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Abstract We have investigated the effect of wettability of carbonate rocks on the morphologies of

remaining oil after sequential oil and brine injection in a capillary-dominated flow regime at elevated pres-

sure. The wettability of Ketton limestone was altered in situ using an oil phase doped with fatty acid which

produced mixed-wet conditions (the contact angle where oil contacted the solid surface, measured directly

from the images, h51808, while brine-filled regions remained water-wet), whereas the untreated rock (with-

out doped oil) was weakly water-wet (h5476 98). Using X-ray micro-tomography, we show that the brine

displaces oil in larger pores during brine injection in the mixed-wet system, leaving oil layers in the pore

corners or sandwiched between two brine interfaces. These oil layers, with an average thickness of 476 17

mm, may provide a conductive flow path for slow oil drainage. In contrast, the oil fragments into isolated oil

clusters/ganglia during brine injection under water-wet conditions. Although the remaining oil saturation in

a water-wet system is about a factor of two larger than that obtained in the mixed-wet rock, the measured

brine-oil interfacial area of the disconnected ganglia is a factor of three smaller than that of oil layers.

1. Introduction

Two-phase flow in porous media is a complex pore-scale phenomenon, which has many applications

including oil recovery from reservoirs, subsurface nonaqueous phase liquid (NAPL) contaminant transport

and remediation, and effective geo-sequestration of CO2 to address global warming [Honeyman, 1999;

Shaffer, 2010; Morrow and Buckley, 2011]. Wettability, characterized by the contact angle at the three-phase

contact line, is a key parameter that controls the flow pattern and pore-scale dynamics of immiscible dis-

placement [Cieplak and Robbins, 1988, 1990; Trojer et al., 2015]. In a water-wet porous medium, water flows

through smaller pores and corners leaving behind a fraction of oil ganglia in the centers of larger pores

held in place by strong capillary forces [Chatzis et al., 1983; Schnaar and Brusseau, 2005; Al-Raoush, 2009;

Singh et al., 2011; Iglauer et al., 2012]. The trapped nonwetting phase ganglia can occupy one to many pores,

with a power-law distribution of size, consistent with percolation theory [Iglauer et al., 2010, 2012; Andrew

et al., 2014a].

Most reservoir rocks are likely to have an altered wettability due to the deposition of asphaltene on solid

surfaces exposed to crude oil [Kovscek et al., 1993]. During primary oil migration, oil invades the wider pore

spaces. Where the oil directly contacts the surface, these surfaces may become oil-wet. Smaller pores and

the corners of the pore space remain water-filled and water-wet, creating what we term here a mixed-wet

system. When water is injected into the pore space to displace oil, oil layers may form, sandwiched between

water in the water-wet corners of the pore space and water occupying the centers. Oil recovery under these

mixed-wet conditions has been reported to increase with increasing number of pore volumes of brine injec-

tion, due to slow drainage through these layers [Salathiel, 1973]. This is in contrast to a water-wet system in

which most of the oil is recovered up to water breakthrough.

The advent of pore-scale imaging using X-ray micro-tomography has allowed fluid configurations to be

seen directly in rock samples. Imaging has been applied to the study of dynamic displacement [Berg et al.,

2013; Andrew et al., 2015] and water flooding in a complex carbonate rock [Pak et al., 2015]. For a recent

review on this imaging technique for immiscible fluid flow in porous media, refer to Wildenschild and Shep-

pard [2013]. Most of the available literature has focused on imaging two-phase flow in water-wet porous

media, and only a few studies have been conducted under mixed-wet conditions. Although layer flow in a
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mixed-wet system has been predicted and used in many theoretical and simulation studies [Blunt, 1997,

2001; Valvatne and Blunt, 2004; Piri and Blunt, 2005; van Dijke and Sorbie, 2006; Ryazanov et al., 2010], it has

not been experimentally investigated and visualized in realistic three-dimensional porous media. Here, layer

flow refers to the flow of oil through connected oil layers that are sandwiched between water in the center

of the pore space and water in the corners [Kovscek et al., 1993; Blunt, 1997]. An indication of oil-spreading

layers for a three-phase (water-oil-gas) fluid system has been observed in a sandstone using a high attenu-

ating oil phase [Feali et al., 2012].

There are three studies which have used X-ray micro-tomography to investigate residual oil in fractionally

wet and oil-wet media at ambient conditions [Al-Raoush, 2009; Kumar et al., 2010; Iglauer et al., 2012]; how-

ever, the wettability and contact angle of these systems were not well defined. The wettability was altered

either by chemically treating the sand and then mixing the treated and the untreated sand particles to cre-

ate fractionally wet porous media [Al-Raoush, 2009], by ageing sandstone rock samples with crude oil [Igla-

uer et al., 2012] or by creating patched wetting conditions by freezing the initial water and chemically

treating the rest of the core [Kumar et al., 2010]. Al-Raoush [2009] and Iglauer et al. [2012] have reported a

lower oil saturation in a fractionally wet and a mixed-wet porous medium after water flooding compared to

that in a water-wet porous medium, however, Kumar et al. [2010] reported a slightly higher value of residual

oil for patched wettability. These contrary observations clearly show gaps in the available literature; there-

fore further studies are needed to be conducted under controlled experimental conditions to understand

the behavior of two-phase flow in mixed-wet porous media.

In this work, we use X-ray micro-tomography to conduct in situ experiments on the entrapment of oil and

oil layer formation as a function of wettability. We demonstrate the existence of pore-scale oil layers in a

mixed-wet carbonate rock at reservoir pressure and ambient temperature. Firstly, we describe the experi-

mental procedure for creating both water-wet and mixed-wet systems: we dope the oil with fatty acids

which render the solid surfaces in contact with oil strongly oil-wet. We then perform oil flood and brine

flood experiments to compare images of fluid distributions acquired under mixed-wet conditions with an

untreated, water-wet system. We analyze oil morphologies, interfacial curvatures, contact angles, brine-oil

interfacial area and residual/remaining oil saturation and show that substantial differences in these parame-

ters exist between the two wettabilities. For mixed-wet systems, we perform throat invasion analysis in

both oil and brine flooding, and relate the fluid occupancy to the throat size.

2. Materials and Methods

2.1. Materials

The experiments were conducted on 5 mm diameter and 25 mm long Ketton limestone rock samples from

the Ketton quarry, Rutland, UK, which contains >99% calcite [Andrew et al., 2014b]. These samples were

cleaned with methanol using Soxhlet extraction apparatus for 24 h, followed by drying in a vacuum oven at

1008C for 24 h. A solution of 7 wt% potassium iodide (KI) salt (puriss, 99.5%, Sigma-Aldrich, U.K) in deionized

water was used as aqueous phase, which provided an effective contrast between brine, oil and rock phases.

Decane (ReagentPlus, �99%, Sigma-Aldrich, U.K.) and 0.01 M solution of stearic acid (Grade I, �98.5%,

Sigma-Aldrich, U.K.) in decane (hereafter called doped-decane) was used as the oil phase for water-wet and

mixed-wet systems respectively. Decane was filtered four times through a column of aluminum oxide pow-

der to remove surface active impurities and to obtain a stable brine-oil interfacial tension [Goebel and Lun-

kenheimer, 1997].

The interfacial tension between brine-decane and brine-doped decane was measured to be 40.386 0.12

mN/m and 13.416 0.14 mN/m respectively at 21.98C using the pendant drop method [Andreas et al., 1937;

Stauffer, 1965]. The density of brine and decane was measured to be 1052.16 2.2 kg/m3 and

726.56 1.2 kg/m3 respectively at 228C.

2.2. Experimental Method

2.2.1. Sample Preparation and Core Saturation

The flow loop of the apparatus is shown in Figure 1. The experiments were conducted in a Hassler type

flow cell made of carbon fiber that is nearly transparent to X-rays [Andrew et al., 2014a]. The cylindrical

sample was placed in a Viton sleeve which was attached to metal end pieces on both sides of the sample.
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The metal end pieces were fitted to PEEK tubes making a flow loop with brine and oil injection pumps

along with a receiving pump. After loading the sample, the rock was flushed with CO2 to displace air fol-

lowed by 80–100 pore volumes (PV) of brine injection at 0.1–0.2 mL/min to remove CO2 dissolved brine,

ensuring 100% brine saturation. The pressure in the brine and the confining fluid (deionized water) was

then raised to 10 MPa and 11.2 MPa respectively. A higher confining pressure was used to confine the Viton

sleeve in which the sample was mounted to avoid any fluid bypassing along the walls of the rock sample.

2.2.2. Oil Injection (Drainage)

During oil flooding, the oil pump maintained the pressure of the system (10 MPa), while the receiving

pump pulled the oil through the core at a constant flow rate of 15 mL/min corresponding to a macroscopic

capillary number (Nc5vm/r, where v is the average velocity of the invading fluid, l is the viscosity of the

invading fluid and r is the brine-oil interfacial tension) of 2.2 3 1027 and 7.6 3 1027 for decane and

doped-decane respectively, representing a capillary-dominated flow regime. A total of 14–20 pore volumes

of oil were injected. The rock sample was then imaged with a voxel size of 6.4 mm at 2–3 vertical locations

(which were then stitched together for a larger image) using a Zeiss Xradia 500 Versa 3D X-ray microscope

with 80–100 kV and 7–9 W settings. All the experiments were conducted at ambient temperature (20oC).

2.2.3. Rock Ageing for Mixed-Wet Conditions

In the case of the doped-decane after oil injection, the system was left overnight (12–16 h) for ageing to

alter the wettability of the oil-filled pore spaces. The change in wettability occurs due to the attraction of

negatively charged tail of stearic acid in decane to the positively charged calcium ions, forming a layer of

calcium stearate that offers strong oil-wet conditions [Hansen et al., 2000; Hamouda and Rezaei Gomari,

2006]. This treatment provides us with a mixed-wet system with the larger oil-invaded pores becoming oil-

wet, while smaller pore spaces and the corners remain water-wet.

2.2.4. Brine Injection

During brine injection, the flow was reversed for both experiments (i.e., decane and doped-decane), the

brine was supplied from the base for 18.5–19 PV at a constant flow rate of 15 mL/min corresponding to a

macroscopic capillary number of 1.73 1027 and 6.1 3 1027 for decane and doped-decane respectively. The

3D tomograms were recorded at the same locations (where tomograms were recorded after drainage) with

Figure 1. Experimental apparatus. Oil and brine pumps were used for maintaining fluid pressure (10 MPa) during oil and brine injection

respectively, while the receiving pump was used to pull the liquids through the core at a constant flow rate of 15 mL/min. The confining

pump maintained a pressure of 11.2 MPa confining the Viton sleeve in which the sample was mounted.
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a voxel size of 6.4 mm (1400–2400 projections) for phase saturations, curvature analysis and pore-throat parti-

tioning. For water-wet and mixed-wet studies of contact angle and oil layer thickness, tomograms were

acquired with a voxel size of 2 mm (2800 projections) and 2.5 mm (2200 projections) respectively.

For the mixed-wet experiment, the sample was further flushed with the brine for a total of 37 PV and tomo-

grams were recorded with a voxel size of 6.4 mm, to observe the reduction in remaining oil saturation with

subsequent brine injection.

2.3. Image Processing and Analysis

The tomograms were reconstructed using proprietary software provided by Zeiss and processed using

Avizo-9 software unless otherwise specified. The tomograms were preprocessed to remove distorted outer

regions and external walls (Figure 2a) and filtered with a nonlocal means edge preserving filter [Buades

et al., 2005, 2008] (Figure 2b). Multiple tomograms recorded at different locations along the vertical axis

were stitched together to obtain a total height of 10.7 mm, the center of which was at 10.5 mm from the

base of the 25 mm rock sample. The total size of the complete image was 999 3 1018 3 1669 voxels and

1000 3 1020 3 1669 voxels for the water-wet and mixed-wet systems respectively. The tomograms were

then segmented into three phases (solid, oil and brine) with a seeded watershed algorithm based on the

grey-scale gradient and grey-scale intensity of each voxel (Figure 2c). A sensitivity analysis of the segmenta-

tion process was performed based on variation in intensity thresholds. The segmented data were analyzed

for quantifying spatial distribution and volumes of each phase. The oil phase was isolated and each discon-

nected component was then labeled to perform cluster size distribution analysis as well as to visualize it in

three dimensions. For brine-oil interfacial area measurements, first all the phase boundaries were detected,

i.e., brine-oil, brine-rock and oil-rock. The brine-oil phase boundaries were then isolated from the rest. The

interfacial area was calculated by measuring the area of the surface labeled as the brine-oil interface.

2.3.1. Contact Angle Measurement

The effective contact angle was estimated from higher resolution images (voxel size5 2 mm) using the

method described in Andrew et al. [2014c]. First, the three-phase contact line was extracted from seg-

mented data (Figure 3a), and it was then overlain on the filtered tomogram (Figure 3b). The filtered tomo-

gram was realigned in the direction of red arrow in Figure 3b so that the image plane was perpendicular to

Figure 2. Image processing and segmentation. (a) Two-dimensional horizontal cross section of a raw tomographic image with a voxel size

of 6.4 mm. Here, black, grey and light grey represent oil, brine and Ketton rock respectively. (b) The data set was then filtered using nonlo-

cal means edge preserving filter. (c) The filtered image was segmented into three phases using watershed algorithm. Here, red, blue and

yellow represent oil, brine and Ketton rock respectively. (d–f) Zoomed up sections of high-resolution images (voxel size5 2 mm).
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the contact line (Figure 3c). The selection of the points for image realignment was made where the contact

line was approximately straight to obtain a precise perpendicular plane. The image was then resampled

and the contact angles were measured as shown in Figure 3d. The contact angle measurements were con-

ducted at 100 locations randomly selected along the three-phase contact lines.

2.3.2. Brine-Oil Curvature Analysis

The brine-oil and the overall oil surface curvatures were obtained by creating best fit quadratic surfaces at

each point on the smoothed surface generated from the segmented data [Armstrong et al., 2012; Andrew

et al., 2014b]. Figure 4 shows the curvature mapping routine for an oil ganglion in a water-wet system. First,

the curvature distribution of the oil in contact with the rest of the phases was obtained (Figures 4a and 4b),

and then the oil-brine curvature was extracted by isolating the boundaries of brine-oil interface (Figures 4c

and 4d). A Gaussian model using a trust region algorithm was fitted to the brine-oil distribution [Conn et al.,

2000]. In the case of a mixed-wet system, the brine-oil curvature was estimated on various subsets (of the

segmented data) that were randomly selected at different locations along the height of the sample.

2.3.3. Pore-Throat Partitioning

The pore-throat partitioning workflow is shown in Figure 5. The pore space of the segmented image (Fig-

ures 5a and 5c) was isolated, which was then separated into individual pores by computing watershed

basins on a Euclidian distance map of the pore-space (Figures 5b and 5d). The surfaces between individual

pores were labeled as throats. The diameter of each pore and throat was obtained by calculating the diame-

ter of the maximum inscribed sphere in that throat [Dong and Blunt, 2009]. Figure 5e shows the pore and

throat size distribution of the Ketton rock sample that was used in the mixed-wet experiments.

For pore-throat partitioning of the brine invaded pore spaces after brine flooding, the invaded brine was

isolated by subtracting the initial brine (obtained after drainage) from the total brine (obtained after brine

flooding). The invaded brine image was then dilated by two voxels. The rock phase was then applied as a

mask on this image. Pore-throat partitioning was then conducted on the resultant brine image. To obtain

the throat size distribution of the oil-filled pore spaces after drainage, the oil was isolated from the image

and the same image processing routine was applied.

Figure 3. Contact angle estimation. (a) The segmented data were processed to identify three-phase contact line (yellow). (b) The extracted three-phase contact line was applied onto

the filtered image. (c) The data were then realigned perpendicular to the contact line. The image was rotated in the direction of red arrow in Figure 3b to obtain a plane perpendicular

to the contact line. (d) The contact angle was measured from the resampled image at the point where the plane was rotated.

Figure 4. Curvature mapping. (a) The segmented oil ganglion (white) in the pore space (semitransparent grey). (b) Curvature of the ganglion obtained by creating best fit quadratic

surfaces from the voxelized image. (c) Curvature of brine-oil interface which was isolated from the oil-rock interfaces. (d) Histograms of the curvature measurements of Figures 4b and 4c

shown in black and red respectively.
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3. Results and Discussion

3.1. Oil Morphologies in Mixed-Wet Systems

3.1.1. Oil Morphology After Primary Oil Injection in Mixed-Wet Systems

Figure 6a shows a two-dimensional vertical cross section of the reconstructed tomogram after oil flooding.

Three-dimensional rendering of the oil phase (Figure 6b) shows a well-connected percolating oil cluster

(blue) with a few isolated oil ganglia (shown in different colors), as observed in previous work imaging fluid

distributions after primary drainage [Roof, 1970; Berg et al., 2013]. From the analysis of the segmented tomo-

grams (low-resolution data with a voxel size of 6.4mm), we obtained an initial oil fraction of 0.5946 0.009, of

which 96.7% is contributed by the largest percolating cluster. Figure 6c shows the brine-oil (connected oil)

curvature distribution of various subsets (SS1–SS6). An example of the three-dimensional curvature maps of

a subset SS5 is shown in Figure 6d. A positive brine-oil curvature distribution confirms the nonwetting oil

conditions obtained during oil injection. The fitted peak positions of the curvature distributions range from

0.0183 mm21 to 0.024 mm21 (corresponding to a capillary pressure of about 491 Pa to 644 Pa), with most of

them close to 0.022 mm21, corresponding to a capillary pressure of 590 Pa. For capillary-controlled displace-

ment in equilibrium, all the interfaces of the connected oil cluster have equal curvatures; however, the lim-

ited imaging resolution and noise in the tomograms may be the reason for the small variation in the

measurements.

3.1.2. Oil Morphology After Brine Injection in Mixed-Wet Systems

After 19 pore volumes of brine injection, the oil recovery in the mixed-wet case is found to be 73.8% of the

original oil volume, corresponding to a remaining oil saturation of 0.1526 0.004. Further injection of brine

up to 37 pore volumes reduced the oil saturation slightly to 0.1476 0.005, which indicates that there is a

slow drainage of oil from the system. These values are close to the residual saturation of 0.188 obtained by

Iglauer et al. [2012] using crude oil after 10 pore volumes of brine injection into a Clashach sandstone sam-

ple. By contrast, Kumar et al. [2010] obtained a higher value of residual saturation 0.346 after 7–10 pore vol-

umes of brine injection into a sucrosic dolomite sample, which is even larger than that obtained in their

strongly water-wet system (0.286). The possible reason for their higher residual saturation in the mixed-wet

system could be due to the patched wettability that was created before conducting drainage and water-

flooding experiments. The patched-wetting conditions in the rock might have led to unstable oil layers and

their rupture, and therefore leading toward the trapping of significant amount of oil after brine injection.

The distribution of oil in the pore space after 19 pore volumes of brine injection is shown in Figures 7a and

7b. The remaining oil forms thin sheet-like structures, as observed previously by Iglauer et al. [2012]. The

colors in the image represent disconnected portions of the oil phase. However, a careful slice-by-slice

inspection of the high-resolution tomogram with a voxel size of 2.5 mm, which was captured at 2.5 mm

from the sides (xy) and 3.2 mm from the base (z) of the larger imaged volume, shows that the oil is

Figure 5. Pore-throat partitioning. (a) Two-dimensional cross section of a two-phase segmented subset of the tomogram with pore space

(blue) and rock (black). (b) The pore space was isolated and partitioned into pores and throats. (c) and (d) show the three-dimensional ren-

dering of Figures 5a and 5b. The rest of the phases are transparent. The different colors in (d) represent individual pores. The interfaces

between individual pores were labeled as throats. (e) The pore (red) and throat (black) size distributions of the Ketton rock sample used in

the mixed-wet experiments. The pore-throat partitioning analysis was conducted on tomograms with a voxel size of 6.4 lm.
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connected throughout the imaging window in the form of thin oil layers located in the pore corners and

sandwiched between two brine interfaces which are not resolved in the lower resolution image. This is fur-

ther discussed in the later part of this section and explained in Figure 8. Based on the qualitative analysis

from the high-resolution image, we hypothesize that the oil layers are connected throughout the porous

medium, which could provide a conductive path for slow oil drainage with further injection of brine.

From the analysis of ten equal subsets (999 3 1018 3 337 voxels) created along the height of the sample,

we observe a lower initial oil saturation (Soi) near the base of the image which resulted in a lower remaining

oil saturation (Sorem) at the base after brine injection. This is shown in Figure 7c. The porosity is nearly con-

stant at all the locations. The variation in the trend in initial oil saturation particularly near the base is linked

to the heterogeneity in the flow field during oil injection: Ketton limestone is known to have heterogeneous

flow field as a result of pore-space heterogeneity [Bijeljic et al., 2013]. The variation in the remaining oil satu-

ration in the pore spaces after brine injection is explained by the throat size analysis in section 3.1.3. Figure

7d represents the remaining oil saturation as a function of initial oil saturation in subsets SS1–SS10. Except

for the subset SS1 (at the base of the image), we observe an increasing trend in the remaining oil saturation

with initial oil saturation up to about Soi5 0.5, and then a decreasing trend with further increase in Soi. This

is similar to results on core samples reported in the literature which was explained in terms of the stability

of oil layers [Salathiel, 1973; Tanino and Blunt, 2013].

Figure 8a shows a high-resolution image of the region where after brine flooding the oil appears to bulge

into the brine. Comparing the same location at low-resolution, at the beginning of brine flooding, it is found

that this brine-oil interface was established by primary drainage. Increasing the brine pressure during brine

flooding did not appear to perturb the interface, which indicates that the brine cluster could be isolated

from the rest of the brine. This could occur if the connected brine films and layers (molecular- to nano-scale

[Schmatz et al., 2015]) rupture during wettability alteration [Blunt, 1997] leaving a disconnected brine clus-

ter/pool surrounded by oil. We have identified six such locations in the sample where the brine was iso-

lated, by conducting label analysis, i.e., labeling disconnected components of the brine phase in different

colors.

Figure 6. Primary oil injection in a mixed-wet system. (a) Two-dimensional vertical cross sections of a filtered tomographic image. Here,

black, grey and dark grey color represent oil, rock and brine respectively. (b) Three-dimensional rendering of the oil phase. Brine and rock

are transparent for effective visualization. The arrows indicate the direction of flow. Blue represents the connected oil cluster, while other

colors represent disconnected oil clusters. (c) A plot of the Gaussian fit to the brine-oil interface curvature distributions of the connected

oil cluster. SS1–SS6 represent small subsets of the connected oil cluster at different locations. (d) An example of the curvature maps (three-

dimensional surface view) of the brine-oil interfaces of SS5. Here blue represents low curvatures while red represents high curvatures. Oil-

rock contact regions are shown in grey, which were ignored in this analysis. Brine and rock surfaces are rendered transparent and semi-

transparent respectively for effective visualization. The data analysis was performed on 6.4 mm voxel size tomograms.
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Figure 8b shows a location where the brine invaded the oil-wet pores. The shape of the brine-oil interface

here clearly shows strong nonwetting brine conditions with a contact angle h51808 (measured through the

brine phase). There appears to be a wetting oil film separating the brine and the rock surface. These films

are absent where the initial brine was in place after oil flooding (compare with Figure 8a). The brine invades

the middle of the pore space leaving behind oil layers, by which we mean thicker structures where oil col-

lects in the pore corners. These oil layers can also exist between two brine interfaces. This can be seen in

Figure 8c where the oil layer was sandwiched between initial brine (without oil films) and the invading

brine.

Figures 8d–8g show an example image of the pore space where such sandwiched and corner oil layers are

formed in oil-wet portions of the mixed-wet system. The rock is rendered semitransparent for the effective

visualization of the liquids (Figure 8d). The oil (yellow) as a nonwetting phase invades the larger pores ini-

tially filled with brine (blue) during oil injection (Figure 8e). After ageing, the wettability of the oil-filled

Figure 7. Brine flooding in a mixed-wet system. (a) Two-dimensional vertical cross section of the filtered tomogram after brine injection.

Here, black, grey and dark grey represent oil, rock and brine respectively. (b) Three-dimensional rendering of the oil phase. The rest of the

phases are transparent for effective visualization. The different colors represent disconnected components of the oil phase. (c) Vertical sub-

sets along the height analyzed for porosity and initial and remaining oil saturation. Dashed blue and red lines represent the overall initial

and remaining oil saturation in the complete tomogram respectively. (d) A plot of remaining oil saturation as a function of initial oil satura-

tion in various subsets along the height of the sample. The data analysis was performed on 6.4 mm voxel size tomograms.
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portion of the pore space changes to oil-wet. During brine injection, the brine invades the center of the oil-

wet pore spaces as a nonwetting phase (Figure 8f), leaving wetting layers of oil (yellow) in pore corners and

sandwiched between two brine interfaces, e.g., marked by red arrows (Figure 8g). Our measurements indi-

cate that the thickness of these oil layers, which was measured from the two-dimensional cross sections of

the high-resolution raw tomogram (voxel size5 2.5 lm), can extend up to 109 mm, with an average value of

476 17 mm. A histogram of the oil layer thickness is shown in Figure 8j. The oil layers in this example image

are connected which is consistent with the observation from the high-resolution raw images. This gives us

a confidence to hypothesize that they are connected throughout the pore space, even if this was not cap-

tured in the low resolution images. Oil can slowly drain through these layers, resulting in lower oil saturation

after many pore volumes of brine injection. We see the effect of the layer flow where the oil saturation

decreased from 0.152 to 0.147 with 18 pore volumes of brine injection, indicating the low but finite conduc-

tivity of the oil phase. The oil layers are expected to reduce in size and eventually rupture with decreasing

capillary pressure (increasing brine pressure) [van Dijke and Sorbie, 2006; Ryazanov et al., 2014].

The curvature map of the invading brine in the pore space presented in Figure 8d is shown in Figures 8h

and 8i. A positive curvature with respect to the brine phase indicates that the brine invades the oil-wet pore

Figure 8. Oil layer formation in a mixed-wet system. (a) Interfacial curvature between brine and oil. Here black, dark grey and grey repre-

sent oil, brine and rock respectively. Here the oil appears to bulge into the brine, indicating a local positive capillary pressure. (b) Brine

invasion into an oil-wet pore with h51808. Oil layers in the pore corners are clearly visible. Oil also stays as thin films between the brine

and the rock surfaces. (c) An oil layer sandwiched between initial brine and the invading brine. Figures 8a–8c were acquired at high-

resolution with a voxel size of 2.5 lm. (d–g) The process of brine invasion and oil layer formation in a wettability altered (oil-wet) pore of a

mixed-wet system. Here, the rock is rendered semitransparent. (d) Rock surfaces (semitransparent) and pore spaces (transparent). (e) The

pore-scale distribution of fluids after oil flooding. Brine and oil are shown in blue and yellow respectively. (f and g) The same pore after

brine flooding. After ageing, the surfaces in contact with oil (in Figure 8e) altered their wettability to oil-wet. Brine as the nonwetting phase

invaded the center of the pore (Figure 8f) leaving oil (yellow) as wetting layers in the corners and sandwiched (S-layer) between brine

interfaces (Figure 8g). Dashed blue arrows indicate the direction of brine invasion. (h) Brine-oil curvature maps of the invaded brine. Blue

represents low curvatures while red represents high curvatures. (i) The plot of curvature distribution of four different subsets. The analysis

in Figures 8d–8i was conducted on low-resolution images (voxel size5 6.4 lm). (j) Oil layer thickness distribution estimated from the high-

resolution filtered tomogram (voxel size5 2.5 lm).
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space as a nonwetting phase. The peak posi-

tion of the measured curvatures in these

subsets is 0.015886 0.0007 mm21, corre-

sponding to a capillary pressure of

2425.96 18.8 Pa: the negative values indi-

cate that the brine pressure is higher than

the oil pressure. These curvatures are meas-

ured at the static interfaces after the conclu-

sion of a brine flood.

3.1.3. Pore-Throat Invasion During Oil and

Brine Injection in Mixed-Wet Systems

The throat size distribution of the oil-invaded

pore spaces after oil injection is shown in Fig-

ure 9 (green bars), with a mean value of

52.4 mm. The size distribution of oil-invaded

throats covers the right hand side of the overall

throat size distribution (with a mean value of

40.32 mm) shown in dotted-black (also in

Figure 5e), which indicates that the oil as a non-

wetting phase invades through larger throats

during drainage.

The size distribution of brine-invaded throats (initially filled with oil) after brine injection (blue bars), with a

mean value of 65.31 mm, covers the right hand side of the oil-filled throat distribution curve (green bars).

From this analysis, it is clear that the brine as a nonwetting phase invades only the larger available oil-wet

throats during brine injection, and smaller throats remain oil filled, since they require a lower (more nega-

tive) capillary entry pressure to fill.

Figure 9. Throat invasion analysis in a mixed-wet system. The overall

throat size distribution is shown in dotted-black. Oil filled throats after oil

flood are indicated by green bars. After brine flood, the throats (initially

filled with oil) invaded by brine are marked in blue.

Figure 10. Water-wet system. (a) and (b) Three-dimensional renderings of the oil phase after oil and brine injection respectively. Brine and

rock phases are transparent for effective visualization. The arrows marked on the images indicate the direction of flow during fluid injec-

tion. Different colors represent disconnected oil ganglia. (c) Volume rendering of oil ganglia (yellow) trapped in single pore bodies. The

rock is rendered semitransparent and brine transparent for effective visualization. It is clear that in a water-wet system, the trapped ganglia

occupy the centers of the pores while the corners are filled with brine. (d) Equilibrium contact angle distribution obtained from three-

dimensional tomograms. The mean of the distribution is 478, indicating weakly water-wetting conditions. Figures 10a–10c were produced

from low-resolution tomograms (voxel size5 6.4 lm), while the contact angle analysis in Figure 10d was conducted on high-resolution

tomograms (voxel size5 2 lm).
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3.2. Oil Morphologies in Water-Wet

Systems and Comparison With Mixed-Wet

Systems

For the case of a water-wet system, the initial

oil after 16 pore volumes of oil injection formed

a connected percolating oil cluster (blue) as

shown in Figure 10a. The initial oil saturation

was found to be 0.596 0.004. Both findings

(quantitative and qualitative) for the water-wet

case are similar to those obtained for the

mixed-wet system after oil flood presented in

section 3.1.1 and Figure 6b, which guarantees

us a fair comparison of both systems after brine

injection under different wetting conditions.

Figure 10b shows the volume rendering of the

residual oil after 18.5 pore volumes of brine

injection in a water-wet system. The residual oil

forms disconnected ganglia, shown in different

colors, occupying single to multipore bodies.

The oil ganglia reside in the centers of the larger pores while the brine occupies the smaller pores and pore cor-

ners as shown in Figure 10c. This is different from that obtained for a mixed-wet system in which connected oil

layers, either in pore corners or sandwiched between two brine interfaces, were observed throughout the porous

medium (compare with Figure 8g). The final residual oil saturation in the water-wet system is found to be

0.2726 0.005. Although the oil saturation is about a factor of two larger than that obtained in the mixed-wet sys-

tem under similar flow conditions, our experimentally measured brine-oil interfacial area per unit volume of the

porous medium (estimated from the image analysis) is about a factor of three smaller than that measured for the

mixed-wet system, 3.923 1024
mm21 compared to 11.633 1024

mm21, indicating a more compact morphology

of the trapped clusters and a lower potential for dissolution in water-wet systems.

3.2.1. In Situ Contact Angle Measurements in Water-Wet Systems

The equilibrium contact angle at the three-phase contact line was estimated from higher resolution images

(voxel size5 2 mm). A histogram of the contact angle distribution and its Gaussian fit is shown in Figure 10d

which gives a mean value of the contact angle h5476 98 (measured through the brine), indicating a weakly

water-wet system, similar to the values measured on the same rock for a CO2-brine system at 508C and 10

MPa [Andrew et al., 2014c].

3.2.2. Curvature and Capillary Pressure of Disconnected Oil Clusters

Here we measure the curvature distribution and capillary pressure of oil clusters in water-wet systems and

compare it with mixed-wet systems results presented in section 3.1.2. Figure 11 shows the curvature distribu-

tion of five ganglia after brine injection in water-wet systems. The fitted curvature peaks show a broad range

from 0.016 0.002 to 0.026 0.002 corresponding to a capillary pressure in the range 0.866 0.171 kPa to

1.536 0.196 kPa. All these pressures are positive, indicative of oil being the nonwetting phase; in contrast for

the mixed-wet systems, the curvature of the fluid-fluid interfaces had the opposite sign with a negative capil-

lary pressure. The curvature values span those measured for the mixed-wet system, indicating that we are

accessing pores of similar size in both cases: the higher capillary pressure for the water-wet system is due to

the higher interfacial tension in these experiments. The reason for the large variation in the capillary pressure

of the disconnected ganglia is that the ganglion preserves the capillary pressure at which it becomes discon-

nected during brine injection. The local capillary pressure estimated from the image analysis provides us the

information about the time at which ganglion was disconnected during fluid flow, which cannot be predicted

from the measurements of macroscopic capillary pressure. This contrasts with the mixed-wet system, where

the curvature is approximately constant, indicating a connected oil phase in capillary equilibrium.

4. Conclusions

This study provides a fundamental understanding of the pore-scale entrapment of oil and oil layer forma-

tion as a function of the wettability of the porous medium. We have used X-ray micro-tomography to

Figure 11. Brine-oil curvature distribution of disconnected oil ganglia

after brine injection in a water-wet system. The analysis was performed

on tomograms with a voxel size of 6.4 lm.
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investigate fluid distribution, in situ contact angles, pore-scale (local) capillary pressure estimation and

pore-throat analysis after sequential oil and brine injection in a carbonate rock under two wettability

regimes. The wettability of the rock was altered in situ by using fatty acid doped in the oil phase during oil

injection which resulted in strongly oil-wet conditions (contact angle, h51808) in the oil-filled pore spaces.

For mixed-wet systems, we performed throat invasion analysis in both oil and brine flooding, and related

the fluid occupancy to the throat size. Our analysis indicates that the brine (during brine flooding) invades

only the larger available oil-wet throats, while smaller throats remain oil-filled, since they require a lower

(more negative) capillary entry pressure to fill.

The formation of oil layers during brine flooding in a mixed-wet system has been hypothesized in the litera-

ture and included in many theoretical and modeling studies. We provide experimental evidence of the exis-

tence of such connected oil layers in oil-wet pore corners of a mixed-wet system; the thickness of these

layers extend up to 109 mm with an average value of 476 17 mm. The decrease in the remaining oil satura-

tion (from 0.1526 0.004 to 0.1476 0.005) with 18 pore volumes of brine injection (from 19 to 37 pore-

volume injection) indicates the slow conductance of oil through these layers. The connectedness of these

layers is also evident from the fact that the brine-oil curvature distribution is constant at different locations

throughout the rock. This is in contrast to that obtained for disconnected oil ganglia in a water-wet system,

which preserve the capillary pressure of the throat at which they become disconnected. The oil layers that

are formed under strongly wet conditions (h51808) are stable under our experimental flow conditions. Fur-

ther research could focus on investigating the stability of oil layers as a function of contact angle and capil-

lary pressure in mixed-wet rocks.
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