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ABSTRACT

Recent works on the enhanced oil recovery (EOR) by injection of low salinity surfactant
(LSS) have shown that the efficiency of LSS can be sensitive to subtle changes in ionic
composition. Different compositions can result in different interfacial tension (IFT),
relative permeability, wettability and mobilization of residual oil. A flooding experiment
including drainage and imbibition by water and LSS was performed on water-wet Berea
sandstone. The 3-dimensional (3D) pore scale changes of the fluid configuration were
captured under flow using fast X-ray tomography. The connectivity (Euler characteristic)
was calculated separately for ganglia and for connected pathways of the wetting and
nonwetting phases to give more insight of their impact on topology of the water and oil
phases. The results showed that the topology of a fluid mainly depended on the topology
of the corresponding ganglia and was less sensitive to topology of the corresponding
connected pathway. The ganglia and the whole phase (ganglia plus connected pathway)
showed hysteresis in the topology in imbibition and drainage for both wetting and
nonwetting phases. The connected pathways however had insignificant hysteresis in
imbibition and drainage, i.e. the hysteresis in topology of a phase was likely to be caused
by the ganglia. Furthermore, we hypothesized that the ratio of the Euler characteristic of
the connected pathways of wetting and of nonwetting phases could be used as a descriptor
of the wetting change.

INTRODUCTION

In two-phase flow in porous media, nonwetting fluid moves either as a connected pathway
or as a group of disconnected clusters (ganglia) which break up and coalesce (Avraam and
Payatakes, 1995). The phenomenon where the disconnected clusters of the nonwetting
phase are mobile is known as the ganglion dynamics. Synchrotron tomography has helped
to understand better behavior of flowing fluids. Youssef et al. (2014) found that mean
ganglia size and largest cluster size depend on capillary number. Ricker et al. (2015)
observed that ganglion dynamics occurred at length scale equivalent to oil clusters length.
Therefore, an intermediate flow regime between pore and Darcy scale is expected. Berg et
al. (2015) showed that at the onset of oil mobilization, oil clusters break off as opposed to
moving in the form of a single large cluster. One of the major challenges has been to find
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a parameter which helps quantifying the dynamic microscopic changes. In this regard,
Herring et al. (2013) used Euler characteristic () to describe the connectivity of the oil
clusters where y is defined as:

¥x=N—-L+0 1)

In this equation, N is the number of isolated clusters of a fluid phase, L is the number of
redundant connections within all clusters, and O is the number of cavities. A negative value
of y indicates higher connectivity while a positive value indicates fragmented fluid. y is
dimensionless; however it is usually normalized with the total volume of the system (bulk
volume) for convenience. We have reported the normalized values in mm= unit. Schliiter
et al. (2016) believed that the connectivity had been ignored in characterization of two-
phase flow. Avraam and Payatakes (1995) observed a dependency of relative
permeabilities on changes in microscopic flow regimes when the flow regime changes from
ganglion dynamics to connected pathway. Relative permeability depends on pore scale
fluid configuration which in turn, depends on the connectivity (Armstrong et al. 2017).
Overall, recent advances seem to be promising for better understanding of two-phase flow.

In this work, we examined the drainage and imbibition in a water wet Berea sandstone
sample. The connectivity was calculated for both water and oil phases. In addition, the
connectivity of the oil and water ganglia, and of the oil and water connected pathways were
calculated separately. The evolution of ganglia and connected pathways topology revealed
their effect on the connectivity of the whole phases and on the origins of connectivity
hysteresis.

MATERIALS AND METHODS

Material. The core sample was a Berea sandstone (D=4mm, L~10mm) extracted from a
parent plug which had a permeability and porosity of 270mD and 15.2%, respectively.
There was no aging before the experiment. The composition of the brines is given in Table
1. The core was initially saturated with high salinity water (HSW). The ionic strength of
low salinity water (LSW) was 10 times lower than that of the HSW. LSW-N contains only
NaCl and LSW-NC contains both NaCl and CaCl, in the solution. The low salinity
surfactant (LSS) solutions were prepared by dissolving 0.5 wt% surfactant in the LSW-N
and LSW-NC. LSS-N and LSS-NC are the surfactant solutions which were prepared using
LSW-N and LSW-NC brines, respectively. The surfactant is a blend of alkylbenzene
sulfonates with a chain length distribution of C15-C1g (Khanamiri et al. 2016a, b). Detailed
properties of the surfactant can be found in the aforementioned references. The oil phase
was a mixture of 90% by volume crude oil and 10% 1-lododecane. 1-ldododecane
enhances the contrast of oil and water phases. The oil phase was used in a previous study
by Khanamiri et al. (2016b) where the crude oil properties were also documented. IFT of
the mixed oil with the HSW, LSS-N, LSS-NC were 5.3, 0.1 and 0.03mN/m, respectively
at room temperature.

Injection and imaging. The experiment was conducted at ambient conditions in the
TOMCAT beamline at the Swiss Light Source. Details of the injection steps are listed in
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Table 2. The core sample was 100% saturated with HSW (Table 1) before starting the
experiment. Drainage was performed at two different flow rates. Waterflooding was done
by HSW at two different flow rates. Low salinity surfactant (LSS) was then injected in four
different steps denoted by LSS1-NC, LSS2-N, LSS3-NC and LSS4-N. LSS-N is the LSS
with NaCl only and the LSS-NC is the one with both NaCl and CaCl, (See Table 1). The
X-ray tomography was performed during the injections. The imaging in one scan took
about 18 sec and the time interval between two scans was approximately two minutes. The
pixel size of the projections was 3.25um and the vertical field of view for camera was
2866um. The number of scans per injection step is shown in the last column of Table 2.

Table 1: composition of the brines and surfactant solutions

Brine NaCl [g/l] CaCl2.2H20 [g/1] MgCl2.6H20 [g/1] “M#/M* _ionic strength [mol/I]
HSW 29.250 2.210 0.305 0.033 0.5561
LSW-N 3.25 - - 0 0.0556
LSW-NC 3.202 0.0404 - 0.005 0.0556
LSS-N 0.5 wt% surfactant dissolved in LSW-N
LSS-NC 0.5 wit% surfactant dissolved in LSW-NC
“M?*/M* is the molar ratio of divalent to monovalent cations.
Table 2: details of injection and image acquisition
injection step injection flow rate (ml/min)  duration (®min) *PVI scan No.
1 Oil injection 1 0.004 35 7 1-18
2 Oil injection 2 0.04 10 20 19-23
3 HSW1 0.004 15 3 24-31
4 HSW2 0.008 15 6 32-39
5 LSS1-NC 0.008 20 8 40-49
6 LSS2-N 0.008 20 8 50-58
7 LSS3-NC 0.008 20 8 59-69
8 LSS4-N 0.008 20 8 70-81

“PVI was the injected volume in terms of number of pore volume of the whole core. The pore volume of the core
with 10mm length was roughly 0.02ml.

Image Processing. The reconstruction of 3D tomographic data sets from 2D projections
was obtained during the injection experiment using ImageJ. The analyzed height was
2447um and the analyzed volume was about 964 million voxels in each model. The images
were denoised by an anisotropic diffusion filtering (Tschmperlé and Deriche 2005) which
is an effective denoising technique that preserves edges. The filtering was implemented in
Xlib plugin (Miinch 2015) of ImageJ. Statistical Region Merging (Nock and Nielsen 2004)
was used for segmentation. Afterwards, the moment-preserving thresholding (Tsai 1985)
was used to segment the water phase and the Default thresholding method in ImageJ was
used to extract the pore volume. The oil phase was then obtained by subtracting the water
images from pore volume images. As a cleaning cut-off, any object smaller than 32 voxel
was removed from the 3D models. The largest cluster in each 3D data set of oil was
assumed to be the oil connected pathway and the rest of the clusters were considered the
oil ganglia. Water phase was also treated in the same manner. The 3D size analysis of oil
clusters was obtained in CTAN. The phase volume and Euler characteristic were calculated
using BoneJ plugin (Doube et al. 2010) in ImageJ.

RESULTS AND DISCUSSION

The largest oil cluster was considered the oil connected pathway and the rest of the clusters
were assumed to be the oil ganglia. The same assumption was made for the water phase.
The total phase is therefore the summation of the connected pathway and ganglia. yot, yoc
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and yop are the Euler characteristic of the total oil phase, oil ganglia and oil connected
pathway, respectively. ywt, ywc and ywp denote the Euler characteristic of the total water
phase, water ganglia and water connected pathway, respectively. The temporal resolution
was 2 min.

Source of topological hysteresis in imbibition and drainage. The Euler characteristics of
the total oil phase (yot) Vs Sw at high salinity water (HSW) injection is different from that
at drainage, as shown in Figure 1. Therefore yor might have a hysteretic behavior at
drainage and imbibition processes. yo for the pathway and ganglia of the oil phase were
calculated and plotted separately to investigate the effect of ganglion dynamics and
connected pathway on the hysteresis of the oil phase connectivity. As shown in Figure 1,
hysteresis is apparent in yoc of the oil ganglia vs water saturation. yoc is similar to yor.
However, the connected pathway does not show hysteresis in drainage and imbibition; i.e.
cause of the hysteresis in yor for the total oil phase is the ganglia part of the phase. In the
case of the wetting phase (water), ywec and ywr are also similar. Although the data seem
more scattered, it still seems that there is also some hysteresis in yw between drainage and
imbibition for the water ganglia (ywc) and the total water phase (ywr). Similar to the oil
connected pathway, the water connected pathway has nearly no hysteresis in drainage and
imbibition. Therefore, the hysteresis in connectivity (topology) of both the wetting and
nonwetting phases in drainage and imbibition could be caused by the ganglia part of each
phase. The creation or breakage of redundant connections is likely to be the main cause of
topology change in the connected pathways. On the other hand, a broader range of events
including snap-off, Hains jumps, redundant connections and coalescence change the
topology of the ganglia. As a result, the topology of the ganglia resembles that of the total
phase where all possible events collaborate in changing the topology (See Figure 1).

Euler characteristic of the nonwetting and wetting phases. The ranges of y for the wetting
and nonwetting phases are slightly different. The redundant connections of the connected
pathway could be more stable in the wetting phase i.e. they may not break easily as they
have strong contact with the rock grains. Therefore, further creation or disappearance of
the redundant connections could be minimized. On the other hand, connected pathway in
the nonwetting phase (oil) most likely creates connections frequently with the numerous
clusters of the oil ganglia. In other words, topology of water connected pathway could
evolve mainly by film flow/film expansion while topology of oil connected pathway could
evolve mainly by jump-and-coalescence. These changes could explain that larger
topological variations in the nonwetting connected pathway occur than in the wetting
connected pathway (See Figure 1).

Euler characteristic is an additive function. This means that adding yop to yoc results in yor;
and adding ywp to ywc results in ywr. yop and ywp are both negative, with yop representing
larger absolute values. Figure 1 shows also that yoc is larger than ywc (Sw=0.51-0.73).
Therefore yor, on average, is larger than ywr; and nonwetting phase is in general more
disconnected than the wetting phase (Sw~0.51-0.73). However, the nonwetting phase is
slightly more connected when Sy<0.51.
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Figure 1: Euler characteristic of water and oil phases for the total phase (ganglia plus connected pathway),
ganglia and connected pathway.

Pore geometry and topology of the wetting connected pathway. As mentioned in previous
section, the total water phase is more connected than the total oil phase in the Sy interval
of 0.51-0.73. It is also clear that the connected water pathway has near-zero negative ywp
values while the connected pathway of the oil phase has higher connectivity. This may be
caused by the presence of water in smaller pores and channels where oil phase is usually
not present. Therefore, water could be trapped and isolated in smaller pores where the
nonwetting oil phase would usually have little or no access. In other words, the topology
of the wetting connected pathway may be dictated by the geometry of the porous media
which is fixed and static. This discussion implies that it is a possibility to link the
topological changes of the wetting connected pathway (ywp) to the possible wettability
changes. The reason could be that topology of the connected pathway of water due to its
affinity to rock may not change much unless the affinity itself has changed. This is
discussed in detail later. On the other hand, it also suggests that the topology of the
nonwetting phase is mainly affected by the process (drainage, imbibition, Figure 1) and the
dynamics (rate changes, Figure 1) because it may be less affected by pore geometry
compared to the wetting phase. Therefore, the topology of the nonwetting phase may
describe the process better than that of the wetting phase can. For this reason, the recent
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works have mainly focused on the topology of the nonwetting phase to study the pore scale
phenomena (Schluter et al. 2016, Riicker et al. 2015, Armstrong et al. 2016).
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Figure 2: Evolution of y for oil (left) and water (right) phases for the whole phase (all), ganglia and connected
pathway; y (left vertical axis) is shown by red, green and blue circles. Sy (right vertical axis) is shown by
open circles. The numbers 1-8 represent the injection steps mentioned in Table 2.

Euler characteristic vs time and its reproducibility. Here, the evolution of topology and Sw
vs time is discussed. The difference between ywc and ywr is insignificant while there is some
difference between yoc and yor (Figure 2). The connected pathway of oil becomes closer to
the threshold of major fragmentation (yop=0) at the start of injection step 7 (third surfactant
injection, LSS3-NC) and continues flowing under similar condition in steps 7 and 8 (LSS3-
NC and LSS4-N); simultaneously yoc approaches yor.

There is a reduction in Sy at injection step 7 (LSS3-NC), due to oil mobilization upstream
of field of view of camera. Sy in step 7 is similar to that in step 5 (See Figure 2). Sw profiles
of steps 6 and 8 are also similar. Therefore, it became possible to observe the changes in
topology when the Sy history is repeated in surfactant injection. Figure 1 and Figure 2 show
that yor (0il phase) is almost reproducible in the mentioned injection steps and yoc (0il
ganglia) have minor similarity in these two periods. On the other hand, ywt (wWater phase)
and ywc (water ganglia) are different both in value and in trend. For the total nonwetting
phase, Schliiter et al. (2016) also stated that the topology depends mainly on the process,
not on the system history. The main reason would be the stronger dependency of the
wetting phase connected pathway topology on the pore geometry and/or wetting and less
dependency of nonwetting phase topology on those parameters, as discussed in the
previous section. In case of the connected pathways, y is not reproducible before and after
invasion of upstream oil in neither of the water and oil phases.

IFT, wetting and ionic composition. Here, the implication of surfactant and ionic
composition is discussed. Figure 3 shows no immediate change in number of oil clusters
after switching to surfactant injection in step 5 (IFT 0.03mN/m). However, the number of
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oil clusters almost in the middle of step 5 starts to increase. This could be a sign of olil
solubilization by the surfactant. As shown in Figure 2 and Figure 3, yo for the total oil
phase, oil ganglia and connected pathway of oil level off in step 5 for a short time after
which they start increasing when the number of oil clusters starts increasing. Switching the
surfactant injection to step 6 (IFT 0.1mN/m) with NaCl as the only salt in the injected
solution causes a sharp increase in the number of oil clusters, yor and yoc. Time resolution
of 2 min is not sufficient to resolve the dynamics seconds after the composition change, but
the outcome of the composition change is visible in the mentioned parameters. Smooth
increase in Sy (See Figure 2) suggests that the observed behavior in step 6 is probably not
due to possible oil mobilization upstream out of the field of view of the camera. The sharp
increase in the number of oil clusters and yot by switching from LSS-NC (IFT 0.03mN/m)
to LSS-N (IFT 0.1mN/m) is also accompanied by a sharp increase in the ywr and yuwc (See
Figure 2 and Figure 3). An opposite behavior was observed for the connected pathway of
the water phase. The increase in yw is the most obvious change for the connected pathway
of water since start of the entire experiment. The change in the topology of the rather stable
connected water pathway can be a result of the possible change in the wettability. Step 6
(LSS2-N) is the first step in the entire imbibition without CaCl. in the injected solution. In
a previous work with the same rock type/oil/brine/surfactant system at similar wetting
conditions of strongly water wet (Khanamiri et al. 2016b), we observed that low salinity
surfactant with only NaCl (LSS-N) changed the wetting to less water wet more than the
surfactant solution with both sodium and calcium cations did (LSS-NC). It seems that the
ratio of Euler characteristic in the connected pathways of water and oil (ywr/yor) could be
used to qualitatively track changes of wettability (See Figure 4). Before surfactant
injection, ywp/xop is between 0 and 0.1. Afterwards it starts to variate sharply in surfactant
injections with different ionic compositions.
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Figure 3: Changes in no. of oil clusters (black markers/right vertical axis) are similar to changes in ywr.

The hypothesis of using ywr/xop t0 describe the wetting change should be examined by
further experiments. The major observation is that changing the ionic composition in the
surfactant injection does change the connectivity of the oil and water phases. Bartels et al.
(2017a) found that the wetting changes in low salinity water injection led to the
fragmentation and reconnection of oil in different pores. In another work, Bartels et al.
(2017Db) believed that the disconnection and reconnection of oil are characteristic of the
ganglion dynamics. However, it is not possible to decide if the fragmentation/connection
is driven by ganglion dynamics, the possible wetting change or both. We believe that the
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topology of connected pathways, particularly in wetting phase, largely depends on the pore
geometry and wetting. Since the pore geometry is fixed, the changes in topology of the
connected pathways could be due to the wetting change.
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Figure 4: Ratio of the Euler characteristic for connected pathways of water and oil (ywr/yor) VS time varies
with varying ionic composition of the injected surfactant (steps 5-8). Four trend lines indicate the sharper
changes at steps 6 & 8 (only NaCl) than at steps 5 & 7 (both NaCl & CacCly). This could be a sign of wetting
change.

CONCLUSIONS
In an unsteady state two-phase immiscible flow experiment and by analyzing topology of
the ganglia and connected pathways separately, we learned the following.

e The pore scale topology of fluids in two-phase displacement may be determined mainly
by the topology of the ganglia, and appears less affected by the topology of the
connected pathways.

e The ganglia and the whole phase (ganglia plus connected pathway) show hysteresis in
the topology in imbibition and drainage for both wetting and nonwetting phases. The
connected pathways of both wetting and nonwetting phases show however insignificant
hysteresis in the topology in drainage and the imbibition. Therefore, the hysteresis is
likely to be caused by the ganglia part of the phases.

e The topology change in the wetting connected pathway (ywp) seems to be dictated by
the pore geometry and the wetting changes. The topology of the connected pathway of
the wetting phase due to its affinity to rock may not change much unless the affinity
itself (wettability) has changed.

e Less dependency of the nonwetting phase topology on the pore geometry makes the
nonwetting phase topology a suitable criterion to study the displacement process
(reported also by Schluter et al. 2016).

e The ratio of the Euler characteristic for connected pathways of wetting (water) and
nonwetting (oil) phases seems to be a descriptor of the wetting change.
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