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Abstract. The critical gas saturation was directly determined using micro-CT flow experiments and
associated image analysis. The critical gas saturation is the minimum saturation above which gas becomes
mobile and can be produced. Knowing this parameter is particularly important for the production of an oil
field that during its lifetime falls below the bubble point which will reduce the oil production dramatically.
Experiments to determine the critical gas saturation are notoriously difficult to conduct with conventional
core flooding experiments at the Darcy scale. The difficulties are primarily related to two effects: The
development of gas bubbles is a nucleation process which is governed by growth kinetics that, in turn, is
related to the extent of pressure drawdown below the bubble point. At the Darcy scale, the critical gas
saturation at which the formed gas bubbles connect to a percolating path, is typically probed via a flow
experiment, during which a pressure gradient is applied. This leads not only to different nucleation conditions
along the core but also gives no direct access to the size and growth rate of gas bubbles before the percolation.
In combination, these two effects imply that the critical gas saturation observed in such experiments is
dependent on permeability and flow rate, and that the critical gas saturation relevant for the (equilibrium)
reservoir conditions has to be estimated by an extrapolation. Modern Digital Rock related experimentation
and modelling provides a more elegant way to determine the critical gas saturation. We report pressure
depletion experiments in mini-cores imaged by X-ray computed micro-tomography (micro-CT) that allowed
the direct determination of the connectivity of the gas phase. As such, these experiments enabled the detection
of the critical gas saturation via the percolation threshold of the gas bubbles. Furthermore, the associated gas-
and oil relative permeabilities can be obtained from single-phase flow simulations of the connected pathway
fraction of gas and oil, respectively.

INTRODUCTION

The critical gas saturation is the saturation at which the
gas that comes out of solution below the bubble point of a
hydrocarbon mixture becomes mobile inside of porous
rock (“critical gas”). This is relevant for the production of
oil fields that during their lifetime fall below the bubble
point which will reduce the oil production dramatically.
The critical gas saturation is also an important parameter
for correct dynamic modelling. Experimentally observed
critical gas saturations range between 0.5-50% depending
on fluid and rock properties, pressure decline rate and
experimental protocols [1,2]. Such experiments are
notoriously difficult to conduct [3-6]. The development of
gas bubbles is a nucleation process at a growth rate related
to pressure drawdown below the bubble point and
associated supersaturation [3,8-12]. When operating at a
constant pressure decline rate there is an interplay
between supersaturation of the liquid, the rate of gas
bubble nucleation [5,18], growth kinetics [3] and the rate
of pressure decline [1]. Thus critical gas saturations
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observed under experimentally achievable decline rates
ranging from 10-50% [1-6] are extrapolated to the
pressure decline rate in the field resulting in critical gas
saturations in the range of typically 3-15%[1,2,8-12]. The
wide range of observed critical gas saturations occurs not
only because of differences in decline rate but also
because of different regimes [3]. For pressure depletion
mode without any significant flow reflecting a nucleation
process one would expect a critical gas saturations in the
same range as a residual gas saturation, i.e. above 20-30%
[16,17] which is consistent with typical percolation
thresholds in 3D between 20-32% [21-25]. Experiments
where the saturation at which gas becomes mobile is
probed by a flow measurement observe typically much
lower critical gas saturations. Due to the low viscosity the
gas phase is significantly more mobile than a liquid which
can cause viscous fingering at the pore scale [27] and lead
to a connected pathway significantly below percolation
thresholds. Viscous fingering may be significantly
enhanced at near-miscible conditions where interfacial
tension is very low [28,29]. In the field flow and gas
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expansion processes can be coupled e.g. in solution gas
drive [19,20]. The critical gas saturation depends on
exactly how depletion and flow are coupled which can
vary from field to field and by the distance from the well-
bore. The experimentally observed critical gas saturation
therefore depends on the respective experimental protocol
and the associated pore scale fluid distribution [17].

Most Darcy scale experiments involve substantial
instrumental complexity and efforts while the results are
still impacted by protocols and interpretation
methodology [6,7]. Saturation monitoring by X-ray
[6,7,18] has improved the interpretation. For instance, in
low-permeability rock the (significant) pressure gradient
crosses the bubble point in the rock at a location that can
be determined via saturation monitoring by X-ray [6]
allowing to infer the critical gas saturation. Still one of the
main shortcomings of Darcy-scale experiments is that the
critical gas saturation is inferred from either flow or
saturation (gradients). It is difficult to clearly separate the
regimes of quasi-static nucleation and unstable flow.
Using micro-CT imaging allows to determine directly the
connectivity of the gas phase inside the pores at the point
of critical gas (phase fraction) where non-percolating gas
bubbles can be already observed above the bubble point
and the critical gas saturation is detectable via the
percolation threshold. This study provides a proof-of-
concept where methodology and workflow are assessed.
Two central questions are addressed: (1) is the natural
contrast between gas and liquid large enough to segment
gas and liquid without any contrast agent and (2) can
pressure and gas nucleation controlled precisely enough
in a small rock sample suitable for uCT such that the
percolation threshold i.e. the critical gas saturation can be
determined.

METHODS AND MATERIALS

The experimental methodology is based on imaging the
gas distribution directly inside the pore space by X-ray
computed micro-tomography. A Bentheimer sandstone
sample (porosity = 19.1%, permeability = 2500 mD, 4 mm
diameter and 20 mm length) is enclosed in a rubber sleeve
and mounted into a custom-built core holder shown in
Figure 1 which is made from PEEK which can operate to
a pressure of 30 bar and a temperature of 60 °C. Note that
this setup is meant for a proof-of-concept and the
operating envelope of this experiment can be extended to
higher pressures and temperature to correspond to
reservoir conditions. A mixture of n-decane and n-
propane was chosen as gas-liquid model system that has
an extended two-phase region within the operating
envelope of the setup. The phase behaviour including the
liquid-vapour split is displayed in Figure 2. The phase
split has been computed with Shell’s proprietary STFlash
tool using the Shell modified Redlich-Kwong (SMIRK)
equation of state (EOS) [26]. Based on the flash
calculations a 50% molar fraction of propane was chosen,
for ambient temperature (22°C in the laboratory and
pumps, and 27°C inside the pCT). The EOS calculated
bubble point pressure for that experimental condition is
4.77 bar at an interfacial tension of 17 mN/m (at 4.69 bar,

using a parachor approach). Given the experimental
uncertainties on mixing and thermal equilibration we
would expect a bubble point between 2 and 5 bar.
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Figure 1. Schematic overview of the experimental setup (A)
consisting of the flow infrastructure and the micro-CT scanner
(B) and the core holder with the rock sample (C). Injection
occurs from bottom to top.
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Figure 2. Phase envelopes of the propane-decane mixture for
different temperatures as a function of composition (top) and
liquid-vapor phase split (bottom).

Micro-CT imaging has been conducted with a Zeiss Versa
520 micro-CT scanner at 0.4x magnification at 80 kV and
a power of 7W. A 2x2 binning of the detector was used at
an exposure time of 1.3 s. 1401 projections have been
used for reconstruction, leading to an overall scan time of



about 1 hour. This protocol was determined by systematic
variation of resolution, number of projections and
integration time in order to arrive at a reconstructed image
where the gas can be segmented. pCT scans were always
taken at pressure equilibrium conditions. During post-
processing, no indications of fluid moment during the
scanning time was observed. For image processing (Avizo
9, ThermoFisher) all images are registered on the dry
scan. Then a cylinder is cropped to remove the rubber
sleeve encapsulating the sample within the confining
pressure. A non-local means filter [34] (search window:
21px; local neighbourhood: 4 px; similarity value: 3) is
applied twice to remove image noise. Each scan is then
segmented by the watershed region growing method.

RESULTS

The first set of experiments has been conducted in either
pressurization or pressure depletion modes of the pore
fluids in absence of any external flow. In experiments
where the pressure was lowered in small (0.1 bar)
increments with significant equilibration time at each
step, the observed bubble point was typically below 2 bar,
and once reached, a significant amount of gas came out of
solution leading to instantaneous percolation from top to
bottom. This is consistent with the observation of a bubble
point depression [3] which basically prevents us from
probing the percolation threshold in a very gradual way.
In the following we present two strategies to overcome
this observation challenge. In both cases, the pressure is
initially drawn significantly below the bubble point to
initiate bubble nucleation. In the first mode, the
pressurization mode, the pore pressure has been initially
drawn down such that a significant fraction of gas came
out of solution and became immediately connected.
Subsequently, the pore pressure was increased in steps to
gradually reduce the size of gas bubbles and eventually
reach the percolation threshold for the gas phase. The
second mode, the pressure depletion mode, aims at
nucleating bubbles rapidly but then bringing the pressure
quickly back to the expected bubble point in order to
prevent the formation of large percolating gas bubbles.
The percolation threshold is then reached upon further
pressure depletion.

Pressurization mode

Experiment 1 was conducted in pressurization mode. The
pore pressure as a function of time is shown in Figure 3
which also shows the micro-CT scan intervals. The dry
scan was taken before start of the experiment. A fully
liquid-saturated scan was taken right before the start of the
pressure depletion which is the first scan interval shown
in Figure 3. After the initial pressure drawdown, a
significant amount of gas is nucleated which — as we will
see later - percolates across the whole pore space. In
Figure 4, pressure vs. volume for Experiment 1 is
displayed. On can clearly see the initial fluid
compressibility effect and the suppressed nucleation
similar to what is reported in the literature [3]. Upon
further drawdown the gas is nucleated and then
compressed during pressurization. Extrapolating the

liquid-gas p-V line during the re-pressurization to the
intersect with the liquid p-V line during initial pressure
depletion gives an indication of the bubble-point, which
is consistent with experimental observation of bubble
points around 3 bar. The area under the liquid-gas line
would be characterized by the supersaturation and
nucleation regime where the system is not in a phase
equilibrium [3].
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Figure 3. Pressure during experiment 1. The initial pressure
drawdown below the bubble point causes a large amount of gas
coming out of solution which percolates through the whole pore
space. The gas is compressed and dissolves in the liquid until it
is not connected anymore. The intervals where micro-CT scans
were taken are indicates by black lines.
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Figure 4. Pressure vs. volume for experiment 1 which was
conducted in pressurization mode. The initial pressure depletion
leads to a supersaturation without nucleation of gas [3]. The
percolation threshold is reached upon pressurization.

The 3D images of the experiment shown in Figure 5 are
consistent with the pressure-volume signature from
Figure 3 and Figure 4. The initial depletion and
equilibration lead to a large volume of gas coming out of
solution which percolates from inlet to outlet. Most of the
clusters are connected. In Figure 5 a cluster analysis was
performed, and each gas cluster is labelled and displayed
in a different colour. The scan displayed in Figure 5A



represents the first equilibration step after pressure
drawdown. The gas phase forms one large cluster which
percolates through the whole pore space. Upon
pressurization the gas saturation decreases, gas clusters
shrink and lose more and more their connectivity as
shown in Figure 5 B-D (more colours appear indicating
more disconnected clusters).

Figure 5. Micro-CT images taken during experiment 1. Each
connected gas cluster is shown in a different colour. After the
initial pressure drawdown to 1.5 bar almost the whole pore space
is filled by gas, which is almost entirely connected (A). Upon
pressurization the gas saturation decreases, and gas clusters
shrink losing more and more their connectivity (B-C) until at 2.9
bar the top-bottom connectivity is finally lost (D).

Pressure depletion mode

Experiment 2 is conducted in pressure depletion mode. In
order to nucleate small, non-percolating gas bubbles, the
pressure is initially drawn down to 1.6 bar and then
quickly raised again to 3.0 bar which is approximately the
bubble point as shown in Figure 6.
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Figure 6. Pressure during experiment 1. The initial pressure
drawdown below the bubble point causes a large amount of gas
coming out of solution which percolates through the whole pore
space. The gas is increasingly compressed until it is not
connected anymore.

In Figure 7. pressure vs. volume for Experiment 1 is
displayed. After initial depressurization and fluid
compressibility effects, gas is nucleated by a brief
pressure drawdown and immediate re-pressurization
followed by pressure depletion. The regime where phase
equilibrium is still visible but less pronounced than in
experiment 1 (Figure 4). This is apparently an effect of
the quick drawdown and respective rapid bubble
nucleation. Overall the applied protocol is indeed
successful.
16

14

12

[
o

[

Pressure/bar

4 depletion

2 \
T dawdown  ————

0 0.05 0.1 0.15 0.2 0.25
Volume expansion / mL

Figure 7. Pressure vs. volume for experiment 2 which was
conducted in pressure depletion mode. Due to the very quick
drawdown the supersaturated regime where nucleation of
bubbles is suppressed and there is no phase equilibrium is
avoided to a large extent.

Figure 8. Micro-CT images taken during experiment 2. After
the very quick initial pressure drawdown during which small gas
bubbles are nucleated, the pore pressure is raised again to 3.0 bar
leaving a set of small, not-connected gas bubbles (A). Upon
pressure depletion, the gas saturation increases, and gas clusters
grow increasing their connectivity (B-D).

The successful experimental protocol is also supported by
the 3D images displayed in Figure 8. Figure 8A was
taken right after pressure drawdown and re-equilibration



at the expected bubble point. Small, not-connected gas
bubbles were observed. Upon closer inspection of Figure
7. we observe that the one data point at 1.6 bar is
associated with a volume expansion of 2.2 mL, which is
similar to the volume expansion in experiment 1 (Figure
4). This data set suggests that the expanding gas fills
nearly the entire pore space as shown in Figure 5A. One
can, therefore, conclude that the gas was nucleated and
almost fully expanded into all available pore space and
then re-compressed in two subsequent steps arriving at a
non-percolating distribution of gas bubbles as shown in
Figure 8A. Upon pressure depletion the gas saturation
increased again, and gas clusters grew increasing their
connectivity (Figure 8B-D). Connectivity of the gas in
the horizontal direction is already encountered at 2.8 bar
(Figure 8B) but vertical connectivity is observed only at
2.4 bar displayed in Figure 8D.

Fluid Connectivity and Percolation Threshold

The connectivity of the gas phase in experiments 1 and 2
was assessed via the Euler characteristic y , which is a
measure of connectivity and state variable for multiphase
flow in porous media [30-32]. For our case the Euler
characteristic for the gas phase can be defined as [30]

X = objects — loops eq. 1

The Euler characteristic is directly computed on the
segmented image using Avizo [32]. Note that =0 is an
indication for the percolation threshold and is therefore a
convenient measure to determine the critical gas
saturation S,c. The Euler characteristic as a function of gas
saturation is displayed in Figure 9, indicating that
Sgc=0.25 for the pressurization mode and Sg=0.2 for the
pressure depletion mode. That is consistent with the range
of typical percolation thresholds of 3D structures as listed
in Table 1.
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Figure 9. Euler characteristic as a function of gas saturation for
experiments 1 and 2. The zero-crossing of the Euler
characteristic indicates the percolation threshold, which is
around Sg=0.25 for the pressurization mode and Sgc=0.2 for the
pressure depletion mode.

The difference in critical gas saturation in pressurization
and depletion mode ultimately reflects that re-
pressurisation is not simply the reverse of primary
depletion, as the previously developed phase does not

simply retract from the latest pores invaded during
depressurization. Rather, the process exhibits a large
degree of hysteresis in both local super saturation and gas
phase distribution [10].

Table 1. Percolation Threshold in 3D

Coordination | Percolation
Structure number threshold Ref.
Simple cubic 6 0.30-031 | 1823
lattice
BCC lattice 8 0.243-0.246 18-23
FCC lattice 12 0.195-0.199 24
Random sphere 6 0.31 25
pack

Note that the top-bottom connectivity does not always
coincide with the zero crossing of the Euler characteristic.
This might be related to the fact that the Euler
characteristic is a measure of isotropic connectivity.
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Figure 10. 3D fluid distribution in a pressure depletion
experiment (similar to experiment 2) showing all clusters on the
top panel and only the largest cluster at the bottom.
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Figure 11. Euler characteristic for the 3D fluid distributions
from Figure 10 plotted at the same scale as in Figure 9.

In Figure 10 the 3D fluid distribution in a pressure
depletion experiment (similar to experiment 2) is
displayed showing all clusters on the top panel and only




the largest cluster at the bottom. The respective Euler
characteristic y is shown in Figure 11. At 3.0 bar the
largest cluster percolates horizontally, but not vertically.
The Euler characteristic values shown in Figure 11 are all
negative, indicating connectivity, which is aligned with
the visual inspection of the identified gas clusters.

Relative Permeability

Apart from the critical gas saturation, the associated
relative permeability of gas and liquid are the key
parameters of interest [6-7,40]. Traditionally, relative
permeability is determined by flow experiments.
However, in practical situations the applied pressure
gradients and associated viscous instabilities would likely
impact the fluid distribution which results in large
uncertainties in the determination of relative permeability
via flow experiments. Instead, here the 3D spatial
distribution of liquid and gas phases from the segmented
micro-CT scans were used to compute (connected
pathway) relative permeability following a similar
methodology as in [36] using a multi-relaxation time
lattice Boltzmann method running on distributed GPU
[35]. That is possible because the flow regime of
connected pathway flow dominates, and -at least in water-
wet rock- the flux contribution of ganglion dynamics is
expected to be small [37,38].
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Figure 12. Relative permeability for liquid (“oil”, o) and gas
(g) computed with a single-phase multi-relaxation time lattice
Boltzmann code based on the 3D fluid distribution from the
experiments measured by micro-CT on a linear (top) and
logarithmic scale (bottom).

The results are displayed in Figure 12 on a linear (top)
and logarithmic scale (bottom). The relative permeability
curves are not straight lines as in a near-miscible situation
[40]. That is consistent with a interfacial tension of
approximately 17 mN/m derived from the PVT EOS
calculations. The simulated relative permeability curves
appear to be more compatible with a typical Corey
behaviour [28] with exponents ny>1 and n,>1. The
relative permeabilities of experiment 1 and a repeat
experiment both conducted in pressurization mode, as
well as experiments 2 carried out in pressure depletion
mode overlap within the experimental uncertainty. That is
somewhat surprising because the pressurization mode is
in the widest sense an imbibition process while the
pressure depletion is in the widest sense a drainage
process, and hysteresis is expected. However, the
saturation range is too narrow to clearly identify
hysteresis. The fact that no hysteresis was observed could
also be explained by the nature of the pores affected. In
this case we remain at high gas saturation within or around
the percolation threshold and it is likely that hysteresis
here could play a minor role.
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Figure 13. Gas-liquid relative permeability from Figure 12
on a linear (top) and logarithmic scale (bottom). For comparison,
wetting and non-wetting phase relative permeability for water-
oil (w/0) are added, both in drainage and imbibition mode (solid
and dashed red and blue lines). The gas relative permeability
falls right between drainage and imbibition data. The liquid
relative permeability seems to follow an extension of the water-
relative permeability (dashed black line).



We observe k>0 only for Euler characteristic x<0 which
supports the view that the Euler characteristic y is a
meaningful measure for the critical gas saturation. The
dynamic range covered in these experiments was not
sufficient to establish a k. g() relationship as in [33]. In
Figure 13 water-wet water-displacing-oil drainage and
imbibition relative permeabilities from a steady-state
special core analysis measurement were added for
comparison. The measurements were conducted ona 1.5”
twin sample using brine-decalin on water-wet (cleaned)
rock. The drainage data is shown as solid red and blue
lines, the imbibition data is shown as dashed lines. In that
comparison the water relative permeability is the wetting
phase and oil is the non-wetting phase. In the gas-out-of-
solution micro-CT experiment, oil is the wetting phase
(because in absence of water it is a liquid and therefore
the wetting phase) while gas is the non-wetting phase.
Hence, we should compare the gas-out-of-solution liquid
relative permeability with the water/oil relative
permeability, and gas with oil, respectively. One would
expect the liquid relative permeability to follow a primary
drainage water line because gas-out-of-solution seems to
be associated more with a drainage process. Interestingly
the liquid relative permeability does not follow a primary
drainage wetting phase relative permeability but rather the
same trend as an imbibition relative permeability shown
as dashed black line in Figure 13 (which is an extension
of the water imbibition relative permeability using a
Corey representation with an exponent nw,=4.5). The gas
relative permeability does not seem to follow either a
primary drainage or a first imbibition trend. This reflects
the fact that gas can come out of solution before a
percolation threshold is reached. When comparing with an
imbibition data set, this gas saturation would be therefore
automatically below the residual oil saturation and hence
the relative permeability cannot follow the imbibition
line, at least not without re-normalizing the mobile
saturation range. A primary drainage oil relative
permeability would not be compatible because in primary
drainage the non-wetting phase becomes mobile
immediately while in the gas-out-of-solution study
mobile gas is only possible from the critical gas saturation
on. Therefore, the critical gas saturation of S, ¢ri=0.21 is a
logical value for a irreducible non-wetting phase
saturation. And indeed, when using this re-normalization
of the mobile saturation range the gas relative
permeability is consistent with a drainage relative
permeability as shown in the dotted black line in Figure
13 (using Sor=So.i=0.21 and n,=1.8 which is consistent
with both drainage and imbibition oil %;). The liquid
relative permeability could also just be a matter of re-
scaling to the right end-point saturation, but it is not Sgc.

Injection mode

The experiments shown so far were all conducted in
absence of external flow addressing the expected slow
depletion deep in the reservoir. There is certainly some
flow because of expansion (or compression) of gas, but no
external gas injection or flow via a pressure gradient was
applied. In order to address the scenario near the wellbore,
i.e. where gas flows in a potentially unstable fashion, a

series of experiments were conducted where pure propane
was injected into the propane-decane mixture. The first
experiment was conducted at a pressure below the
calculated bubble point but above the bubble point
observed in previous experiments.
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Figure 14. Pressure during flow at low Pe. At nearly constant
pressure propane is injected into the Bentheimer core at constant
rate of 0.03 ml/h. Respective micro-CT scan intervals are
indicated as black lines.

The pressure data of experiment 3 and respective scan
intervals are shown in Figure 14. Scans were taken
continuously where the first scan was taken right after
injection started but before gas entered the rock. Propane
was injected into the ~50:50 propane-decane mixture at a
rate of 0.03 ml/hour. That translates into a Darcy velocity
of 2.39 mm/h and a capillary number of Ca=6-10"¢ (for a
liquid viscosity of 0.296 mPa s, calculated from the EOS).
The 3D distribution of gas (and respective cluster
analysis) is shown in Figure 15. Even though there is no
visible connectivity from top-to-bottom, already at the
first scan there is disconnected gas present in the whole
sample. All values of the Euler characteristic y are near-
zero as shown in Figure 16 indicating a near-percolating
situation.

Figure 15. 3D visualization of the gas phase during the
constant rate propane injection for the scan intervals from
Figure 14. From scan 6 on there is top-bottom connectivity.
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Figure 16. Euler characteristic y for the 3D gas distribution
from Figure 15. x>0 indicating a lesser degree of connectivity.

Actual top-to-bottom connectivity was observed from
scan 6 onwards. One the one hand we have to keep in
mind that permanent connectivity is not a necessary pre-
requisite for flow. Processes such as snap-off in drainage
[41] have been observed both experimentally [42] and in
direct numerical calculation [43]. Cooperative dynamics
such as ganglion dynamics [44] can lead to saturation
distributions  without permanent connectivity or
connected pathway flow to inlet or outlet. Such a situation
has been observed in previous synchrotron-beamline
based studies with significantly higher time resolution
(see Fig. 4 in [42]). Even at a few seconds time resolution
the relatively fast snap-off processes which last only few
milliseconds were not resolved. With the very limited
time resolution of benchtop-based puCT it is difficult fully
reveal the microscopic displacement mechanisms. Only a
significantly higher time resolution would be able to
resolve the exact processes leading to the gas distributions
in Figure 15 before a permanent top-bottom connectivity
has been established.

What is striking is that an extended 3D spatial distribution
is not only observed in scan 1 but also in the subsequent
scans including up to scan 5. Permanent top-bottom
connectivity is only observed form scan 6 on. That degree
of saturation changes in 3D without permanent
connectivity is beyond of what has been observed in
simple drainage experiments where only occasionally a
connection through a single pore throat was missing [42].
Therefore, the question arises whether there are additional
mechanisms at play. One possible hypothesis is that
during injection of propane the composition changes
locally to a higher propane concentration which would
lead to an increase in the bubble point. Therefore, even at
a pressure above the bubble point experimentally
observed in the previous constant-rate depletion
experiments, the pressure would be below the local
bubble point which could lead to an unstable growth and
propagation of gas bubbles. This mechanism is possible
because the Péclet number Pe=L-v/D~4-107 for a
characteristic length scale L~60 um (typical pore body
diameter for Bentheimer sandstone), a typical molecular
self-diffusion coefficient for hydrocarbon mixtures of

D~5.8-10° m?/s [45] and an interstitial flow velocity of
v~3.5 um/s. With Pe much smaller than one the diffusive
processes dominate over convection which means that
propane could indeed diffuse into the liquid (faster than
the flow) and increase the local propane concentration
substantially. For the given diffusion coefficient,
diffusion across a 60 pum large pore would take about 1 s.
To which extent exactly the local composition really
changes and how much that really leads to an increase in
local bubble point pressure is difficult to estimate without
a detailed computation of transport and mass transfer
which is beyond the scope of this work.

However, at a higher injection rate the flow would be
more convection dominated and less diffusion dominated.
By increasing the injection rate by a factor of 30 the Péclet
number increases to Pe~1 which essentially means that
the diffusion is only about as fast as the flow. In
comparison with the lower flow rate the onset of a more
convection dominated regime and the effect of local
compositional changes might be less. Therefore, the
injection experiment was repeated at a 30 times higher
flow rate of 0.9 ml/h which translates into a Darcy
velocity of 72 mm/h and respective capillary number of
Ca=1.8-10°. The pressure and micro-CT scan intervals
are indicated in Figure 17. The respective 3D gas
distribution is displayed in Figure 18.
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Figure 17. Pressure during experiment 4. Propane is injected
into the Bentheimer core at a constant rate of 0.9 ml/h.
Respective micro-CT scan intervals are indicated as black lines.

Figure 18. 3D visualization of the gas phase during the
constant rate propane injection for the scan intervals from
Figure 17. Note that in scan 2 and 3, there is permanent top-
bottom connectivity.

Note that for the 3D gas distribution displayed in in
Figure 18 scan 2 and 3 have permanent top-to-bottom
connectivity and even though no top-bottom connection
has been made yet the overall connectivity of scan 1 is
already higher than scan 2 or 3 in Figure 15 (which has



a comparable gas saturation). The connectivity is still
higher than even scan 5 in Figure 15 which is the last scan
before permanent top-bottom connectivity was
established. Also judging from the Euler characteristic y
displayed in Figure 19, which is negative, there is an
overall higher degree of connectedness than in the lower
flow rate injection experiment from Figure 16, i.e. less
gas distribution without obvious connectivity to inlet.
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Figure 19. Euler characteristic y for the 3D gas distribution
from Figure 18. <0 indicating a higher degree of connectivity.

The robust conclusion is that the two injection
experiments conceptually differ in terms of fluid
connectivity. The increase in flow rate by a factor of 30
does not change the flow regime in terms of capillary
number (Ca=6-10"% and Ca=1.8-10 are both still in the
capillary dominated regime) but does change the regime
in terms of Péclet number (from Pe<<,1 to Pe~1). The
more convection dominated regime has the higher degree
of permanent connectivity. That supports to some extent
the hypothesis of the unstable character of gas injection
based on local compositional changes at the Pe<<I case.
Potentially the Pe<<1 process could also contribute to
some observation classically made during tertiary gas
injection (below miscibility) with the formation of an oil
bank ahead the gas breakthrough. Injecting gas at higher
pressure than the bubble pressure could lead, in addition
to the standard swelling to sweeping the pore space.
Further investigations and modelling work could help to
further elucidate the phenomenon.

Relative Permeability

In Figure 20 the Gas-liquid relative permeability data
from the flow experiments were super-imposed on the
pressurization and depletion experiments without flow.
While the liquid relative permeability is following closely
the trend of the pressurization/depletion experiments, the
gas relative permeability is clearly different, which could
be caused by the fact that the gas is mobile without a
permanent connectivity.

When plotting in Figure 21 all gas relative permeability
data vs. Euler characteristic y there are two distinct
populations: All pressure depletion and also high-rate

injection experiments show <0 as expected for a highly
connected phase, whereas for the low rate injection (and
presumably diffusion dominated case) x>0 Indicating a
less connected situation.
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Figure 20. Gas-liquid relative permeability from the flow
experiments super-imposed on the pressurization and depletion
experiments without flow from Figure 13.
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Figure 21. Gas relative permeability vs. Euler characteristic 7.
For all pressure depletion (exp. 1-3) and high rate injection
experiments (exp 8) %<0 indicating a connected gas phase. Only
for the low rate gas injection case (exp. 7) which is presumably
diffusion dominated, >0 indicating a non-connected gas phase.

SUMMARY AND CONCLUSIONS

The critical gas saturation has been assessed
experimentally via a series of micro-CT flow experiments
on a hydrocarbon model system where a gas phase drops



out of solution upon pressure depletion. Pressure
depletion in absence of flow provides a proof-of-concept
that such critical gas experiments can be indeed conducted
via pore scale experimentation. The pore scale
distribution of gas was directly imaged by uCT.
Consistent with the body of literature, in the porous
medium the observation of the bubble point is depressed.
The consequence is that nucleation eventually occurs and
due to the associated supersaturation [3] the volume of gas
dropping out of solution leads to instantaneous
percolation, thereby masking the onset of connectivity,
i.e. the critical gas saturation. That is an artefact of the
experiment conducted at much faster pressure decline
rates than the reservoir in the field case [1]. To
accommodate for this effect, two protocols were
developed where the first protocol operates in
pressurization mode (somewhat similar to an imbibition
type of experiment) and in the second protocol gas
bubbles were first nucleated by rapid pressure drawdown
and then re-pressurization to the bubble point followed by
subsequent pressure decline (somewhat similar to a
drainage process). The observed critical gas saturations
were in the range of known percolation thresholds of 3D
structures like random sphere packs. Pressurization and
pressure depletion led to noticeably different critical gas
saturations which might be related to the underlying
difference in pore scale displacement events between
drainage and imbibition processes [39]. A so far
unresolved question is how the fast depletion — re-
pressurization affects the depletion mode experiments.
Respective relative permeability curves were computed
from the 3D gas and liquid distributions imaged by micro-
CT using an in-house developed multi-relaxation time
lattice Boltzmann method. They were then compared with
drainage and imbibition water/oil relative permeability
from steady-state SCAL data conducted on a (water-wet)
twin sample. In that comparison the liquid relative
permeability is consistent with an extension of the
(wetting) water relative permeability from a water-oil
imbibition experiment. The gas relative permeability is
not compatible with either a drainage or an imbibition oil
relative permeability from SCAL. The main reason is that
a critical gas saturation is required before gas becomes
mobile, i.e. a relative permeability can be defined.
Therefore, the mobile gas saturation range starts at critical
gas saturation which is larger than zero (hence the gas
relative permeability cannot be compatible with a primary
drainage curve) and smaller than a typical residual oil
saturation (hence not compatible with a first imbibition
relative permeability). However, rescaling the oil primary
drainage relative permeability to the mobile saturation
range for the gas case using the measured percolation
threshold S, ¢ri=0.21 as saturation endpoint does provide
good consistency with the gas relative permeability.

The methodology of imaging the gas distribution in a flow
experiment was extended to different flow regimes.
Injecting gas at a low flow rate led to a 3D gas distribution
without any obvious permanent connectivity to the inlet
and a positive Euler characteristic >0, i.e. below the
percolation threshold. In direct comparison, at high
injection rate, the connectivity at similar saturations was

higher with %<0, i.e. above the percolation threshold. This
could indicate a potentially unstable displacement
scenario for the low injection rate case. While the low and
the high injection rate experiments fall both within the
same flow regime in terms of capillary number, they differ
in terms of Péclet number Pe. For the low injection rate
Pe<<1l meaning a much more diffusion-dominated
regime, where the gas injected above the bulk liquid
bubble point pressure can dissolve into the liquid phase at
the injection front and change the respective composition
such that the bubble point pressure increases. That can
lead to a potentially unstable flow regime, where
displacement scenarios become thinkable that do not
require permanent connectivity. At the high injection rate,
Pe~1 a higher degree of connectivity above the
percolation threshold was observed which is more
representative for a typical drainage type of displacement
scenario. Note here the self-diffusion coefficient has been
used to estimate the diffusive flux. Mutual diffusion
coefficients in concentration gradients can be
substantially higher which would increase the diffusive
flux.

In order to develop the concept for quantifying critical gas
saturation using pore scale imaging further, more detailed
injection studies need to be conducted at different regimes
e.g. in the supersaturated range below the observed bubble
point but before gas can nucleate, at an even lower
injection rate, and at faster time resolution to identify
movement of discontinuous gas clusters. The underlying
assumption of most of the current work is the steady
movement of a continuous, sample spanning, gas phase at
critical gas saturation. That assumption is widely accepted
but may not fully cover all possible flow regimes such as
gas clusters moving as a discontinuous phase [14-15]
somewhat similar to the ganglion dynamics phenomena in
immiscible 2-phase flow [37,38]. Relatively high
interfacial tension of the chosen model system and the
short core would likely suppress the movement of gas
clusters. In order to study dynamic phenomena, the fast
acquisition of a synchrotron beamline based puCT facility
would be required. In low interfacial tension system, at
increased time resolution intermittent gas production
during gas depletion experiments on cores before the
period of sharp gas-oil-ratio increase could be observed.
Our experiments have demonstrated that the hybrid
methodology of pore scale experimentation and pore scale
modelling provides a useful approach to address complex
special core analysis problems that are difficult to achieve
or even inaccessible for traditional special core analysis
experimentation.
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