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Abstract

Intermittent fluid flow has recently been identified as an important trans-
port mode for subsurface multiphase flow systems such as CO, storage and
natural gas production. However, due to experimental limitations, it has not
been possible to identify why intermittency occurs at subsurface conditions
and what the implications are for upscaled flow properties such as relative
permeability. We address these questions with observations of nitrogen and
brine flowing at steady-state through a carbonate rock. We overcome previ-
ous imaging limitations with high-speed (1s resolution), synchrotron-based
X-ray micro-computed tomography combined with pressure measurements
recorded while controlling fluid flux. We observe that intermittent fluid trans-
port allows the non-wetting phase to flow through a more ramified network
of pores, which would not be possible with connected pathway flow alone for
the same flow rate. The volume of fluid intermittently fluctuating increases
with capillary number, with the corresponding expansion of the flow network
minimising the role of inertial forces in controlling flow even as the flow rate
increases. Intermittent pathway flow sits energetically between transport
through connected pathway flow and turbulent flow. While a more ramified
flow network favours lowered relative permeability, intermittency is more dis-
sipative than connected pathway flow, and the relative permeability remains
unchanged for low capillary numbers where the pore geometry controls the
location of intermittency. However, as the capillary number increases further,
the role of pore structure in controlling intermittency decreases which corre-
sponds to an increase in relative permeability. These observations can serve
as the basis of a model for the causal links between intermittent fluid flow,
fluid distribution throughout the pore space, and the upscaled manifestation
in relative permeability.
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1. Introduction

Accurate prediction of the propagation and trapping of multiple fluid
phases in porous rocks of the Earth’s subsurface is important to a number
of engineered and geological applications; fluid flow is simulated to quantify
the volume of COs that can be stored safely underground (1; 2; 3) and to
estimate the volume of hydrocarbon fluids in an oil field (4). These systems
are modelled using a continuum framework, including Darcy’s law extended
to multiphase flow, to describe energy dissipation as fluid moves through the
pore network of subsurface rocks. Darcy’s law is predicated on the transport
of the individual fluid phases through distinct pore networks, with static
fluid-fluid interfaces. However, recent observations have demonstrated that
multiphase flow through the pore networks of rocks is more complex, with
modes of transport through both connected paths as well as the frequent
rearrangement, or intermittency, of these flow networks (5; 6; 7; 8; 9).

Distinct modes of transport occur depending on the capillary number,
the ratio of capillary to viscous forces, and the ratio of fluid viscosities, M =
tnw [ 1w (6). At capillary numbers prevailing in the subsurface and with fluid
pairs including medium crude oil-brine or COs-brine that have less than unity
viscosity ratios (M < 1) there are two dominant modes of transport. Either
fluid phases flow through connected pathways, with fixed pore networks for
each fluid, or they flow through intermittent pathways, with the competition
between the fluids resulting in pathways that are periodically broken and
reformed in critical locations of the pore space. Intermittent pathway flow
has been compared to cars at traffic lights; with the pore network being
equivalent to the road network. Flow through the pore network, like traffic
along a road, is not continuous (7). These intermittent flow pathways persist
even under steady-state conditions whereby the macro-scale flow properties
such as saturation and pressure are invariant when averaged over time (10).

The various features of the pore structure which control the particular
locations of intermittency have been described in previous work (5). The
intermittency occurs in intermediate sized pores, where the capillary pressure
of the fluids is close to the entry pressure of the pore. Intermittency tends to
occur in places where either the non-wetting phase or the pore space is poorly
connected. Small variations in the initial invasion of a fluid phase can lead to
variations in the location of intermittent pathways, but the characteristics of



the intermittent pores remain the same. Observations also show that when a
system is perturbed from steady-state, the oscillations in the pressure signal
caused by intermittent pathway flow continue as the system transitions to a
new steady-state (11).

However, due to experimental limitations, it has not been possible to
identify what drives intermittency at the low capillary numbers characteris-
tic of subsurface conditions, and how this impacts larger scale flow properties
such as the relative permeability. In this paper we address these questions
with observations of steady-state flow of nitrogen and brine through a porous
carbonate rock. We observed intermittency in steady-state flow in unprece-
dented detail with high temporal resolution (1 s) synchrotron X-ray tomogra-
phy for nine capillary numbers, with total flow rate and fractional flow varied
between experiments. We revealed a previously unidentified scaling between
capillary number and fluid flux through intermittent flow paths. We identi-
fied that as flow through certain areas of the pore space approached critical
Reynolds numbers for the transition at which inertial forces are no longer
negligible, more intermittent pathways over a more disperse area occurred,
reducing the velocity of flow in a given region of the pore space. These ob-
servations can provide the basis for a model for the causal links between
intermittent fluid flow, fluid distribution throughout the pore space, and the
upscaled manifestation in relative permeability.

2. Methods

We observe the fluid distribution of nitrogen and brine with time as both
are simultaneously injected into a carbonate rock. A total of 9 observations
were collected for 3 different total flow rates. For each total flow rate, the
fractional flow (which is the fraction of the total flow rate constituted by the
brine flow rate) was changed 3 times. The list of experiments is given in
Table 1. We use a capillary number which comprises properties of both fluid
phases:

Ca=— (1)

where ¢ is the total Darcy flux, o the interfacial tension between the nitrogen
and brine, and «y the total mobility (y = l{—” + LJw where p is the viscosity

Hnw

and f, is the brine flow rate as a fraction of the total flow rate) (6). The



Experimental | Nitrogen flow rate | Brine flow rate | Total flow rate | Fractional | Capillary

number (ml/min) (ml/min) (ml/min) flow number
1 0.015 0.085 0.1 0.85 1.6 x 1077
2 0.03 0.07 0.1 0.7 8.7 x 1078
3 0.05 0.05 0.1 0.5 5.4 x 1078
4 0.06 0.34 0.4 0.85 6.5 x 1077
5 0.12 0.28 0.4 0.7 3.5 x 1077
6 0.2 0.2 0.4 0.5 2.2 x 1077
7 0.105 0.595 0.7 0.85 1.1 x 1078
8 0.21 0.49 0.7 0.7 6.1 x 1077
9 0.35 0.35 0.7 0.5 3.8 x 1077

Table 1: Experimental parameters for the 9 observations described in this research.

capillary numbers associated with the observations (shown in Table 1) show
that flow was capillary dominated.

Experiments 1-3 are taken from (11). The processing is described in more
detail in (11), but is repeated for completeness below, with Experiments 4-9
conducted with the same methodology. The observations were made on the
same cylindrical Estaillades sample, 5 mm diameter and 20 mm length. The
sample was initially saturated with brine (deionised water doped with 15%
wt. KI to improve the X-ray contrast). The system was pressurised to 8 MPa
to minimise compressibility effects, with an additional 2 MPa of confining
pressure. Then both nitrogen and brine were injected simultaneously, with
the flow rates of the nitrogen and the brine listed in Table 1. A differential
pressure transducer (Keller, 300 kPa transducer with 1.5 kPa accuracy) was
connected across the sample, to measure the pressure drop. Steady-state was
identified as the point after which the differential pressure had plateaued.
Between observations the sample was not resaturated with brine.

The X-ray imaging was conducted at the TOMCAT beamline at the Swiss
Light Source, Paul Scherrer Institut, Villigen, Switzerland. The sample was
exposed to filtered polychromatic X-ray radiation with a peak energy of about
26 keV originating from a 2.9 T bending magnet source. The filter was
2.3 mm-thick Silicon and 5 mm thick pyrolytic carbon. An in-house devel-
oped GigaFRoST camera (12) and a high numerical aperture white-beam
microscope (Optique Peter) with 4x magnification (13) were used, yielding
an effective pixel size of 2.75 pm. Each tomogram contained 1000 projections
over 180° rotation. Each scan lasted 1 s, with a further 1 s required for the
sample to rotate back to its initial position before the next scan started.

Each image analysed was 4224 x 4298 x 4263 pm in size. The images were
reconstructed from the X-ray projections using the propagation-based phase



contrast method (14) and the gridrec algorithm (15). The images were then
filtered with a non-local means filter to suppress noise whilst maintaining
the information at phase boundaries (16). The first image was taken with
just deionised water in the pore space. This image is used to segment the
pore space from the rock grains using a watershed segmentation algorithm
(17). Then the sample was saturated with the brine, and another image
was taken; this is the brine saturated imaged. All subsequent images with
the non-wetting phase (nitrogen) and brine present were subtracted from the
brine saturated image; this results in a differential image whereby only the
location of non-wetting phase remains. From this a simple greyscale value
threshold was used to segment out the nitrogen. The pore space was overlain
on this segmentation to locate the pore space occupied with brine.

The pore space morphology was extracted using a maximal inscribed
spheres (maximum ball, MB) network extraction technique (18; 19). The
fluid occupancy for each pore MB was assigned for every time step by over-
laying the MBs on the segmented fluid distribution, and assigning the MB
the fluid with majority occupancy.

3. The stability of intermittent fluid flow pathways

3.1. The fluid distribution and dynamics change to accommodate increasing
fluid fluzx

A total of 9 steady-state experiments were conducted across a capillary
number range spanning two orders of magnitude (see Table 1). The average
gas saturation for these 9 experiments was between 0.26 and 0.33, a difference
of 27%. The average differential pressure across the sample increased from
48 kPa to 206 kPa, an increase of 429%.

The gas saturation remains relatively constant throughout the experi-
ments, suggesting a similar capillary pressure for the observations across the
range of capillary numbers. In contrast, the fluid phase distribution and
the mode of transport for the gas phase varies considerably (Figure 1). For
experiment 1 (top left panel of Figure 1) the gas is highly channeled and is
connected by a single pore in the center of the rock sample. This is also the
case for experiments 2 and 3. However, for the group with the next highest
total flow rate (experiments 4-6, central column in Figure 1) the gas distri-
bution is more uniform throughout the pore space. The gas phase is more
evenly distributed at the highest total flow rate (experiments 7-9, right hand
column in Figure 1). As the total flux of the fluids increased, transport across
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the porous medium also changed. As we will show in subsequent sections,
this corresponds to an increase in intermittency as a fluid transport mode.

g = 0.1 ml/min g = 0.4 ml/min g = 0.7 ml/min

Figure 1: Distribution of gas during all steady-state experiments. The brine and rock
space are transparent in these images. Each distinct gas ganglion has been assigned a
different colour. These images are for a single scan and although the ganglia do connect
and disconnect with time, these images are representative for the connectivity.



3.2. Intermittent flow pathways develop in response to pathways with high
Re flow
The highly channeled flow in the top left hand panel of Figure 1, whereby
gas flow is forced through a single pore provides the opportunity for the
Reynolds number to be calculated for that constriction.
The Reynolds number can be defined by:

_puD
0

where p is fluid density, u is fluid velocity, D is the hydraulic diameter and
1 is the fluid viscosity. The hydraulic diameter is calculated by:

Re (2)

4A
D=_— 3
v Q
where A is the cross-sectional area of the flow path and W, is the wetted
perimeter (the perimeter of the cross-sectional area of the gas). The fluid
velocity u (m/s), is calculated from the injected volumetric flow rate v (m?/s)

by

U= (4)

Thus the Reynolds number can be rewritten as:

_Apv
NWp.

Re (5)

For the experiments conducted at the lowest total flow rate (the left
hand panel in Figure 1), the gas flow is confined to a single constriction at
one point in the pore space. Here, the Reynolds number is calculated to be
27 < Re < 30 (Table 2). The other experiments were conducted at higher
flow rates, but there were more pathways available for gas to flow across
the pore space (the middle and right hand panels in Figure 1). The fluid
velocity cannot be as precisely constrained with many avenues for flow. To
provide a comparison we calculate the wetted perimeter for the same slice
and assume the gas flow in uniform across all pathways. Despite the higher
total fluid flux for these experiments, the Reynolds numbers are 1-2 orders
of magnitude smaller due to the altered fluid distribution, Re < 1 (Table 2).

This variation in Reynolds number is notable due to its proximity with
the critical Reynolds number for flow in porous media. The critical Reynolds
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Experimental | Wetted perimeter for slice | Gas flow rate | Reynolds
number (voxels) (ml/min) number

1 67 0.015 29

2 140 0.03 27

3 211 0.05 30

4 23126 0.06 0.33

5 26877 0.12 0.57

6 30265 0.2 0.85

7 20169 0.105 0.67

8 34556 0.21 0.78

9 38475 0.35 1.17

Table 2: The wetted perimeter of the gas pathways for the middle slice of the imaged
section of the sample for every experiment detailed in Table 1. For experiments 4-9, when
more than one pathway exists in this section, the Reynolds number is calculated assuming
uniform flow across the pathways.

number has been reported for flow in porous media to be around Re. = 10
(20), although both higher values of 40-80 (21) and lower values down to 0.1
(22; 23) have also been reported due to the flow of geometry and the complex
nature of flow. The Reynolds number for experiments 1-3 is potentially in
the transition region at which inertial forces would influence flow dynamics.
The fluid redistribution in response to the increased total flux of experiments
4-9 reduces the influence of inertial forces, even as flow rate increases. As
will be reported below, this also coincides with an increased flux through
intermittent flow pathways. This suggests that while intermittent fluid flow
may not be energetically favoured over laminar connected pathway flow, it
provides more avenues for fluid flow which reduce the role of inertial forces
in a given region of the pore space.

3.3. Intermittency scales with capillary number

The amount of intermittent fluid flow in the pore space has typically been
quantified by the volume of pore space identified as intermittently occupied
during imaging (5; 6; 9; 24; 8). A positive correlation exists between the per-
centage of the pore space intermittently occupied and the capillary number
(shown in Figure 2a) for a given fractional flow. However, the trend does not
scale across fractional flows. Thus, the percentage volume of the pore space
intermittently occupied provides some insight into the dynamics, but it does



not capture the full complexity of the dynamics.

With high temporal resolution synchrotron imaging, we were able to cap-
ture the movement of fluid- fluid interfaces. As a proxy for fluid flux through
intermittent flow, we quantify the volume of gas fluctuating as the volume of
an intermittently occupied pore multiplied by the number of times a change
in occupancy occurs during an imaging window, averaged to the number of
scans during the imaging window. The capillary number plotted against the
average volume of gas fluctuating per scan is shown in Figure 2b. The in-
clusion of the number of fluctuations scales the points across all fractional
flows towards a single curve in Figure 2b. The volume flux of fluid transport
through intermittent flow pathways scales directly with capillary number.
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Figure 2: a) The capillary number of the observation versus the percentage of the pore
space that was intermittently occupied during the imaging window. b) The capillary num-
ber of the observation versus the average volume of gas moving during a scan normalised
to the mean pore volume.

4. The evolution of intermittent fluid flow pathways

4.1. Intermittent flow path evolution with fractional flow and capillary num-
ber

By comparing observations between experimental stages, we tracked the
evolution of flow pathways in pores, e.g, from intermittent to stable. At
a given total flow rate, the majority of pore space that was intermittently
occupied either remains intermittent or becomes a stable gas pathway as the
fractional flow of gas increases, Figure 3a. Increasing the relative flow rate
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Figure 3: a) The percentage volume of the pore space intermittently occupied by the NWP
and the fate of those intermittent regions in the subsequent steady-state observation. b)
The average pore radius of the pores described in a).

of the nitrogen induces an increase in the capillary pressure, allowing some
regions of intermittent pathway flow to develop into stable flow pathways.
The increased capillary pressure is also reflected in the trends towards the
invasion of smaller pores with increased fractional flow, experimental number
groups 1-3, 4-6, 7-9 in Figure 3b. In all cases, the pores with intermittent
fluid occupancy are on average smaller than pores with stable non-wetting
flow pathways.

4.2. The role of pore geometry in the development of intermittent pathways

Intermittent pathways occur in the intermediate sized pores, where the
capillary pressure is close to the entry pressure required for non wetting
phase invasion into the pore. The two phases compete for occupancy leading
to intermittent occupation. It has been previously shown that intermittency
is also more likely to occur in regions of the pore space that are poorly
connected (5).

We observe that the amount of time gas spends in an intermittent pore
is positively correlated with the pore size, with larger pores occupied with
gas for longer (Figure 4a). The trend weakens as the total flow rate of the
experiment increases. This shows a reduction of the role of pore size in
controlling the intermittent events as the capillary number increases; pore
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Figure 4: a) The pore radius of an intermittent pore versus the duration gas occupies that
pore. b) The pore radius of an intermittent pore versus the frequency of fluctuations.

geometry is less important at higher capillary numbers.

The declining role of pore structure with increasing capillary number
is also reflected in the frequency of fluctuation of fluid phases within the
pores. The role of pore radius in the average number of fluctuations per
scan is shown in Figure 4b. For the lowest total flow rate (Experiments
1-3), the smaller pores fluctuate more. This trend weakens for the higher
total flow rates, again showing that the pore structure is less of a control on
intermittency at higher flow rates.

5. The impact of intermittency on the relative permeability

According to the two-phase Darcy equations, the relative permeability of
the non-wetting phase is defined by:

Gl L
k?"?’L”LU — T A o 6
HabsAP ( )

whereby ¢, is the gas flow rate per unit area (m/s) calculated by dividing
the non-wetting phase volumetric flow rate by the cross sectional area of the
cylindrical sample, fi,, is the gas viscosity (Pa- s), L is the length of the
sample (m), Kqps 1S the absolute permeability calculated from single phase
brine flow through the sample (m?) and AP is the pressure difference across
the sample (Pa).
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The gas relative permeability for all experiments is low due to the gas
saturation being close to the percolation threshold (25) and the constricted
nature of the gas pathway/s (see Figure 1). There is a correlation between
the gas saturation and the gas relative permeability (shown in Figure 5)
but the saturation covered in these experiments is small, while the range in
relative permeability measured is large.
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Figure 5: The saturation of gas versus gas relative permeability. Note the “error bars” are
in fact the maximum and minimum relative permeability or saturation observed during a
10 minute imaging window.

To illustrate the impact of increasing capillary number, we fit two Brooks-
Corey models to the relative permeability observations using:

kg = (S)?[1 — (1 — 8% (7)

While the individual parameters can correspond to physical properties of the
rock material, we simply use the model empirically and have not made any
attempt, e.g., to measure the irreducible water saturation (26; 27; 28). We
hold all parameters constant except for the use of two different values of A
to model our data points.

The relative permeability relationships appears to shift, increasing with
increasing capillary number, although not in an obviously linear fashion (it
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remains relatively constant for the first two groups of experiments, and finally
increases at the highest capillary number). It is notable that the shift can
be captured with a variation in the parameter \. This parameter reflects the
controls of the pore structure on relative permeability. A decreasing value
of A with increasing capillary number suggests that intermittency leads to a
weakening of the controls of the pore structure, i.e., the pore space is becom-
ing effectively more uniform from the perspective of the flow process. This
is consistent with the observations that intermittency permits fluid phases
to access more of the pore space. It also suggests potential for a scaling
of relative permeability with capillary number on the basis of the role of
intermittency in controlling fluid distribution.

6. Conclusions

We have identified the links between fluid flow potential, transport through
intermittent flow pathways, and fluid phase distribution within the pore
space. We have also provided preliminary observations of the upscaled im-
pact of these varying modes of transport on the continuum property relative
permeability.

During transport through connected fluid pathways, the fluid phase dis-
tribution throughout the pore space is controlled by capillary pressure; non-
wetting fluid cannot enter regions of the pore space without sufficiently high
capillary pressure to overcome barriers to entry.

Fluid transport through intermittent pathway flow provides access to re-
gions of the pore space previously inaccessible to the connected non-wetting
phase due to entry pressure barriers. In this work we identify the devel-
opment of intermittent pathways as we increase the total flow rate at fixed
capillary pressure (saturation and fractional flow). As the capillary number
is increased intermittent flow develops throughout a distributed network in
the pore space. This happens as the flow velocity in the network of con-
nected paths reaches the critical Reynolds number (where inertial forces are
no longer negligible) in specific locations. Intermittent transport is evidently
more energetically favourable than turbulent flow, and it provides a mech-
anisms to reduce the maximum flow velocity in the pore space through the
generation of a more disperse flow network.

The volume of fluid fluctuating through intermittent flow pathways scales
with capillary number irrespective of the fractional flow of the system. The
particular scaling relationship is reflective of the characteristics of the pore

14



structure. It shows an increasing trend with Capillary number towards trans-
port through intermittent flow paths whereas increasing transport through
connected flow paths could result in flow paths with high local Reynolds
numbers and consequently increased viscous dissipation

The fluid distribution throughout the pore space is heavily influenced by
the transport of fluid through intermittent versus connected flow paths. It
is notable that the relative permeability can be robust to changes in this
underlying fluid distribution; two groups of relative permeability data with
distinct underlying fluid distributions fall on the same curve. This probably
reflects the energetic expense of intermittency: while intermittency permits
a more disperse network of flow pathways, favouring an increase in relative
permeability, energy is consumed in the creation and destruction of interfaces
during this transport mechanism. Thus the relative permeability can remain
almost the same in the initial transitions from pure connected pathway flow
to intermittent flow.

At the highest capillary numbers, and greatest flux through intermittent
pathway flow, we do see an increase in the relative permeability saturation
relationship. This coincides with a weakening of the role of the pore structure
in controlling locations where intermittency occurs. Whereas the location of
intermittent transport is strongly correlated with pore size at low capillary
number, intermittent transport occurs across the entire range of pore sizes at
high capillary number. The corresponding shift in the relative permeability
curve is consistent with a weakening of the role of pore structure.

Combined, these observations provide the basis for a model for the causal
links between intermittent fluid flow, fluid distribution throughout the pore
space, and the upscaled manifestation in relative permeability. It is possi-
ble that the locations of intermittent flow may be predicted a priori from
knowledge of the pore structure, the capillary pressure, and the average fluid
flow velocities; where turbulent flow is approached in a given pore, intermit-
tency may develop in locations where the entry pressure is above the average
capillary pressure in the system. Energy dissipation associated with distinct
modes of transport, i.e., intermittent and connected pathway flow, may be
summed to estimate the impact on upscaled relative permeability.
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