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The current conceptual picture of steady-state multiphase Darcy
flow in porous media is that the fluid phases organize into sepa-
rate flow pathways with stable interfaces. Here we demonstrate a
previously unobserved type of steady-state flow behavior, which
we term “dynamic connectivity,” using fast pore-scale X-ray imag-
ing. We image the flow of N, and brine through a permeable
sandstone at subsurface reservoir conditions, and low capillary
numbers, and at constant fluid saturation. At any instant, the net-
work of pores filled with the nonwetting phase is not necessarily
connected. Flow occurs along pathways that periodically recon-
nect, like cars controlled by traffic lights. This behavior is consis-
tent with an energy balance, where some of the energy of the
injected fluids is sporadically converted to create new interfaces.

steady state | pore-scale imaging | immiscible two-phase flow |
dynamic connectivity | geologic CO, storage

he definition of relative permeability is based on a conceptual

model where each phase occupies its own static, connected
fraction of the pore space (1-3). Observations of two-phase flow
in beadpacks and micromodels at low flow rates show that the
wetting- and nonwetting-phase fluids flow through their own net-
work of separate stable pathways. Increasing the saturation of
one phase increases the number of channels occupied by one
fluid and decreases the number occupied by the other. The non-
wetting phase generally occupies the large pores, whereas
the wetting phase occupies the small pores and indentations
in the surface of the solid (4-7).

When the balance of capillary and viscous forces is modified
such that viscous forces begin to dominate at the pore scale, the
nonwetting phase can be pushed out of the pore space and flow
can occur through the advection of disconnected ganglia (8, 9).
The onset of ganglion motion is well understood, and this flow
behavior has been observed during steady-state flow in model
pore spaces (1-3, 7, 10-13).

The key observation during slow steady-state flow, typical of
most displacements in natural settings, such as during hydro-
carbon recovery or CO; storage, is that the pathway, once
established, remains stable (2, 4-7). Flow patterns for differ-
ent wettabilities have also been quantified in micromodel stud-
ies (14). Again, once flow pathways were established, they were
not observed to change. However, there are no studies thus far
that have investigated this flow behavior in the pore space of nat-
ural rocks.

Developments in micro X-ray computed tomography (X-ray
CT) mean that pore-scale phenomena can now be observed
in rocks at reservoir conditions in both laboratory-based scan-
ners and synchrotron beamlines (8, 9, 15-17). This technological
advance has allowed, for instance, observations of residual trap-
ping (18) and wetting behavior (19).

Fast synchrotron tomography allows the acquisition of images
in under 60 s. Many unsteady-state, dynamic, pore-scale processes
have been imaged, including Haines jumps (15), capillary pres-
sure changes during reservoir condition CO2-brine drainage (20),
ganglion dynamics during the capillary desaturation of oil (21),
and reactive transport processes in complex carbonates (22).

www.pnas.org/cgi/doi/10.1073/pnas.1702834114

These advances in imaging technology have also allowed
new pore-scale mechanisms to be identified. At high flow
rates, the fragmentation of large trapped ganglia has been
observed in the pore space of a complex carbonate rock (23).
At lower capillary numbers, the trapping of CO» (20) and
oil (21) in disconnected ganglia has been quantified in sand-
stones. The connection and reconnection of ganglia was observed
as a result of the local advance and recession of the wet-
ting phase. However, the implications for flow were not quan-
tified, and it was implied that nonwetting-phase displacement
occurred by the movement of trapped ganglia through the pore
space (21).

Experimental Observations of Steady-State Two-Phase
Flow at the Pore Scale

The work presented here is a pore-scale experimental investi-
gation of macroscopic steady-state flow performed at reservoir
conditions. We use fast synchrotron X-ray CT to investigate rate-
dependent, steady-state two-phase flow behavior at low capillary
numbers representative of subsurface flow conditions, well below
the threshold for pore-scale ganglion motion, in the pore space
of a sandstone. We injected N> and brine at a constant fractional
flow into a sample of Bentheimer sandstone (apparatus shown
in Fig. S1). We altered the capillary—viscous force balance by
increasing the total flow rate in a stepwise manner. We demon-
strate that flow follows fixed flow paths, as in the traditional the-
ory, but that these pathways have critical connections that are
periodically filled with wetting phase, blocking flow.

We define wetting- and nonwetting-phase capillary numbers
(7, 10),
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Significance

The movement of immiscible fluids through permeable media
occurs in many settings, including oil and water flow through
rock. Here we present observations of a previously unidenti-
fied type of steady-state flow behavior that we term “dynamic
connectivity.” We demonstrate that flow of the nonwetting
phase occurs through a network of connections that contin-
uously rearrange between filled pores. This observation sug-
gests that we need to modify our models of two-phase flow
that are fundamental to describing subsurface flow processes
such as geologic CO; storage and hydrocarbon recovery.
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Table 1. List of experiments

Flow Rate,* Scan Mean
Experiment mL-min~—" Cay Canw time, min Sy,
1A 0.02 7.00 x 10~7  2.27 x 1078 44 0.274
1B 0.10 3.50 x 10~ 1.13 x 10~ 35 0.225
1C 0.30 1.05 x 10~° 3.40 x 10~ 45 0.302
1D 0.50 1.75x 107° 567 x 107 42 0.321
2A 0.04 1.40 x 10~% 4,54 x 108 29 0.358
2B 0.30 1.05 x 107> 3.40 x 10~ 28 0.340
2C 1.00 3.50 x 10~°> 1.13 x 10~° 28 0.354
*Total flow rate, Q; = Qnw + Qu, Where Qny = Qu.
and

U,
Canw = %/‘l‘”w, [2]

respectively, where the interstitial fluid velocity (in meters per
second) is v =¢q/¢, q is the Darcy flux, ¢ is the porosity, u is
the dynamic viscosity (in Pascal seconds), and o is the interfacial
tension between the wetting and nonwetting phases (in Newtons
per meter).

Coinjection experiments were performed in two sets of
increasing total flow rate corresponding to an increasing cap-
illary number (experiments 1A to 1D and 2A to 2C, Table
1), each time starting with the pore space fully saturated with
brine. Brine and N2 were injected at equal flow rates until an
approximately constant saturation was established in the core,
and then images were acquired over a period of 28 min to
45 min.

The images were processed using the techniques outlined in
Materials and Methods, using Avizo 9.1 (www.vsg3d.com) to cre-
ate 3D volumes of Ny that could be analyzed to assess their vol-
ume and connectivity (Figs. S2 and S3). The steady-state satura-
tion of N2 (Mean Sy, ) and the calculated capillary numbers for
the wetting and nonwetting phases are given in Table 1.

Connected volumes of N2 were observed in the low flow rate,
low capillary number experiments (1A and 2A). There were no
connected pathways of N» in experiments 1B to 1D and 2B and
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2C, and disconnected ganglia of N3 of various sizes were present
in all of the experiments (Fig. 1).

The ganglia populations were subdivided to make visualizing
the connectivity easier (Table S1): large ganglia, which typically
contain thousands of pores and may be connected across the field
of view (pink volumes, Fig. 1, containing more than 107 voxels);
medium ganglia, which may be connected over tens to hundreds
of pores (blue volumes, Fig. 1, containing 10° to 107 voxels); and
small ganglia, which may be isolated in a single pore or be simply
connected over a few pores (green volumes, Fig. 1, containing
5 x 10® to 1 x 10° voxels; ganglia smaller than 5,000 voxels are
ignored).

The total saturation throughout each experimental stage re-
mained approximately constant, at a value close to the residual
nonwetting phase saturation during imbibition, as measured on
larger core samples (24). However, the amount contributed by
the different ganglia populations changed with both time and
flow rate (Figs. 2 and 3). All of the experiments contained
medium and small ganglia, whereas the large ganglia are present
only at low flow rates (experiments 1A, 1B, and 2A). As the flow
rate rises, the proportion of small and medium ganglia increases,
and the proportion of large ganglia decreases.

Large ganglia that are connected across the field of view are
only observed for the lowest flow rate experiments (1A and 2A).
However, the connected pathway is not stable and varies in both
volume and position over time. Changes in connected pathway
volume do not correspond to a change in total Ny saturation,
but are the result of splitting the original connected ganglion
into two separate large ganglia, or multiple medium ganglia (Fig.
4). Parts of the connected pathway repeatedly disconnect and
reconnect, changing the position of the connected pathway in the
pore space.

The pathway stability can be described in terms of the num-
ber of disconnection events that take place between each time
step. A decrease in volume of the connected pathway requires a
section to become disconnected, whereas an increase requires a
connection with a neighboring ganglion to be made. Increasing
the flow rate, or capillary number, results in more disconnection
and reconnection events, and the pathway has an increasingly
dynamic connectivity.

Fig. 1. Ganglia populations contributing to average saturation. Average saturation is plotted versus time, and volume renderings of ganglia at the end of
the experiment are shown, for experiments 1A to 1D and 2A to 2C. Ganglia are subdivided by size: large (pink), medium (blue), and small (green). Flow is
from top to bottom. Time from the beginning of the experiment is normalized by the total experimental time (Table 1).
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Fig. 2. Interaction between ganglia populations. Plots show the relative
saturation of small (green), medium (blue), and large (pink) N, ganglia for
experiments 1A to 1D.

This dynamic connectivity also occurs in experiments without
connected pathways, through the interaction between the ganglia
populations (Fig. 2). At very low (experiment 1A) or high (exper-
iments 1C and 1D) flow rates, the proportions of small, medium,
and large ganglia stay constant over time. The volume of fluid
transported through the pore space during the acquisition of a
single image is greater than the total pore volume of the imaged
core. Thus, the interfaces between ganglia in the pore space must
change for the nonwetting phase to flow. Rearrangement of inter-
faces means the change in the number of ganglia could be due

Fig. 4.

No connection

Fig. 3. Interaction between ganglia populations. Volume renderings of
ganglia from experiment 1B are shown, corresponding to the numbers in
red on Fig. 2.

to the transport of individual ganglia wholesale through the pore
space or due to the same dynamic connectivity behavior seen in
the connected pathways, in which connections open briefly to cre-
ate a pathway for fluid migration from one pore to another.

In the time sequence images shown in Fig. 3 (see also Movies
S1-S9), individual ganglia moving progressively through the pore
space cannot be identified. Instead, the positions of ganglia
appear to be static, with some of the connectivity changing
between neighboring ganglia. This change in connectivity is illus-
trated in the subvolume time sequence in Fig. 5. We observe that
interaction between ganglia populations is the result of dynamic
connectivity in the pore throats, whereas the pore bodies remain
filled throughout.
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Volume of N, instantaneously connected from inlet to outlet. In graphs, connected volume of N, as a percent of total N, saturation and the

relative change in connected volume with time are plotted for experiment 2A. Images show volume rendering of N, for experiment 2A (numbers 1 to
8). The connected volume of N; is shown in red. (Insets) Ganglia split by size: small (green), medium (blue), and large (pink) ganglia. Flow is from top
to bottom.
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Fig. 5. Change in connectivity with flow rate and time. Volume renderings of N, ganglia, colored by size, in a 720 x 720 x 360 um subvolume are shown for
experiments 1A to 1D. Four consecutive time steps are shown for experiment 1C, illustrating two continuously filled pores and several transient branching
connections. Also shown is the number of connections through pore throats in the whole imaged volume versus time. The volume of N, shown in the images

is connected both inside and outside the subvolume.

Dynamic Connectivity: A Single Flow Regime

We estimate that the transition from experiments containing
some intermittent connected pathways to experiments contain-
ing no connected pathways occurs at critical wetting and crit-
ical nonwetting capillary numbers, Cay,crie =4.5 x 107¢ and
Canw,crit = 8.5 x 107° (Fig. 6). These are two to three orders
of magnitude smaller than the transition identified in bead-
pack experiments (7); this is likely due to the difference in
pore structure between beadpacks and the sandstone used in
this study.

However, the dynamic connectivity shown is different from
that assumed in the traditional conceptual picture of two-phase
flow. Instead of a transition from connected pathways to the
advection of discrete ganglia, we see transport of the nonwetting
phase through pathways that are largely fixed, with some connec-
tions that periodically open and close. This novel flow behavior
is separate from that reported by Datta et al. (7, 10), specifically,
that the ganglia do not flow but instead rearrange their connec-
tivity between filled pores. As capillary number increases, the fre-
quency of connection and disconnection increases, and thus no
connected pathway is ever observed.

Fundamentally, steady-state fluid displacement is controlled
by an energy balance (25). Work is done to inject fluids: The
power per unit volume expended through fluid movement for
either phase is approximately given by dW/dt=—q¢-VP~
wq?/ Keg, where K. g is the effective permeability in multiphase
flow and ¢; is the total Darcy velocity (26). The surface energy
of the interface between the wetting and nonwetting phases per
unit volume is ~o /I, where [ is a characteristic pore size. The
time taken to provide sufficient energy to create the fluid inter-
faces is roughly ¢t = 0 K. /ljg?. As there is no net displacement
in the experiments, fluctuations in the position of the interfaces
eventually dissipate the surface energy as heat. For an order of
magnitude estimate, we consider K.z =107'2 m?, [=10"* m,
and ¢, =2.7 x 107° m-s~*, with the brine viscosity correspond-
ing to the lowest flow rate experiment in Table 1 (16). We find a
timescale for interface creation of 1.4 x 10% s or around 20 min.
Thus, between two successive scans (43 s), there is sufficient

8190 | www.pnas.org/cgi/doi/10.1073/pnas.1702834114

energy provided by the injection to alter the fluid configuration
in only around 3% or the pores, or 160 elements in a scan vol-
ume encompassing ~5,000 pores. Our observations show that
this leads to connected flow paths that are only sometimes sta-
ble across successive scans. However, at the highest flow rates
studied, a 50-fold increase in ¢, or a 2,500-fold change in energy,
allows rearrangement in all of the pores between scans, leading
to a much more dynamic flow pattern.
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Fig. 6. The arrangement of N, (as transient connected pathways or as

disconnected ganglia) is shown as a function of wetting and nonwetting
phase capillary numbers for experiments 1A to 1D and 2A to 2C. We esti-
mate that no connected pathways form above Ca,qit =4.5 x 107 and
Canu,crit = 8.5 x 1078,
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Reconciling Pore-Scale Flow Mechanisms with
Continuum-Scale Properties

The dynamic connection and disconnection we have described is
a previously unidentified type of ganglion dynamics. Although,
instantaneously, we observe discrete ganglia, they are arranged
in a pathway. This pathway is comparable to a road network
with traffic lights. The flow of cars through the network can be
stopped by a red traffic light, blocking a junction for a short
time. When the light turns green—when the local energy bal-
ance favors movement again—the flow continues down the same
road. On the pore scale, this stop and start process appears very
different from the continuous pathway flow originally used to jus-
tify the extension of Darcy’s law to multiple fluid phases. Primary
drainage in water-wet rocks is accurately modeled by pore-scale
simulations (3). At the large scale, although the N is instan-
taneously arranged in separate ganglia, the behavior overall is
that of a continuous pathway. Thus, when we make continuum-
scale measurements such as relative permeability, we measure
flow through the entire road network, not the stop and start of
an individual car. The conductance of a phase is governed by the
entire volume that it occupies, even intermittently, with a correc-
tion for the fraction of time that it occupies each pore.

There have been suggestions of dynamic connectivity in some
of the earliest observations of two-phase flow in 2D. Chaten-
ever and Calhoun (5) observed channel flow in a single layer
of glass beads and noted that “In the case of temporary flow
disturbances the flow channels exhibited an elasticity whereby
they tended to resume almost their exact starting configurations
with the reestablishment of the original steady conditions.” In a
recent 3D observation, Datta et al. (7) noted that “Intriguingly...
sections of this connected 3D pathway intermittently break up
into discrete ganglia, several pores in size - the observed break
up process occurs irregularly, punctuated by intervals of contin-
uous flow.” It is likely that both these observations are the same
disconnection and reconnection behavior observed in the pore-
scale experiments presented here.

Conclusions

We have performed coinjection microcore floods using N2 and
brine to investigate two-phase steady-state flow behavior at
reservoir conditions and have identified a type of flow behav-
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power for dynamic connectivity to be observed in many of the
pores. This intermittency is likely to be initiated by changes in
local capillary pressure as fluid interfaces advance. These pres-
sure changes can drive rapid movement and rearrangement of
the fluid phases even in a steady-state flow.

Materials and Methods

Core floods were performed with 1.5 mol-kg~" potassium iodide (KI) brine
as the wetting phase and N as the nonwetting phase at 10 MPa and 50 °C.
Under these conditions, the fluid viscosities were ppine = 642.2 nPa-s and
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