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In multiphase flow in porous media the consistent pore to Darcy scale description of two-fluid
flow processes has been a long-standing challenge. Immiscible displacement processes occur at the
scale of individual pores. However, the larger scale behavior is described by phenomenological
relationships such as relative permeability, which typically uses only fluid saturation as a state
variable. As a consequence pore scale properties such as contact angle cannot be directly related
to Darcy scale flow parameters. Advanced imaging and computational technologies are closing
the gap between the pore and Darcy scale, supporting the development of new theory. We utilize
fast X-ray micro-tomography to observe pore-scale two-fluid configurations during immiscible flow
and initialize Lattice Boltzmann simulations that demonstrate the mobilization of disconnected
non-wetting phase clusters can account for a significant fraction of the total flux. We show that
fluid topology can undergo substantial changes during flow at constant saturation, which is one of
the underlying causes of hysteretic behavior. Traditional assumptions about fluid configurations
are therefore an oversimplification. Our results suggest that the role of fluid connectivity cannot
be ignored for multiphase flow. On the Darcy scale, fluid topology and phase connectivity are
accounted for by interfacial area and Euler characteristic as invariant topological measures that are

missing from our current models.

I. INTRODUCTION

Many engineering applications depend fundamentally
on multiphase flow through porous media. Hydrocarbon
recovery, carbon sequestration, environmental contami-
nant transport, and fuel cell design are prominent ex-
amples. Understanding the multiscale relationships that
determine the behavior of these systems is critical for
many technologies. In geologic systems, transport pro-
cesses often take place hundreds to thousands of meters
below the earth surface, with fluids migrating similar dis-
tances [1]. Macroscale models are used to predict trans-
port at these length scales, also known as the Darcy scale.
At the Darcy scale, flow processes are described by av-
eraged parameters, and microscopic details of the flow
are neglected. These details include the configuration of
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fluid and solid phases at microscopic length scales where
fluids are distributed in typically micrometer-sized pores
in rock or other porous geologic material [2, 3]. The
configuration of the porespace and the fluids in it are
complex, and topology can vary widely from one ma-
terial to another and for different flow regimes [4-6].
These properties can have a profound impact on trans-
port at larger scales. In Fig. 1, we observe from our
lattice Boltzmann simulations (as explained in the Mate-
rials and Methods), that the movement of disconnected
nonwetting phase (NWP) occurs through a series of co-
alescence and snap-off events [7]. Videos of pore coales-
cence, snap-off and ganglion dynamics are available in the
Supplemental Material [8-10]. These pore-scale events
have direct ramifications at the Darcy scale, since they
can lead to entrapment and/or re-mobilization of trapped
NWP, as first identified by researchers in the mid-1990s
[11-14]. The influence of ganglion dynamics have been
extensively studied in 2D micromodels and using gradi-
ent percolation theory [15]; however, the identification



of ganglion dynamics in 3D porous media has yet to be
visualized and/or quantified other than a recent article
that displays the influence that capillary number has on
steady state relative permeabilities [16].

The fluid rearrangements shown in Fig. 1 occur dur-
ing flow at fixed saturation, bringing into question the
assumptions used to formulate our current macroscale
flow equations that are entirely phenomenological. From
a physics perspective, the big unresolved question is the
consistent upscaling of multiphase flow in porous media
from pore to continuum (Darcy) scale.

500 pm— coalescence
FIG. 1. Ganglion Dynamics: snap-off and coalescence events
result in continuously changing phase connectivity even at
fixed saturation. The NWP is opaque whereas all other phases
are transparent

A 2-phase extension of Darcy’s law [17, 18] is often used
to model flow in geologic systems at the scale of several
centimeters and above (Darcy scale). For an isotropic
porous media, the formulation is
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where the index ¢ = w,n denotes the wetting (w) and
nonwetting (n) phases, U; are the associated phase veloc-
ities, p; are the fluid pressures, p; are the phase densities,
1; are the phase viscosities, and ¢ is gravity. The effect of
the solid geometry is accounted for by the porosity ¢ and
intrinsic permeability K, which quantifies the resistance
to flow when only a single fluid is present. The relative
permeabilities k] account for all sub-Darcy scale physics,
i.e. fluid-specific effects due to the arrangement of the
two fluids in the system. The relative permeability for
phase i is often written as

k: = Ki/Kﬂ (2)

where K is the effective permeability of phase i. The
effective permeability predicts the ability of the porous
material to conduct a particular phase when more than
one phase is present, which should depend on the phase
topology in the pore space. However, the relative perme-
ability is often assumed to be a unique function of the
wetting phase saturation S,,, supposing that each satura-
tion is associated with a unique fluid configuration. Since
the two-phase extension of Darcy’s law is phenomenolog-
ical, the precise dependencies for key parameters, e.g.
kT(Sw), are not clear. A recognized problem with Fjq.
1 is that the coefficients k] are not unique functions of
Sw [3, 19]. For the same pair of fluids and porous me-
dia, different k7 (S,) curves can be obtained depending
on system history and flow rate [15, 16, 20]. The latter
is sometimes parameterized via the dimensionless capil-
lary number Ca [3], which is the ratio of viscous forces
to capillary forces, defined as

Ca = :U/wvw/'Ywn (3)

where 7,,, is the interfacial tension for the interface be-
tween the two fluids. As Ca increases the resulting rela-
tive permeabilities can change significantly.

A key goal of this work is to consider how fluid topol-
ogy behaves at the microscale for a range of Ca, and
to understand how these effects can be parameterized
in a Darcy scale picture such as in Fq. 1. The results
of integral geometry provide guidance in how to accom-
plish this objective. Three-dimensional structures can
be characterized by four morphological descriptors de-
noted as Minkowski functionals (M 1,2 3) that measure,
volume (My), surface area (My), integral mean curva-
ture (M), and integral Gaussian curvature (Ms), which
is equivalent to the Euler characteristic [4]. Traditional
Darcy scale state variables include Mjy 1 2, which relate
to phase saturation (S,,), specific interfacial area (A ),
and capillary pressure (P.), respectively [3, 21, 22]. How-
ever, when using the 2-phase Darcy formulation (Eg. 1)
only phase saturation is considered; any effects due to
changes in the remaining Minkowski functionals M 2 3
are neglected. The implicit assumption is that phases
flow through connected pathways and that interfaces be-
tween phases behave as rigid partitions [3], i.e. Mj o3
are constant at fixed saturation. However, observations
of ganglion dynamics in experiments [23-25] and numer-
ical simulation as displayed in Fig. 1 puts this view to
question even for low capillary number flows [23].

Fast X-ray micro-computed tomography (uCT) exper-
iments have made it possible to observe pore scale fluid
configurations under dynamic flow conditions. This al-
lows us to assess the assumption of connected pathway
flow only, and to quantify the impact of pore scale dis-
placements during flow on Darcy-scale flow parameters
[26, 27]. Recent computational advances make it now



possible to couple experimentally-observed geometries to
pore-scale simulations. With this approach measure-
ments and simulations can be carried out during frac-
tional flow of oil and water at fixed saturation. Dur-
ing these flow processes the NWP and/or wetting phase
(WP) can become disconnected. The disconnected phase
may remain static or propagate through the pore space as
individual ganglia [12, 23, 24]. Ganglion motion clearly is
inconsistent with the view that interfaces behave as rigid
partitions, which is an implicit assumption associated
with the two-phase extension of Darcy’s law. We observe
that under specific flow conditions, disconnected NWPs
move as a series of snap-off and coalescence events, which
we characterize as ganglion dynamics (Fig. 1). Similar
behavior has been identified glass-etched pore networks
[13]. Using simulation results, we measure the overall
contribution of ganglion dynamics during fractional flow,
and show that topological changes exert a significant in-
fluence on flow processes at fixed saturation and thus
have a direct influence on the macroscopic system be-
havior.

II. MATERIALS AND METHODS
A. Flow Experiments

The sample was a water-wet, sintered glass sample
called Robuglas with a porosity of 0.33, permeability of
22 Darcy, 4 mm diameter, and 20 mm length. The Robu-
glas sample has surface wetting characteristics, pore size
distribution and wetting phase connectivity for corner
flow similar to outcrop sandstone [28]. Dynamic high-
resolution 3D images of fractional flow were collected at
the TOMCAT beamline at the Swiss Light Source, Paul
Scherrer Institut, Villigen, Switzerland. The images were
collected at 36 KeV at a resolution of 4.22 micrometers.
Cesium chloride was used as the contrast agent and was
added to the WP as a 1:6 weight ratio. A total of 1500
radiographs with 40 ms exposure times were collected for
a single 3D image. Further details of the beam line set-
tings are provided in Table 1. The measured interfacial
tension between decane and brine was 30 dynes/cm and
the glass surface was assumed to be water wet after wash-
ing the sample with 3 pore volumes of toluene, ethanol,
DI water, and lastly the CsCl brine solution.

Table 1: TOMCAT Beam Line settings.

Option Setting

FE-filter 50%

OP-filter 1 100 pm Al

Op-filter 2 40 pm Cu

Op-filter 3 10 pm Fe

Angular Step 0.12

Lens magnification 3.08z

Camera PCO.EDGE
Scintillator 100 pm Cerium-doped

lutetium aluminum garnet

Fractional flow is defined as

Fy, = Qw/QT (4)

where @Q,, is the WP volumetric flow rate and Qr is
the total volumetric flow rate of WP and NWP. Water
and decane were co-injected into the sample over a range
of different fractional flows (F,, = 0.2,0.5,and 0.8), i.e.
similar to a steady state relative permeability measure-
ment. Dynamic images were collected at each F,, during
steady state flow, as indicated by pressure transducer
readings. For a given F,,, once steady state was reached,
QT was increased while maintaining constant F,,. We
imaged fluid distributions at Q7 = 3,30, and 300 pl/min
for each F,, tested to evaluate a range of different cap-
illary numbers (Ca = 107%,107%,and 10~*). The pore-
scale distributions of water and oil phases were obtained
by segmenting the uCT images using gradient-based seg-
mentation methods [29)].

B. Connected Phase Flow Simulations

To assess the differences between connected pathway
flow and ganglion dynamics, for the connected phase flow
simulations only connected phases are considered and the
phases are assumed to be separated by a rigid partition,
i.e. all interfaces remain static (and also do not undergo
topological changes). We extract the phase arrangements
for the connected WP and NWP experimental images
and then simulate single phase flow using the lattice
Boltzmann method (LBM) and thus the simulation and
experimental data are at the same spatial resolution. We
use a 3-dimensional lattice with nineteen possible mo-
menta components (D3Q19) and the Bhatnager-Gross-
Krook model, the same model has been used for the es-
timation of permeability in complex rock types [30]. For
a given phase permeability, we set the phase/solid and
phase/phase boundaries with a solid surface bounce back
rule [31]. The resulting phase permeability (often refer-
eed to as effective permeability) is then normalized by
the absolute permeability of the rock to obtain relative
permeability. The absolute permeability is determined
by running a single phase LBM simulation on the total
pore space of the image. The same approach has been
used elsewhere [32]. Therefore, the phase/phase bound-
aries are held constant, i.e. considered to act as rigid
partitions with no topological changes, and the phase
effective permeabilities of the connected phases are de-
termined from the pore-scale experimental images.

C. Two-Fluid Flow Simulations

Segmented images were used to provide initial con-
ditions for the phase geometry to perform steady-state
simulations of fractional flow at fixed saturation. Two-
fluid flow simulations were performed using a GPU-based



implementation of the lattice Boltzmann method. The
details of the implementation are provided by McClure
et al. [33]. Additional details for the boundary condi-
tion used to set the contact angle are also available in
the literature, demonstrating that the correct scaling is
obtained for the dynamic behavior of the contact angle
[34]. For the methods used, the thickness of the interface
is approximately 3 voxel lengths. The image resolution (
4.22 micrometers) was therefore sufficient to resolve es-
sential aspects of the flow since the average pore diameter
for the Robuglas sample is around 50 micrometers [28].
We provide further credence to this statement by plot-
ting the capillary pressure versus saturation curve ob-
tained by LBM simulation in comparison to mercury in-
trusion porosimetry obtained from a sister plug of Robu-
glas (Fig. 2). The experimental and simulation results
compare well for low capillary number flows and provide
us confidence in our LBM results. The validation results
also demonstrate a well established trend where capillary
pressure increases with increasing capillary number [35].
This even further validates that the numerical methods
provide results expected for dynamic conditions. We do
not go into discussion of the results presented in (Fig. 2)
rather we present it as a validation step before presenting
the main results and discussion.
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FIG. 2. Simulation and mercury intrusion porosimetry data
for Robuglas compare well for low capillary number flows
demonstrating that the image resolution was sufficient for
LBM simulations.

An external force was used to drive the flow with full
periodic boundary conditions. To avoid boundary ef-
fects, a periodic system was generated by reflecting the
experimentally-imaged geometry in the direction of flow.
Simulations were performed under water-wet conditions.
Various capillary numbers were simulated by varying the
interfacial tension, the viscosity, and the magnitude of
the force. The implementation is instrumented with in
situ analysis capabilities to perform upscaling based on
the microscale simulation state. The averaging frame-
work was used to determine a variety of averages over
the phases, interfaces, and the common curve. Within

this framework, macroscopic flow velocities were deter-
mined for each phase by computing the total momentum
and dividing by the total mass. Additional quantities
were also computed, including average phase pressures,
average velocities for the interface and common curve,
average mean curvature of the interface between fluids,
and other measures defined from multi-scale averaging
theory [36]. A 4D connected components algorithm was
used to identify and track each ganglion within the sim-
ulation. The coupling of experimentally-obtained data
with simulation provides access to parameters that can-
not currently be directly measured during the experiment
(i.e. non-geometric information), such as the phase pres-
sure field, flow velocity field, flux associated with con-
nected phase regions and flux due to ganglion transport.
The simulation approach is validated against experimen-
tal data by means of the Euler characteristic as topolog-
ical measure (details will be discussed in section III C).

III. RESULTS AND DISCUSSION
A. Relative Permeability Rate Dependencies

Steady-state fractional flow experiments were con-
ducted with a custom-built flow cell designed to collect
3D images at different fractional flow and Ca using state-
of-the-art synchrotron-based fast pCT [26, 27]. This al-
lowed us to observe pore-scale fluid configurations during
immiscible displacement. While the time resolution to
collect a 3-dimensional image is limited to many seconds,
many fluid/fluid displacement mechanisms are known to
occur at the millisecond time scale [37, 38]. One such
example, is for Haines jumps where the NWP pressure
increases enough for the NWP phase to pass through
a pore throat and spontaneously fill the adjacent pore
region [38]. Therefore lattice Boltzmann (LBM) simula-
tions were used to complement the experiments to access
these faster dynamics, and to infer the behavior of the
fluid pressure and velocity field [33, 36]. Observations of
these dynamics can be seen our LBM simulation, as pro-
vided in Supplemental Materials S1 and S2 [8, 9], where
we observe a pore coalescence and snap-off event, respec-
tively.

Initial conditions for the simulations were provided
from eleven different fluid configurations observed dur-
ing pCT fractional flow experiments in the same solid
geometry. Each configuration corresponded to a different
saturation value. First, the LBM was used to compute
a steady-state solution to the Navier-Stokes equations
under single-phase flow based on the solid geometry in
order to determine the non-dimensional intrinsic perme-
ability, K/D? = 6.05 x 10*, with the Sauter mean di-
ameter computed from the solid surface area and volume
to be D = 317 um. Second, single-phase simulations
were performed in the connected portions of each fluid
phase to predict the corresponding quasi-static relative
permeabilities. These values correspond to the relative
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FIG. 3. Relative permeability values were determined for a
wide range of Ca by initializing simulations from observed
fluid configurations. Relative permeability values are higher
than what is predicted from flow through rigid connected
pathways. The implication is that dynamic changes to the
phase topology leads to more efficient transport. NWP (a)
and WP (b) relative permeabilities.

permeability obtained if the fluid interfaces behave as
rigid partitions, and are plotted as triangles in Fig. 3 (a)
and (b) for the nonwetting and wetting fluids, respec-
tively. Finally, two-phase flow simulations were initial-
ized from the observed geometry to measure the relative
permeability over a range of Ca. Periodic boundary con-
ditions were employed to ensure that relative permeabil-
ities were measured at fixed saturation. Volume averag-
ing was used to determine the macroscopic velocities for
each phase, which were monitored to determine steady-
state. The simulated relative permeabilities are plotted
as circles in Fig. 3 (a) and (b), where we observe rate
dependencies that are well aligned with the commonly
accepted trends [3, 15, 16, 20]. In particular, these rela-
tive permeability rate dependencies have been observed
in micromodel experiments [13, 16, 20] and examined by
numerical approaches [39, 40]. We extend previous work

by validating the behavior in a 3D porous system and
our results demonstrate that the two-phase relative per-
meabilities under dynamic conditions exceed the values
obtained in the quasi-static connected pathway limit for
both fluids and all Ca. As seen in Supplemental Ma-
terial S3, we observe ganglion dynamics from continu-
ously changing phase connectivity during fractional flow
at constant saturation [10]. Overall, These results in-
dicate that dynamically changing pathways have a bet-
ter transport efficiency than suggested by the traditional
view of connected pathway flow.

B. Preferred Pathways for NWP Ganglia

Traditional approaches that assume relative perme-
ability to be a function of only WP saturation cannot
capture the observed relative permeability-rate depen-
dencies. This should be expected given that phase sat-
uration alone does not uniquely determine the wetting
and NWP configurations during fractional flow. So, if
phase saturation, i.e. My, is held constant, how unique
are the underlying phase configurations? We start to ad-
dress this problem by looking at the population dynamics
of NWP clusters as Ca is varied at constant saturation.
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FIG. 4. The length scale separation between the largest clus-
ter (connected pathway) and the larger population of smaller
clusters decreases with increasing WP saturation. NWP gan-
glion size distributions for S, = 0.51 (a), S» = 0.66 (b),
Sw =0.71 (c) and S, = 0.91 (d).

When a connected pathway exists, a clear separation in
scales is evident when comparing the volumes of all con-
nected components of the NWP. The NWP cluster size
distribution is shown in Fig. 4 as a function of Ca for
Sw = 0.51, 0.66, 0.71, and 0.91. Examining the distribu-
tion of volumes demonstrates that a single well-connected
region of NWP is present, as are a large number of dis-
connected ganglia with much smaller volumes. Perhaps



counter-intuitively, while the size of individual ganglia
decreases as Ca increases, the volume fraction associated
with the connected pathway tends to increase, see Fig.
5, which shows the volume fraction of the largest con-
nected pathway. This effect is due to the coalescence of
ganglia with the much larger connected pathway. For
many systems, trapped ganglia may not need to move
very far before this occurs; a single Haines jump may
be sufficient to reconnect a previously trapped ganglion
with the main flow channel. As the flow rate increases
the frequency of Haines jumps also increases [37]. The
effect is most prevalent for intermediate saturation val-
ues, where ganglion make up a significant fraction of the
total NWP volume and a clear scale separation is ob-
served between the ganglia and the connected pathway.
Thus the existence of a preferred pathway for ganglia
flow and increased rate of coalescence at high Ca allows
for the development of cooperative transport of NWP
through connected pathways, where the effective perme-
ability of the NWP increases due to the evolution of its
phase topology.
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FIG. 5. The volume fraction of the largest pathway decreases
with increasing WP saturation and increases with increasing
capillary number except for the highest of WP saturation

Our results suggest that higher Ca flows lead to topo-
logical changes that support more efficient flow processes
at the Darcy scale. This occurs because fluid configura-
tions that are inaccessible at low Ca are realized as the
flow rate increases and capillary forces are less dominant.
These effects are evident even when there is no connected
pathway and all of the flux is due to ganglia flow. In this
case, the disconnected ganglia become elongated as seen
in Fig. 6. As the phase configuration changes, larger
connected pathways may reconnect with previously im-
mobile NWP ganglia. The changes observed at the pore
scale point to the fundamental importance of phase con-
nectivity in multiphase transport processes. To fully ap-
preciate the consequence of these changes, we must in-
corporate relevant topological measures of connectivity
at the macroscale.

FIG. 6. Pore-scale images of NWP distribution (at S, = 0.9)
for low (a, Ca = 3 x 107°) and high (b, Ca = 3 x 1072) Ca.
Oil ganglion coalesce and elongate in the direction of flow
as the Ca increases, effects that lead to enhancement of the
connected pathway. The NWP is opaque whereas all other
phases are transparent.

C. Relevance of Fluid Topology for Phase
Permeability

Insights from the pore scale suggest that the causal
connection between higher relative permeabilities and in-
creased Ca are associated with topological changes in the
NWP. With respect to topological measures, the effect of
the volume is already included based on the dependence
on S,. Therefore, we focus attention on the interfacial
area A, that has already been emphasized in [41] and
the Euler characteristic x, which measures the phase con-
nectivity. The Euler characteristic is a topological invari-
ant defined as

X=N-L+0 (5)

where x is the Euler characteristic, A is the number of
objects, L is the number of redundant connections or
loops, and O is the number of cavities. We focus on the
Euler characteristic for the NWP, which is denoted by x,,
and increases as the number of ganglia increases (NV), and
decreases as the NWP fills the porespace, i.e. leading to
the formation of loops (£). In the context of percolation
theory an Fuler characteristic of 0 corresponds to a sys-
tem near the percolation threshold; negative Euler char-
acteristic indicates a well-connected object, whereas pos-
itive Euler characteristic indicates that an object is not
well-connected, such as when the NWP is fragmented [4].
Recent findings also indicate that different flow regimes
exhibit characteristic differences in x,, due to very differ-
ent fluid configurations even for the same S,, [4].

In Fig. 7, the Euler characteristic was determined
from both simulated and experimental configurations,
which is reported on a per-unit-volume basis to obtain
an intensive quantity with units of mm™3. For simi-
lar Ca, experimentally-determined measurements show
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volume measures changes in connectivity for the NWP. When
a connected pathway is possible, experimental and simulated
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nected pathway is possible, i.e Sy, > 0.8, the Euler character-
istic increases due to NWP fragmentation.

close agreement with simulation results and a very similar
trend with saturation. This supports the conclusion that
the geometries generated from simulation have phase
connectivities that are similar to the experimentally-
observed systems. For S, < 0.8 the Euler characteristic
decreases (becomes more negative) with increasing Ca,
indicating an increase in NWP connectivity as new loops
are formed in the porespace. For this saturation range
ganglion dynamics can enhance the connected pathways
due to coalescence events. As a consequence, NWP be-
comes longer and larger as the Ca increases (see Fig.
6). The experimental data includes Ca from approxi-
mately 107° to 1073, showing the same trend for en-
hanced connectivity at high Ca, and corroborating the
simulation results. Interestingly at S, > 0.8 the trend is
reversed and phase connectivity decreases with increas-
ing Ca. For sufficiently high WP saturation there is no
connected pathway present for ganglia to coalesce with
and higher Ca leads to NWP fragmentation.

As a consequence of cooperative dynamics [37], gan-
glion flow can result in counter-intuitive behavior. When
the Ca is increased, the connectivity of NWP clusters
also tends to increase. Intuitively, we might expect that
as Ca increases NWP clusters would break apart and
lead to higher Euler characteristic. However, this ef-
fect is only observed at the highest S, where a large
number of NWP components are expected and no con-
nected pathway is formed. For all other cases, we find
that when Ca is increased (at constant S,,) the NWP
clusters become longer and larger, forming tubes that
enhance connectivity. The fluid arrangements observed
at high C'a would be impossible at lower flow rates, where
capillary forces dominate and drive the NWP to larger
pores where the surface energy is minimized, i.e. NWP

becomes more spherical as presented in Fig. 6a. This
new view challenges fundamental assumptions applied
in up-scaling methods. First, the view that the satura-
tion is sufficient to characterize microscale geometries is
overtly insufficient. Second, approaches that assume dis-
connected NWP is trapped may not adequately describe
flow processes at high wetting saturation, particularly
when larger Ca are encountered. The co-existence of con-
nected pathway flow and ganglion dynamics means that
theories must account for the interdependence of these
flow mechanisms; approaches that treat connected path-
way flow and ganglion dynamics separately will be sub-
ject to inherent limitations. We find that for a wide range
of saturation there exists prevalent rate dependence and
that the underlying topology of phases are changing in
significant ways.
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FIG. 8. Specific interfacial area increases as the NWP tran-
sitions to the elongated connected pathways that form with
increasing capillary number.

The reason for topological changes as Ca is increased
can be further understood by looking at the interfacial
area between the wetting and NWPs. Specific interfacial
area is the surface area of the interface between wetting
and NWPs divided by system volume. This is reported in
Fig. 8 for a range of Ca and saturation values. Since the
interfacial energy increases with A, increases in the
interfacial area tend to occur once capillary forces are
less dominant. The value of A, plotted in Fig. 8 cor-
respond to the specific Euler characteristic measured in
Fig. 7 and relative permeabilities measured in Fig. 3. In
contrast to x,, changes in C'a lead to consistent changes
in Ay, across/for all saturations. The interfacial area
between phases increases as the NWP transitions to elon-
gated ”thin” connected pathways. A transition seems to
take place around Ca = 102 where both y,, and A,
change significantly. Presumably this would be the re-
sult once viscous (and possibly inertial) forces become
stronger than capillary forces. The simulation accounts
for the balance of forces at the porescale. As evident from
Fig. 7 and Fig. 8, fluid/fluid interfaces start to signif-
icantly rearrange around Ca = 1073, which would only



occur if local forces are large enough to deform the inter-
faces and move them. The topology may then stabilize
to some extent at higher Ca after this transition occurs.
This possibility is supported by the fact that the relative
permeability values seem to stabilize for Ca > 1073.
During ganglion dynamics, fluid configurations change
continuously as individual ganglia move through the
porespace. This requires that interfaces deform and move
as the displacement occurs. Nevertheless, measurements
of the relative permeability, interfacial area, and Euler
characteristic suggest that these configurations lead to
very similar average topological and flow properties, par-
ticularly if large systems with many ganglia are consid-
ered. This suggests that average topological properties
may be sufficient to predict relative permeability, even for
cases where fluid configurations are continuously chang-
ing at the microscale. This provides a path forward for
theory that can be supported by existing experimental
and simulation methods, since topology is now an acces-
sible parameter that influences macroscale transport.

D. Flux Contribution of Ganglion Dynamics

The boundary between phases can no longer be con-
sidered as rigid partitions. This has been a widely de-
bated concept that recent researchers have suggested to
be correct [24], which we show conclusively. The con-
nected phase pathways continuously evolve due to the
prevailing physical forces and disconnected phases con-
tinuously merge and disconnected from the connected
pathway. But to what extent does the disconnected NWP
contribute to the overall NWP flux? Does bulk transport
of NWP occur mostly through the connected pathway
flow or through the movement of disconnected NWP?
The answer to these questions is relevant to how we con-
sistently move across scales from pore-scale displacement
to Darcy-scale formulations. Considering that ganglion
flux is a less efficient means of oil transportation, e.g.
nearly 2/3 of the total work of drainage is considered
dissipative due to interfacial jumps [26, 42] it is critical
to understand the percentage of phase flux that occurs
through connected pathway flow versus ganglion dynam-
ics.

A 7”phase diagram” summarizing the Ca — S, space is
presented in Fig. 9, which quantifies the relative flux con-
tribution of ganglion dynamics in comparison to the total
NWP flux. The black circles represent simulation results
from which the figure is generated using a spline interpo-
lation method. Also, the color of each circle is the true
color that represents the measured ganglion flux. When
a connected pathway exists, this part of the NWP will
also tend to be the largest feature, by volume fraction.
This is based on the scale separation observed in Fig.
4. We therefore define the ganglion flux as the portion
of the flux not associated with the largest feature. Con-
nected pathway flow and ganglion dynamics flow regimes
co-exist over a wide range of saturation and Ca without a

sharp transition between regimes. We observe a gradual
increase in ganglion flux as S, increases for all Cla. This
is expected, since the NWP is less well-connected as S,
increases, which is clear from Fig. 7.

A less intuitive result is that the ganglion flux decreases
as Cla increases for intermediate saturation values. This
is a consequence of the fact that the size of the connected
pathway grows due to coalescence as Ca increases. This
enhanced connectivity is also clear from Fig. 7. For
Sw < 0.5 nearly all of the NWP flux is contained in
the largest connected component of the phase, which is
the connected pathway, see Fig. 5. For S, > 0.5, a
significant fraction of the NWP flux is contained in many
smaller disconnected ganglia. As the fraction of NWP
contained in the largest ganglion increases, so too does
the contribution of the ganglia to the overall NWP flux.
While ganglia exist for smaller S,,, the contribution of
the movement of the disconnected phases is negligible
compared to the flow that occurs in the largest cluster.
By contrast at S, = 0.71, approximately 10 — 25% of
the total NWP flux is due to the movement of ganglia.
The transition from connected to disconnected phase flow
occurs gradually, evident from Fig. 9, and depends on the
topology of the porous medium and the capillary number.
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FIG. 9. Flux associated with ganglia disconnected from the
largest feature (by vol.) increases as wetting phase satura-
tion increases. At intermediate saturation values, ganglion
flux decreases with increasing Ca due to NWP coalescence,
re-establishing connected pathway flow. The circles are simu-
lation results from which the figure is generated and the color
is the true value from the measured ganglion flux.

It may be possible to identify the flow regimes by exam-
ining the variation of relative permeability and C'a using
core-scale experiments, as discussed in a recent publica-
tion [16]. In theory, this should be possible by Ca and
measuring fluxes; however, obviously we cannot distin-
guish between connected and disconnected phase flux.
Also, there are relevant experimental artifacts that com-
plicate this approach. In particular, capillary-end effect,
i.e. capillary pressure equal to zero at the end of the



core, can lead to rate dependencies similar to ganglion
dynamics, while researches have developed experimental
approaches to overcome these effects [43-46] this compli-
cation is not fully resolved. Local heterogeneity in rock
samples can also result in similar rate dependencies, e.g.
see [47]. These effects are significant when measuring
experimental rate dependencies, which our simulations
using a homogeneous material and cyclic boundary con-
ditions are not influenced by. To better understand rate
dependencies at the core scale, we first need to evaluate
the effect using numerical simulations on various rock
types, as provided herein. Lastly, we use fractional flow
experiments,/simulations since this is a common approach
for steady state relative permeability measurements and
it is easy to implement fractional flow cyclic boundary
conditions with LBM. However, a significant contribu-
tion of ganglion flux due to snap-off, coalescence and
mobilization is also expected for directional flows and
counter-current flows.

E. Implications for Engineering Applications

NWP trapping and mobilization mechanisms are of
great interest to the oil and gas industry since these
mechanisms impact oil recovery efficiency. Standard oil
recovery technologies leave > 50% of the original oil in
place in the oil reservoir due to reservoir heterogeneity
and pore-scale trapping [48]. Understanding the mobil-
ity of this trapped oil is critical for enhanced oil recov-
ery (EOR) operations. These effects also play a role for
storage operations where supercritical COs is trapped in
a reservoir. In the context of COgy sequestration it is
important to evaluate the fate of COs injected into a
formation over geological time. Trapped COs will typ-
ically be disconnected, i.e. S, > 0.5, and ganglia mo-
bilization is therefore important. As WP saturation in-
creases the NWP becomes disconnected [7] and thus non-
percolating. In traditional trapping models, once the
NWP is disconnected it is considered to be immobile [49].
We find that depending on the flow conditions and phase
topology, disconnected NWP can still be mobile. For
many geologic systems, a wide range of Ca can be en-
countered. Near a well, where flow rates are higher, high
Ca effects may be important. Also, significant density
differences can arise in brine- or oil- COy systems may
lead to buoyancy forces that overcome capillary forces
and result in mobilization of CO4 [50]. Relative perme-
ability hysteresis has been shown to influence the long-
term trapping of COs in geologic sequestration opera-
tions [51]. Our results suggest that models that do not
account for the potential mobilization of ”trapped” CO,
underestimate the relative permeability, particularly for
WP saturation between 0.5 and 0.75 where both ganglion
dynamics and connected pathway transport are likely to
occur. Furthermore, widely-used trapping models are pa-
rameterized in terms of the saturation only [49]. Our
results show that at fixed saturation, disconnected por-

tions of the NWP can reconnect with connected pathway
as Ca increases. As a consequence, the trapped por-
tions of NWP cannot be considered a unique function of
fluid saturation. Furthermore, we show that the mobi-
lization of disconnected NWP is a potentially important
phenomenon over a fairly wide range of WP saturation.
These findings suggest that macroscale models that as-
sume disconnected phases are permanently trapped will
tend to under-predict the mobility of CO5 in geologic se-
questration applications. A more complete topological
characterization of the phase configurations represents a
promising alternative to existing theoretical approaches.

Overall the results suggest that saturation alone does
not uniquely define fluid flow. Additional topological
measurements, such as Euler characteristic are required.
For extending Darcy’s law, we must recognize that this
is the case. There is no theoretical basis for why rela-
tive permeability should depend on saturation only. It is
essentially a first-order assumption that works relatively
well and is easy to measure. However, for complex flow
physics, i.e. high Ca flows, additional second-order terms
such as Euler characteristic can be considered. From
the standpoint of non-dimensional analysis, relative per-
meability is a dimensionless quantity and may depend
on other dimensionless quantities, e.g. saturation, Fuler
characteristic or capillary number. Recent attempts are
underway to explore the links between fluid connectivity,
topology and resulting flow behavior [4].

IV. SUMMARY AND CONCLUSIONS

Insights obtained by combining fast uCT with ad-
vanced simulations will facilitate the development of new
Darcy-scale theories for the flow of immiscible phases
through porous media that are consistent with pore scale
displacement physics. Understanding the role of topology
will be at the forefront of multiphase flow research and re-
duce inconsistencies between pore-scale and Darcy-scale
formulations. We discovered that ganglion dynamics is
an important transport mechanism that explains rela-
tive permeability rate dependencies. We quantified the
flux of connected and disconnected NWP and demon-
strate that connected pathway flow is a poor assumption
even for relatively low Ca flows. Often, rate dependencies
are attributed to experimental artifacts, rock heterogene-
ity when larger scale systems are considered, and/or the
time derivative of WP saturation. However, we clearly
demonstrate rate dependencies in uniform porous media
at constant saturation. For relative permeability, we find
phase topology to be the controlling parameter and it
is dependent on saturation and Ca. Phase topology can
evolve, at constant saturation, during fractional flow de-
pending on the flow conditions and the resulting effect
has macroscale implications. Our results demonstrate
that: (1) the traditional two-phase Darcy formulation
has contributions originating from connected pathway
flow and from dissipative pore-scale events; (2) these two



flow regimes co-exist during fractional flow; and (3) the
Euler characteristic provides a way to characterize the
connectivity of the flow regimes at the macroscale. For
example in a recent statistical description of multiphase
flow [52], the Euler characteristic is used to represent
configurational entropy, which provides a way forward to
incorporate the fluid topology into Darcy-scale thermo-
dynamic models. Overall, these findings provide a way
to address fundamental limitations associated with tra-
ditional Darcy-scale multiphase flow formulations, which
impacts a wide range of engineering applications.
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