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Prediction of fluid occupancy in fractures using network modeling and x-ray microtomography.

I: Data conditioning and model description

Zuleima T. Karpyn

Department of Energy and Mineral Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802-5000, USA

Mohammad Piri*

Department of Chemical and Petroleum Engineering, University of Wyoming, Laramie, Wyoming 82071-2000, USA

(Received 25 November 2006; published 31 July 2007)

This paper presents a two-dimensional pore-scale network model of a rough-walled fracture whose inner
structure had been mapped using x-ray microtomography. The model consists of a rectangular lattice of
conceptual pores and throats representing local aperture variations. It is a two-phase model that takes into
account capillary, viscous, and gravity forces. Mapping of fluids and fracture topology was done at a voxel
resolution of 0.027 X 0.027 X 0.032 mm?, which allowed the construction of realistic fracture representations
for modeling purposes. This paper describes the necessary data conditioning for network modeling, a different
approach to determine advancing and receding contact angles from direct x-ray microtomography scans, and
the network model formulation and methods used in the determination of saturation, absolute and relative
permeabilities, capillary pressures, and fluid distributions. Direct comparison of modeled results and experi-
mental observations, for both drainage and imbibition processes, is presented in the companion paper [M. Piri
and Z. T. Karpyn, following paper, Phys. Rev. E 76, 016316 (2007)].
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I. INTRODUCTION

Mapping the distribution of fluids in underground forma-
tions is of great importance for fields such as environmental
remediation, geohazard mitigation, hydrology, geothermal
exploitation, and hydrocarbon recovery. The ability to pre-
dict where fluids will migrate, and the characterization of
fundamental transport properties, has motivated extensive re-
search regarding multiphase flow through geologic forma-
tions. Many formations also present structural discontinuities
that have great impact on the mobilization of fluids. Frac-
tures are the most common form of discontinuity found in
these systems. Fractures control the overall conductivity of
the rock while the porous matrix provides fluid storage ca-
pacity. Understanding transport properties of fractures and
their dependence on structure, fluids, and boundary condi-
tions is essential for the design of effective recovery and
remediation strategies.

Various approaches have been developed for the study of
transport phenomena in fractures. They range from geometri-
cal characterization of single fractures and fracture networks
to transport processes, single and multiphase flow. Early
work on computer-based network modeling dates back to the
late 1950s [1-3]. In the past two decades, pore-scale network
modeling has gained vast attention and has improved with
the addition of features such as fluid trapping and wetting
layers [4-9]. Dynamic network models allow the study of
the effect of injection rate on residual saturations, relative
permeabilities and the competition between various driving
forces, i.e., capillary, viscous, and gravity forces, and their
effects on displacement mechanisms, i.e., snapoff, cluster
growth, and frontal advance [10-14]. Wetted structures and
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gravity fingers have been observed in network simulations of
spontaneous imbibition in porous media including the effect
of gravity [15]. Glass et al. [16] studied quasistatic immis-
cible displacement in horizontal, rough-walled fractures us-
ing modified invasion percolation models. They ignored vis-
cous and gravity forces and also assumed that influence of
local convergence (or divergence) of the fracture walls was
ignorable. They examined the influence of the combined ef-
fect of two principle radii of curvature, in-plane and
aperture-induced. This allowed the authors to model the ex-
perimentally reported saturation fronts. The dependence of
capillary pressure and relative permeability characteristics on
contact angles and void structures has also been investigated
using pore-scale network models [17-20].

Proper characterization of the pore structure is crucial for
the accuracy of multiphase displacement mechanisms imple-
mented in pore network models. Experiments using statisti-
cal approaches, transparent epoxy replicas, and imaging
techniques, e.g., nuclear magnetic resonance, serial section
measurements of porous materials, and high resolution mi-
crotomography, have provided means to characterize aper-
ture distributions and describe preferential flow paths in frac-
tures [21-26]. In spite of recent advances in pore-scale
representations of fractures and understanding of their flow
characteristics, additional investigation is still needed. It is
important to have a reliable physically-based tool able to
predict macroscopic flow properties and fluid distributions in
realistic fractures representation.

In this work, a highly detailed aperture distribution map
constructed from x-ray microtomography scans is used to
create a network of conceptual pores and throats representing
the fracture’s void structure. The fracture model presented in
this study is a modified two-dimensional adaptation of a
three-dimensional mixed-wet random pore-scale network
model of two- and three-phase flow in porous media with
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relative permeability predictions [27,28]. The approach is
similar to the method utilized by Glass er al. [16], but the
model has been extended to handle quasidynamic displace-
ments taking into account rate and gravity effects. We also
consider flow through wetting layers. The model recognizes
three types of displacement: Pistonlike, cooperative pore fill-
ing (I, mechanisms [29]), and snapoff. The I, mechanisms
allowed us to account for the effects of in-plane curvature;
see Ref [16].

In the simulations presented in this paper, we compute
pressures in both pores and throats, this is not the case, for
instance, in the work by Hughes and Blunt [10]. Also we find
threshold capillary pressures for displacements in pores and
throats while Hughes and Blunt [10] allow the throats to be
automatically filled after the neighboring pores are invaded.
Various simulations were conducted to test the predictive
capabilities of the model using a single fracture with highly
detailed structure and fluid occupancy data. Paper I describes
the conditioning of x-ray microtomography data and formu-
lation of the two-dimensional, two-phase quasidynamic pore-
scale network model. Paper II [30] presents modeling results
for primary drainage, imbibition, and secondary drainage, as
well as rigorous comparison of the predicted fluid occupan-
cies with experimental results.

II. EXPERIMENTAL OVERVIEW
A. Core sample and imaging technique

Experimental results from previous work [31] are used in
this study to construct a detailed two-dimensional conceptual
network model of a rough fracture. In those experiments, a
tensile fracture was induced on a cylindrical Berea sandstone
core having 18% matrix porosity and 200 mD absolute per-
meability. The sample was 254 mm in diameter and
101.4 mm long. The two exposed fracture surfaces were ill-
matched with a slight shift of 1 mm along the longitudinal
axis to accentuate aperture changes inside the fracture. X-ray
microtomography was used to determine fracture aperture
variations, map the distribution of oil and water during drain-
age and imbibition, and determine contact angles. X-ray mi-
crotomography is a nondestructive imaging technique that
uses x rays and mathematical reconstruction algorithms to
view a cross-sectional slice of an object [32]. The image
reconstruction is based on multiple x-ray measurements
made through the object along different paths. The computed
tomography (CT) system consists of an ionized x-ray source,
a detector, a translation system, and a computer system that
controls motions and data acquisition. The x-ray source has a
Tungsten target with a focal spot of 5 microns. It produces a
cone beam that passes through the core and activates the
detector. The image intensifier detector surface releases elec-
trons that are then focused on a screen that is photographed
by a high-resolution (1024 X 1024) camera with a frequency
of 15 Hz. The sample is rotated 360° in the x-ray beam while
the detector is providing attenuation views to the data acqui-
sition computer. After the sample is rotated a complete turn,
the system reconstructs a slice, which is a cross-sectional
image of the attenuation values that represent a combination
of the density and the apparent atomic number of the sample
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FIG. 1. Detailed fracture aperture map. Three-dimensional re-
construction of the scanned fractured sample allowed mapping of
the fracture void and construction of a fracture aperture map. Dark
and light gray represent small and large apertures, respectively.

at the imaged position. The imager operates in volume mode
where several separate slices are collected in one rotation.
After each rotation, the sample is translated axially to a
new scanning position, thus allowing a continuous
three-dimensional coverage of the sample. The voxel re-
solution in the experimental data presented in this paper
was 0.027344 mm X 0.027344 mm X 0.032548 mm, where
0.032548 mm indicates the slice thickness.

B. Fracture aperture characteristics

Three-dimensional reconstruction of the scanned frac-
tured sample allowed mapping of the fracture void and con-
struction of a detailed fracture aperture map. Figure 1 pre-
sents the aperture map obtained where dark and light gray
represent small and large apertures, respectively. The
scanned length was 101.42 mm and corresponds to the total
sample length. The scanned diameter was 24.86 mm,
0.54 mm smaller than the actual core diameter (25.40 mm)
to avoid core wall irregularities, maximize pixel resolution,
and prevent direct exposure of x rays from the x-ray source
to the detector. One should note that this was not done to
exclude the high fracture apertures at the edges. The fracture
aperture map presented in Fig. 1 provided the basis to con-
struct the conceptual pore-scale network model representing
the fracture. A fracture aperture histogram is presented in
Fig. 2, indicating a maximum aperture of 1.60 mm and ap-
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FIG. 2. Relative frequency distribution of fracture apertures.
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FIG. 3. Schematic of experimental stages performed in the
fracture.

erture mode of 0.52 mm. The mean fracture aperture is
0.58 mm, and the standard deviation is 0.23 mm. Contact
points in the fracture (zero aperture) sum 39.34 mm’ and
were excluded from the aperture histogram. The total contact
area corresponds to 1.56% of the total rectangular area of the
fracture, 101.42 X 24.86 mm?.

C. Core flooding

The experimental procedure consisted of monitoring fluid
distribution inside a single rough fracture during several in-
jection stages. These stages include primary drainage, or
continuous oil injection into water; imbibition or continuous
water injection into oil, and a simultaneous, one-to-one, in-
jection of oil and water into the fracture. In the rest of this
paper, parts I and II [30], we call this process secondary
drainage due to the increase in oil saturation. Prior to pri-
mary drainage, the fractured sample (matrix and fracture)
was vacuum-saturated with the water phase, which was a
15% by weight solution of sodium iodide, then scanned to
confirm that no major air bubbles remained trapped inside
the fracture. All these stages are schematically depicted in
Fig. 3, and Table I presents a summary of the experimental
flowing conditions and final oil saturation for each experi-
mental stage. The matrix was fully saturated with the wetting
phase (water) during all stages of the experiment. We think
since the fracture was the preferential flow path for the non-
wetting phase (oil) there was no significant exchange of non-
wetting phase between the fracture and the matrix. This was
confirmed by the x-ray images of the matrix at the end of all
stages of the experiment. However, flow of water from the

PHYSICAL REVIEW E 76, 016315 (2007)

fracture into the matrix is quite possible and we had no
means of preventing or monitoring it. As the wetting phase,
water could flow into the matrix and bypass the fracture to
reach the outlet, or return into the fracture at a different
location, but we have no means of quantifying it experimen-
tally. In the modeling part of this work we ignore this effect.
But as an extension to this work, it would be interesting to
model the fracture with permeable walls and look at its
impact on fluid occupancy; see, for instance, Ref. [33]. The
oil phase was a mixture of silicone oil and 30% by weight
of n-decane. The aqueous phase was brine with 15% by
weight Nal. We will use phrase “water” for the aqueous
phase in the rest of the paper. Measured viscosities and den-
sities at 25 °C were 5.0 cP and 0.89 g/cm? for the oil phase,
and 1.2 cP and 1.11 g/cm? for the water phase. The interfa-
cial tension of this oil-water system, 41.2 mN/m, was mea-
sured in the laboratory using the DuNouy ring method [34].
Precise representation of experimental conditions, fracture
structure, fluid properties, and wetting characteristics were
essential for the construction of the network model presented
in this paper.

D. Experimental data

Visualization of fluid occupancy inside the fracture during
primary drainage, imbibition, and secondary drainage was
possible using x-ray microtomography. Mechanisms such as
fluid trapping, preferential flow paths, and coalescence and
redistribution of liquid globules were observed. Findings
from those laboratory experiments demonstrated strong cor-
respondence between fluid distribution and the mismatch of
the fracture surfaces [31]. Figure 4 shows the distribution of
oil globules inside the fracture, relative to the dry aperture
map on the left. The globules of oil in the two-dimensional
maps are denoted in green, while the gray zones represent
local fracture apertures filled with water. Oil globules match
most areas in light gray on the aperture map, confirming the
presence of water in the narrowest gaps (dark gray). Some
oil globules in the imbibition map appear to be truncated by
a horizontal line. These discontinuities resulted from the
scanning process when, coincidentally, globules changed po-
sitions while being scanned, thus creating a fictitious globule
discontinuity. The three occupancy maps shown in Fig. 4
were used in the present study as a comparative platform to

TABLE I. Summary of experimental flowing conditions and final saturations in the fracture.

Initial Initial Continued Continued

Experimental injection rate  injection time injection rate injection time  Final Final
stage (cc/min) (min) (cc/min) (min) S, S,
Vacuum saturation: water into air 0.0 1.0
Primary dr.": continuous oil inj.b 0.5 12 0.05 300 0.65 0.35
Imbibition: continuous water inj. 0.5 12 0.05 300 0.37 0.63
Secondary dr.: simultaneous inj. of oil and water 0.25each 150 0.1 each 300 0.58 0.42
*Drainage.

bInjection.
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FIG. 4. (Color) Oil residence relative to local fracture aperture generated by x-ray microtomography at the end of different experimental

stages [31].

test the accuracy of the equivalent pore-scale network model
at the same final saturations; 65% oil saturation at the end of
primary drainage, 37% during imbibition, and 58% during
secondary drainage. The structure and location of the oil
globules residing in the fracture are compared and discussed.

III. DATA CONDITIONING
FOR NETWORK MODELING

A. Coarse fracture representations

The original fracture aperture map obtained from CT
scans contains a total of 2 832444 elements with variable
apertures. An equivalent network model preserving such
resolution would be extremely large and computationally ex-
pensive. Therefore, four coarser versions of the original
high-resolution fracture aperture map (OHRM) were created.
Table II presents a list of the geometric characteristics and
statistical information for the networks that were constructed
using four coarse maps (A through D) and the original map
at the highest resolution. The tabulated information includes
the number of elements, directional resolution, fracture
width, length, volume, and contact area. The level of coars-

ening increases from map A to map D, as depicted in Fig. 5.
The mathematical algorithm constructed to generate the
coarse aperture maps imposes the preservation of total con-
tact area. Initially, only nonzero apertures are averaged in the
calculation of the equivalent coarse apertures. Groups con-
taining zero-aperture points are ranked according to their
proportion of zero-apertures in decreasing order. Finally,
groups with the largest zero-aperture ratio are converted into
solid contacts in the new coarse-resolution map. The conver-
sion stops when the contact area in the new coarse-resolution
map is the closest to the actual high-resolution contact area.
Each of the four coarse aperture maps was generated from
the original high-resolution map to build an equivalent net-
work model. The effect of resolution on simulation results is
discussed in the results and discussions section of this paper
(part II).

B. Determination of contact angles
from x-ray microtomography

Contact angle is an important indicator of the wetting
characteristics of a fluid-solid system. It is defined as the
angle between the two-phase line and the solid surface mea-
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TABLE II. Geometric characteristics and statistical information for the networks that were constructed from the original high-resolution
aperture map and four coarser versions of it.

Ttem OHRM* A B C D

NP 3116 779 389 283 222
N,° 909 303 113 75 69
A 2832444 236 037 43957 21225 15318
Niel 909 303 113 75 69
Nouter 909 303 113 75 69
Nyt 1394084 116 194 21635 10 447 7533
NS 1394 158 116 159 21631 10 443 7542
@ (mm) 0.5838 0.5852 0.5833 0.5817 0.5773
A (mm) 5.2227 4.949 264 4293 4.183 632 4.128 944
ayi (mm) 0.027 344 0.027 344 0.054 688 0.082 032 0.082 032
CN,, 3.987 96 3.9672 3.9418 3.926 76 3.922
RX (mm) 0.027 344 0.027 344 0.027 344 0.027 344 0.027 344
R, (mm) 0.027 344 0.082 031 0.218 750 0.328 125 0.355 469
R, (mm) 0.032 548 0.130 192 0.260 384 0.358 028 0.455 672
Width (mm) 24.85 24.85 2471875 24.609 37 24.527 36
Length (mm) 101.42 101.4196 101.2894 101.3219 101.1592
Ny 44202 3684 691 335 243
V™ (mm?) 1471.65 1475.30 1460.43 1450.406 143251
CA" (mm?) 39.3394 39.3443 39.3587 39.3551 39.3605

Original high-resolution map.

"Number of elements along the length.
‘w=width.

Total number of elements.

“Number of elements connected to the inlet.
"Number of elements connected to the outlet.
ENumber of pores.

sured traditionally through the denser phase. Figure 6(a)
shows a schematic diagram of a two-phase system on a hori-
zontal solid surface, indicating the interfacial forces acting
on the system and the corresponding contact angle. In a two-

OHRM

N 101.42 mm >

FNumber of throats.

'a=aperture; a=average aperture.
JAverage coordination number.
¥Resolution in the aperture direction.
1asp=asperities.

Ty=volume.

"CA=contact area due to asperities.

phase system, where oil and water reside on a solid, a hori-
zontal force balance can be written as

Oos — Ows = Opy COS 00w’ (1)

FIG. 5. Coarse fracture aperture representations relative to the original high resolution map (OHRM): 250 X 250 pixels, A: 83 X 62 pixels,

B: 31 X31 pixels, C: 20X 22 pixels, and D: 19X 17 pixels.
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where 6,,, is the contact angle and o is an interfacial tension
between two phases labeled o, w, or s to represent oil, water,
or solid, respectively.

The greater the adhesion of the denser phase to the solid,
the smaller the contact angle. The contact angle in a fracture
with nonparallel surfaces is presented in Fig. 6(b), where r is
the principal radius of curvature, a is the fracture aperture at
the triple interface, and S is the fracture surface inclination.
If we define a line of symmetry between the two fracture
surfaces, r is related geometrically to the local aperture, the
fracture surface angle, and the contact angle through the fol-
lowing expression:

a

= cos(B+ 6,y) @

The x-ray imaging technique described in this paper al-
lowed a detailed mapping of fracture apertures and fracture
topography, as well as the visualization of oil-water inter-
faces, from which contact angles can be estimated. Figure 7
shows a CT scan obtained during primary drainage (a), a
magnification of the oil-water interface in the fracture (b),
and the same magnified section in the dry sample (c). Oil and
water coexist in the fracture at preferential locations. In gen-
eral, water occupies narrow apertures while oil prefers large
gaps. In order to provide an accurate representation of the
fluid flow system under study, contact angles were estimated
from the CT slices obtained during the core flooding experi-
ment. Due to the difficulty of measuring radius of curvature
directly from CT images, the authors implemented an
inverse-solution approach to determine contact angle from
x-ray microtomography scans. For a given fracture geometry,
a trial contact angle is imposed. Then, radius of curvature
and fluid occupancy are modeled using a wetting-phase
growth model at constant contact angle. Results from this
model are compared against CT data, and a close estimation

O-OW
oil
(@) m o,
ATTHRRIRIRRRITTERT TN

solid surface

solid
surface

oil ;
----- — symmetry }

FIG. 6. Contact angle in oil-water-solid systems, (a) contact
angle and interfacial force balance on a horizontal surface, and (b)
radius of curvature and contact angle on diverging surfaces.
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FIG. 7. Interfacial curvature during primary drainage, (a) CT
slice obtained 22.88 mm above the bottom (inlet) of the core, (b)
magnification of oil-water interface, and (c) magnification of frac-
ture surface extracted from dry CT slice at the same location.

of contact angle is reached when the imposed angle gives an
accurate representation of the fluid distribution and the inter-
faces observed experimentally.

Figure 8 shows the simulated interfacial curvature for a
CT slice located 22.88 mm above the bottom of the core, at
an imposed contact angle of 10°. The top image (a) is a
cropped section of the original CT slice, and the images be-
low [(b) through (e)] are intermediate results from the model
developed for the determination of contact angles. Water
growth is controlled by changes in radius of curvature using
a constant contact angle. Water invasion stops when the final
fluid saturation approaches that in the original CT slice. As
water fills the fracture in the model, oil is assumed to migrate

(e)

FIG. 8. Progression of simulated interfacial curvature 22.88 mm
above the bottom (inlet) of the core for 10° contact angle. (a) Origi-
nal CT section at S,,=0.179, (b) §,,=0.017, (¢) S,,=0.061, (d) S,,
=0.120, and (e) S,,=0.179. Note: (b) through (e) are intermediate
results generated by the model developed for the determination of
contact angles.
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FIG. 9. Schematic representation of network construction, (a)
CT slices of the fractured sample, and (b) regular lattice of concep-
tual pores (P) and throats (T) in the fracture.

in the direction perpendicular to the slice. Water appearance
starts at the smallest fracture apertures in the fracture cross
section. The image at the bottom of Fig. 8 demonstrates a
satisfactory representation of fluid distributions compared to
those obtained experimentally.

The magnitude of the contact angle depends on the direc-
tion of displacement. This difference between advancing,
i.e., wetting phase displacing the nonwetting phase, and re-
ceding, i.e., nonwetting phase displacing the wetting phase,
is called contact angle hysteresis and may be as large as
50°-90° [34-36] depending on surface roughness, surface
heterogeneity, swelling, rearrangement, or alteration of the
surface by solvent [34]. Four different contact angles at two
different locations were examined, and results were com-
pared against the experimental CT slices: 5, 10, 15, and 20°
for receding contact angle and 20, 25, 30, and 35° for ad-
vancing contact angle. Receding and advancing contact
angles for the system under study were found to be 10° and
25°, respectively. We assume there is no wettability alter-
ation owing to contact between the oil phase and the solid
surface of the fracture. In other words, the contact angle
hysteresis in this work is only due to direction of displace-
ment.

IV. NETWORK MODEL

We present a two-dimensional network model of concep-
tual pores and throats in order to simulate two-phase flow in
the tensile fracture described in Sec. II. In this section we
show how the network was constructed, and describe the
procedures used to compute threshold capillary pressures,
saturations, pressure fields, and absolute and relative perme-
abilities.

A. Description

A two-dimensional regular lattice of conceptual pores and
throats, Fig. 9(b), is generated to present the variations in the
aperture of the fracture (see Fig. 11). The model allows us to
capture the complex topological features of the fracture’s in-
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Water —

Oil —

FIG. 10. A capillary tube with rectangular cross section.

ner structure. Table II lists statistical information for each
network used in this work.

The pore-scale network model employed in this work was
originally developed by Piri and Blunt [27,28]. It is capable
of reading as input any two- or three-dimensional regular or
random network comprised of pores connected by throats. It
has been successfully used to predict two- and three-phase
relative permeabilities in Berea sandstone [28]. In this work,
we extend the capabilities of the model by implementing rate
and gravity effects. We then feed the two-dimensional net-
works that were constructed using the coarse aperture maps
described in Sec. III A. The aperture maps and the resolu-
tions along the width and length of the fracture were used to
assign appropriate dimensions to each pore and throat. We
consider each element as a pore or throat only because of a
specific input format required by the network model, but
pores and throats are treated exactly the same in all the mod-
eling procedures we utilize. Therefore, local aperture size
does not determine whether an element is a pore or a throat
and a pore does not necessarily have an aperture greater than
a neighboring throat. We start from the lower-left corner of
the network assigning a “P” (for pore) or “T” (for throat) to
each element with a known aperture using the pattern de-
picted in Fig. 9(b). Each pore is connected to throats (not
pores) and vice versa. After skipping an asperity we make
sure that this condition is still satisfied. Each pore or throat is
connected to a maximum of four neighboring elements (see
Table II for average coordination number for each network)
and is rectangular in cross section with the local aperture, a;,
being the height, and the resolution along the width of the
fracture, R,,, being the width of the element (see Fig. 10).
Each pore or throat is also assigned a length, R;, equal to the
scanning resolution along the length of the fracture. Thus the
total volume of each element becomes V;=a; X R,, X R;. One
should note that a;=n; X R,, where n;, is the number of pixels
for aperture in element k and R, is the resolution in the
aperture direction. The angular cross section shown in Fig.
10 allows the wetting phase to occupy the corners when the
nonwetting phase fills the center.

The displacement mechanisms incorporated in the model
are based on the physics of multiphase flow observed in mi-
cromodel experiments. The model calculates threshold cap-
illary pressures for three different displacement mechanisms
that are relevant to the processes that we simulate, i.e., pis-
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FIG. 11. Three-dimensional visualization of the fracture topology using coarse aperture map C (see Table II). One should note that the
network was visualized assuming, for illustrative purposes, that the reference plane is located at the center resulting in a symmetric

three-dimensional image.

tonlike displacement, snapoff, and cooperative pore filling. A
series of pore-level displacements are combined in order to
simulate different two-phase processes. For each process, the
model uses pertinent displacement mechanisms. It also takes
into account contact angle hysteresis in the computation of
threshold capillary pressures.

To find the pressure difference across an interface we use
the Young-Laplace equation:

1 1
T

)

where r| and r, are the principal radii of curvature, and P;
and P; are pressures of the phases on either side of the inter-
face. There are two types of interface under such conditions:
(I) Main terminal meniscus (MTM) [37], which is the invad-
ing meniscus at the pore-throat junction separating wetting
and nonwetting fluids. The shape of such meniscus in a cy-
lindrical tube of uniform wetting is spherical meaning that
the two radii of curvature are the same (r;=r,=r). The pres-
sure difference across an MTM is then given by

j Iy — (4)

(IT) Arc meniscus (AM), which is the interface at a corner
of a noncircular element (see Fig. 10). It is assumed that the
curvature of the interface is negligible parallel to an element
meaning that the principal radii of curvature would be r|=r
and r,= [34,37]. The pressure difference across such an
interface is given by

P-pP=—4 (5)

Pistonlike displacement refers to the displacement of one
phase in the center of an element by another residing in the
center of a neighboring element. In other words, once the
threshold capillary pressure is reached, the MTM that has
access to the entrance of the element moves into the capillary
with a fixed curvature filling the center of the element with
the invading phase. While the MTM displaces the defending
phase from the center of the element, the residual of the
displaced phase—in noncircular elements—may remain in
the corners creating new AMs (see Fig. 10). This happens
only if

0U<

- a, (6)

SR

where 6;; is the angle that the new AMs make with the solid
surface towards the apex of the corner, which is the contact
angle in this case, and « is the corner half angle. If the effect
of gravity is ignored then the curvature of the AMs will be
exactly the same as that of the invading MTM [37].

Every displacement is either drainage or imbibition.
Drainage in a capillary element is referred to an event where
a wetting phase is displaced by a nonwetting phase, while an
event in which a nonwetting phase is displaced by a wetting
phase is called imbibition. Pistonlike displacement can take
place in both cases.

The prevailing contact angles during pistonlike drainage
and imbibition events are receding and advancing values,
respectively. In the absence of contact angle hysteresis, the
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threshold capillary pressure of pistonlike imbibition is the
same as that of drainage, otherwise during imbibition, when
the relevant capillary pressure is reduced, each interface
starts hinging from the receding contact angle towards the
advancing value. Interface in each corner stays pinned as
long as the hinging value is smaller than the advancing con-
tact angle. The wetting phase will enter the element when the
advancing contact angle is reached. The threshold capillary
pressures are found using the Mayer-Stowe-Princen (MS-P)
method described in Sec. IV B.

To accommodate drainage and imbibition displacement
processes, we assign two contact angles to each pore and
throat: 6., receding contact angle for oil displacing water
(drainage) and ¢, advancing contact angle for water dis-
placing oil (imbibition).

B. Threshold capillary pressures

The threshold capillary pressures for pistonlike displace-
ments are calculated using the Mayer-Stowe-Princen (MS-P)
method [38—-41]. The MS-P method is based on equating the
pressure difference across the AMs, given by Eq. (5) for
elements with straight walls, left at the corners of the capil-
lary tube by the pistonlike displacement, to that of the MTM
which is found from an energy balance for MTM invasion.

Consider a capillary element with rectangular cross sec-
tion filled with a defending phase in the center and an invad-
ing phase having access at one end, forming an MTM. An
increase in the pressure of the invading phase to the thresh-
old value, when the pressure of the defending phase is fixed,
results in the MTM entering the capillary with a fixed cur-
vature and changing fluid configurations (old to new) at the
corners. Assuming that the system is closed, at equilibrium,
the MTM spherical, the solid a rigid phase (dV,=0), and the
solid walls straight, for a small movement, dx, of an MTM in
the capillary where two fluids, oil (0) and water (w), may be
present, the Helmholtz free energy balance can be written as
[42]

dF=—- 2 PdVi+

i=o,w 1j=0W,08,Ws

> 0;idAjj, (7)

where P is the pressure, V is the volume, oy is the interfacial
tension, and A; is the fluid-fluid or fluid-solid contact area.
Also

dV;={[A; " = [A; 1*}Vdx, (8)

dA;={[L;J" - [L;; ]*}dx, (9)

where superscripts nc and oc stand for new and old fluid
configurations, respectively, A, is the total area occupied by
phase i in the cross section, and L;;, is the total length of
contact between phases i and j in the cross section.

A system with constant temperature and constant total
volume is at equilibrium when the Helmholtz free energy F
is minimum [43] or

dF=0. (10)
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The total area of the cross section, (A4,);, and perimeter,
(L), of capillary k with rectangular cross section are given
by

(Ar)k =dayg X RW = [Aa,t]nc + [Aw,t]nc = [Au,t]oc + [Aw,t]oc’
(11)

(Lt)k =2X (Rw + ak) = [Lox,f]nc + [wa,l]nc
= [Los,t]oc + [st,t]()c' (12)

For drainage pistonlike displacement [A,,]*°=0, [L,,]°
=0 and [L,, ]*=0 as we inject oil into elements fully satu-
rated with water. And for imbibition pistonlike displacement
[A,]"=0, [Lys =0 and [L,y ]*=0 since water invasion
into a water-wet angular capillary tube with oil in the center
and water in the corners leads to a fully saturated fluid con-
figuration. Therefore, from Egs. (1), (5), and (7)—(12) the
threshold capillary pressure for drainage is derived as

O-OW - UOW[LOW,I + LOS,ZCOS ng]nc , (13)
Tow [Ao,t]nc
where Ly, ,=4Loy, Los,=L,—8b, and [A, ]"=A,—44,..
Loy b, and A,, . are the length of contact line between oil
and water, meniscus-apex distance of the interface, and the
area occupied by water at a corner, respectively. These are
calculated using Eqs. (A1)—(A3) with 6,=6,,, and re,=r,
=0/ Pgow (see Appendix A), where superscript d stands for
drainage. For an imbibition pistonlike displacement one may
use Eq. (13) with 6., replaced by &, to calculate the thresh-
old capillary pressure. Also L, . and A,, . are computed us-
ing Eqs. (A1) and (A3), respectively, with 0k=t9f’)w and rg,,
=P = Oow/ Paoy» Where superscript im stands for imbibition.
6", is used only when it is less than @ ; otherwise, 6/, is
used. To calculate b we use Eq. (A2) with 6,=6,, and r,
=rd, for 0!, =@, and with 6=6", and r,,=r" for 6,
> 6, 6’ZW is found using Eq. (A4) (see Appendix A).
During imbibition, displacement of oil from the center of
each element may also be carried out by a cooperative pore
filling mechanism where threshold capillary pressure de-
pends on aperture of the element and the number of neigh-
boring elements that do not hold the invading phase in the
center. For an element with coordination number m, m—1
cooperative pore filling events are possible, called /,, where
n is the number of neighboring element that are not involved
in the displacement, 1=n=m-1 [29,44]. When n=1, the
displacement is a pistonlike event and the threshold capillary
pressure is given by Eq. (13). But for 73 and I, displacement
events, we use [10,29]

Plh

cow

hn 204c0s G,

Po,=—""""17, (14)
Ay

2 cos & 1 1
PR o N ——— . (15)
% Rw \QRW

Snapoff corresponds to an event where oil in the center of
an element is displaced by water residing in corners. When
oil-water capillary pressure decreases, the invading phase
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TABLE III. Absolute permeability of the maps A to D listed in
Table II.

Item K(m?)

A 2.556 % 10710
B 1.035% 107
C 1.665 % 107
D 1.881x 107

starts swelling and consequently contributing AMs may
hinge and eventually move—when the hinging contact angle
reaches the advancing value—towards the center to meet the
other moving AMs. When AMs meet, the center of the ele-
ment is filled spontaneously by the displacing phase. Snapoff
is not favored over a pistonlike or cooperative pore filling
event when there is a neighboring element with the invading
phase in the center that is able to carry out the displacement.
The threshold capillary is calculated using

Plh _ 2O-OW(COS ef)w —sm af)w)
cow — .

(16)
%
We assume snapoff takes place when meniscus-apex dis-
tance of oil-water interface in a corner of element k£ becomes
equal to a;/2.

V. SATURATION, CONDUCTANCE, AND PRESSURE
FIELD CALCULATIONS

Saturation and relative permeability in a capillary domi-
nated process are only computed when invading phase pres-
sure reaches a new maximum—this means that the system is
at equilibrium and it is not possible to carry out any displace-
ments with the current phase pressures. The capillary pres-
sure is found from the pressure difference between continu-
ous phases. If Vf, is the volume of phase p in element k then
the saturation of phase p in the system is given by

e

>V,
§=—= (17)

P n,

> (VE+ V)

o
k=1

where n, is the total number of elements. Volume of a phase
in an element is the total volume of that element multiplied
by the fraction of the cross-sectional area occupied by that
phase.

When saturation is computed, relative permeability and
capillary pressure can also be found. This is not done after
every saturation computation to save computer time. To com-
pute absolute and relative permeability, conductance of each
continuous phase location in each element is computed first.
Normally exact analytic results are not possible, and semi-
empirical expressions derived from solutions of the Stoke’s
equation for flow in pores of different geometries, and for
different fluid configurations, are used [45-51]. Then the av-
erage conductance for each continuous phase in the network
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is computed, by explicitly calculating the flow through the
network assuming conservation of volume. From this abso-
lute and relative permeability can be found [48,50,52,53].

In order to minimize the influence of end effects on the
calculated macroscopic properties, we calculate saturation
within two surfaces perpendicular to the main flow direction
bounding the central 90% of the network. However, pres-
sures are solved over the entire network for each pore and
throat. Then, the average pressure of the fluid whose perme-
ability is being calculated is found at the two surfaces lo-
cated, for instance, at 0.05L and 0.95L from the inlet, where
L is the total length of the fracture. The absolute permeability
of the network is calculated using Darcy’s law:

— Iu’e QteotalL

K
AAP

; (18)

where K is the absolute permeability, w2 is the viscosity of
fluid o, L is the distance between the aforementioned sur-
faces, and AP is the corresponding pressure drop. A is the
cross-sectional area perpendicular to the main direction of
flow and Q¢ is the total flow rate of fluid Q.

The network is assumed to be completely saturated with
only one phase, @, initially and conductivity of each fully
saturated element is calculated from [48,54,55]

gl=— (19)

where ry, is the hydraulic radius that is given by [10]

A
r,,:o.5><{ ;’+§} (20)

where A, is the total cross-sectional area of the element.
When a network has elements with noncircular cross section,
a single element might accommodate more than one fluid in
it. A fluid might be residing in corners or the center. For the
fluid in the center, Egs. (19) and (20) are still used to find the
conductance with A, being the cross-sectional area occupied
by that fluid (oil in this case), while conductivity to the fluid
residing in the corners is found from Egs. (B1)—(B6) (see
Appendix B).

The conductance to phase @ through an assembly of two
neighboring elements (pore and throat) connected to each
other is considered to be the harmonic mean of the conduc-
tance to the phase through each element [53]

L, L; L,
bbb e
8 & &

where L;; is the distance between the centers of two con-
nected elements (R; or R,), glej is the conductance of the
assembly to phase @, L; and L; are the half length of the
elements i and j (R;/2 or R,,/2), and gf and g? are conduc-
tance of the elements i and j to phase @, respectively.

The flow rate of phase @ between two connected ele-
ments, g7, is then given by [53]
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e
g..
af=35(pe-PY), (22)
ij
where P¢ and PjQ are the pressures of fluid @ in elements i
and j, respectively.

Conserving volume for phase @ in each element gives

> q%=0, (23)

where m; is the number of elements containing continuous
phase o. If Eq. (21) is written for all such assemblies and
then inserted into Eq. (23), a system of linear equations is
formed for the pore and throat pressures that is solved using
the conjugate gradient method [48]. Having the pressures
allows us to compute the total flow rate of phase @, Q2 .,
which in turn is used in Eq. (18) to calculate the absolute
permeability of the network, K. Table III presents the abso-
lute permeability of the networks that were constructed using
four coarse fracture aperture maps (see Table IT).

Relative permeabilities are computed only when the sys-
tem contains more than one phase and only for phases that
have at least one network-spanning cluster (a cluster that is
continuous from inlet to outlet). First conductance in all the
elements that contain continuous phase @ is computed. Then
by utilizing the procedure used for the calculation of absolute
permeability, phase pressures in all the pores and throats that
belong to the network-spanning cluster(s) are found. The
relative permeabilities during capillary dominated drainage
and imbibition simulations are calculated from

ke = thotal

T s
Q:(I))tal

where sp stands for single phase.
For quasidynamic simulations of imbibition, we utilize a
method that is similar to the one used by Hughes and Blunt

[10]. Displacements are ranked based on their P, that is
calculated from

(24)

(Pran)’ = (APY) = (P2 )" = Apg(AD)'sin ¢, (25)

cow

where (P,,;)’ is the ranking pressure for a displacement of
oil by water in element i, (AP") is the water pressure drop
between the inlet and element i, (P ) is the threshold oil-
water capillary pressure for invasion of water into oil in el-
ement i, Ap is the difference between densities of oil and
water, g is the gravitational constant, (Al)" is the distance
from the inlet to the center of element i, and { is the angle
that the central plane, along the length, of the fracture makes
with the horizontal.

To simulate quasidynamic imbibition, first we assume an
arbitrary pressure drop across the network and solve for pres-
sure field, which in turn allows us to compute water flow
rate. This is done assuming that water flow rate is constant
throughout the network. Then, water pressure drop is ad-
justed accordingly to allow a water flow rate that is similar to
the experimentally measured value. The resultant pressure
field is used in Eq. (25) to rank the displacements. The pres-
sure field is updated after every 20 displacements. More fre-
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quent pressure field updates did not affect the results, pre-
sented in part IT of this work (see Ref. [30]), significantly.

Relative permeabilities for quasidynamic simulations of
imbibition are computed using a pseudo method used by
Hughes and Blunt [10]

K8 = Pisrll)let - f)lt)nlel (26)
" P Pl

inlet — ¥ outlet

sp - . .
where P and P, .. are inlet and outlet pressures in a

single-phase system, while P2, and PS ., are inlet and out-

let pressures of phase @ in a multiphase system.

A. Model assumptions

In this work, it is assumed that the fluids are Newtonian,
incompressible, and immiscible. It is also assumed that pri-
mary and secondary drainage processes are capillary domi-
nated ignoring rate and gravity effects. To model imbibition
we take into account capillary, rate, and gravity effects ig-
noring pressure drop in the nonwetting phase (oil). In the
execution of the experiments, oil and water phases were thor-
oughly mixed and presaturated with each other to prevent
further mass transfer during core floods. Accordingly, the
model neglects mutual solubility of the fluid phases when
modeling displacement mechanisms. Temperature is also
fixed to prevent changes in solubility of fluids in each other.
These two assumptions ensure that interfacial tension stays
the same during different processes. In our computations of
phase conductance we consider no-flow boundary for all oil-
water interfaces as proposed by Zhou et al. [47].

In reality layers closer to the inlet are thicker than those
that are closer to the outlet. The conductance associated with
the thin layers (close to the outlet) can be small enough to
prevent us from finding a solution for the pressure field [10].
Therefore, similar to the procedure used by Hughes and
Blunt [10] we assign a fixed conductance to the wetting lay-
ers when quasidynamic imbibition is simulated. Fluid con-
ductance through the layers is adjusted using parameter A,
which is defined as

- average conductivity of fully saturated elements
a wetting layer conductivity '
(27)

Also flow rate is assumed to be constant throughout the
network.

VI. CONCLUDING REMARKS

We propose a pore-scale network model to study two-
phase displacements in a rough-walled fracture. In this study,
x-ray imaging techniques proved useful to extract an exact
replica of the fracture’s inner structure and void volume for
the construction of a network model. We were able to char-
acterize the void space and wetting properties of a single
fracture with sufficient details to build a robust model to
predict fracture transport properties and fluid distributions.
We also propose a different method to estimate advancing
and receding contact angles using x-ray microtomography
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images, and a controlled interface growth model to match
oil-water interface curvatures from drainage and imbibition
experiments. We present a methodology for modeling two-
phase flow in fractures with complex internal geometry,
which can be used as a platform for studying immiscible
transport phenomena in fractured formations. Results of the
implementation of the proposed pore-scale network model
are presented in part IT of this work; see Ref. [30].
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APPENDIX A: SOME USEFUL GEOMETRICAL
RELATIONSHIPS

The length of contact line between oil and water at a
corner is given by

Low,c=2r0w|:§_(0k+a’)j|’ (Al)

where r,,, is the radius of curvature which corresponds to the
ratio of interfacial tension to the capillary pressure of the
interface, « is the corner half angle, 77/4 for elements with
rectangular cross section, and 6, is the angle that the inter-
face makes with the solid surface towards the corner which is
the contact angle in this work, 6. This could be &, 6/, or
¢ - The meniscus-apex distance of an interface in a corner is
calculated using

cos(6, + a) (A2)

rOW .
sin «

The corner area open to flow is given by
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cos(a+ 6
AW’Czrgw{—(a k)cosﬁk—{g—(ﬁ,ﬁa)]}.

sin «
(A3)

The area open to flow to a phase in the center of an angular
element is the total area of the element minus the summation
of the corner areas.

If there is a contact angle hysteresis, oil-water contact
angle will hinge from the receding value towards the advanc-
ing value during imbibition. The intermediate values are
called hinging contact angles and are calculated using

4
gL, =cos™! | cos(8, + ) | - a.

ow

(A4)

Hinging contact angles are used, during imbibition, to cal-
culate L, and A,, . only when 0»,0W< &

APPENDIX B: CONDUCTANCE

Several authors have proposed expressions to compute the
conductance of wetting layers [29,49,56—60]. In this work,
we use the expressions proposed by Zhou er al. [47,49].
When 6,, = 7/2— « conductance of the element to the phase
flowing at the corner in rectangular capillary tubes is given
by

w,C" oW , (B 1)

_ 12 sin*a(1 — Q)*(¢; - Q@) (@3 + fQg,)*

. (B2
(1 —sin @)’Q%(¢; - Qe,)? (B2)
@, =cos B(cos - sin 6), (B3)
460

¢r=1-—, (B4)
®3=cos 0 sin 6, (B5)

a
Q=—, B6
2 (B6)

where 6=6,,, and f=1 for a no-flow boundary condition suit-
able for oil-water interfaces [47,49]. One should note that
B,y could be €, ¢, or 6.

ow? “ow?
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