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a b s t r a c t 

X-ray micro-tomography is used to image the pore-scale configurations of fluid in a rock saturated with three 

phases - brine, oil and gas - mimicking a subsurface reservoir, at high pressure and temperature. We determine 

pore occupancy during a displacement sequence that involves waterflooding, gas injection and water re-injection. 

In the water-wet sample considered, brine occupied the smallest pores, gas the biggest, while oil occupied pores of 

intermediate size and is displaced by both water and gas. Double displacement events have been observed, where 

gas displaces oil that displaces water or vice versa. The thickness of water and oil layers have been quantified, as 

have the contact angles between gas and oil, and oil and water. These results are used to explain the nature of 

trapping in three-phase flow, specifically how oil preferentially traps gas in the presence of water. 
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. Introduction 

Enhanced oil recovery (EOR) has been developed to increase oil pro-

uction and meet the world’s energy needs ( Statoil, 2017 ). Among the

OR techniques currently employed, tertiary recovery with carbon diox-

de (CO 2 -EOR) has been widely implemented, in both continuous and

ater alternating gas (WAG) injection strategies ( Figuera et al., 2014;

eung et al., 2014 ). CO 2 -EOR has the advantage of coupling the addi-

ional recovery of hydrocarbons with CO 2 geo-sequestration (or stor-

ge), CCS, which is an essential strategy to limit carbon dioxide emis-

ions in the atmosphere and mitigate climate change ( Global CCS insti-

ute, 2016; IEA, 2017; Kolster et al., 2017 ). 

An accurate study of three-phase flow in porous media is crucial for

he optimization of EOR and CCS. In these applications the three phases

re: brine, already present in the reservoir and possibly flooded for sec-

ndary recovery purposes; oil, which can be at residual saturation if EOR

s applied to depleted oil reservoirs; and a gas, which is injected to in-

rease production as EOR. This third phase can be CO 2 as either gas or in

 supercritical state, especially in CCS applications. Three-phase flow in

orous media is also important for studies of NAPL (non-aqueous phase

iquids) removal in unsaturated soils ( Nakamura and Kikumoto, 2014 ).

Many previous studies of three-phase flow have focused on the

easurement of relative permeabilities ( Alizadeh and Piri, 2014 ), with

teady-state experiments at the centimetre scale. Oak et al. (1990) ob-

ained three-phase relative permeabilities of water, dodecane and ni-

rogen measuring saturations using X-ray absorption on a 7.6 cm long
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erea sandstone core with 5 cm diameter. The relative permeabilities

ere obtained using Darcy’s law and the pressure drop across the core.

n a water-wet medium, the relative permeability of water ( k rw ) was only

 function of the water saturation ( S w ). As the most wetting phase, it was

ypothesized that water always occupies the narrowest regions of the

ore space. Similarly, the gas relative permeability ( k rg ) depended only

n gas saturation ( S g ), as it is was assumed to occupy the largest pores as

he most non-wetting phase. The oil relative permeability ( k ro ), in con-

rast, was a function of the saturation of the other phases. It is thought

hat the oil occupies pores of intermediate size ( Blunt, 2017; Moghadasi

t al., 2016; Ranaee et al., 2016 ). Di Carlo et al. (2000) performed simi-

ar experiments on sandpacks with different wettabilities, demonstrating

ow the arrangement of the three phases (pore occupancy and the ex-

stence of wetting layers) might affect the relative permeabilities. How-

ver, despite a large body of core-scale experimental measurements of

hree-phase flow, the pore occupancy has not been determined directly

 Alizadeh and Piri, 2014 ). 

To understand the pore-scale physics, Oren et al. (1992) visualized

he remobilization of oil caused by the double drainage mechanism of

as displacing oil displacing water during gas injection from waterflood

esidual oil saturation in a two-dimensional (2D) micromodel. This was

bserved in a water-wet system where oil spreads spontaneously over

he water while gas invades the centres of the pores, sandwiching the

il phase in layers that are gradually drained increasing the oil recov-

ry. Keller et al. (1997) replicated the pore-space pattern of a Berea

andstone in a silicon wafer micromodel, and observed the formation of
ptember 2018 

ticle under the CC BY-NC-ND license. 
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Fig. 1. Attenuation coefficients of different materials and mixtures. The selected 

materials are shown with solid lines. Blue, green, red and black are used respec- 

tively for brine, oil, gas and rock phases. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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table oil layers and the occurrence of both double drainage and dou-

le imbibition (water displacing oil displacing gas) events. Sohrabi et al.

2008, 2004) ; Sorbie and Dijke (2010) studied the behaviour of the three

hases during WAG injection in 2D systems in which the wettability was

ltered, to determine recovery and pore occupancies for repeated cycles

f water and gas injection. 

These observations in micromodels allowed Van Dijke et al. to de-

elop pore-scale network simulators of three-phase flow ( Van Dijke

t al., 2004; 2006 ) that can account for arbitrary wettability. In par-

icular they modelled multiple displacement events, where one phase

isplaces another and so on, in a chain of arbitrary length ( Van Dijke

t al., 2004 ). Piri and Blunt (2005) developed another pore-network

odel representing immiscible three-phase flow, which computed rel-

tive permeabilities and capillary pressures using a random network

epresenting the pore space of Berea sandstone, for different wettabil-

ty conditions. More recently, improvements have been achieved with

ore network models including multiple displacement and precise cri-

eria for the formation and collapse of layers, based on thermodynamic

onstraints ( Al-Dhahli et al., 2013; Zolfaghari and Piri, 2017a,b ). 

A reliable benchmark for pore-network simulators would be the

irect visualization of three-phase flow in situ, i.e. inside the three-

imensional (3D) pore space, instead of 2D idealised micromodels. In

he last decade, the advent of X-ray micro computed-tomography (μ-

T) has allowed the direct visualization of multiphase flow ( Blunt et al.,

013 ). Images have been obtained for two-phase flow with both

aboratory-based μ-CT scanners ( Alhammadi et al., 2017; Herring et al.,

017 ) and at synchrotron sources, which enables the pore-scale dynam-

cs to be captured with a time resolution of tens of seconds ( Andrew

t al., 2015; Reynolds et al., 2017; Schlüter et al., 2016; Singh et al.,

017 ). 

A few authors have reported in situ studies of immiscible three-phase

ow in porous rocks. Iglauer et al. (2013, 2014) obtained synchrotron

nd laboratory-based μ-CT images, at ambient conditions, of a Clashach

andstone saturated with brine, oil and gas to compare the effect of dif-

erent displacement sequences on oil recovery and gas storage. They

emonstrated that, for a water-wet system, gas injection in a virgin oil

eservoir leads to lower residual oil saturations and higher gas trap-

ing than when gas is injected after waterflooding. In the mixed-wet

ase studied in ( Iglauer et al., 2014 ), however, this was not observed.

hishvand et al. (2016) applied a detailed analysis of high resolution

wo- and three-phase images of a Berea sandstone, at ambient tempera-

ure and a pressure of 5.52 MPa, to characterize multiple displacement

vents and relate them to the wettability state defined by local contact

ngles. Feali et al. (2012) investigated the role of oil layers, comparing

 spreading system ( C s > 0, where 𝐶 𝑠 = 𝜎𝑔𝑤 − 𝜎𝑔𝑤 − 𝜎𝑜𝑤 is the spread-

ng coefficient) with a non spreading one ( C s < 0). They showed that

or C s > 0 oil layers were present and a low oil saturation was reached,

hile if C s < 0 the oil phase was disconnected, giving lower recovery. 

In this work we use X-ray tomography to study three-phase flow in

 carbonate rock at subsurface temperature and pressure conditions to

uantitatively characterize: (a) pore occupancy, (b) multiple displace-

ent processes, (c) wettability associated with spreading oil layers, and

d) trapping. To achieve this we design a sequence consisting of oil injec-

ion into a fully water-saturated pore space (OI), waterflooding (WF1),

as injection (GI) and second waterflooding (WF2). 

3D images of the pore space saturated with three phases can be anal-

sed with a maximal ball-based pore morphology analysis to quantify

ore occupancy. In this paper we employ the maximal ball (MB) method

 Bultreys et al., 2015 ). The largest sphere occupying the pore space are

ound from a dry scan of the sample ( Dong and Blunt, 2009; Raeini et al.,

017 ), and these are compared to the grey scale images to obtain a re-

ation between the dimension of the pores and the phase sitting in its

entre. This 3D quantification of pore occupancy enables the validation

f network model predictions of displacement processes ( Bultreys et al.,

018; Van Dijke et al., 2004 ). 
o  

447 
Along with the phase occupancy statistics, the monitoring of multi-

le displacements is crucial for accurate modelling of three-phase flow

 Alizadeh and Piri, 2014; Van Dijke et al., 2004 ). We will obtain high-

esolution images to visualize the multiple displacement mechanisms of

ouble drainage and double imbibition, which has previously only been

haracterized in 2D micromodels ( Keller et al., 1997 ). 

Finally, we visualize the formation of spreading oil layers, in the

resence of gas and water, allowing for an increase in oil recovery

hrough their drainage ( Alizadeh, 2014; Ranaee et al., 2015; Vizika and

ombard, 1996 ). These layers also influence the competition between

nap-off and piston like displacement ( Blunt, 2017 ), causing differences

n trapping mechanisms between the two non-wetting phases (oil and

as). 

Our study also provides quantitative information of the local thick-

ess and connectivity of oil and water layers which, along with wetta-

ility characterization, is then used to interpret the degree of trapping.

e determine if we have layers of sufficient thickness to contribute to

ydrodynamic conductivity and displacement processes. 

. Materials and methods 

.1. Materials 

A Ketton sample was selected as the rock for this study, with a mean

iameter of 4.9 mm and a mean length of 19.5 mm. The porosity was

easured to be 29.8% with a Helium porosimeter and 15.2% with image

nalysis on the micro-CT scans obtained in these studies. The difference

etween the two values is due to the presence of microporosity within

he oolith grains, with pore dimensions lower than the resolution of the

mages, which is therefore not captured with traditional segmentation

f the X-ray data. The composition of the rock is > 99% calcite ( Andrew

t al., 2014; Tanino and Blunt, 2012 ). The sample was cleaned with

ethanol to remove any impurities and dried in a vacuum oven at 95 °C

or 24 hours ( Kamaljit et al., 2016 ). 

The selection of the fluid phases was driven by a trade-off between

he aim of replicating a reservoir system whilst being able to distinguish

etween them in the X-ray images. Fig. 1 shows the X-ray attenuation

oefficients for solid, aqueous, oil and gas phases with and without the

ddition of dopants ( Khishvand et al., 2016; National Institute of Stan-

ards and Technology, 201 ). In the photon energy range we set in the

icro-CT scanner (20–80 keV), the attenuations for pure gas, water and

ecane are quite similar, which would make unambiguous segmentation

f the phases difficult. For this reason, different dopants were added to
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Table 1 

Thermophysical properties of the selected phases. Densities and viscosities are computed at exper- 

imental conditions (8MPa and 60 °C) from data provided in ( National Institute of Standards and 

Technology, 201 ). Interfacial tensions are measured at 1.01 MPa and 289.15 K. 

Density [ kg / m 

3 ] Viscosity [μPa × s ] Interfacial tension [mN/m] 

Brine ( H 2 O + 7%w KI) 1052 1237 𝜎𝑜𝑤 = 47 
Oil (Decane + 50%w Iododecane) 931.7 1752 𝜎𝑔𝑜 = 27 
Gas ( N 2 ) 93.78 19.01 𝜎𝑔𝑤 = 72 

Confining

Brine Oil

Receiving

CH

1/8th’ 2-way valve 1/16th’ 3-way valve 1/8th’ ss tubing 1/16th’ PEEK tubing

Valves

Fig. 2. Schematic of the flow loop used to perform the experiment. The grey 

shaded area represents the X-ray μ-CT enclosure. CH is the core holder (or flow 

cell). 
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oth the water and the oil phase. A mixture with 7% by weight of potas-

ium iodide (KI) in water was used as the brine phase, while a solution

0% by weight of iododecane in decane was used as the oil phase. The

as phase was chosen to be nitrogen, as it is fully immiscible with both

il and brine. The X-ray contrast between the doped phases has been

udged with both contrast scans (Figure S1 in the Supplementary Infor-

ation) and by inspection of the grey scale histograms (Figure S2 in

he Supplementary Information). Table 1 lists the densities, viscosities

nd interfacial tensions of the phases used in the experiments. In this

ork we found no evidence that the wettability of the system changed

n exposure to radiation as seen by ( Brown et al., 2014 ): the laboratory

nstrument uses a relatively weak X-ray source and the contact angles

e measure, see later, are consistent with measurements on undoped

ystems ( Kamaljit et al., 2016 ). 

.2. Methods 

.2.1. Flow experiment 

The flow experiment was performed using the flow loop shown in

ig. 2 . Five pumps (Teledyne Isco, Lincoln, NE, USA) were used for con-

ning, receiving and brine, oil and N 2 injection. A carbon fibre Hassler

ype flow cell was used to keep the rock under pressure with a confining

uid (water). The sample was placed in a Viton sleeve, and connected
448 
o the PEEK tubing of the hydraulic circuit with two steel end pieces.

he flow cell was placed in a Zeiss Xradia 500 Versa 3D -CT scanner for

mage acquisition. 

The sample was first flushed with carbon dioxide to remove all the

ir from the pores, then 100 pore volumes of brine with a flow rate of

.1 mL/min were injected to ensure 100% water saturation. The pres-

ure of the brine inside the sample was then raised to experimental

onditions (8 MPa), with a confining pressure of 9.5 MPa, to fully in-

ulate the sample and prevent any bypass of the fluid along its walls

 Kamaljit et al., 2016 ). The temperature of the sample was then raised to

xperimental conditions (60 °C) with an electric heater wrapped around

he carbon fibre sleeve, and a thermocouple fixed in contact with the

ample inside the Viton sleeve. A proportional-integral-derivative (PID)

ontroller is used to ensure a constant temperature in the rock sample. 

.2.1.1. Flooding sequence . Four injections were performed to simulate

he displacement sequence in a reservoir under capillary force domi-

ated flow conditions. All the injections were performed with a flow

ate of 0.015 mL/min. Firstly, oil was injected in the brine-saturated

ample at the top of the flow cell (oil injection, OI) for 35 minutes, with

 total volume corresponding to 5 pore volumes (PV). Then, the first wa-

erflooding (WF1) was performed, simulating secondary recovery with

ater injection in the reservoir, for a total of 15 PV from the bottom of

he sample. The third and fourth floods were respectively gas injection

GI) from the top and second water injection (WF2) from the bottom,

oth of them for a total of 5 PV; these simulate a tertiary recovery strat-

gy. Details about the injections, including values of capillary number

which were always in the capillary dominated regime) are provided in

able 2 . 

.2.2. Imaging 

Scans with two different resolutions were acquired after each injec-

ion: first, a 0.4 × magnification lens was employed at the detector, to

aximize the field of view, and the relative position of source and detec-

or was set to have a resolution of 5 μm per voxel side. Then, two scans

ere performed with a lens with 4 × magnification, to obtain high res-

lution images, for a smaller field of view, with 2 μm per voxel side. 

The low resolution scan was built by stitching together 4 separate

cans at different heights ( Fig. 3 ), to obtain an image of almost the

hole sample, with dimensions larger than the elementary represen-

ative volume, to measure saturations and connectivity. The high res-

lution scans were performed at two locations at the mid-bottom and

id-top of the rock, to investigate the pore-scale mechanisms of trap-

ing and to measure contact angle. The high resolution images required

ore projections and longer exposure time, as shown in Table 2 . After

I, we increased both the number of projections and the exposure time

or the following scans, to obtain higher quality images for WF1, GI and

F2. 

.2.3. Image processing 

The reconstruction of the X-ray images was performed with the soft-

are included in the Zeiss Versa 500 micro-CT, which allows corrections

or centre shift and beam hardening ( Andrew et al., 2014 ). The 5 μm

esolution images were stitched together, taking advantage of the wide

verlapping region between each scan (at least 25% of the whole height

f each scanned image, Fig. 3 ). All the images were registered using the
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Table 2 

Details of the experimental procedure. The capillary number is computed as 𝐶𝑎 = 𝜎𝑞∕ 𝜇 where the interfacial 

tension ( 𝜎) and the viscosity of the injecting phase (μ) are shown in Table 1 , while the Darcy velocity q is 

computed dividing the flow rate by the sample cross section. The number of projections and the exposure 

time for both images with low (LR) and high resolution (HR) were increased after OI, to increase the image 

quality. 

Flow rate [mL/min] Capillary number PV N projections (LR - HR) Exposure time (LR - HR) [s] 

Dry - - - 2400 - 4000 1.5 - 1.7 

OI 0.015 4 . 4 × 10 −7 5 2400 - 4000 1.5 - 1.7 

WF1 0.015 3 . 1 × 10 −7 15 3000 - 6000 1.7 - 1.9 

GI 0.015 8 . 5 × 10 −9 5 3000 - 6000 1.7 - 1.9 

WF2 0.015 3 . 1 × 10 −7 5 3000 - 6000 1.7 - 1.9 

Fig. 3. Location and dimension of the low and high resolution scans. The images of the rock shown here are the low- and high-resolution dry scans. 
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Fig. 4. Pore centres are defined by maximal balls in the largest regions of the 

pore space, using the dry segmented images (on the left), where black is the pore 

space, white the rock phase and the maximum balls are coloured with different 

labels. On the right, a 3D visualization of the spheres along the whole micro 

core is shown. Different colours are assigned to different spheres representing 

individual pores. 

2

 

s  

g  

t  

t

ry scan as a reference, allowing direct comparison after each injection

tep. A non-local means edge-preserving filter was applied to smooth the

rey scale images and improve watershed segmentation ( Buades et al.,

008 ). The non-local means filter assigns to each voxel the weighted

verage of the grey scale values of the n voxels in the neighbourhood of

he selected one. The similarity value is the weight used in the averaging

rocedure, and the lower it is, the less the images are smoothed. 

The segmentation of the lower resolution images was performed us-

ng a watershed method with the possibility of selecting different gra-

ient values for different phases ( 2D-histogram segmentation function of

vizo ( Jones et al., 2007 )). The seeded watershed segmentation algo-

ithm first searches for the seeds of the three phases, i.e. the portions of

he pore space where the high certainty exists about the phase present,

hich are far from the interfaces. These seeds are then grown pro-

ortionally to a certain gradient value until all the voxels of the im-

ge are assigned to some phase. The advantage of this algorithm is

hat it preserves the continuity of the phases with acceptable accuracy

 Schlüter et al., 2014 ). However, the shape of the interface between

he phases, which is important for computing quantities such as con-

act angles and curvature, is affected by uncertainties and may be al-

ered by the filtering procedure ( Alhammadi et al., 2017 ). When dealing

ith the high resolution images, the WEKA machine learning segmenta-

ion method ( Arganda-Carreras et al., 2017 ) was applied using Image J

oftware on non-filtered images, obtaining higher quality results, espe-

ially when considering small details at the interfaces. However, WEKA

s much more CPU intensive than watershed segmentation and it was

ot possible to apply it to the bigger dataset at lower resolution. 
449 
.2.4. Pore occupancy 

To analyse the pore occupancy, we identified local dilations and con-

trictions in the pore space using the maximal ball method as a part of

eneralized network extraction algorithm of ( Raeini et al., 2017 ) to ob-

ain the description of the pore space shown in Fig. 4 . The diameter of

he maximal ball is considered to be the pore diameter. 
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Fig. 5. Example of maximal balls (semi-transparent) inside the pore space (slice 

of grey scale 3D data). The grey scale values of the voxels inside the spheres are 

averaged to identify pore occupancies. 
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Fig. 6. Histograms of grey scale probability density functions (pdf) obtained 

after averaging the grey scale values inside the maximal balls on images after 

oil injection (OI, top-left), first waterflooding (WF1, top-right), gas injection (GI, 

bottom-left) and second waterflooding (WF2, bottom-right). To assign the pores 

to water, oil or gas, the minima of the pdf functions are identified (vertical grey 

lines). 
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The spheres representing the pores (local dilations in the pore space)

re superimposed on grey scale wet images, for each of the injection

teps, as shown in Fig. 5 ( Bultreys et al., 2018 ). The mean grey scale

alue associated to the voxels inside each sphere (refer to Fig. 5 ) is com-

uted. This results in a distribution of mean grey scale values where, due

o the averaging over the voxels in each sphere, the grey scale probabil-

ty distribution clearly identifies different peaks, corresponding to the

ifferent phases. The grey scale thresholds classifying the phases are set

s the minima in the probability density functions, as shown in Fig. 6 .

ith this procedure the pore centres were segmented into those where

rine, oil or gas resides. As shown in the Supplementary Information

Figure S3), the centre of each pore, defined by the spheres, always cor-

esponds to one phase only, as the oil and water layers, even when they

re thicker (after first and second waterflooding), do not reach the cen-

re of the pore. 

. Results and discussion 

In Section 3.1 , we first present the saturation of the three phases in

he volume imaged with the low-resolution scan, after each displace-

ent step. Then, in Sections 3.2, 3.3 and 3.4 we respectively show (i) a
450 
haracterization of three-phase displacements in terms of pore size and

ore occupancy, (ii) a 3D visualization of double displacement mech-

nisms, namely double drainage and double imbibition, and (iii) a de-

ailed description of contact angles, oil layer formation and trapping

echanisms in a high resolution image. 

Saturations and pore occupancy were computed on 5 μm resolution

mages of a large part of the rock sample ( Fig. 7 ), increasing the sta-

istical significance of these results. For the detailed characterization

f pore-scale phenomena of double displacements, oil layer formation,

rapping mechanisms and contact angle measurements, we relied on the

ataset with higher resolution ( Fig. 8 ). 

.1. Saturations 

The saturation of the phases after each step was quantified from the

egmented images by the ratio of the voxels assigned to the selected

aterial to the total number of voxels assigned to the pore space. The

aturation points at the end of each injection are shown in the ternary

iagram in Fig. 9 , with the distribution of the phases shown in Fig. 10 .

tarting with the core fully saturated with water, oil was injected (OI,

reen arrow in Fig. 9 ); the water and oil saturation after OI were 37.6%

nd 62.4% respectively. Then, WF1 (blue arrow in Fig. 9 ) allowed pro-

uction of oil and final saturations of 48.0% and 52.0% for water and oil

ere measured; the oil recovery with water injection was 17%, which

s lower than previous studies on similar systems ( Kamaljit et al., 2016 ).

he reason for this is that not all the oil was trapped at the end of WF1.

s evident in Fig. 10 , there is a large cluster of oil connected to the

utlet that could be partially displaced on further water injection. The

hird injection introduced gas in the sample (GI, red arrow in Fig. 9 );

his allowed for a production of both water and oil with saturations of

.0%, 30.5% and 65.5% for water, oil and gas respectively at the end

f the GI step; at this point, the oil recovery, with respect to initial oil

aturation, was 51%. The last step was the second waterflooding (WF2,

lue arrow in Fig. 9 ), allowing for gas trapping and further oil recovery:

he final saturations were 28.6%, 18.6% and 52.8% for water, oil and

as respectively and the recovery factor was 70% with respect to the

nitial oil saturation. 

These results show how the injection of gas after waterflooding, and

ossibly another injection of water, may significantly increase oil re-

overy. Gas injection displaced connected oil, but also led to the rear-

angement of disconnected oil clusters and their partial production, as

vident in Fig. 10 . Further evidence for the displacement of trapped oil

s provided later in the paper. 

.2. Pore occupancy 

Using the procedure described in Section 2.2.4 , the pore centres iden-

ified by maximum ball spheres were assigned to the three phases. 

We obtained bar graphs approximating the probability density func-

ions of the pore sizes occupied by each phase, Fig. 11 : the heights 𝑓 𝛼
𝑖 

f the bars were obtained as follows: 

 

𝛼
𝑖 
= 

𝑁 

𝛼
𝑖 

𝑁 𝑖 

(1)

here 𝑁 

𝛼
𝑖 

is the number of pores associated with the phase 𝛼 for each

 -th bin, while N i is the total number of pores in each i -th bin. 

From the results shown in Fig. 11 we can see that, as expected in a

ater-wet system, during OI oil invaded the largest pores, while water

emained confined in the smaller ones. With WF1, oil is pushed away

rom some medium/small-sized pores, replaced by water and produced.

uring GI, gas is the most non-wetting phase and invades the centre of

he larger pores, while oil and water are squeezed into smaller pores. A

oticeable movement of oil happens during gas injection: it is displaced

y gas, which replaces oil in the centre of the larger pores. The oil that

as trapped during WF1 is as a consequence reconnected in cavities

maller than those occupied before and it is produced. Some connected
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Fig. 7. 5 μm resolution filtered wet images of the Ketton sample after oil injection (A), first waterflooding (B), gas injection (C) and second waterflooding (D). Due 

to their different X-ray attenuation coefficients, the four phases result in increasing grey scale values with the darkest being gas phase, followed by brine, rock and 

oil as the brightest one. 

Fig. 8. 2 μm resolution filtered wet images of the Ketton micro sample after oil injection (A) first waterflooding (B), gas injection (C) and secondary waterflooding 

(D). Due to their different X-ray attenuation coefficients, the four phases result in increasing grey scale values with the darker gas phase, followed by brine, rock and 

oil as the brightest one. 

Fig. 9. Three-phase diagram showing the sequence of displacement processes 

and the end-point saturations. The core is at first fully saturated with water 

(black point at bottom left of the diagram), then oil is injected during oil injec- 

tion (green arrow) until the green point; the first waterflooding is represented 

by a blue arrow and then gas injection and second waterflooding with red and 

blue arrows and end points. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. 3D representation of the connectivity of oil and gas phases after oil 

injection (OI), first waterflooding (WF1), gas injection (GI) and second water- 

flooding (WF2). Each column represents only one phase and different colours 

indicate disconnected clusters of the selected phase. The black arrows indicate 

the direction of the injection for each step. 
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451 
il is also likely directly displaced by gas. WF2 causes both a further

roduction of oil, which drains in layers, along with trapping of the gas

hase, both inside layers of oil and surrounded only by water. 

The results shown in Fig. 11 agree with our current understanding of

hree-phase flow in a water-wet medium ( Blunt, 2017 ): water, oil and

as occupy respectively small-, medium- and larger-sized pores. How-
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Fig. 11. Bar graphs representing the pore occupancy. Each coloured bar represents the fraction of the pores with an inscribed maximum ball with a diameter in the 

bin range occupied by brine, oil and gas. 

Fig. 12. 3D representation of a selected 1 ×1 ×1 mm 

3 sub-volume of the pore 

space, showing how oil, which is disconnected after WF1 (A), is reconnected 

with GI (B) and then trapped in layer surrounding the gas phase after WF2 (C). 

Oil and gas are respectively green and red, while the brine phase is represented 

in semi-transparent blue. The rock phase has been rendered transparent in all 

images. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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ver, there is some spreading in the thresholds between pores occupied

y different phases, instead of a sharp demarcation. There can be some

mall pores still occupied by oil, and intermediate ones where water and

as are present. Pore filling, in fact, is not only driven by the dimension

f the pores, but other factors have an influence as well, such as con-

ectivity, cooperative pore filling ( Blunt, 2017 ) and variations in local

ontact angles ( Alhammadi et al., 2017; AlRatrout et al., 2017 ). 

.3. Double drainage and double imbibition 

The high resolution images allowed detailed 3D rendering of the

egmented data, and the visualization of pore-scale phenomena such

s double displacement mechanisms. After WF1, some oil was trapped

n the pore space ( Fig. 12 A), surrounded by water. With the injec-

ion of gas, gas displaced water and, when it could contact oil, it di-

ectly displaced oil, as they compete for the space in the centre of the

arger pores. Mass conservation hence constrains oil to move towards the
452 
edium-sized pores, occupied by water ( Fig. 12 B). This gas-displacing-

il-displacing-water is a double displacement mechanism called double

rainage as both gas and oil are non-wetting phases ( Oren et al., 1992 ).

ith WF2, we observed the opposite mechanism: injected brine, being

he most wetting phase, reconnected through the small and medium

ores. However, since these were partially occupied by oil, the lat-

er is mobilized again: it was pushed towards larger pores, and sub-

equently part of it is produced and part surrounded gas, trapping the

atter ( Fig. 12 C). This double displacement is called double imbibition

s the two most wetting phases are driving the invasion of the pore

pace. These double displacement mechanisms have a strong influence

n the dynamics of three-phase flow ( Van Dijke et al., 2004 ), and fu-

ure work will involve a detailed characterization of these phenomena

o benchmark and improve pore-scale models. 

.4. Contact angles, spreading oil layers and trapping 

The value of the effective contact angle between oil and water after

aterflooding is recognised as a direct measure of the wettability of the

ystem ( AlRatrout et al., 2017; Andrew et al., 2014; Blunt, 2017; Jafari

nd Jung, 2017; Khishvand et al., 2016; Scanziani et al., 2017 ). This

ffective contact angle is different than the intrinsic one measured on a

mooth surface ( Rabbani et al., 2017 ). We have selected a subvolume

f the pore space, illustrated in Fig. 13 , and performed the automatic

stimation of contact angle developed by Scanziani et al. (2017) on the

mages after WF1 ( Fig. 13 B). This method measures the contact angle

n the segmented images by fitting a curve to the interface between

he fluids using the physical constraint of constant curvature given by

he Young-Laplace law when the fluids are in equilibrium. The result

s illustrated in Fig. 14 which shows a distribution of contact angles,

easured through the water phase at 3139 points, around a mean value

f 47.5 degrees, with a standard deviation of 19.1 degrees. This result

s in line with those found in literature for similar systems ( Kamaljit

t al., 2016; Scanziani et al., 2017 ) and confirms a weakly water-wet

ehaviour, coherent with the results of pore occupancy illustrated in
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Fig. 13. 3D representation of a subvolume of the pore space with rectangular 

cross section, showing the occupancy of two pores where we observed different 

trapping mechanisms for oil and gas phases. Oil is green, gas red and water semi- 

transparent blue, with the rock phase rendered transparent. The four panels 

represent (A) oil injection, (B) first waterflooding, (C) gas injection and (D) 

secondary waterflooding. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Probability density function (pdf) distribution of the oil-water contact 

angle measured through the water after first waterflooding for the subset shown 

in Fig. 13 B. 
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Fig. 15. The local thickness of the water and oil layers was computed for the 

subset shown in figure 13 : the water and oil phase were isolated and maximal 

balls were inscribed in their structure for both the datasets after WF1 (in the 

case of water) and after GI (in the case of oil). 
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ection 3.2 . The distribution of contact angle - instead of a unique value -

s a consequence of a variation, in the selected domain, of sub-resolution

eatures such as roughness and pore geometry ( Andrew et al., 2014 ). 

From Table 1 , the spreading coefficient is - 2 mN/m, which is close

o zero: we do see the presence of oil layers throughout the pore space

hen gas and water are present, see Fig. 13 C and D. Therefore we as-

ume that the effective gas-oil contact angle is close to zero: in our im-

ges we were unable to determine clear contacts between gas, oil and

he solid, which again is consistent with the presence of oil layers. It is

ifficult to measure the gas-water contact angle directly, as oil layers

revent frequent direct contacts of water with gas. However, this could

e estimated using the Bartell-Osterhof relation ( Bartell and Osterhof,

927; Blunt, 2001 ). Panel C of Fig. 13 refers to the system after gas in-

ection. The oil is sandwiched in spreading layers in the corners of the

ore space. The thickness of these spreading layers was measured fitting

aximum spheres to the structures ( Hildebrand and Ruegsegger, 1997 )

 a 3D map of their thickness is provided in Fig. 15 . 

During an imbibition process, capillary dominated flow in the pores

s regulated by the competition between snap-off and piston-like dis-

lacement ( Blunt, 2017 ). This competition is controlled by the aspect

atio or the relative dimension of adjacent pores and throats, the geom-

try of the pore space, the connectivity, the flow rate and the wettability.

Fig. 13 illustrates two different imbibition processes: single brine-

isplacing-oil imbibition during WF1 (panel A to panel B); and double

rine-displacing-oil-displacing-gas imbibition during WF2 (panel C to

anel D). These two phenomena took place in the very same pore space,
453 
ith very similar capillary numbers, hence the main difference in the

ompetition between snap-off and piston-like displacement is given by

he contact angle between the displaced and injected phases. For lower

ontact angles, snap-off and trapping are more favoured. During the

ingle imbibition, where water displaces oil, the oil-water angle has been

easured to indicate only weakly water-wet conditions ( Fig. 14 ), and

iston-like displacement is favoured. In contrast, the double imbibition

rocess during WF2 leads to a snapped-off ganglion of gas. Hence, gas

rapping by oil is preferred over oil trapping by water in the same pores.

This behaviour has been observed indirectly on measurements in

and packs of the amount of gas trapped by water alone, oil trapped

y water alone, and gas trapped when oil is present at low saturation

 Amaechi et al., 2014 ). More gas was trapped under three-phase condi-

ions (in the presence of oil and water). The pore-scale interpretation of

his, confirmed by our observations, is the following: due to the simul-

aneous presence of three phases, causing the formation of oil spreading

ayers, oil is strongly wetting to gas, with a contact angle close to zero.

his favours snap-off, whereas if oil is trapped by water, the contact

ngle is higher and piston-like advance is more favoured. This explains

hat oil layers, in addition to allowing oil reconnection and production,

lso influence and increase the amount of gas trapping, facilitating the

otential storage of carbon dioxide when this gas is used for tertiary oil

ecovery. 

Fig. 15 provides a comparison between the thickness of brine layers

fter WF1 and oil layers after GI. In general the oil spreading layers

re thicker and more pervasive than the wetting brine ones, which are

onfined to the narrowest corners of the pore space. Oil layer maps may

e used in future for computing their permeability and to estimate the
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elocity of oil flow through them and hence the oil relative permeability.

n any event, the water and oil layers thicknesses are of the order of 10

m or larger and are connected over the mm-scale, which is sufficient

o contribute significantly to the phase conductance and displacement

rocesses ( Blunt, 2017 ). 

. Conclusions and future work 

In this paper, we have developed a methodology to obtain a de-

ailed 3D pore scale in situ analysis of immiscible three-phase flow at

levated temperatures and pressures, with a focus on pore occupancy,

ouble displacement mechanisms, and the influence of water and oil

ayer thickness and wettability on non-wetting phase snap-off and trap-

ing. The three phases were injected in the rock, initially fully saturated

ith brine, in this order: (i) oil injection (OI), first waterflooding (WF1),

as injection (GI) and second waterflooding (WF2). The quality of the

mages allowed us to have detailed insight of the pore-scale phenomena,

nd in particular: 

1. We quantified the saturation after each injection step, describing the

increase in oil recovery due to its remobilization via GI followed by

WF2, with a behaviour similar to that previously observed ( Feali

et al., 2012; Iglauer et al., 2013 ). 

2. We obtained a statistical representation of pore occupancy, which is

crucial for obtaining improvements in existing three-phase network

models. Water resides in the smallest pores and gas in the largest

ones ( Blunt, 2017 ). The pore sizes filled with oil, the intermediate-

wet phase, depends on the amounts of oil and gas present. 

3. Double drainage and double imbibition, previously observed in mi-

cromodels ( Keller et al., 1997; Oren et al., 1992 ), have been imaged

and described in 3D pore structures of carbonate rock. 

4. We have shown how contact angle and fluid distribution play a role

in the competition between piston-like displacement and snap-off

leading to preferential trapping of gas in the presence of oil layers,

as previously observed in sandpacks ( Amaechi et al., 2014 ). 

5. We obtained quantitative maps of the local water and oil layer thick-

ness, which indicate that they are sufficiently thick to contribute to

flow and displacement. 

Future work could look at mixed-wet conditions and the resultant

ore occupancies to test the theoretical predictions of Van Dijke and Sor-

ie (2002) . Furthermore, different rocks and flooding sequences could

e studied. These experiments could serve as benchmarks for quantita-

ive comparison with and testing of pore-scale modelling tools. 

. Data availability 

The raw and segmented 3D images of the rock after each injection

re available at the Digital Rock portal ( Scanziani, 2018 ). 
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