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Abstract: The efficiency of emulsion injection as an enhahoé recovery (EOR)
method is investigated in a synthetic porous medtomsisting of sintered bi-disperse glass
beads, which emulates the porosity and permealwlityeal oil-bearing rocks. Synthetic
seawater and an oil-in-water emulsion are succelysiised to displace a mineral oil which
initially saturates the porous space. Micro-CT iemgvith a 4 um resolution are acquired at
the end of the different stages of the processwtiter phase is doped with Kl to optimize the
contrast between the liquid phases. Thus, threexiional (3D) images showing the beads,
doped water and residual oil present a 3-modabtiiam. After denoising with a non-local
means filter, alignment and segmentation, the 3Bgies provide the spatial distributions of
the water and oil phases, and thus allow compahegpopulations of residual oil ganglia
prior to and after the injection of the emulsionisdal comparison of the spatial phase
distributions show that the oil droplets of the-wdter emulsion divert the water path,
mobilizing previously trapped oil ganglia. The pabidity density functions (PDFs) of
different geometrical properties of the trappedgaihglia (18ganglia with volumes spanning
6 orders of magnitude) after water injection shogll\wefined power law behaviors between
a size corresponding to the typical pore throattaatitypical of 10 typical pore volumes, and
a few very large clusters of sizes between 10%RrdlL0> typical pore volumes. The largest
of them alone accounts for 97% of the trappedTdie same PDFs after emulsion injection
demonstrate successful fragmentation of these feny karge ganglia, which in this case is
the key to efficient EOR procedure through divensaf the water flow by emulsion oil

droplets to less permeable regions.
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1 Introduction

Emulsions are mixtures of at least two liquids the¢ immiscible. In emulsions obtained
from two such liquids, one of the liquid phasessisis of droplets dispersed inside the other,
continuous, liquid phase. The flow of emulsiontigh porous media is of primary interest

in several scientific fields, including bioenginiegyr (Peng et al., 2011) and environmental

science where it occurs in subsurface applicatsuth as soil and groundwater remediation
(Jain, Vivek and Demond, 2002; Ouyang, Y and Mdn&3 and Rhue, 1995) and enhanced
oil recovery (EOR) (Arhuoma, Mohamed and Dong, Nimg and Yang, Daoyong and Idem,
2009; Mandal et al., 2010a; McAuliffe, 1973; Saretal., 1998).

In these applications, emulsions injected fromdbdace or formed in situ by the action of
natural surfactants (Feng et al., 2018; Jain, Vieekl Demond, 2002; Ouyang, Y and
Mansell, RS and Rhue, 1995; Yoon et al., 2016; Ataal., 2020) change the flow dynamics
inside the porous medium during oil displacemermt @ray lead to substantial increase in the
volume of oil recoveredMcAuliffe (McAuliffe, 1973) reported a pilot field test with
significant increase in the produced oil volumesathe injection of 0.4 pore volumes of an
oil-in-water emulsion. The results indicated tHa¢ sweep efficiency of water injection was
strongly enhanced following the injection of the usion, with lower-oil ratio in the
production wells. Field results presented by Bale{Bai et al., 2000) also demonstrated the
potential of emulsions as conformance agents their, capacity to improve the uniformity of
the flood front of the injected drive fluid. Variswcore flooding experiments confirmed that
injection of emulsions between two water floodirg® improve the oil recovery by 20% or
more (Demikhova et al., 2016; Kumar et al., 2012nklal et al., 2010b) .The mechanism
responsible for the improved oil displacement imesl the blocking by the emulsion’s
dispersed oil droplets of larger pore throats alyeawept by the water phase, which leads to
diversion of subsequent water flow to smaller pottest are still fully saturated by oil
(Mandal et al., 2010a; Soo et al., 1986; Soot arailke, 1986), thus improving the
homogeneity of the sweep (Chen et al., 2021; Pal.e2017) This diversion mechanism is
only efficient if the size of emulsion dropletsnstched to the pore throat width (Liu et al.,
2019) In oil-wet rock formations, dewetting of atlsorbed to rock surfaces by emulsification
is another observed mechanism of oil mobilizatidng et al., 2018%Guillen et al. (Guillen

et al., 2012) showed that emulsion flooding affemtslisplacement by the water phase in a



multi-scale fashion, by (i) lowering the mobility the injected fluid, which leads to a more
uniform macroscopic sweep, and (ii) better mobilaa of trapped ganglia, which leads to a
lower residual oil saturation. The multi-scale effas clearly reflected in the relative
permeability curves of oil and oil-in-water emuisi(a water phase containing dispersed oil
droplets) flow presented kigngelke et al. (Engelke, Bernardo and Carvalho, Marcio S and
Alvarado, 2013) and in the saturation maps presebjedeFarias et al. (de Farias et al.,
2016), which were obtained by X-ray tomography raftater flooding and emulsion. The
relative permeability curves of oil and an oil-irat®r emulsion have been used in reservoir-
scale models to study oil displacement by emulsigected or formedn situ (Arhuoma,
Mohamed and Dong, Mingzhe and Yang, Daoyong anth|&909; Ponce F. et al., 2014).
Baldygin et al. (Baldygin et al., 2014) proposed alternating wated emulsion injections to
maximize the oil recovery and minimize the amouhtemulsion injected. Most of these
studies were done at ambient pressure and temperatarious such studies focus on the
impact of the emulsion’s concentration (Zhou et 2018) and properties (Pang et al., 2019)
on the efficiency of oil recovery. Interesting asots of the current knowledge on emulsion
flows for EOR can be found in the following receewiew papers: refs. (Perazzo et al., 2018;
Zhou et al., 2019) while a review on spontaneouslsification in the context of EOR can be
found in ref. (Li et al., 2020)

The pore scale dynamics of emulsion flows in ponmeslia are particularly complex
since they feature both liquid-liquid interfacetatslities that are characteristic of immiscible
two-phase flow, and a non-Newtonian rheology. Diesfiie recent progress on emulsion
flooding, the pore scale mechanisms by which eronldroplets displace trapped oil ganglia
are still far from fully understood, which hindefall comprehension of macroscopic
emulsion flooding. Recent developments in flow wisation techniques and in the
fabrication of microfluidic devices have led to @der use of flow visualization at the pore
scale to gain detailed information on the multighfliew and spatial distribution of trapped
oil ganglia (Berejnov et al., 2008; Kumar Gundaakt 2011; Xu et al., 2017). Flow
visualization on porous media models using two-disn@nal (2D) micromodels have
improved the fundamental understanding of diffegm-phase flow phenomena related to
viscoelastic (Clarke et al., 2015) and wettabigffects (Avendario et al., 2019; Lee et al.,
2015; Zhao et al., 2016) in porous media flow. Heeve the simpler topology and pore
connectivity of 2D models may not allow them to twap entirely the physical phenomena
occurring in 3D (in particular, natural) porous n@edtructures, as previously demonstrated

for advective mixing (Heyman et al., n.d.; Turubetnal., 2019, 2018) which explains the



growing interest in 3D visualization measurementhods (Blunt et al., 2013).

Visualization and measurement of transport phenamen3D pore structures is
challenging. Nuclear magnetic resonance (NMR) (8grdt al., 2009; Sheppard et al., 2003),
confocal microscopy (Amber T. Krummel and SujitCaatta, 2009; Anbari et al., 2018; do
Nascimento et al., 2019), and X-ray micro-CT (Iglaet al., 2010; Oughanem et al., 2015)
have been used to visualize two phase flow and fihase distributions in 3D porous media.
To our knowledge, none of these measurement tegbsilgas yet been used to investigate oil
displacement by emulsion flow. Among them, X-rayxritomography (micro-CT) provides
the lowest spatial resolution and has been usetidcacterize the pore space, i.e. determine
the porosity, fracture network structure and miteaya of the pore walls (Bera et al., 2011,
Sok et al., 2010), to study phase distributionrafiié displacement processes (Feali et al.,
2012; Gunde et al., 2010; Iglauer et al., 2010; ltangm et al., 2015) and evaluate damage
caused in subsurface formations by the invasiodritiing fluids (Ma and Chen, 2014). In
this study, we use X-ray micro-CT to investigateutsion-based EOR.

X-ray tomography is a non-destructive techniqué pnavides the 3D distribution of a
sample’s absorbance (sometimes denoted opticalitgentius allowing to determine the
surface (whether internal or external) and interstalicture of a porous medium, and the
spatial distribution of fluids phases present snpgbre space, provided that their absorbances
are sufficiently different from each other. To fothre 3D image, the measurement process
consists in the acquisition of several 2D projediavhile the sample is rotated by small
regular angular intervals. Each of these projestiama radiography image of the sample
taken along the particular direction defined by shenple orientation; the grey levels in the
image represent the X-ray attenuation coefficidrthe material. During acquisition of each
projection, the X-ray beam is transmitted through sample along many different paths and
directions, and then reaches a scintillator, whiinsforms the beam into visible light
(Bouxsein et al., 2010). The light is captured kphato detector for each angular position of
the sample and the corresponding data is recordéteiform of a projection image relative
to that particular orientation of the sample wispect to the incoming X-ray beam. The data
acquisition is completed after rotation of the abjey 360°; the 3D absorbance distribution is
then reconstructed from the set of 2D projectioages.

In the present work, high-resolution X-Ray micro-@&Tused for the first time to
study displacement of oil by an oil-in-water emaisiin a consolidated porous medium.
Image processing of the 3D data, coupled to stlsanalysis of the trapped oil ganglia’s

geometric properties, evidence the pore-scale tomersion caused by oil droplets from the



injected emulsion, and allow for quantitative as@yof the resulting changes in the
population of trapped oil ganglia. The experimemtathod is described in section 2, while

the results are presented and discussed in s&ctBection 4 is the conclusion.
2 Experimental setup and procedure

2.1 Porous medium

Our model porous medium consisted of a consolidptating of glass spheres. A prismatic
qguartz column of square cross section (3 x 3 mrd)haght 12 mm was filled with a binary
mixture of borosilicate glass beads of diameters106 and = 250um (MO-SCI Specialty
Products, L.L.C) in equal volumetric parts. Thewnk fractions of the large and small
spheres were thug =Xy =0.5. The permeability of the porous medium waasneed from a
single-phase flow experiment using Darcy’s lawk te 8.8 D = 8.8 18° n’.

Emulsion injection is effective as a flow divergexgent when the dispersed droplet
size is larger than the pore throat (de Faria$. ,e2@16). So, in order to estimate the diameter
of the emulsion droplets that would best enhanteeabvery, it was important to estimate
the average pore throat diameter. In a monodisyggisere packing with spheres of diameter
d,, the pore size probability function follows a lagrmal distribution with a peak close to
0.4 X d, and largest pores close @38 X d,; the pore throat size varies frodrl5 X d,, to
0.25 x d,, (Roozbahani et al., 2014). Following Ref. (M.MothA. Teixeira, 2001), we
estimated the average particle diameter for a mepedse packing with the same
permeability of our bidisperse packing as the hammaverage ofl andD weighted by their

volume fraction (0.5 here):

_(Fot  Qoxo))TH (L, 1Y ~
dy= (2 +522) = (Z+2) =148.8um ~ 150 um (1)

Therefore, the typical pore size varies betwe@and120 pm, and typical pore throats vary
betweer25 and40 pum.

Note that the simple emulsion preparation mettsse (section 2.2. below) does not
provide control of the emulsion droplet size, anal tfor the emulsion flow to be efficient at
improving oil recovery, the largest pore sizes fbumthe medium have to be of same order
as the most likely oil droplet diameter in the esmuh (Liu et al., 2019) (see section 2.2.
below). Hence this constraint imposed the beadssizéhe setup. The resulting permeability
is one order of magnitude larger than that of trestpermeable oil reservoirs. However,

downscaling the emulsion’s droplet sizes and thedb®zes while ensuring that their ratio



remains identical would provide the same resulendé our results are relevant to EOR by

emulsion flows.

2.2 Fluids

The oil phase, which initially saturated the porausdium and was the dispersed phase of the
injected emulsion, was the paraffinic mineral oD05PS, code number OBLPOOSLT,
produced by Agecom Produtos de Petréleo Ltda.yitechic viscosity and density at 20°C
are respectivelys = 0.268 Pa.s and = 885.4 kg/m, and therefore its kinematic viscosityis

= 3.027x 10* m?/s; its surface tension (i.e., interfacial tensidith respect to air) ig= 30.2
mN/m. The water phase and the continuous phasbkeoinjected emulsion consisted of a
surfactant (STEOL CS-370, from Stepan Company)twiun synthetic sea water (see ref.
(American Society For Testing and Materials - ASTM141, 2013) for its compaosition).
The critical micelle concentration (CMC) of the faetant was determined experimentally
using Du Noly ring technique and the DCAT 25 temmter (from Dataphysics), by
measuring the interfacial tension as a functioswfactant concentration. The CMC found
was 0.036g per 100mL of synthetic seawater. Theaunation of the surfactant solution
used in all experiments was twice the CMC and thigase tension wawr = 31.2 mN/m. The
water phase also contained 1.7 g/10 mL of Potassiaide (KI) to improve the contrast
between the oil and the water phases in the expatahimages, as explained in section 2.5
below. The addition of Potassium iodide slightlylweed the value of the aqueous phase
surface tension taog = 28.7 mN/m. The interfacial tension between thheand the aqueous
phase used in the experiments (with KI) was= 0.9 mN/m. The properties of the liquids

used are summarized in Table 1.

Table 1. Summary of liquid properties.

Water phase Oil phase

Composition | Synthetic sea water ([44]) + paraffinic mineral oil 500 PS
0.072 g/100 mL STEOL CS-370
+ 1.7 g/10 mL Kl

) 1145.5 kg/m 885.4 kg/m
U 1.206 mPa.s 268 mPa.s
o 28.7 mN/m 30.2 mN/m

The oil-in-water emulsion was prepared by mixing thl and aqueous phases in



equal proportions by volume. Both phases were plasea small vessel which was hand
agitated vigorously for 15 seconds. The resultingpkét size distribution was measured by
laser diffraction using a Malvern Mastersizer 20P@rticle Size Analyzer coupled to a
Malvern Hydro 2000MU dispersing unit; it is shownFkigure 1. The time of agitation was
chosen such that resulting emulsion had dropleisn fi0 to 300um, with a peak in
volumetric distribution which was close to the kesg pore size diameter of 120n. The

dispersion procedure was able to generate emulgitthsepeatable characteristics.

10

% Volume

Drop Diameter [pum]

Figure 1: Droplet size distribution of the injecteittwater emulsion.

2.3 Immiscible multiphase displacement experiments

The experimental setup for the multiphase displagraxperiments is sketched in Figure 2.
Two Harvard Apparatus Withdraw Elite 11 syringe msnwere used to inject the fluids in
the synthetic porous medium. One of the syringes fillad with the aqueous phase and the
second with either the oil phase or the 50% by w@uwil-in-water emulsion, depending on
the step of the experimental procedure. All fluigsed in the experiment were filtered to
eliminate impurities in the system and unexpectéthats in the micro-CT images. Millipore

membranes with meshes of 0.22 um and 0.8 um werkfasthis purpose.
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Figure 2 — Experimental setup for fluid displac@meonsisting of two syringe pumps and a packinglass

spheres.

Initially, CO, was injected for approximately three hours to elate any air trapped
in the pore space. Immediately after the injecodiCO,, the aqueous phase was injected at
different flow rates, from2.7 x 1071° to 5.55x 10~° m®s. The pressure difference
measured as a function of the imposed flow rate wsed to evaluate the glass bead
packing’s permeability (see its value in sectiod 2bove). The porous medium, fully
saturated with the aqueous phase, was taken tmittre-CT setup for the first tomography
image (see section 2.4 below).

The aqueous phase was then displaced by injectirag a constant flow rate & =
20 pL/h until there was no aqueous phase flowing outhef porous medium. A second
tomography image, with an irreducible water satarain the porous medium, was recorded
after this step.

The oil phase was subsequently displaced by imgdtie aqueous phase at a constant
flow rate of Q = 20 uL/h until there was no oil flowing out of the glasad packing. The
capillary number, evaluated in terms of the aqugihase’s viscosity and interfacial tension
between the aqueous and oil phase, Gas= 7.4 x 10~7. The volume of oil trapped inside
the porous media corresponds to the remainingatiiration. A third tomography image was
acquired at this point.

The following step consisted in emulsion injectiofhe concentrated emulsion
(50%/vol) was injected at a flow rate Qf = 0.86uL/h while the continuous aqueous phase
continued to be injected @ = 20pL/h. This particular combination of flow rates wassen
such that the resulting emulsion injected in thasgl bead packing had a volumetric
concentration of 3%. The emulsion was injectedhis thanner during. = 3.125 h, which

corresponded to one pore volume of the porous medar 65uL). After the end of the



emulsion injection, the aqueous phase continudzktmjected until the oil phase flow out of
the porous media ceased entirely, which occurrest afore than two pore volumes of water

had swept the medium. A fourth tomography imageistipn was then performed.

2.4 3D Image Acquisition

A Zeiss-XRadia 510 Versa X-ray micro-tomograph (fFeg3) was used to obtain 3D images
of the glass bead packing at the different stageseoexperimental procedure, as described
above. This equipment combines traditional geomedtrmagnification controlled by the
source-sample-detector distances with optical ni@gtion provided by optical lenses fitted

with scintillators to convert X-rays to light. These of lenses allows imaging a smaller

volume of interest (VOI) with higher resolution.

X-ray source

Figure 3 — Internal view of ZEISS XRadia 510 Vergth mounted sample and connected tubing.

For the experiments described herein, a 4X lensusad, allowing the visualization
of the full cross section of the sample with a pbsiee of 4.6um. X-ray energy was set to 60
keV and 5W power. A suitable filter was used tous the well-known effect of beam
hardening. 1601 projection images were acquireal fll 360 sample rotation. Special care
was taken to guarantee that the connected tubirg) fleaible enough to allow for the
required rotation. To image the full height of tb@mple, the system was programmed to
automatically capture images at different heightsl atitch them together. The total
acquisition time for each complete 3D image wab@ars.

One of the difficulties in imaging water and oil byicro-CT is their low and similar
X-ray absorbance, which renders them very difficoltdiscriminate in the X-ray data. A



well-known solution (de Farias et al., 2016) isnmiex potassium iodide (KI) with water to
increase its absorbance. By varying the conceatraif Kl one can fine tune the system to
obtain good contrast between water, oil and thesgbeads. Tests were performed with five
different concentrations of potassium iodide forrD of synthetic sea water: 1.1, 1.3, 1.5,
1.7 and 2 g. The best contrast was obtained fog/LJ mL.

2.5 Image Processing and Analysis

The acquired 3D images were processed and analyzied the Dragonfly Pro software
(Object Research Systems, Montreal). As a pre-peneg step, the Non-Local Means filter
(Kervrann et al., 2007) was used to reduce noikés iE a very efficient low-pass filter that
preserves object edges. The effect of the filtshi®wn in Figure 4. In these images, oil, glass
beads and doped water appear dark grey, middleagr@yvery) light grey, respectively. The
impact on the image histogram is also shown. Iréglmeimage the peaks for glass beads and
water overlap and the valley between the peak®ifand glass beads is not very shallow.
Indeed, dark noise pixels inside the glass beasleasily mixed with pixels belonging to the
oil phase. After noise reduction, these effectsewmitigated and the separation between

phases was improved.

[ Tio0pm | [ Tioopm |

Fi.gure 4 — Images before (a) and after (b) thein 6f the non-local means filter. Qil, glassads and KI-
doped water appear dark grey, middle grey and Nghy grey, respectively. The insets show the desl
histograms of the corresponding images.

The following step was image segmentation, in whioé component phases were
discriminated from each other and from the backgdouGiven the very good contrast

achieved between oil, glass and doped water, alsimpnual thresholding procedure was

10



used based on the image’s grey level histogram mainbetween the three peaks
corresponding to the three phases. Figure 5a stimuesults of the segmentation procedure
with oil in red, the glass beads in green, anddtbyged water in blue. There is some remaining
overlap between the grey level ranges for the satid water phases, which corresponds to
the region shown in cyan in Figure 5a. However,must relevant phase for our study — oil —

Is accurately segmented as shown by the yellownastisuperimposed on the filtered image
in Figure 5b.

Figure 5 — (a)Segmentation of oil (red) glass bggosen) and doped water (blue). Cyan regions septehe
overlap between glass beads and water intensigerarib) The segmented oil phase is outlined iloyednd
superimposed onto the filtered image of Figure b.

Once segmented, the phases were quantified. Bobalghmeasurements such as total
volume and volume fraction for each phase, and ureagents specific to connected regions
such as volume, surface and various shape obsesyafére obtained. For the specific case
of oil recovery analysis, the distributions of vmle, surface area and aspect ratios of the oil

ganglia remaining in the porous medium were obthine

3 Resultsand Discussion

3.1 Visual comparison of 3D images and global changesin oil and water saturation

Figure 6 shows 2D Y-Z cross sections in the midiwar plane of the porous medium
at the irreducible water saturation (a), after fint water injection (b), and after emulsion
injection followed by water injection (c). Becaube glass beads are preferentially wetted by
water, the irreducible water was present as snagiid bridges between neighboring spheres,

as appears clearly in Figure 6a. The proportionghef sample volume occupied by the

11



phases, as obtained from the 3D images, were: Rdi8P6, oil 36.75% and matrix 60.72%.
The sum of the percentage of water and oil cornedpdo a porosity ap = 0.39. The initial
oil saturation was,; = 0.94 and the irreducible water saturation Wgs = 0.06.

After the first water injection, shown in Figure,&b preferred water path is clearly
visible, leaving large regions with trapped oil ppaThe amount of displaced oil was then
approximately 45% of the original oil volume. Thenraining oil saturation after water
injection wass®*”) = 0.51.

After the emulsion injection step (including comtius injection of water after
emulsion injection was completed), the aqueouselsamuch more widespread, as shown in
Figure 6¢c. The volume of remaining oil is clearlyuech reduced. The emulsion droplets
blocked previously formed preferential flow patlos the water phase, diverting the flux to
regions containing previously immobilized oil pha$be extra volume of oil displaced after

emulsion injection was approximately 32% of thegwral oil saturation, leading to a

remaining oil saturation of approximateﬂb(f;) = 0.22.

12



Figure 6 — 2D Y-Z cross sections of the sampleratiiicible water saturation (a), after water inpac(b) and
after emulsion injection followed by water injecti¢c). Oil appears dark grey, glass beads greydaped water

light grey.
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To obtain a more in-depth understanding of the c&dfeof water and emulsion
injection, further image processing and analysis performed on the 3D images. First, the 2
images were aligned manually in 3D using as refarem brilliant glass bead visible at the
surface of the sample. An automatic registratiacedure involving translation and rotation
was then used to allow voxel-per-voxel comparis@twieen them. Figure 7 shows the
resulting cropped and magnified view of the samg plane after first water and emulsion
injection. Residual oil is shown in red and greespectively. The strong impact of emulsion
injection is clearly visible.

Once aligned, the 3D images can be directly contpa® shown in Figure 7(c) where
a composite image shows the difference betweemwtbemages. Regions of the pore space
where oil is present after water injection, in Fgud(a), but does not appear in Figure 7(b),
which means that it has been removed or displageithdd emulsion injection (followed by
water flooding), are shown in red. Regions of tleeepspace where oil is present both in
Figures 7(a) and 7(b), thus corresponding to tlesemce of oil both before and after the
emulsion injection, are shown in yellow. These oagi correspond either to oil ganglia that
have not been displaced by the emulsion injectedt have been fragmented with one
fragment not having been displaced by the injectwwrthat have been displaced but replaced
by other ganglia. New ganglia created after emualsmgection (followed by water flooding)
are shown in light green; they most likely corresgpéo emulsion droplets among the largest,
which have been trapped by the medium upon injectibhe change in volume and
configuration of the trapped oil ganglia can thenalscurately measured. After the first water
injection, 10.51 mrh of oil remained in the medium. After emulsion éwlled by water

injection, this volume was reduced to 4.82 fnm

Figure 7 — A cropped, magnified view of a Y-Z plgag after water injection and (b) after emulsiojection.
Notice the accurate alignment between the imagesidRal oil is shown in red and green in (a) and (b
respectively. (c) Composite image showing diffeesnin oil localization between (a) and (b): regiaere oil
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is present in (a) but not in (b), are shown in relile regions where oil is present in (a) andgi® shown in
yellow, and new oil ganglia (present in (b) but imoa)) in light green,.

In Figure 8, 3D renderings of the medium and residil are depicted after first water
injection (top row) and emulsion injection followdxy water injection (bottom row). Oil
ganglia volume is color coded according to the ccblar underneath each image. In Figures
8a and 8c, the largest oil ganglion is shown in fEus ganglion was not included in the
color scale for volumes because it is at least 2 ¢oders of magnitude larger than all others
and would impair the visualization of the volumerigion of the remaining ganglia. In
Figures 8b and 8d, that largest ganglion is hidtiemallow for better visualization of the

others.

SecRec Oil Ganglia - Volume (Cubic millimeters) SecRec Oil Ganglia - Volume (Cubic millmeters)
— —
00000  0.0037 00075 00112 00150 00187 00225 00262  0.0300 00000 00037 00075 00112 00150 00187 00225 00262  0.0300

EOR Oil Ganglia - Volume (Cubic millimeters) EOR Oil Ganglia - Volume (Cubic millimeters)
C— L —
0.0000 0.0037 0.0075 0.0112 0.0150 0.0187 0.0225 0.0262 0.0300 0.0000 0.0037 0.0075 0.0112 0.0150 0.0187 0.0225 0.0262 0.0300

Figure 8 — 3D renderings of the medium (in grayd aih ganglia (in colors) after water injection ftoow) and
emulsion (bottom row). The largest connected ailgi@n in each case is shown in red (a and c) dddm (b
and d).

3.2 Statistical analysis of oil ganglia geometry

Statistical analysis of the geometrical featuresabped oil ganglia after water and emulsion
injection was performed in order to better underdtéhe mechanisms associated with olil
displacement during emulsion injection. These gddoat features include the volume,
surface, volume to surface ratio, and aspect dttbe ganglia. Below the typical pore throat
size of 40 um, the distributions of these geomdeatures appeared very sensitive to the
threshold used to segment the images. Thereforeha®e not to consider ganglia of volume
smaller than (4/3X20%) unt=344 voxel volumes, or ~1/27of the typical pore volumég, of
9295 voxel volumes (for pore diameters of 120 pifh)s is also consistent with the fact that
spherical ganglia of diameter smaller than thedsfopore throat would not remain trapped in
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the medium; they would be flushed out of it.

log;o N

logoN

Figure 1: Log-binned histograms of oil gangliauaks (a) and surface areas (b) at the end of water
emulsion injection. The bin is 0.02 for both histags.

Volumes of the oil ganglia: The log-binned histogram of oil ganglia volumes
(normalized by the typical pore volume) remainindghe sample after the first water injection
Is shown as solid black circles in Figure 9a. sk that the very large ganglion seen in red
in Figure 8a is at least three orders of magnitadger than each of all other ganglions in the

population. That single largest ganglion accouatsyiore than 97% of the residual oil. If one
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excludes it as well as the two next largest gangliaother ganglion sizes fall on a strikingly-
regular power law behaviofV /V,,;,)~%7%t%02  over 2.5 orders of magnitudes.q3 <
V/V, < 15). Such a power-law behavior has been observeangl@ trapped in sandstones
(Iglauer et al., 2012; Oughanem et al., 2015), hawve¢he ganglia sizes and the associated
size range were much smaller than the ones repbetedfor glass bead packing.

After the sample has been further flushed by thelgion and the subsequent water
flooding, the distribution of remaining oil ganglfblue stars in Figure 9a is modified in the
following manner: the largest ganglion, thoughl tilorders of magnitude larger than the
second largest, is 2.6 times smaller than beforpedk is observed betwehrglO(V/Vp) =
—0.5 andlog,,(V/V,) = 0, i.e. for ganglia radii varying frord.68R, = 82 um to120 um. It

probably results from an accumulation of dropldthe injected emulsion in the medium.

For ganglia volume in the range bk V /I, < 15, the distribution exhibits a power-

law behavior,(V /V,y) 1031902 which results from (i) the fragmentation of trerdest
ganglion into three large clusters of volumes eqwalk3, 92 and 9204 pore volumes,
respectively, and smaller ganglia present afterfitise water injection over a range of sizes
between 1 and 15 typical pore volumes, and (ii)ctbedescence of droplets from the injected
emulsion with oil ganglions of sizes in that raraged already present in the medium. This
means that the oil droplets from the injected eralspartly by coalescing with already
present oil ganglia, have managed to block theepeetial water paths and divert the
subsequent water phase flow, allowing it to fragtriea main oil ganglion. This is consistent
with the qualitative picture inferred from Figure 8

Surface areas of the oil ganglia: The histogram of oil ganglion surface are8s,
shows a behavior (Figure 9b) similar to that of tbumes (Figure 9a). The largest ganglion
present in the medium after water injection hauudase area more than three orders of
magnitude larger than any of the other ganglionkicly apart from the second largest
ganglion of surface 1580 times smaller than thieedaall fall on a power law behavior with
exponent -1.01+0.02, over two orders of magnitédeer the medium has been swept by the
emulsion and the subsequent water injection, trerain two ganglia of surface much larger
than the rest of the distribution, but smaller thle previously-largest ganglion, and more

ganglions in the intermediate surface ran@é um? < S < 10%° um?

, corresponding to a
power law of identical exponent (-1.01+0.02) ag titeserved prior to injecting the emulsion.
That power law forms from a shoulder in the plattthorresponds to a surfat@*¢¢ unt;

this is exactly the volume of a sphere of volurpeHence the interpretation of the ganglia’s
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surface distribution is fully consistent with ttwdtthe distribution of ganglia volumes.

Shape parameters of the oil ganglia: The morphology of the trapped oil ganglia can
be analyzed from the histograms of volume-to-serfeatio V/S, presented in Figure 10a.
Small values ofV/S correspond to elongated ganglia. After emulsiofecition, the
distribution is strikingly similar to what it wadtar the first water injection, except for the
appearance of a peak arouhg,,(V/S) = 1.04. That peak al//S =~ 11 is most likely
associated with almost spherical emulsion oil detgpbf the injected emulsion. A sphere has
a volume to surface ratio equal to the third ofdtdius, hence for it to be 11 pum, the sphere’s
diameter must be 66 um. This size is somewhatheffvialue estimated from to the peak in
Figure 8a (82 um, see above), but not overwhelmisgl(20 % discrepancy between them).

The histogram of the ganglia’s aspect ratios alsnged as a result of the emulsion
injection, as shown in Figure 10b. The populatidrganglia exhibits an increase at aspect
ratios between 0 and 0.4 after emulsion injectiamd( subsequent water flooding),
corresponding to elongated clusters. It could spoed to ganglia resulting from the
coalescence of ganglia that were already preserthenmedium prior to the emulsion

injection with either other similar ganglia whictotgdisplaced, or with injected emulsion

droplets.
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Figure 10 — Histograms of oil ganglia’s volume twface area ratio (a) and aspect ratio (b) aftéemand

emulsion injection. The histogram bins are 0.02bdth cases (but (a) is log-binned while (b) igdéinbinned).

Dependence of the cumulative oil volume of ganglia smaller than V on V: The

difference in size distribution and morphology isedtly linked to the remaining oil

saturation. To analyze in more detail the reductibthe remaining oil saturation associated

with the emulsion injection, Figure 11 shows a pibthe cumulative volume of all ganglions

smaller than a given ganglion as a function of gaatglion volume. The figure clearly shows

that for both displacement processes, the largasglpn has a dramatic impact on the
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volume of trapped oil and that emulsion injecticaduces the residual oil saturation by
breaking the largest oil ganglia into smaller orfésnsequently, the exponent of the power
law part of the curves (valid only over 1.5 ordefs magnitude) is more than doubled
between the two data sets.

These morphological changes of the ganglions cdénaiith a decrease of the global
saturation in oil of the porous medium. The chanigethe morphological attributes of oil
ganglia can be interpreted as follows: the emulsiwaep has contributed to fragmenting the
largest ganglion into ganglions of much smalleesjanany of which were small enough to

be swept out the porous medium.
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Figure 2 — Cumulative volume distribution of thkganglia after water and emulsion injection.
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Figure 3 — Histograms of the volumes of conneciédlusters that were present in the data measafted the
first water injection, here denoted as (i), butraoéseen in the data measured after emulsiontiojgdere
denoted as (ii) (black squares), and of connedtextezs that are present in (ii) but were not pnese(i) (blue

dots). The histograms bins are 0.2 for both curves.

Volumes of connected regions in combined images: It is also interesting to analyze
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the volumes of connected regions in images obtamedombining the 3D data recorded
after the first water injection (let's denote it @p for simplicity) and that recorded after
emulsion injection (denoted here as (ii)). Simyatb what is shown in 2D in Figure 7c, one
can consider the connected oil regions present)iand not in (ii), and conversely, the
connected regions present in (ii) but not in (ihe$e data are presented in Figure 12. They
look similar to the same plots for real oil gangbieesent in (i) and (ii) (see Figure 9a) but
feature steeper power laws, which means that imtlkeemediate size range between 1/30 and
15 typical pore volumes there are less larger etastompared to smaller clusters than in the
data (i) and (ii). This is consistent with clustefssizes towards the upper range of that
intermediate size range having been displaced aeg@tout of the medium preferentially by

the emulsion flow.

4 Conclusion

We investigated the displacement of oil throughtisgtic sea water flooding (secondary
recovery) followed by oil-in-water emulsion floodinand a second water flooding, in a
packing of bidisperse glass beads. The first time of high-resolution micro-CT to image
the fluid phases, associated to 3D image processidgstatistical analysis of the trapped oill
ganglia’s geometry at the end of the two stageB@RR, (i) injection of water injection and
(i) emulsion injection followed by second watendbing, demonstrated the efficiency of the
diversion mechanism induced by the emulsion flomd allowed quantifying the effect of
emulsion flooding on the trapped oil ganglia. Indlene spatial distribution, size and shape
of a vast population (~ 10,000) of these gangpansing a wide volume range (between 1/30
and 2.5 x 10° typical pore volumes), were compared between #taies after stage (i) and

stage (ii) of the EOR procedure.
Emulsion injection reduced the remaining oil volufran Sé‘;") = 0.51 after stage (i)

to Sé‘ﬁ’) = 0.22 after stage (ii). A well-defined power-law behaviwas obtained for the
probability density functions (PDFs) of gangliawwles and surface areas at the end of stage
(1), for ganglia sizes ranging between 1/30 andyptcal pore volumes, with only a couple of
much larger clusters present in the medium. Thesg large clusters, in particular the largest
one (> 97% of the residual oil saturation), arepoesible for most of the residual oil
saturation. The major stake for emulsion-based EQRerefore to block the largest channels
and thus divert the subsequent flow of water sdaoaagment that largest ganglion into

intermediate size ganglia which can be displacedbthe porous medium by the subsequent
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water flow. Comparison of the PDFs of ganglia voasnand areas after stage (ii) with those
after stage (i), demonstrates efficient breakugheflargest oil ganglia into smaller ones, thus
confirming the efficiency of the desired diversigifiect of emulsion droplets.

The distribution of ganglia aspect ratios is nottmaffected by stage (ii) of the EOR
procedure, but shows an increased presence of elmrgated resulting from the coalescence
of emulsion droplets with oil ganglia already prgse the medium. After emulsion injection,
the PDF for the volume to surface ratios of thegljandisplays a peak at 11 um, possibly
corresponding to a preferential size that is charatic of the emulsion.

Prospects to this study are numerous and inclustersytic studies of the effect of the
capillary number, the mean emulsion droplet sind, the water-to-oil ratio, on the efficiency
of emulsion-based EOR. These studies will be peréol on larger samples at a much coarser
resolution, since scales smaller than the mediwypical pore throat do not need to be finely

resolved. Ultimately, experiments will be perfornadreal rock cores.
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Highlights

* Synthetic porous medium was investigated at pore scale with micro-CT

* Qil recovery was quantified after water flooding and emulsion injection

e 3D images revealed the effect of trapping for oil ganglia and preferential paths for water

e Distribution of sizes and shapes of oil ganglia allowed quantifying the effect of emulsion
injection
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