic oil providing an effective confining



4386 B.L. Alemu et al./Energy Procedia 4 (2011) 43794386

pressure of 15 M Pa. The diffusion was confirmed by a separate test where CO, was detected in the confining oil
where as no leakage of oil into the core was detected. The increase in resistivity is probably related to the
accumulation of CO, on the top part of the sample that disrupted the electrical conductivity along the core. This can
be clearly seen (Figure 7C, 0.1 PV brine) where CO, is accumulated at the top part due to buoyancy driven upward
migration of COs.

Conclusion

Geophysical properties of the sample were affected not only by the level of CO, saturation, but also, by the
distribution of CO, within the sample. After injection of 20 PV CO,, the saturation of CO, in the sample reached
53% and close to 100% brine saturation was achieved by imbibing the sample with 10 PV brine. The absence of
significant amount of residual CO, might be a result of dissolution CO, in the brine. At the end of drainage, V,, and
amplitude decreased by 7.2% and 48% respectively, where as, resistivity of the sample increased to 13.9 Q-m from
fully brine saturated value of 3.2 Q-m. The fact that fluid distribution is mapped using the CT-scanner revealed the
dependence of laboratory measured geophysical parameters of rocks in the amount and distribution of fluids in the
core. Additional studies are required to understand the full dynamics of CO,-brine in geological storage reservoirs
especially on the dissolution and transport of CO, within a similar system.
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