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This work examines the influence of initial (i.e. post drainage) nonwetting (NW) fluid topology on total
residual (i.e. after imbibition) NW phase saturation. Brine and air (used as a proxy for supercritical
CO2) flow experiments were performed on Bentheimer sandstone; results were quantified via imaging
with X-ray computed microtomography (X-ray CMT), which allows for three dimensional, non-destruc-
tive, pore-scale analysis of the amount, distribution, and connectivity of NW phase fluid within the sand-
stone cores. In order to investigate the phenomenon of fluid connectivity and how it changes throughout
flow processes, the Bentheimer sandstone results are compared to previously collected X-ray CMT data
from similar experiments performed in a sintered glass bead column, a loose packed glass bead column,
and a column packed with crushed tuff. This allows us to interpret the results in a broader sense from the
work, and draw conclusions of a more general nature because they are not based on a single pore geom-
etry. Connectivity is quantified via the normalized Euler number of the NW fluid phase; the Euler number
of a particular sample is normalized by the maximum connectivity of the media, i.e. the Euler number of
the system at 100% NW phase saturation. General connectivity-saturation relationships were identified
for the various media. In terms of trapping, it was found that residual NW phase trapping is dependent
on initial (i.e. post-drainage) NW phase connectivity as well as imbibition capillary number for the Bent-
heimer sandstone. Conversely, the sintered glass bead column exhibited no significant relationship
between trapping and NW topology.

These findings imply that for a CO2 sequestration scenario, capillary trapping is controlled by both the
imbibition capillary number and the initial NW phase connectivity: as capillary number increases, and
the normalized initial Euler number approaches a value of 1.0, capillary trapping is suppressed. This find-
ing is significant to CO2 sequestration, because both the drainage (CO2 injection) and imbibition (subse-
quent water injection or infiltration) processes can be engineered in order to maximize residual trapping
within the porous medium. Based on the findings presented here, we suggest that both the Euler number-
saturation and the capillary number-saturation relationships for a given medium should be considered
when designing a CO2 sequestration scenario.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction sequestration of CO has been suggested as a mitigation strategy
Energy production via the use of fossil fuels has resulted in the
release and accumulation of substantial quantities of CO2 in the
atmosphere [1]. The prevalence and amount of coal in reserves
throughout the world implies that despite concerns of excessive
anthropogenic CO2 emissions, coal will continue to be a large
source of energy production in the future; this indicates that some
form of emissions mitigation is necessary for coal-based power
plants or other concentrated emission sources [2]. Geologic
2

with regards to energy production via coal power plants [3], and
both short and long term security of storage of CO2 in the subsur-
face is essential to a successful sequestration scheme.

Sequestration involves (1) injection of supercritical CO2 into a
subsurface brine reservoir, considered to be a brine drainage pro-
cess; and (2) the subsequent upward travel of the buoyant CO2

plume, during which the brine passively imbibes or is injected into
the pore space. Ultimately, the CO2 may dissolve into the brine
(‘‘dissolution trapping’’) and eventually precipitate to form carbon-
ate minerals (‘‘mineral trapping’’). However, these dissolution and
precipitation processes are estimated to occur on long timescales
(on the order of hundreds to thousands of years) and a mobile
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Fig. 1. Literature valuers for residual nonwetting (NW) saturation S(nw)r as a
function of initial non-wetting saturation S(nw)i [13].

48 A.L. Herring et al. / Advances in Water Resources 62 (2013) 47–58
CO2 plume may exist in the subsurface until these reactions pro-
ceed to completion [3]. Entrapment of CO2 via capillary forces
within the pore structure of the rock (‘‘capillary trapping’’) occurs
on short time scales, and is more secure than trapping of a contin-
uous CO2 plume via a caprock (‘‘hydrodynamic trapping’’ or ‘‘struc-
tural trapping’’) [3].

In theory, maximization of capillary trapping can be accom-
plished via manipulation of injection scenarios. Parameters such
as pressure, temperature, and salinity conditions of the injection
can be sought such that the fluid properties and thus interaction
of the CO2-brine system are most conducive to capillary trapping.
Similarly, the flow rates and volumes of both the CO2 injection
and the subsequent brine injection/imbibition can be managed to
provide favorable capillary trapping conditions.

This approach is similar to that of enhanced oil recovery where-
in different fluid and flow properties are manipulated in order to
extract the maximum amount of oil from a subsurface reservoir;
and indeed, much of the prior research in the area of CO2 seques-
tration is adapted from traditional oil recovery research. However,
the CO2 sequestration process differs from oil recovery in two sig-
nificant aspects: (1) the goal of a sequestration scheme is to trap,
rather than mobilize, the greatest amount of nonwetting fluid pos-
sible; and (2) during a sequestration scenario the drainage (and
thus, the initial state) of the reservoir can be engineered as well
as the imbibition (the residual state); while in oil extraction oper-
ations only the imbibition process can be varied, as the initial state
of the reservoir is predetermined by the reservoir itself. Therefore,
in order to design a successful CO2 sequestration scheme, maximi-
zation of capillary trapping of supercritical CO2 via manipulation of
both the drainage and imbibition processes must be investigated.
In this work, we use the standard nomenclature of drainage (i.e.
NW phase invading pore space and displacing W phase) and imbi-
bition (W phase invading pore space and displacing NW phase);
but to emphasize the importance of NW fluid in a CO2 sequestra-
tion scenario, all saturation values are presented as NW saturation.

It is generally accepted that the absolute amount of capillary
trapped NW phase (i.e. the residual NW phase saturation) for a
given medium is related to the Capillary Number (Ca) of the
imbibition, or water flooding, process. Ca has several definitions
depending on the intended application [4,5], but has traditionally
been defined from an oil extraction standpoint. In general, the cap-
illary number describes the balance between viscous forces and
capillary forces with respect to the invading fluid (as opposed to
the defending fluid). In this work, Ca is defined as:

Ca ¼ lINVmINV=r

where mINV ¼ Q=ðA � gÞ

Here, viscous forces are represented by the product of the
invading phase viscosity [mPa s] and the invading phase velocity
[m/s]. Capillary forces are represented by the interfacial tension
between the two fluid phases [mN/m]. The invading phase velocity
is calculated as the volumetric flow rate Q [m3/s] divided by the
cross-sectional area A [m2] of the porous medium and the porosity
g [-].

For an imbibition process, the amount of trapped NW phase (i.e.
residual NW phase normalized by initial NW phase) will be high at
lower Ca values, but will decrease sharply if the imbibition process
exceeds some threshold or ‘‘critical’’ capillary number (e.g. [6]);
this is due to the transition from capillary to viscous force
dominance. This relationship has been demonstrated extensively
with experimental work [7–9], as well as numerical modeling
[10,11]. NW trapping is not purely a function of Ca, however, as
this relationship will shift in response to changes in NW fluid
[12] or medium properties [11]. Another factor influencing residual
saturation is the initial saturation of NW fluid in the medium prior
to imbibition [13,14]: residual NW saturation increases as initial
NW saturation increases. This general trend is shown to hold for
many media types, although there is still variation among different
media types (Fig. 1, from [13]).

In order to quantify the differences in fluid transport in different
media, topological and morphological measures have been utilized
to characterize the internal structure of porous media and relevant
media properties for fluid flow [15–20]. Additional work has been
done to try to identify specific geometric properties of media
which lead to increased NW residual trapping. For example, Chat-
zis et al. [21] looked at several different experimental systems
(glass bead packs, two-dimensional (2D) micromodels, and Berea
sandstone) and two trapping mechanisms: snap-off (where a NW
fluid blob is trapped in a pore while W fluid flows around and
through that same pore) vs. bypassing (where a NW filled pore re-
mains filled while W fluid flows through an adjacent pore). Chatzis
et al. [21] concluded that residual NW phase distribution and trap-
ping type is dependent on the pore-throat aspect ratio (the ratio of
the pore body radius to the throat radius) with secondary consid-
eration given to the coordination number (the number of throats
associated with a single pore). In support of this conclusion, Al-
Raoush and Willson [22] utilized X-ray tomography to identify
residual NW phase within a glass bead pack and found that NW
phase was trapped primarily in the pore bodies with the highest
aspect ratio and highest coordination number.

However, unlike previous work that has concentrated on the
shape and structure of the porous media itself, there are relatively
few works that study the topology of the NW fluid phase within a
porous medium. In one of the few studies to address this topic,
Wardlaw and Yu [23] used 2D micromodels to investigate NW
phase topology and found that a more highly connected initial
NW phase leads to a decrease in residual saturation. Further,
Wardlaw and Yu [23] also state that the effect of NW phase topol-
ogy is more important for media with low pore-throat aspect ratio,
and uniform pore size distributions.

Wardlaw and Yu’s work [23] suggests that in addition to the Ca
dependent trapping and initial-residual effects discussed above,
residual NW phase trapping can be maximized by manipulating
CO2 injection to produce desirable initial state NW phase connec-
tivity. Additionally, the relative importance of fluid topology for
different media implies that different injection schemes (e.g. water
alternating gas, or WAG) resulting in different fluid topologies may
have varying efficiencies for different media. In order to examine
these theories, the following research questions are addressed in
this work:

� How is NW phase connected in different porous media after
drainage and after imbibition?
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� How does initial state NW fluid topology affect residual NW
fluid trapping?
� How does fluid topology affect trapping in different media?
� How can initial NW phase fluid topology be controlled to opti-

mize residual trapping?

In addition, this work will verify the effect of imbibition capillary
number on capillary trapping in Bentheimer sandstone. This re-
search aims to investigate these questions on a quantitative,
pore-scale basis via the use of X-ray computed microtomography
(X-ray CMT). X-ray CMT is a non-destructive method of sample
analysis which has been utilized in geology, hydrology, and oil
recovery work in order to visualize and characterize the internal
three-dimensional (3D) structure of porous media [22,24–29]. For
a thorough overview of the use of X-ray CMT in fluid flow experi-
ments, the reader is referred to Wildenschild and Sheppard [30].

To our knowledge, this is the first research studying the 3D
topology of a fluid phase within a porous medium (in contrast to re-
cent work by Vogel [17], Lehmann et al. [31], and Hilpert et al. [32]
which focused on the topological characteristics of the porous
medium). We present topological characterization (via the use of
the Euler Number, v, described further in the Theory section) of
a nonwetting fluid, air (CO2 proxy), after NW phase trapping exper-
iments in 6 mm diameter Bentheimer sandstone and sintered glass
bead cores. To further investigate NW phasel connectivity behavior
in porous media, additional topological analysis is performed on
previously collected data from brine and air drainage-imbibition
scanning curve experiments in a loosely packed glass bead core
and crushed tuff column.

The W phase used in these experiments, 1:6 by mass potassium
iodide brine, approximates the W phase for a CO2 geologic seques-
tration operation; and in addition the iodine acts as a contrast
agent for CMT scanning. The CO2 proxy fluid, air, is chosen to facil-
itate ease of experiments and thus provide a large amount of
experimental data. The air-brine-Bentheimer system approximates
the combination of capillary, viscosity, and gravity forces which
control a supercritical CO2-brine-sandstone system (e.g. [33]).
While these experiments cannot be said to be directly representa-
tive of the supercritical CO2-brine system, both systems should
show the same general response to flow processes on a pore-scale
basis; this implies that processes we observe in the ambient exper-
imental Bentheimer system will be relevant to geologic sequestra-
tion of CO2.

The remainder of this article will detail the materials and meth-
ods of our experiments and analysis; a brief introduction to topol-
ogy and the Euler number; the results of our analysis, and
discussion of the results. Finally, conclusions and application to
CO2 sequestration scenarios will be addressed.

2. Material and methods

Four data sets are analyzed in this work. Two data sets arise
from NW trapping experiments consisting of one drainage-
imbibition cycle, conducted in Bentheimer sandstone cores (new
Table 1
Experimental parameters.

Medium d50 (lm) Ca Column

NW trapping experiments
Bentheimer sandstone 190a 10�8.6–10�5.1 28–45
Sintered glass bead 850 10�6.0–10�3.6 56

Scanning curve experiments
Loose pack glass bead 850 10�7.7–10�7.6 70
Crushed tuff 1795 10�6.8–10�6.0 42

a From Maloney et al. [38].
experimental data) and sintered glass bead packs [34]. The remain-
ing two data sets arise from multiple drainage-imbibition cycles
performed in loose granular packs, one of glass beads [35] and
one of crushed tuff [36]. Relevant experimental parameters are
shown in Table 1.

2.1. Bentheimer sandstone

Bentheimer sandstone was chosen as a model porous media for
CO2 sequestration studies because (1) it is relevant to geologic for-
mations which have been identified as potential sequestration
sites; and (2) the pore and grain features are sized such that it is
a suitable porous medium for analysis by X-ray CMT. The Benthei-
mer rock samples were cored from larger blocks of sandstone,
which all originated from the same formation and are expected
to have similar pore size distributions, permeabilities, porosities,
and aspect ratios. All cores had a diameter of 6 mm; core lengths
ranged from 28 to 45 mm. The cores were wrapped with a thin
layer of Teflon tape and epoxied into aluminum core holders
(Fig. 2b).

A Harvard PHD2000 syringe pump (Harvard Apparatus, Hollis-
ton MA,United States) was used to precisely control volumes and
drainage and imbibition flow rates of fluids. A low-range and a
high-range pressure transducer (Validyne Engineering, Northridge
CA, United States) were connected in parallel to allow for verifica-
tion of pressure measurements and allow for measurement of a
wide range of pressure values. The low-range transducer provided
fine pressure measurements at low pressure and was disconnected
at higher pressures (i.e. ±13.7 kPa or ±140 cm H2O) to prevent fail-
ure of the pressure transducer membrane, at which point the high-
range transducer was utilized. A schematic of the experimental
set-up is shown in Fig. 2a.

2.1.1. Experimental process
Prior to an experiment, the rock core was flushed with gaseous

CO2 for 30 min at a pressure of approximately 100 kPa (15 psi) to
attempt to replace all the air in pores with gaseous CO2. Gaseous
CO2 is more soluble than air; the CO2 (g) flushing increases the dis-
solution of the gas within gas-filled pores and results in a higher
brine saturation at the initial stage of the flow experiment. Two
layers of hydrophilic nylon membrane with 1.2 lm pore size (Gen-
eral Electric Company, Fairfield CT, United States) were used at the
base of the sample stage, thus preventing NW fluid from entering
the brine line during the drainage process. The complete core
holder assembly is shown in Fig. 2c. The CO2 (g)-filled rock core
was attached to the sample base and flushed with 10 pore volumes
of 1:6 by mass potassium iodide brine at a relatively high flow rate
(1 mL/min, corresponding to Ca � 10�5); the system was then al-
lowed to equilibrate for at least 30 min to enhance dissolution of
the pore space CO2 (g), and then another 10 pore volumes of brine
were pumped through to remove any acidified brine from the
sandstone core.

After these preliminary steps, the drainage-imbibition
experiment commenced; approximate W and NW saturations
length (mm) Column I.D. (mm) Image resolution (lm)

6 10
5.7 13

7.0 17
6 17.5
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throughout the experimental process and the analogy to the CO2

sequestration process is shown in Fig. 3. At the beginning of the
experiment, the sandstone system was assumed to represent a
fully W fluid saturated state; however, there was still a small resid-
ual amount of gas after this process (6 6% of the pore space). A scan
of the core was acquired to record the original NW phase saturation
(S0). Upon completion of the S0 scan, the core was drained at a low
flow rate (0.3 ll/min, Ca � 10�8.6) via retraction of the syringe
pump to a specified volume resulting in initial NW saturation val-
ues ranging from 35% to 75%. Pressure was carefully monitored
during this process to ensure there were no leaks or membrane
failure. Upon completion of drainage, another scan was acquired
of this NW phase initial saturation (SI). Finally, wetting fluid was
re-imbibed into the core at various flow rates (i.e. 0.0003, 0.003,
0.03, 0.06, 0.3, or 0.9 ml/min) until brine appeared and covered
the top of the core, and pressure was monitored here to ensure
appropriate forced-imbibition response (i.e. a pressure spike until
water breakthrough, followed by equilibrium pressure equivalent
to the pressure drop across the core). A final scan was acquired
of the core at this residual NW phase saturation (SR). The core
was cleaned by flushing with approximately 100 pore volumes of
deionized water and either vacuum or oven-dried.
2.1.2. X-ray CMT and image processing
The scanner used for these experiments was a CMT system

housed in the School of Mechanical, Industrial, and Manufacturing
Engineering at Oregon State University and utilizes a cone-beam
MicroFocus FXE-160.20 X-ray source, and projections were col-
lected with a 2448 � 2048 pixel (16-bit) CCD camera (Point Grey
Research, GRAS-50S5 M-C), coupled to an image intensifier (Mede-
lex model HXS-93/PS). All scans were conducted at 110 kV and
71 lA. Each scan consisted of 360o of rotation in 1400 increments
Core holder

Teflon tape

Bentheimer

Syringe
Pump

(a)

(b)

Fig. 2. Bentheimer sandstone NW trapping experiments: (a) experimental s
with 6 images averaged per increment, resulting in scan times of
2.25–3 h. Resolution for these scans was approximately 10 lm.

The raw data consisted of a multitude of radiographs which
were first corrected for spatial distortion with a grid-based algo-
rithm, and normalized for beam intensity non-uniformity using
light and dark image based flat-field correction. The individual
radiographs were then reconstructed into a 3D volume using Octo-
pus, a tomography reconstruction software (inCT, Ghent, Belgium).

The geometry of the pore bodies and throats in Bentheimer
sandstone results in partial volume effects. Ring artifacts and gen-
eral noise produced by the X-ray CMT system also contribute arti-
facts to the reconstructed volume. Thus, segmentation of this data
requires a more sophisticated method than simple grayscale histo-
gram segmentation. A subsection (5503 voxels) of the total volume
was specified (generally containing the midpoint in the z-direction
of the core) to be analyzed. This subvolume was segmented using
3DMA-Rock, which utilizes Indicator Kriging segmentation [37].
Due to the relatively high level of noise and low resolution of the
Bentheimer data, only two phases were identified in these vol-
umes: NW phase vs. combined solid/W phase.

3DMA-Rock implements Indicator Kriging on the three-dimen-
sional (3D) data set by identifying all pixels in the image which are
below a lower threshold or above an upper threshold and labeling
them as NW phase or solid/W phase respectively. For all pixels
with grayscale values between the two thresholds, kriging was
used to determine which phase to classify the pixels as. This pro-
cess is shown for a 2D slice in Fig. 4. Each scan had a different
amount of wetting fluid present, resulting in a different average
attenuation for the volume and thus a different post-reconstruc-
tion scaling of grayscale values, so it was not possible to use a sin-
gle set of threshold values for all scans. Instead, each scan is run
through the program using multiple thresholds sets and the
threshold set which provided the most accurate labeling was
Core holder containing 
Bentheimer core

Core bottom cap

Hydrophilic membrane
O-ring

Sample Base

Brine Line

3-Way Valve

Pressure
Transducer

Brine
Reservoir

(c)

et-up schematic, (b) core holder preparation, and (c) sample assembly.
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determined by visual inspection and used for further analysis. For
every data set, the upper and lower threshold values were consis-
tently separated by 1000 grayscale values, so the kriging process is
applied only to voxels with grayscale values in that range, out of
the total grayscale range of 65,535 values.

In order to remove noise which manifested as falsely labeled
NW phase blobs in the volume, a filter was applied using the com-
mercial software Avizo

�
Fire which labeled all NW-labeled blobs

less than a volume of 100 voxels as solid/W phase. 100 voxels cor-
responds to a volume of 100,000 lm3 (10 � 10�7 ml), equivalent to
a cube with length of approximately 46 lm per side, or a sphere of
radius 29 lm. This approach removed less than 1% of the NW
phase.

At this point, Avizo� Fire was used to quantify the amount of
non-wetting phase present in each volume, calculate blob volumes
and numbers, determine a composite Euler number (i.e. a total
summed Euler number for the entire volume), and create an iso-
surface of the NW fluid within the core.

Due to the small sample sizes and the need to compare data
from multiple rock cores, it was necessary to ensure that the data
comprised a proper representative elementary volume (REV).
Fig. 5a shows representative NW phase saturations as a function
of cubical analytical volume for the three saturation states. There
appears to be a plateau between subvolume sizes of approximately
2503 and 3503 voxels, followed by a consistent decrease in satura-
tion as the subvolume approaches 5503 voxels (the core diameter
is approximately 750 pixels). The plateau suggests that sufficient
size for a REV has been achieved, while the decreasing trend im-
plies that regions near the core walls may have impeded flow of
NW fluid during drainage. Therefore, in order to ensure that a
REV had been achieved while removing potential wall flow issues
from analysis, cubes of 350 � 350 � 350 voxels were used for all
quantitative analysis, corresponding to approximately 45 mm3.
The size of the REV found here compares well with the study of
Costanza-Robinson et al., who investigated REV sizes for a range
of media types and grain sizes and found that the porosity REV
ranged from 0.05 to 8 mm3 and the saturation REV ranged up to
a maximum of 51 mm3 for images with voxel resolutions of
10.6–11.3 lm [38]. As additional confirmation of this approach,
Fig. 5b shows the Ca-saturation relationships as calculated from
3503 voxel cubes and 5503 voxel cubes. As shown, the general
trend is reproduced regardless of which size subvolume is used.

2.1.3. Sintered glass bead column
Trapping experiments have also been performed on sintered

glass bead columns with the same fluids, flow rates and experi-
mental set-up to the Bentheimer experiments described above
[34]. Sintered glass bead cores provide a model unconsolidated
porous medium with significantly larger grain sizes than the sand-
stone, thus allowing for more accurate segmentation. Glass bead
data was collected with the same X-ray CMT system as used for
the Bentheimer experiments, but at a voxel size of approximately
13 microns. Segmentation and analysis were performed with Avi-
zo

�
Fire; full details can be found in [34].

2.2. Loose packed glass bead and crushed tuff

The remaining data sets analyzed in this study were collected
via synchrotron based X-ray microtomography [35,36]. In contrast
to the trapping experiments described above, these data consist of
multiple images taken throughout a series of imbibition and drain-
age cycle experiments. The glass bead cores were similar in size



Fig. 4. Segmentation of the 3D Bentheimer data sets acquired by X-ray computed microtomography via the program 3DMA-Rock. A grayscale image (a) is labeled with an
indicator Kriging algorithm (b) where the solid and the wetting phase are both labeled black, and the nonwetting fluid is labeled blue. The red label indicates voxels with
grayscale values between the threshold limits which have been determined to be solid, and the yellow label indicate voxels with grayscale values between the threshold
limits which have been determined to be NW fluid. Segmented image (c) shows the solid and the wetting phase in black and the nonwetting phase in blue. Final image (d)
shows the result after the 100 voxel size exclusion filter has been applied.
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and composition to the glass bead cores described above, although
they were loosely packed (i.e. not sintered); full details can be
found in [35]. Experiments were also conducted on similar sized
columns of packed volcanic tuff, full details can be found in [36].
Glass bead and tuff data had a resolution of 17 and 16.8 lm,
respectively. For both data sets, a 3D majority filter with a kernel
size of 3 � 3 � 3 was applied prior to quantification of connectivity
and saturation; again, all analysis was performed using Avizo

�
Fire.

3. Theory

Topology is the study of connectivity, as opposed to shape; and
one often studies the properties of an object that are invariant un-
der deformations, such as bending and stretching, which change
the object’s shape but not its connectivity. The Euler number (v)
is a topological invariant which we use in this work to characterize
the connectivity of the NW phase. For a 3D object, the Euler num-
ber is defined as

v ¼ b0 � b1 þ b2

where b0 is the zeroth Betti number, referring to the number of dis-
tinct elements of fluid in the volume; b1 is the first Betti number,
which refers to the number of ‘‘handles’’ or redundant loops present
in the structure of each fluid component; and b2 is the second Betti
number, indicating the number of enclosed voids in the fluid com-
ponent. Values of the Betti numbers and Euler numbers for some
simple shapes are shown in Fig. 6, adapted from Wildenschild and
Sheppard [30].
In the context of NW fluid in porous media, features that would
contribute to b0 include a small, isolated, bubble that occupies a
single pore space, as well as a large, connected, multi-pore NW
fluid element; both these examples have a b0 = 1. In contrast, a
single-pore isolated bubble has no contribution to b1; but a
highly-branched multi-pore fluid element can have a relatively
large contribution to b1, depending on the number of redundant
NW fluid-filled pore throats which connect the fluid bodies. An-
other method to describe b1 is to consider how many ‘‘cuts’’ one
would need to make to disconnect an object; for example in
Fig. 6e, it is possible to make a maximum of five cuts without cre-
ating two separate objects. Thus, in Fig. 6e, there are five redundant
connections within the object; for an analogous fluid body within a
porous medium, there would be five redundant pathways through
which fluid could travel. In this study, b2 of the NW phase (air) is
assumed to be zero since an element of W phase (water) or a solid
particle cannot be completely suspended and surrounded by air.
So, when interpreting Euler values presented in this work, the
Euler number can be assumed to be simply:

v ¼ b0 � b1

This is in agreement with topological analysis performed by Vogel
[20]. From Fig. 6 we see that an object with more redundant con-
nections (higher connectivity) has a more negative Euler number.
The Euler numbers of all the connected pore spaces considered here
are large and negative.

To allow comparison between different porous media, we
define the normalized Euler number ðv̂Þ as the ratio between the
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NW phase Euler number (v) and the Euler number of the sample at
100% NW phase ðv100% NWÞ. Note that v100% NW is equal to the Euler
number of the entire pore space and that since it is invariably a
negative value, normalization changes the sign of v. Also, in addi-
tion to assuming b2 = 0 as above, we also assume that at partial sat-
uration values, the NW phase does not contain any b1 features that
are not present at 100% NW saturation; i.e. all NW phase loops
encircle solid phase (or solid/W phase), as compared to a NW loop
formed around pure W phase. This assumption results in the fact
that a sample at 100% NW saturation has the most connected
NW topology of any possible saturation state for that particular
sample. Thus, as the normalized Euler number approaches 1.0 for
a given porous medium, the system is approaching maximum
NW phase connectivity for that medium. Values of the normalized
Euler number less than 0 indicate disconnected NW phase; more
highly negative values indicate a larger number of disconnected,
individual blobs of NW phase relative to the total connectivity
for that specific media.
4. Results

4.1. Connectivity-saturation relationships for various media

The connectivity of NW fluid was investigated as a function of
NW saturation for the four media types studied: Bentheimer
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sandstone, sintered glass bead packs, loosely packed glass bead
columns, and a pack of crushed tuff. Fig. 7a includes connectivity
values for varying saturation levels throughout the drainage and
imbibition processes the new trapping experiments in Bentheimer
sandstone and sintered glass beads, and Fig. 7b shows connectivity
values for the traditional drainage-imbibition scanning curve
experiments in the loose glass bead pack and crushed tuff column.
For all media types, the normalized Euler number increases as NW
saturation increases, achieving a value of 1.0 at 100% NW satura-
tion. For both glass bead data sets and the tuff data, this maximum
connectivity value was determined from the dry scan of the single
column used in experiments; for Bentheimer, the average of three
dry scans from three different rock cores was used. Positive v̂ val-
ues indicate more highly connected NW phase, as shown by a
cross-section of the NW phase in each volume in Fig. 8. For all sys-
tems, v̂ values cluster near 0 at low NW saturation, and some have
negative values. Negative values imply the presence of discon-
nected NW blobs, as illustrated in Fig. 9. The transition from
negative (dominantly disconnected) to positive (dominantly con-
nected) NW fluid occurs below 50% NW saturation for the Benthei-
mer, and both glass bead cores; and above 50% NW saturation for
the tuff core (Fig. 7). Note that the Euler number at 100% NW sat-
uration ðv100% NWÞ for the tuff pore space is an order of magnitude
smaller than that of the sintered glass bead or Bentheimer samples
(Table 2). Similarly, small subvolume size for the loose glass bead
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symbols.
pack (compared to the sintered bead column) results in a
v100% NW value about half that of the sintered glass bead column.
The smaller v100% NW may be partially responsible for forcing the
disconnected normalized Euler values for the tuff and loose glass
bead data sets to have larger negative values than their Bentheimer
and sintered glass bead counterparts. The larger values for discon-
nected NW phase may also be a result of differences in the consol-
idation of the media (i.e. loose packed vs. sintered glass beads) or
in how the experiments were performed (Pc-S curve experiments
where brine is initially imbibed into a completely dry core, rather
than draining a core saturated with wetting fluid).

The four porous media exhibit distinctly different initial nor-
malized Euler numbers ðbvinitÞ as a function of NW saturation. At
any given NW saturation, NW phase within Bentheimer sandstone
displays higher connectivity than glass beads and tuff samples.
Although the initial normalized Euler values for the sintered glass
bead pack are clustered over a rather narrow range of NW satura-
tion (approximately 80% to 95% NW phase), comparison of Fig. 7a
and b show that both the sintered and loose glass bead pack show
drainage values of approximately v̂init = 0.5 at NW saturation of
90%. At low NW saturation, tuff samples exhibit relatively less
well-connected NW phase (more negative initial normalized Euler
values) than the Bentheimer or either glass bead pack, but at high-
er saturations (>�80%), the tuff and bead samples appear to
converge.
60% 80% 100%

uration

60% 80% 100%
aturation

(a) Bentheimer sandstone, and sintered glass bead pack (trapping experiments); and
iments). Drainage values are shown as solid symbols, imbibition values as hollow



Fig. 8. Cross-sectional NW phase isosurfaces of: (a) Bentheimer sandstone (NW saturation = 63%, v̂ = 0.42), (b) sintered glass bead pack (NW saturation = 90%, v̂ = 0.31), (c)
loose glass bead pack (NW saturation = 90%, v̂ = 0.53), and (d) crushed tuff (NW saturation = 100%, v̂ = 1.00).
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4.2. Influence of connectivity on NW trapping

Experiments were conducted in both Bentheimer sandstone
and the sintered glass bead pack to explore the effects of connec-
tivity on NW phase trapping; it was found that initial phase
connectivity has a significant effect on residual NW capillary trap-
ping for Bentheimer sandstone, but little or no effect on the glass
bead system (Figs. 10 and 11).

NW capillary trapping (SR/SI) decreases as a function of
increasing Ca number in Bentheimer sandstone (Fig. 10). Notably
different trapping values were identified for several experiments
conducted at the same or similar capillary number values, as
shown in Fig. 10, where these data points have been labeled with
their initial normalized Euler number value (note that there are
two data points overlaid at log(Ca) = �8.6). Data points with more
well-connected initial NW phase (normalized Euler number val-
ues closer to 1.0) tend to correlate with significantly lower trap-
ping values.

The Bentheimer sandstone exhibits an inverse relationship be-
tween residual trapping and normalized initial Euler number
(R2 = 0.78) over the range of imbibition Ca investigated (i.e.
Ca = 10�8.6–10�5.1). Conversely, the glass bead pack shows a weak
inverse correlation (R2 = 0.13). This implies that initial phase con-
nectivity has a significant effect on residual NW capillary trapping
for Bentheimer sandstone, but minor to no effect on the glass bead
system (Fig. 11).
4.3. Repeatability of connectivity-saturation relationships

The drainage-imbibition experiments provide insight to the re-
sponse of a porous medium to multiple scanning cycles. Satura-
tion-connectivity relationships for the loose glass bead system
and the crushed tuff are shown in Fig. 12; these plots distinguish
between imbibition and drainage connectivity values. As shown,
the saturation-connectivity relationships repeat over multiple
drainage-imbibition cycles: for loose beads, three drainage-imbibi-
tion cycles were conducted; for the crushed tuff, four cycles. This
suggests that the fluid configurations obtained during drainage
and imbibition (at least via the main branches) are very similar
and the measurements highly repeatable.

5. Discussion

Data from the four porous media analyzed demonstrate that
while there are common characteristics among the saturation-
connectivity relationships for the different media, there are also
distinct differences (Fig. 7). The distinct v̂init vs. NW saturation
trends shown indicate that it may be possible to select for desired
connectivity that facilitate optimal residual trapping, by injecting
NW fluid to a predetermined saturation.

NW phase topology plays a crucial role in determining NW
phase capillary trapping for Bentheimer; however, there is no
such trend for glass bead experiments (Figs. 10 and 11). Wardlaw



Fig. 9. Disconnected NW phase isosurfaces, with individual NW fluid blobs color-labeled of: (a) Bentheimer sandstone (NW saturation = 6%, v̂ = �0.25), (b) sintered glass
bead pack (NW saturation = 11%, v̂ = �0.12), (c) loose glass bead pack (NW saturation = 9%, v̂ = �0.16), and (d) crushed tuff (NW saturation = 29%, v̂ = �0.57).

Table 2
Maximum connectivity values.

Medium v100% NW Physical size of analyzed data (cm3)

Bentheimer sandstone �1890 0.04
Sintered glass bead �2190 0.51
Loose pack glass bead �870 0.19
Crushed tuff �190 0.18
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and Yu [23] state that the influence of NW topology is more
important for systems with uniform pore size and lower pore
body-pore throat aspect ratios. However, Bentheimer sandstone
generally has a larger average pore body-throat aspect ratio than
the sintered glass bead pack used here; i.e. aspect ratio of 3.2
(standard deviation of 3.3) for Bentheimer, vs. 2.2 (standard devi-
ation of 1.0) for sintered glass beads as calculated following the
methods of Sheppard et al. [39]. This implies that our results dis-
agree with those of [23]. This inconsistency may be due to differ-
ences in the media analyzed (e.g. larger pore and throat sizes in
2D micromodels vs. smaller pore and throat sizes in 3D columns)
or a difference in flow regimes. More work needs to be done to
determine why these differences in trapping responses exist for
these two media, and to allow us to make predictions whether
fluid topology will be an important variable for optimal trapping
in other media.
Many CO2 sequestration scenarios will take place in formations
with pore structures that are more similar to Bentheimer than
glass beads or micromodels; therefore, it is likely that injection
patterns and the subsequent initial NW phase topology within
the medium will have an impact on the overall trapping of
supercritical CO2 within the subsurface. In order to optimize the
capillary trapping mechanism, initial NW connectivity should be
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considered and injection strategies should be designed to minimize
initial NW phase connectivity.

The v̂init vs. NW saturation and the v̂init vs. trapping relation-
ships are also in agreement with the initial-residual NW saturation
relationships described by [13,14] and shown in Fig. 1, from [13]:
residual saturation is positively correlated with initial saturation,
but total trapping (SR/SI) tends to decrease as initial saturation
ranges from moderate (e.g. 50% NW phase) to high (e.g. > 90%).
Injection to a moderate initial saturation would result in lower
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NW connectivity, which in turn results in a larger fraction (SR/SI)
of CO2 that will be trapped via capillary trapping.

The connectivity-saturation repeatability data indicate that
multiple injections will not significantly change the connectivity
characteristics of the NW phase within the porous medium
(Fig. 12). This implies that a WAG (water-alternating-gas) scheme,
wherein multiple drainage-imbibition cycles are repeated continu-
ously, would allow a system to maintain the original connectivity-
saturation relationship. WAG injections have been suggested as a
method to maximize capillary trapping of supercritical CO2, and
this has been investigated in modeling studies [40,41]. This work
suggests that the mechanism by which WAG increases residual
saturation is by decreasing the overall connectivity of the NW
injection: a WAG type of injection pattern allows smaller volumes
of CO2 to be injected per drainage process, thus reducing the local
NW saturation in the medium, and consequently the local NW con-
nectivity. This, in turn, would reduce the overall NW phase connec-
tivity and facilitate capillary trapping, even for high-Ca imbibition
processes (e.g. brine chase injection).

6. Conclusions

From a theoretical standpoint, this work provides 3D X-ray CMT
based evidence to the concepts put forth by Wardlaw and Yu [23],
namely:

� Higher initial state NW connectivity results in decreased resid-
ual NW capillary trapping in Bentheimer sandstone.
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� The effect of NW topology (which we quantify with the normal-
ized Euler number) is different for different types of media.

For application to geologic sequestration of supercritical CO2,
this work demonstrates that:

� Capillary trapping is dependent on both (1) the drainage pro-
cess which determines the initial NW connectivity, and (2)
the Ca value of the imbibition process.
� Initial NW connectivity should be minimized to enhance CO2

storage via capillary trapping (i.e. the number of redundant
internal connections within the NW fluid phase component(s)
after drainage should be minimized).
� It is possible to select for initial NW phase connectivity by

injecting CO2 to a pre-selected NW saturation.
� Multiple WAG-style injections will not disturb the original con-

nectivity–saturation relationship of the medium, and will allow
for multiple CO2 injections to lower NW saturation values (and
thus lower connectivity) rather than a single injection to a rel-
atively high CO2 saturation (and thus higher connectivity).
� A WAG injection pattern will likely enhance capillary trapping

of CO2 in the subsurface, even at high Ca imbibition (i.e. high
brine or water chase flow rates).

Future work will be designed to explore which factors affect ini-
tial NW connectivity (i.e. drainage flow rate, fluid characteristics,
and wettability impacts) in addition to initial NW saturation. More
work is also necessary to determine which characteristics will dic-
tate whether NW topology is important for a given medium.
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