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Abstract
We investigate trapping of a nonwetting (NW) phase, air, within Bentheimer sandstone

cores during drainage-imbibition flow experiments, as quantified on a three dimensional (3D)
pore-scale basis via x-ray computed microtomography (x-ray CMT). The wetting (W) fluid in
these experiments was deionized water doped with potassium iodide (1:6 by weight). We
interpret these experiments based on the capillary-viscosity-gravity force dominance exhibited
by the Bentheimer-air-brine system and compare to a wide range of previous drainage-imbibition
experiments in different media and with different fluids. From this analysis, we conclude that
viscous and capillary forces dominate in the Bentheimer-air-brine system as well as in the
Bentheimer-supercritical C£brine system. In addition, we further develop the relationship
between initial (post-drainage) NW phase connectivity and residual (post-imbibition) trapped
NW phase saturation, while also taking into account initial NW phase saturation and imbibition
capillary number. We quantify NW phase connectivity via a topological measure as well as by a
statistical percolation metric. These metrics are evaluated for their utility and appropriateness in
guantifying NW phase connectivity within porous media. Here, we find that there is a linear
relationship between initial NW phase connectivity (as quantified by the normalized Euler
number, § and capillary trapping efficiency; for a given imbibition capillary number, capillary

trapping efficiency (residual NW phase saturation normalized by initial NW phase saturation)
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can decrease by up to 60% as initial NW phase connectivity increases from lowtisttyr(gf
~0) to very high connectivityf~1). We propose that multiphase fluid-porous medium systems
can beefficiently engineered to achieve a desired residual state (optimal NW phase @afimati
considering the dominant forces at play in the system along with the impadtg phake
topology within the porous media, and we illustrate these concepts by considerirgiscgler
CO, sequestration scenarios.
1.0 Introduction

During immiscible multiphase flow, drainage is the process of nonwetting (MNWY) f
invading the pore space and displacing wetting (W) fluid, and imbibition is the process of W
fluid invading the pore space and displacing NW fluid. Many engineered progesises
subsurface require fundamental understanding of drainage and imbibition pscredsiee
resulting NW phase capillary trapping; for example, during oil recovegyatipns, remediation

of non-aqueous phase liquid (NAPL) contaminants in the subsurface, and geologic demjuestra

of carbon dioxide (Cg). In these examples, water is generally assumed to be the W phase; while

oil, NAPL, or CQ are considered to be the NW phase. Although there are abundant exceptions
to this assumption (e.g. intermediate-wet or oil-wet media), in this work wetoef@ater as the

W phase for simplicity and consistency with previous work. In oil recovery and_-NAP
remediation processes the system already exists initta (post-drainage) state, i.e. both water
and NW fluid (oil or NAPL) are already present in the system, and the bulk of preggmasch
has focused on how to alter the imbibition (water flood) process to mobilize the maximum
amount of trapped NW phase. Geologic®questration differs from oil recovery and NAPL
remediation processes because both the drainage (L@nE€Qion) and imbibition (i.e. water

chase or groundwater flow) processes may be engineered, and the overall aipraddks is to
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trap, rather than mobilize, NW phase in the pore space of the geologic medium.E@&m a
sequestration perspective, maximizing residual NW phase saturation islpfftisnia in
comparison to oil recovery or remediation processes, in which minimal NW phaseithal
residual state. Comparison between different studies and applications iscebedptiecause
fluid properties (e.g. density, viscosity, interfacial tension), medium prepégrain and pore
size distributions, pore space connectivity, etc.), and flow propertiesiéened injection or
natural groundwater flow rates) vary widely depending on the application in question.

Recent focus on Csequestration as a global climate change mitigation strategy has
prompted renewed study into the phenomena of capillary trapping in porous media (e.g. Juanes
et al. [1], Al Mansoori et al.[2], Akbarabadi and Piri [3], Andrew et al. [4], among Qthers
Capillary trapping of CQ wherein CQ s trapped by capillary forces in the pore bodies of a
porous medium, is a relatively secure form of trapping, as compared to “stfuatura
“hydrodynamic” trapping, where the buoyant £ contained by an impermeable caprock; in
addition, capillary trapping occurs on relatively short timescales, as catrtpadtessolution
trapping or mineral trapping [5]. Thus, maximization of capillary trapping is itapbto ensure
a safe and stable geologic carbon sequestration operation. Previous work hegmteddsiv
phase capillary trapping over a wide range of fluid pairs, media types, andfhoktiens for oil
recovery and NAPL remediation applications. The results of these studies amatlgt gnhance
fundamental knowledge that would benefit Z@questration studies if the results are
appropriately compared and characterized, {S@n a supercritical state at sequestration
reservoir operations; relatively small variations in pressure, tetoperand salinity of the W
phase have significant effects on the,@®@nsity, CQ viscosity, and interfacial tension

exhibited by the supercritical G@rine system [6-8]. The variability of fluid properties
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complicates predictions of flow patterns and displacement mechanisms. Futthsrbeen
shown that the initial (post-drainage) state of the reservoir has a sulbstapdict on the amount
of residual capillary trapped NW phase present in the system after imb[Bitibd]. However,
experimental work with supercritical fluids is a non-trivial exercise, sgtaing methods to
approximate supercritical conditions with ambient experiments; Herrialg [dtl] demonstrated
that ambient condition micromodels were able to accurately predict the thioweréor a
supercritical CQ@drainage process in sandstone cores through application of a dimensional
analysis.

We explore capillary trapping of NW phase from two perspectives. First, wetigate
how consideration of the dominant forces at play vigotine-scale force balance in a system
allows for comparison and better understanding of results from a wide rangeeghents. The
second study area results from the unique ability to engineer the drainagejéc@on)
process, and thus the initial (i.e. post-drainage) state. To this end, we use threstotiah¢3D)
metrics which can be used to describe NW fluid topology (connectivity) within porous.rredia
particular, we develop the relationship between initial NW fluid connectivitytendesidual
state of a system which was first investigated by Herring et al. [110] new analysis of a high
guality data set collected via x-ray computed microtomography (x-ray)@xperiments
performed at the Advanced Photon Source at Argonne National Laboratory. Fugagiyovide
physical interpretation of these relationships.

Consideration of pore scale forces and fluid topology allow drainage and imbibition
processes to be efficiently engineered to provide favorable residual ooed{eologic C®

sequestration scenarios are used as an example to illustrate these concepts
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2.0 Background

2.1Pore scale forces
Considerable previous research has been conducted on the topic of residual (i.e¢ capilla

trapped) NW saturation in porous media, with many different W and NW fluids, and inliffere
media. To facilitate characterization of fluid flow over a range of pragseie experiments
discussed in this work are characterized by the dimensionless ratios @trgapilnber (Ca) and
Bond number (Bo).

Ca has been presented in several different forms, and has traditionally beed fitefn
an oil extraction standpoint [12-14]. In general, Ca describes the balance betseeers forces
and capillary forces with respect to the invading fluid (as opposed to the defendipgifi this

work, Ca is defined as:

. QINy
Viscous Force __ pnvviny _ PINV aq

" capillary Force o o (ean. 1)
wherey,yy is the invading phase viscosity [mPaig),, is the invading phase Darcy velocity
[m/s], ando is the interfacial tension [MN/m] between the invading and defending Tibal
invading phase velocity is computed as the volumetric flowQ@dta®s] divided by the cross-
sectional areé [m?] of the porous medium and the porositlf]. Note that while Ca is defined
as a function of the invading fluid, and is thus dependent upon whether the system is undergoing
imbibition (brine is the invading phase) or drainage {@Qhe invading phase).

Previous work has shown that under certain conditions, the Ca of the imbibition process
determines the trapped NW saturation of the post-imbibition, residual state [12, 15, 18JaWhe

relationship between imbibition Ca and residual NW saturation is apparemtescisbed by a

constant residual saturation value for low imbibition Ca values with a sharp deoressidual
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saturation as Ca of the imbibition process increases above the threshold of*“capdkry
number [14, 15]; this is shown in Figure 1 (modified from Cense and Berg [14]).

This relationship between Ca and NW saturation post-imbibition has been shown during
NW desaturation experiments wherein the initial-state system (NW $lygcesent in the
medium) is water-flooded at increasing flow rates and the NW phase seatumahe core is
measured as a function of Ca [14-17]; it is shown in sets of drainage-imbibitiomesamis
conducted at different imbibition Ca [10, 16] and has also been supported by modeliisg result
[18, 19]. However, Ca is not a complete descriptor of trapping in a porous medium, because the
curves describing the dependence of residual saturation on Ca can shift due toiohsWges
fluid properties [20] or medium properties [19]. Additionally, other experimentalesturali
different systems have found reduced or no dependence on Ca [21-23].

In a 3D system, the gravity force is considered via the Bond number (Bo); whidk here

defined as:

Gravity Force __ Ap-g-d®

" Capillary Force o (ean. 2)

whereAp is the density difference between the two fluids [Ki/m is the acceleration of

gravity [m/€], andd is the representative length scale [m]. Here, in order to emphasize that
forces are examined frompare-scale perspective, as well as for ease of comparison with other
studiesd is defined as the median grain diameter (or equivalent grain diameter for a
micromodel); this is in agreement with Mohammadian et al. [24]. Note that whikedeéined

as a function of the invading fluid, and is thus dependent upon whether the system is undergoing

imbibition or drainage, Bo is constant for a given fluid pair-porous medium system.
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A combination of these two dimensionless numbers presents a description of the ratio of

viscous to gravity forces:

_ Viscosity Capillarit Viscous Force v
Ca-Bo~! = Y D Yy _ — HINVVINY (eqn. 3)

- Capillarity Gravity - Gravity Force Ap-g-d?

Following Polak et. al., [25] we will use a combination of the dimensionless numbers 8a and

to determine which forces are dominant during the imbibition process, on a pore-stslentza

3D porous medium system. Figure 2 shows the location of a number of existing 3D multiphase

flow studies overlaid onto the pore scale force balance diagram. As suggesteakogt bl
[25], we suggest that the relative location of a system within the pore-soadebfilance
illustrates which force(s) has the greatest impact on flow processhsirlstudy, Polak and
colleagues demonstrated the interplay of all three forces (capillargusisand gravity)
resulting in a figure very similar to that shown in Figure 2; however, we havédiaaoitieir
original formulation via reformulation of the representative length staldBo in order to more
easily accommodate comparison of a wider range of experimental stndigse@mphasize that
we examine these systems on a pore-scale basis.

We note here that the Ca values presented in this work are derived from tienahdit
macroscopic formulation, in contrast with recent works which define Ca from aqalees-
perspective wherein properties of individual NW phase clusters are codsicherencorporated
into the Ca formulation [26, 27]. The pore-scale formulations [26, 27] more accurat&iypees
the physics of mobilization of NW fluid on a pore-scale basis, but also requirg Heghlled
and complete pore-scale descriptions of NW phase to adequately calculategSalasour non-
dimensional analysis, we utilize the traditional Ca as defined in equation 1 irtefdellitate
inclusion of several previous studies for which detailed measures of individual NWildisidrs

are unavailable. Also note that media are assumed to be strongly wettimgsssteontact
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angle is not incorporated into the dimensionless numbers presented in equations 1y3. Finall
medium topology and morphology (coordination number, pore-throat aspect ratio) and other
media features (e.g. porosity, consolidated vs. unconsolidated) which may atgmobmt to
multiphase fluid flow are not well-represented by this model; nor is the defendithgiBcosity.
As a consequence of these limitations, this analysis should be considered to beraof “ord
magnitude” approximation.

The studies presented in Figure 2 lie within several general areaseofltontnance. For
studies with systems which lie in the upper right corner of the figure, both capitld viscous
forces are important; in this regime there is a transition between wieghitary and viscous
forces dominate, and trends of residual saturation with Ca are evident; ézis €hal. [16]
found that residual saturation and NW blob morphology after imbibition was a function of Ca.
However, in this area of the figure, gravity forces play a minor roleaexpg the findings of
Mayer and Miller [28] and Gittins et al. [29] which state that the bead/grar(egmivalent tal,

a gravity force parameter) has no effect on the amount residual NW saturatioxpéranental
systems closer to the bottom left of the figure, gravity forces impact gegisrents, e.g. the
experiments of Morrow et al. [15] range from the capillary-viscosity dondnaigme to the
gravity dominated regime, and the results of that study demonstrate a aigragpendence on
both Ca and Bo. Moving down Figure 2 (further away from the capillary dominatederegid

into gravity dominated space), the experiments of Mayer and Miller [21] showdaldbat
morphology exhibited a strong dependence on Bo, and only a very weak dependence on Ca.
More recently, Harper et al. [22] found no correlation of residual NW saturation ajthut

rather that Bo and defending phase viscosity were the most significantiepararsimilarly,

Geistlinger et al. [23] found no correlation of residual saturation with Ca, and ttadlhérapped
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NW phase is dependent on pore size distribution (again, a parameter which irgteatgs
dependence).

This non-dimensional analysis explains the differences in findings of expgaime
studies with a large range of porous media, flow conditions, and fluid pairs; and resoheesfs
the seeming contradictions that have been observed by experimentalists.afiba ioche force
dominance plot of the brine-air-Bentheimer sandstone experiments of this ststipwarewith
the approximate location of supercritical £&&@questration scenarios, given the range of
supercritical CQfluid properties attainable and assuming similar media to Bentheimer
sandstone (Figure 2). In light of the above discussion, we expect capillary and fuscesso
dominate both the brine-air-Bentheimer ambient condition experimental sysigall as a
geologic supercritical C{sequestration scenario.

2.2 Initial State Topology

Following Herring et al. [10], we refer to a system uniformly saturatéd Wifluid to be
in theoriginal state; a post-drainage system (i.e. NW is introduced to the systemh@snbtibie
initial state; and a post-imbibition system asrésedual state. The well-documented capillary
pressure hysteresis present in multiphase systems (e.g. Morrow, 1970 [2@§sdicat the
residual state (and thus, trapped NW saturation) is dependent on the initial stagafidreship
between initial and residual NW saturation48d &, respectively) in porous media has been
investigated and described empirically by the so-called Land’s modes; ltdem established
that as initial NW saturation increases, residual NW saturation insreasards a plateau-like
maximum [2, 31]. An alternate means to visualize this relationship is to exdmifteapping
efficiency” (i.e. &/S) as a function of initial NW saturationg/S; is highest at relatively low;S

values, and decreases as@tinues to increase [3]. While these empirical relationships are well
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characterized for a variety of porous media systems, the underlyingahysichanisms for this
behavior remain relatively poorly understood. As originally suggested bgll&iaand Yu [32],
and further examined by Herring et. al. [10], we propose that the reason fortéael ptathe
Land’s model description of trapping and the associated decrease in trapigieg®@ffat high S
values is due to high connectivity of the NW phase at high NW saturation: as thieiN\W f
becomes highly interconnected via increasing numbers of pore throats, the gadkiaitgble

for mobilization dramatically increase.

We have previously investigated this phenomenon by examining trapping effieeacy
function of initial NW phase topology, specifically, as quantified by the initiahatzed NW
Euler number f) [10]. Herein, we further develop and compare this approach to another
guantitative descriptor of connectivity, the gamma functignwhich is a statistical percolation

metric described by Renard and Allard [33].

2.2.1 Topological Invariants
Topological invariants are properties of objects which are not changed by continuous

deformations such as stretching, bending, and twisting; they are only changed vi$henh gar
object are discontinuously deformed (i.e. “torn” or “glued together”). Topologiealiants
describe an object’s connectivity; in comparison to an object’'s geometigh abscribes its
shape. The Euler numbey) (s a topological invariant defined as the alternating sum of the first
three Betti numbergg, B1 B2):

X=PBo— P11+ B (eqn. 5)
wherefyg is the number of individual objects presdhtis the number of redundant loops or
handles present (e.g. the handle on a coffee mug or the loop of a doughn@i)sahd number

of holes or hollows within the object(s) present. Previous studies have utilized Euts tl

10
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characterize connectivity of sintered copper porous cores [34] and bone tissue [3ig[d Appl
fluid phase within a porous mediufy, can be thought of as the number of distinct, individual
fluid clusters;B; is the number of redundant connections via pore throats within the clusters; and
B2 is the number of bubbles of a different fluid or solid particles suspended in the fluid. For this
work, we investigate the topology of a less-dense NW fluid (air), which imipleeg, will be
zero (i.e. no “floating” water droplets or rock grains in the air phase). fa0sfor conversion
between Euler number and Betti numbers; this is in agreement with analy&géNn{36]. A
topological description of the connectivity of a fluid phase in a porous medium ysifidurkive;
during a drainage process, for example, as fluid clusters coalesce and grbwerfagetnumber
of individual objectsfo) decreases; and as more and smaller pore throats are invaded, the
number of redundant connections within the fluid clustgsificreases. This leads to an overall
decrease in Euler number; therefore, as Euler number becomes more and more rreghlive, t
phase fluid is becoming better connected. At some critical value of NW satythe NW
phase will be connected across the domain; the transition from dominantly disconpestéq (
to dominantly connectedgr (< 0) is related to the percolation threshold for a given phase [36, 37]
and the saturation at which the Euler number is exactly zero is an estimatsatfitiation
percolation threshold for NW phase flow.

The Euler number is axtensive property of a system in that the overall Euler number
for a domain is the sum of the values of all subdomains within it. Therefore the Eulernumbe
depends on the scale over which it is measured; the Betti numbers are alsiegeatient.
Values of the Euler number or Betti numbers calculated on one section of an obljecdlare
(rather tharglobal) values, and are therefore not representative of the total overall object, nor are

they necessarily representative of other same-sized subsections otttialabjto statistical

11
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variation or small-scale heterogeneities. However, appropriate hzatien of the Euler or Betti
values leads to a more representative metric. Herring et al. [10] caldalderchumbers for the
entire pore space (i.e. Euler numbers for systems at 100% NW phase saturadiooynzalized
the Euler number for the system at a given saturation by the Euler number an¥)@¥ase
saturation:

Xnw = Xnw/X100%Nw (eqgn. 6)
This normalization results in a connectivity metric with a maximum value (coostected) of
1.0, where negative values indicate disconnectedness. A representativeaigrmume
(REV) analysis (see supplementary materials, available online) deatesstrajf,,, can be
used as a representative measure of NW phase connectivity for a givee. ddommver, values
of ¥y are highly dependent on the valuey@f,o,niw, SO accurate measurement of this
parameter is essential.
2.2.2 Statistical Percolation Metrics

The term “percolation” refers to the transition from individual, disconnedtstecs to

one large cluster which spans the length of the porous domain; e.g. once a single NW phase

pathway is established all the way through a porous medium, the NW fluid can be said to

percolate through the mediais a probability-based percolation metric described by Renard and

Allard [33] and is defined here as a function of permeable phase satupatiothe context of
NW phase fluid transport, we define the permeable phésde NW fluid:I'(NW) is the ratio of
the sum of squares of all individual NW phase cluster volumes to the square of the total NW
phase volume present in the domain. From an image analysis persg&iwg,can be
approximated by calculating the ratio of pairs of individual NW voxels thatameected to all

the possible pairs of NW voxels, and can be computed directly from the clustessibeitibn:

12
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1
T(NW) = %zﬂfw) n? (eqn. 7)

where Ry is the total number of NW phase voxels in the sgt,XN(Xnw) is the number of
distinct clusters in the setwy, and nis the number of NW voxels in cluster i.
AsT'(NW) approaches 1.0, the fraction of the fluid that lies in a single cluster iasreas

In contrast to théocal Euler values described above, this metriglabal: whereas Euler number

values can be measured on individual objects within the domain and subsequently summed to

find the overall Euler number value for the entire dom{N\wW) must be computed over the
entire domain of the system by necessity. By value of being a probatglitic jif(NW) can be
assumed to be representative of a given sample without further manipulation oizairomal
(again assuming a representative elementary volume has been achietteel sspplemental
materials (available online) for REV analysisTgNW)). Also note that the definition &f
inherently weights clusters by their size, unlike the Euler number; witleslodt that"(NW) is

much less susceptible to noise which would manifest as falsely labeled NW.voxels

3.0 Materials and Methods
The complete experimental set-up and process is similar to that of Herahdg10] and

only deviations from the previous study and the general process will be descried he
Experiments were conducted with two 6.2 mm diameter Bentheimer sandstone ¢engshsf

of approximately 21 mm. Air was the NW fluid, and the W fluid was brine made of degassed
millipore DI water doped with potassium iodide (KI), one part Kl to six partemimt weight.

The core was first vacuum-saturated with brine, and an x-ray tomographiwas taken to
characterize the original NW phase saturatias) (side the core. Then brine was drained from
the bottom of the core (as ambient air was passively pulled into the top of the cditeyvaiase

of 0.2 ml/hr via a Harvard PHD2000 syringe pump (Harvard Apparatus, Holliston MAedJnit

13
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States) to a preselected initial NW phase saturatigivéfiie ($values ranged from 42%-93%).
The system was allowed to equilibrate until capillary pressure resastiagilized, and another
tomographic scan was collected. Finally, brine was imbibed into the bottom of ¢hat @re of
three different flow rates (0.018 ml/hr, 1.8 ml/hr, or 54 ml/hr) as air was flushedeotay of

the core, and a scan was acquired of the residual NW phase satungtiéio$ree
experiments, the core was dried under vacuum resulting in relatively high Nvatsat (e.g.
94%-100% NW saturation), and the imbibition process was performed on the “dry” core. A
pressure transducer (Validyne Engineering, Northridge CA, Unitedsptatth a range of 14.0
kPa was connected in parallel with the brine flow line to measure capillasupeeresponse.

Tomographic imaging was performed at the bending magnet beam-lin¢oatissec
(GSECARS) at the Advanced Photon Source at Argonne National Laboratory;cspeci§ for
the beamline have previously been reported [38-40]. Scans were performed at a morimchroma
energy level of 33.269 keV, just above the K-shell photoelectric absorption edge of iodine
(33.169 keV), resulting in x-ray attenuation by the Kl-doped brine and thus allowing fo
separation of the W and NW fluids in the reconstructed images. Images wereaaptr20
angles, with a voxel resolution of 5.8 pm.

After reconstruction, a cylindrical subsection of diameter 975 voxels and height 600
voxels (approximately 90 minwas chosen which excludes the walls from the volumes (Figure
3a). This data size is larger than the determined REV for connectivity measG€sx 600 x
600 voxels, which is equivalent to a physical volume of 4F fisee supplemental materials
online). A median filter was applied to smooth the images and reduce random noise 3Bjgur
and a histogram of the grayscale values present in each volume was calculatestoghanini

minimum separating those grayscale values representing air and thosentapyesandstone

14



O©CO~NOOOTA~AWNPE

grains or brine were determined for each volume (Figure 3d), and the threshold vade¢ was
equivalent to this minimum value resulting in the final binarized data volume éR3giir
Finally, a size exclusion filter was applied which removed air-labeledectutstss than 125
voxels; this volume corresponds to a spherical pore of radius 18 um which is below the
minimum pore size of Bentheimer (pore size distribution measured by Maloaky4t]). This
process results in a binary image with only NW phase labeled. Aviz8"Rivas then used to
quantify NW saturation, cluster volumes, cluster numbers, and Euler numbers. Thealumer
methods utilized in Avizo Fif¢' for quantification of Euler number values are detailed by
Odgaard and Gundersen [35]; 26-neighborhood voxel connectivity is utilized for these

calculationsAll saturation values presented in the results are calculated from x-rayirGAgEs

as opposed to the measured pumped by the syringe pump, as the accuracy of pumped volumes

can suffer from dead volume and bubble effects.

4.0 Sensitivity of Connectivity Metrics to Image Quality
Because of their dependence on very small features, image-derived connettvits

may be sensitive to various image quality parameters, for examplelewst®e data resolution,
the type of filters applied to the data, segmentation method, and segmentasbalthvalues.
Additionally, in order to provide an accurate representation of the connectivity ofsteensy
guantitative connectivity metrics must be calculated on an REV. An investigatiotihe
sensitivity to these factors of both the normalized Euler valpadI'(NW) was conducted and
is presented in the supplemental materials available online; for brevity, ombsthits are
highlighted here. In order to examine the sensitivity of these parametersider aamge of
image-based data, the relatively high quality data (with respect to phassstanoise, and

voxel resolution) presented in this study which was collected at the Advanced Photmnéour

15
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Argonne National Lab at a resolution of 5.8 um (denoted “APS” data) was compareal to dat

presented in Herring et.al. [10] which was collected via a polychromatic bepchray CMT

system at Oregon State University at a resolution of approximately 10 potédé¢OSU” data).

Image parameters for both data sets are shown in Table A.1 in the supplementaajsmate
Based on the analysis of the two data sets, we established the following iomsclus

regarding the significance of these image quality parameters on thextialtof v, or

T'(NW):

* Noise which manifests as small, isolated, falsely labeled NW voxels has no
significant impact o’ (NW); and no significant impact gfy,, as long as a
minimum level of noise removal is applied. In the case of the high resolution APS
data, noise reduction was achieved using a median filter on the graysagge ima
and by processing the segmented (binary) data to remove isolated NWscluste
smaller than 52 voxels (equivalent to a sphere with a radius of 13 um) was
sufficient to provide consisteft,,, calculations.

* Arepresentative elementary volume (REV) for the APS data is achieved at
approximately 600« 600x 600 voxels (equivalent to a cube of 42.14naon
3.48 mm per side) for botpy,, andI’(NW) in Bentheimer sandstone. Use of an
analytical volume smaller than the REV has a relatively small effetteon t
calculation offyy,, and a dramatic effect on the calculatiod W) .

* Image resolution has minimal impact on calculation of kgt andI'(NW) for
the range of resolution investigated (5.8 um and 10 um).

» Data processing schemes (i.e. filters and threshold detection method applied) have

a significant effect on botfy,, andI'(NW). The OSU data presented in Herring

16
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et al. [10] was originally processed using ROCK3DMA, an Indicator Kriging
segmentation algorithm [42]. Comparison of the original OSU Indicator Kriging
results with the APS data (which was smoothed using a median filter, denoised,
and segmented via simple grayscale histogram thresholding as described in
Section 3) demonstrates disagreement ingfhg-saturation and@'(NW)-

saturation relationships and in absolgtg, andI'(NW) values. Reprocessing the
grayscale OSU data by the same process as the APS data resolves this
disagreement in the calculationgf,,, butlI’'(NW) remains inconsistent between
the data sets. This highlights that different data sets must processed ang:@valua
carefully to ensure accurate comparison.

* For data with unfavorable grayscale histograms due to the lack of distinctive
peaks or poorly defined minima between the NW and solid/W phases, the choice
of grayscale segmentation threshold has a minor effect on the calculation of
I'(NW), but a significant effect on the calculationygf, . For these grayscale
images (16 bit precision), changing the threshold by +100 grayscale vedudts
in approximately a £20% shift ify,, (Table A.2). For images with poorly
defined histogram peaks, a consistent and objective threshold detection system is
therefore necessary.

It is important to note that for the image quality parameters which are highbyrtant to
connectivity metric calculations (i.e. data processing procedure and threstesifdidation) the
most significant impacts are imparted on the images with the most NW flughpirédse dry, or
100% NW fluid filled, scan of the porous medium. As indicated by Equation 6 and noted above,

the determination of; 409,y has a large impact on the analysis of the entire data set. Accurate
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acquisition, processing, and analysis of the dry scan of the medium is of greatmegorta
ensuring the relevance and applicability of the overall data analysis.

As described in Section 3.0, for the relatively high quality experimental datas of thi
study, all quantitative metrics are calculated on a data set larger thaqtived REV, and a
median filter was utilized for noise removal and smoothing. The resulting lastagfrmeasured
grayscale values exhibited very well defined peaks (Figure 3d), allowiragdarate separation
of NW and combined W/solid phases. Minimal post-segmentation noise removal (removal of
isolated NW labeled clusters smaller than 125 voxels) was used. Based on thegresent

sensitivity analysis, we are confident that this procedure resultsablestjuantitative values.

5.0 Results

5.1 Force Balance Analysis and Traditional Empirical Relationships
Traditionally, capillary trapping has been investigated by examining theugari

relationships between initial NW saturation)(&esidual NW saturation g5 and imbibition
capillary number (Ca); for example see Chatzis and Morrow [12], ChatZis[@6§ Al

Mansoori et al. [2], and Land [31]. Both capillary trapping efficiengy%$ and total capillary
trapping (R) are important parameters to £§&questration operations, and can be investigated
as a function of Sand imbibition Ca (Figure 4). The Bentheimer sandstone cores used in this
study are relatively uniform and we expect a high level of consistencydregxperiments
performed in different cores; thus, data presented in Figure 4 and subsequesirigude a

combination of the results of both cores.

From the force balance analysis presented in Section 2.1, our Bentheimeaaibrine-
system is expected to be dominated by capillary and viscous forces;sapereritical CQ-

brine-sandstone system (given the range of supercriticafl@@® properties attainable and
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assuming similar media to Bentheimer sandstone; red trapezoid in Figure 2)xhEmesidual
state of both systems should depend on imbibition Ca. Bond number (Bo) values fopthe CO
brine-sandstone system are approximately an order of magnitude smalléogefot the
Bentheimer-brine-air system (i.e. the £@ine-sandstone system has less gravity force
influence than the ambient condition experimental system, due to the relatilgiinm CO,

and brine densities as compared to the density difference of air and brinevetipmeither
system exists in a gravity dominated regime, so we expect that the ammémiBer-brine-air

system will produce results that are similar to a geologic CO2 sedimstperation.

As shown, the expected trends of decreased total NW capillary trappren¢s
decreased trapping efficiency(S;) with increasing imbibition Ca are present (Figure 4a and
4b), as is the traditional Land’s model description of increasing residual NWétsan with
increasing initial NW saturation (Figure 4c). However, there is a langeiat of scatter in the
data which is not resolved by normalizing the residual saturation by the initiedtgan, or by

grouping the data by the imbibition Ca value; this discrepancy is investigathe next section.

5.2 Inclusion of Connectivity
In order to understand the variability inherent in these results as deduyitiesl

empirical models above, we consider how the connectivity of the NW phase innppptad
results. First, though, we investigate how the connectivity charae$tthe normalized Euler
characteristic X) andI'(NW) manifest for NW fluid within porous media during the drainage
process via the relationship between each connectivity metric and initiaaiWation (Figure

5).

Here the differences in these connectivity metrics are dramatigglrentI’(NW)

approaches a value of unity at relatively low saturation, implying that treityagf the NW
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phase present is connected to the main cluster by at least one pore throat throughauiatpe dr
process, with increasing probability that any isolated NW cluster witiraeacconnected to the
main cluster as initial NW saturation increases. Above an initial NW siatuet approximately
80%, the variation i"(NW) is negligible; implying that at NW saturation at or above 80%, all

NW phase is connected via at least one pore throat within the medium.

The y value provides a fundamentally different quantitative description of the NW fluid
connectivity. At initial NW saturation greater than 50%, the number of NWec&igt) roughly
matches the number of connections within individual clusfejsds indicated by, = 0. In
direct comparison tdo(NW), ¥ shows the most dramatic growth at values greater than 80% NW
saturation, i.e. long after the largest cluster has already formedlaated byl (NW). I'(NW)
values show that above 80%, almost all NW fluid is already connected and dinstinictual
fluid clusters are minimized, thus, the increasg ia due to the increase in redundant
connectionsp;. Consideration of (NW) andyyy, together demonstrates both the degree and
manner of NW phase connectivity within the porous medium: for the post-drainageiBesrth
air-brine system, the NW phase is largely connected via one large clastas AW saturation

increases, the NW phase invades additional pore thxaiis this single cluster.

This interpretation is further demonstrated by the approximately liakdionship
betweeny and the equilibrium capillary pressure (the difference in pressure betwedWthe
phase and the W phase) at the end of the drainage process (Figure 6). As capEiarg pre

increases, more (and smaller) pore throats are invadegygnohcreases.

A y value of zero provides an estimate of the percolation threshold; i.e. the NW

saturation value at which NW phase fluid is connected throughout the porous medium, spanning
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the entirety of the domain [36, 37]. The relationship between itfitigl and NW saturation
demonstrated by the experimental data (Figure 5) showghat 0 at NW saturation of
approximately 50% within Bentheimer sandstone. A computational approach for pgedictin
pressure-saturation curves in media was described by Hazlet [43] and liyrthigpert and
Miller [44] wherein morphological opening with a sphere of incrementally &sing radius is
performed on a binary representation of a porous medium (i.e. the dry image otlthenjne
and saturation and pressure values are calculated by simulation at eanly sfgmiA similar
process was applied here, wherein the opening procedure was performed ondbimaeg of

dry Bentheimer sandstone using Avizo ElteAfter each opening step, isolated NW fluid

clusters (<10,000 voxels or a sphere of radius 77.5 um) resulting from the opening prodess whic

were not connected to the main fluid clusters were remgigg.and saturation values were
calculated for each successive opening; the results of this analysis asremujh the
experimental data (Figure 7). The morphological opening procedure conducted on the dry
images resembles thfg,, values at initial saturation to within a reasonable approximation,
demonstrates thaty,, = 0 at NW phase saturation of 50% (providing additional evidence that
the NW phase percolation threshold for Bentheimer sandstone is at a NW saturation of
approximately 50%), and suggests thatfg -saturation relationship for a given medium
might be approximated from one high-quality (i.e. adequate resolution and low nei3esdan

of a dry porous media rather than from multiple time-consuming experimentalggraina

observations.

Following Herring et al. [10], we investigate the impact of connectivity pillaey
trapping efficiency (Figure 8); these data are classified by théditian process Ca as in Figure

4c. While both'(NW) andfyy, plots show a relationship between capillary trapping efficiency
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and connectivity, the relationship between normalized ingig} and trapping efficiency shows
a strong linear correlation (Figure 8a), compared(dM\W) (Figure 8b) where the trend is non-
linear due to insensitivity df(NW) in the high NW saturation range. This suggests that while
NW trapping is certainly related to the general connectivity of thegidse, the capillary
trapping/mobilization process is directly related to the NW topology as destrjitbe Euler
characteristic. An increase in the number of redundant pore thgatehfch connect NW fluid
within the fluid clusters, that is, a higher initjg},,value, is equivalent to a higher number of
potential pathways through which NW fluid can be mobilized, and results in decresggedg
efficiency. Note also that the high and intermediate imbibition Ca data shdatieetg strong
dependence on initigly,, (slope of approximately -0.3 for both?R0.92 and 0.98 respectively)
whereas low imbibition Ca experimental data exhibits much lower dependeye ¢6+0.12,
R?=0.37). This suggests that fluid topology as describegl jpiys a strong role in fluid
mobilization during flow dominated by viscous forces, but has reduced impact durirgrgapil

dominated flow.

The relationship between residual trapping) @d initial NWy illustrates these results
from a slightly different perspective (Figure 9); here a parabohd ti®evident for each
imbibition Ca category. Maximum residual NW saturation, i.e. the maximypitrg capacity
of the medium, is reached at a moderate inftig value §yy ~ 0.4) for both high (187 and
intermediate (18 Ca imbibition values, and trapping capacity is unaffected by the initial NW

£ for low (102 Ca imbibition.
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6.0 Conclusion and Application to CO, sequestration
This work has presented the results of x-ray CMT quantified experimentsredgkaand

imbibition with a wetting (W) phase of 1:6 by weight KI brine and nonwetting (NW) pbicsie
within Bentheimer sandstone. We have determined, based on a pore-scale fogis, dinaly
capillary and viscous forces will dominate the system rather than graragsfdNe have shown
experimentally that the residual state of the system is indeed sensithantges in capillary
number (Ca), which describes the relative importance of capillary and viscousifoece
multiphase system. We have also investigated two different quantitativectoityenetrics and
shown that NW phase trapping and mobilization is well described by the normalized Eul
number of the NW phasg (/) after drainage: a more highly connected NW phase is connected
by a high number of redundant pore throats, which allows for more NW phase to be mobilized,
thus resulting in less NW phase capillary trapping. The dependence of gapalgring on NW
phasey is more pronounced for systems in a viscosity dominated regime; for capillary-
dominated systems (low Ca), the NW phase connectivity has less impact onltNé\fina

trapping. This is consistent with standard understanding of displacement mechahisms:
sufficiently low flow rates the small pore throats that provide improved NW cawitgct

become water-filled by the process of “snap-off’ early in the imbibitiongasicat higher flow

rates snap-off is suppressed (e.g. [18]), so the connections through small pose¢inmaat

open longer and therefore have a greater effect on the residual saturatione\Weradhat
additional theoretical analysis is needed to completely describe the plrydertying the

correlations between connectivity and capillary trapping.

Sedimentary reservoirs are proposed to be optimal storage sites;fee@@stration due

to the stratigraphy of porous, permeable sandstone and carbonate layers (wlaictcaage

23



O©CO~NOOOTA~AWNPE

layers) and relatively impermeable silt and shale stone layers (wgtiels aaprocks) [45, 46].
Given the range of supercritical @@uid properties attainable in a sequestration operation, and
in similar media to Bentheimer sandstone, the supercriticalll@i@e-sandstone system will be
dominated by capillary and viscous forces at the pore scale (Figure 23/landife same

general area of the force balance plot as the air-brine-Benthexpernments presented here.
Thus, we expect that pore scale capillary trapping and mobilization of supalr€i@ecduring
sequestration to behave similarly to the air-brine-Bentheimer systmireed here. Indeed,
Herring, et al. [11] found that micromodel studies of ambient-state NW phas®mwase able

to accurately predict the flow pattern of supercriticab@Qring drainage in Bentheimer

sandstone by consideration and proper dimensional analysis of fluid properties.

Comparison of Figure 4c with a typical Land’s model curve (e.g. Al Mansoori[ef)al
demonstrates that the plateau in NWAV&lues that is apparent above approximately 50% initial
NW saturation is due to the percolation threshold being exceeded during the drainags. proc
Further, the data presented here shows that for a system at an initial Nati@aapproaching
100% (and thus, maximum NW connectivify,, = 1.0), capillary trapping is further
suppressed and NWs@ctually decreases. This has important implications for €@Questration
operations, where high GBaturations may exist near the injection site, and where dry-out
conditions may occur [47]. Dry-out occurs when Ghich is in chemical non-equilibrium with
brine is injected into the subsurface, causing the resident brine to dissolve G, thiease and
creating subsurface areas where NW phase saturation approaches 1008 sélbrity is

sufficiently high, dry-out may cause salt precipitation leading to reducetepéility [47].

In the example of a geologic G®equestration operation, Figures 8a and 9 imply that
two distinct methodologies could be used to maximize capillary trapping, depending on the
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desired result. To maximize capillary trappefficiency (Sg/S)), and ensure that the largest
fraction of injected C®is immobilized in the pore space of the reservoir, the iG@ction
should be engineered to result in low inifigl, (e.g. initialfyy, < 0.1, or $<0.75). This
would provide for additional storage security beyond relying on a structurtadjistpdnic

trapping layer. In contrast, in order to utilize the maximum trapping capdie pore space,
CQO; injection should be engineered to result in moderate irfitig! (€.9.fyw = 0.4, or S =
0.85). For either goal, dry-out conditions should be avoided. Manipulation of jijjatould
potentially be accomplished via use of a water-alternating-gas s¢hemeposed by Spiteri et
al. [48]), which may have significant water use impacts; or via manipulation ofiarjgpatterns
to inject to intermediate saturations. For example, one suggestion would be to havera short
vertical injection interval in the injection well: injection only into the lower ipog of the
aquifer would allow for vertical migration and might prevent the @lOme from approaching
high saturation levels at the injection point. Alternatively, the subsequent imbibiticesgr
should be carried out at very low Ca regime, where NW topology does not impactiresidua
saturation or capillary trapping efficiency. Manipulation of far-fromHaaie saturation can be
achieved for well-characterized aquifers by designing the injectiongroigr conjunction with

large-scale simulation.
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Figure 1. Capillary trapped residual nonwetting (NW) phase saturation (Sg) as a function of
imbibition capillary number (Cajmpin), modified from Cense and Berg [1].
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(3D) median filter, and (c) binary data with the nonwetting (NW) phase identified. The grayscale
histogram of the data volume for both raw and 3D median-filtered data is shown in (d) with the
grayscale threshold value indicated.
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Figure 4. Results of drainage-imbibition experiments presented as (a) residual saturation (Sg) as
a function of imbibition capillary number (Caimpin); (b) trapping efficiency, calculated as residual
saturation normalized by initial saturation (S)), as a function of imbibition Ca; and (c) residual
saturation as a function of initial saturation (i.e. the traditional Land’s model formulation [3,
31]) where experiments are classified by the imbibition Ca class as noted in the legend.
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Figure 5. Connectivity of nonwetting (NW) phase at the initial system state as measured by
r(NW) and initial normalized Euler value (¥nw) as a function of NW saturation within
Bentheimer sandstone.
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Figure 6. Initial nonwetting (NW) normalized Euler value (¥ yw) versus capillary pressure (Pc)
after an equilibration period at the end of the drainage process within Bentheimer sandstone.
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Figure 7. Initial nonwetting (NW) normalized Euler value (¥ yw) as a function of NW saturation
within Bentheimer sandstone for experimental x-ray microtomography (x-ray CMT) data and for
a computational morphological opening process performed on binary data of the dry

sandstone.
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Figure 8. Capillary trapping efficiency of nonwetting (NW) phase, as described by residual NW

saturation (Sg) normalized by initial NW saturation (S;), as a function of (a) normalized initial NW

Euler value (initial ¥nw) and (b) initial [(NW). Data are classified by the experimental imbibition

capillary number (Ca).
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Figure 9. Residual capillary trapped nonwetting (NW) phase (Sg) as a function of normalized
initial NW Euler value (Initial ¥nw). Data are classified by the experimental imbibition capillary
number (Ca).





