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Abstract. Wettability is a key factor influencing multiphase flow in porous media. In addition to the average
contact angle, the spatial distribution of contact angles along the porous medium is important, as it directly
controls the connectivity of wetting and non-wetting phases. The controlling factors may not only relate to
the surface chemistry of minerals but also to their texture, which implies that a length-scale range from
nanometres to centimetres has to be considered. So far, an integrated workflow addressing wettability
consistently through the different scales does not exist. In this study, we demonstrate that such a workflow is
possible by combining micro-computed tomography imaging with atomic force microscopy (AFM). We find
that in a carbonate rock, consisting of 99.9% calcite with a dual porosity structure, wettability is ultimately
controlled by the surface texture of the mineral. Roughness and texture variation within the rock control the
capillary pressure required for initializing proper crude-oil-rock contacts that allow ageing and subsequent
wettability alteration. AFM enables us to characterize such surface-fluid interactions and to investigate the
surface texture. In this study, we use AFM to image nano-scale fluid-configurations in situ in 3D at connate
water saturation and compare the fluid configuration with simulations on the rock surface assuming different

capillary pressures.

1 Introduction

Wettability is the preference of a solid to be in contact
with one fluid over another fluid. In petroleum
applications, rock represents the solid phase, crude oil the
first fluid phase and brine, which may be either present in
the reservoir (formation water) or injected for oil
recovery, the second fluid phase. A rock surface is called
water-wet when the water tends to cover it and is called
oil-wet when it prefers to be in contact with the oil phase.
Furthermore, wettability may vary from location to
location with a mixture of water-wet and oil-wet regions.
In this case the rock is called mixed-wet [1-5].

Wettability by itself is not a property used as a direct
input parameter for reservoir models. Yet, it is known to
significantly impact input values such as relative
permeability- and capillary pressure-saturation functions
[6-8]. So far, these relationships can only be determined
with core-scale experiments. To predict these parameters
for a specific reservoir a better understanding of the
principles behind wettability is crucial.

In a reservoir the wettability depends on various
properties which act at different length scales. An
overview of the different properties over increasing length
scales is shown in Fig. 1. Brine and crude oil composition,
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surface chemistry and the P-T conditions affect molecular
interactions, which can be assessed for instance through
adhesion force measurements obtained with atomic force
microscopy (AFM) [9-11].

At the sub pore scale, roughness, which may facilitate
formation of thin water- or oil-films, becomes an
additional factor. On this length scale the contact angle
forming along three-phase contact lines may be measured
[12].

At the larger pore and pore-network scale (um to mm),
the confined space within a porous medium is taken into
account. Mineralogy and mineral distribution as well as
the saturation history need to be considered. On this
length scale wettability can be characterized through
contact angle distributions [13], fluid distributions [14],
by defining local capillary pressure [15, 16] and small
scale relative permeability [17, 18].

To predict wettability at the core scale the contribution
of each consecutive scale to the overall wettability of the
system needs to be considered.
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Fig. 1. Wettability depends on various properties acting at different length scales such as brine- and crude-oil composition, reservoir
pressure and temperature (P-T) conditions, surface chemistry associated with mineralogy at the molecular scale, surface structure
and fluid-film formation at the sub-pore scale as well as saturation history and mineral distribution at the pore scale. They all
influence wettability, and thereby the pore-dynamics during two-phase flow and the relative permeability. [71]

1.1 Wettability at the molecular scale

Most minerals of reservoir rock are originally strongly
water-wet [4, 9, 19]. However, the adsorption of surface
active components or the precipitation of asphaltenes
present in the crude oil may alter the wettability towards
more oil-wet [4, 20-23]. Correspondingly, crude oils are
usually classified by assessing their acid (TAN) and base
(TBN) numbers as well as saturate, aromatics, resins and
asphaltene (SARA) fractions, which indicate the stability
of asphaltenes within the crude [24, 25].

In addition to the chemistry of the crude oil and the
rock, the brine composition may also impact the
wettability. Along a mineral surface, the balance between
electro-static forces and van der Waals forces leads to a
double layer of counter ions of the brine phase in
correspondence with Derjaguin-Landau-Verwey-
Overbeek [26, 27] (DLVO theory), which impacts the
repulsive/attractive forces of approaching oil molecules
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Various studies addressed the impact of these different
components [30-33]. In this work, we keep these values
constant by focussing on specific crude oil/rock/brine
systems to assess the impact of various parameters
controlling wettability at larger length scales.

1.2 Wettability at the sub-pore scale

At the sub-pore scale the measure of wettability is the
contact angle, which can be obtained by imaging a droplet
on a surface e.g. with a contact angle goniometer [34-41].
However, sub-resolution features are known to impact the
observed response. Surface roughness may lead to
pinning and therewith to a range of possible equilibrium
contact angles [12, 42, 43]. This effect even occurs on
surfaces considered atomically flat [42, 44].
Correspondingly, any contact angle measured represents
an effective contact angle é.. The intrinsic contact angle
&, which is solely related to the molecular interactions, is
only a theoretical descriptor obtained e.g. through

Table 1. TAN, TBN, SARA fractions, viscosity and density of the crude oils used.

TAN TBN Saturates | Aromatics | Resins | Asphaltenes Viscosity Density
[mg KOH g | [mgkg?] | [wt%] [wt %] [wt %] [wt %] 20 °C [mPas] | 20°C[gcm?]
crude A 0.07 83.9 58.45 44.00 4.36 0.28 4.87 0.83
crude B 0.38 2.86 52.08 39.06 7.96 0.91 17.03 0.85
Table 2. Composition of formation water (FW) and a high salinity brine (HS) used.
Na* K* Mg? Ca* Cl. SO4* HCO* I lonic pH
ION
[mg/L] strength
g [mol/L]
FW 49898 0 3248 14501 | 111812 234 162 0 3.659 6.9
HS 0 47106 0 0 0 0 0 152894 1.205 -
(doped)
S 0 21198 0 0 0 0 0 68802 0.542 -
(doped)




molecular models assuming a perfectly smooth surface
with the fluid phases being equilibrated [12, 45].

Dynamic contact angle measurements allow the
assessment of roughness through an advancing contact
angle 6, and receding contact angle 6,., which represent
the upper and lower boundary of possible contact angles
for the studied surface. The detected contact angle
hysteresis depends on the intrinsic contact angle, the
surface roughness and velocity of the moving contact line
[12].

Furthermore, grooves on a rough surface lead to
entrapment of the wetting phase [46-48]. This can have
large effects on the wettability alteration process. During
drainage, in most cases the aqueous phase is wetting and
forms water-films and layers within such grooves. These
water-films and layers prevent the intimate contact
between the oil and the solid and therewith wettability
alteration in this regions Correspondingly, such water
films may lead to mixed wettability patterns along the
surface [3, 22, 49, 50].

1.3 Wettability at the pore scale

So far, most 3D studies on mixed-wet and oil-wet rock
systems have focussed on wettability characterization.
Andrew et al. [13] introduced in situ measurements of
contact angles in rock and Scanziani et al. [51] and
AlRatrout et al. [52] automated the process. Contact angle
distributions are sensitive to image resolution and may
vary in case of non-equilibrium conditions [13]. However,
they provide an indication of the wettability and
wettability changes of the system. Alhammadi et al. [53]
showed a shift of the contact angle distribution when the
wettability of the rock is altered by aging. Yet, these
contact angles are not sufficient for prediction of larger
scale relative permeabilities. The obtained distribution
does not necessarily cover the advancing contact angle
6., which is used as input for most multiphase flow
models in porous media, nor for its spatial distribution in
case of a mixed-wet rock [17].

Another way to characterize wettability is through
fluid distribution. In oil-wet and mixed-wet systems the
oil clusters appear sheet-like and flat compared to the
more spherical geometry in water-wet systems [54, 55].
Singh et al. [56] observed oil layer formation on the rock
surface and between two water interfaces, which provides
a conductive flow path for the oil phase in mixed-wet
systems. Lin et al. [57] observed the formation of minimal
fluid-fluid interfaces with a mean curvature of
approximately zero and deviating principal curvatures.
The fluid phase distribution or geometry may be fully
characterized through morphological descriptors known
as the four Minkowski functionals: volume, surface area,
integrated mean curvature and Euler characteristic [14,
58-62].

Recent work focuses on linking the pore scale
wettability parameter to core scale properties such as
capillary pressure -saturation and relative permeability -
saturation relationships [16, 18, 63-65].

1.4 Wettability at the core scale

In  conventional special core analysis (SCAL)
experiments, the capillary pressure - saturation
relationship is used to assess the wettability of a system.
This relationship can be obtained by combining the Amott
spontaneous imbibition test, in which the cumulative
production of the displaced phase versus time is recorded
as well as waterfloods to obtain the forced part of the
capillary pressure. Various indices, with the Amott and
USBM index being the most common, have been
introduced to derive wettability from the capillary
pressure - saturation relationship [66, 67]. However, the
results of such experiments are difficult to interpret as
other factors besides wettability may impact the results.
These factors include, for instance, viscosity, interfacial
tension and flow dynamics [68-70]. An alternative is the
wettability characterization by re-scaling the Leverett J
function to provide an average contact angle [71, 72]. Yet,
this method is not able to account for mixed wettability.
The wettability of a system can also be inferred from
the relative permeability- saturation functions using the
end-point water relative permeability, oil-layer drainage
and shape of the water relative permeability: An end point
permeability kK* < 0.3 indicates a water-wet system, 0.3
< k'2* < 0.6 a mixed wet and kKf%* > 0.6 an oil-wet
system. Qil-layer drainage can be assessed from ki, near
to the end-point: If ki, < 0.05, while the saturation is still
decreasing, oil is moving through a continuous oil layer,
which is indicative of a mixed- or oil-wet system. If the
shape of knw shows a sharp rise with a cross over saturation
S§¢ross < 0.5 the system is often oil-wet. A low k< 0.2
for Sw = Swi + 0.2 is indicative of a water-wet system [73].
To predict the described core-scale output using
computational models this behaviour needs to be linked to
the smaller scale wettability responses. In this work we
combine the results of various experiments across length
scales using similar systems to describe this relationship.

2 Methodology

In this work, we compiled the results of previous studies
addressing wettability in similar systems [49, 74-77] and
complemented the results with additional measurements
to obtain wettability descriptions across all length scales.

2.1 Sample selection

1.1.1 Crude oil

The crude oils were chosen based on their high wettability
alteration potential. The corresponding total acid number
(TAN) and total base number (TBN) as well as the
Saturates, Aromatics, Resins, Asphaltene (SARA)
analysis are listed in Table 1. The crude oils are rich on
surface active components and asphaltenes, which
represent the components that are expected to change the
wettability of the rock.

Crude oil B was doped with 20% - iododecane, to
enhance the contrast to the brine phase for uCT imaging.



In all experiments with crude oil A, the brine phase was
doped with potassium iodide. In one experiment, n-
decane was used as a model oil.

1.1.2 Brine

The brine composition used in the current studies is listed
in Table 2. The formation water (FW) recipe, typical for
a carbonate reservoir, was taken from Mahani et al. [78].
For the first study with a doped brine a 17 wt% KI-brine
was chosen. Based on the ionic strength this corresponds
to 70400 ppm NaCl and therefore is considered a high
salinity solution (HS). For the other experiment a 9 wt%
Kl-brine (S) was chosen to obtain better contrast between
the two fluid phases.

1.1.3 Rock

Ketton rock is a middle Jurassic oolithic carbonate rock
consisting of round grains (ooids and peloids) ranging
from 100 um — 1 mm size. Oolites are marine sediments,
which form during evaporation. Dissolved carbonate
precipitates along nuclei floating in the seawater, which
leads to concentric growth and to the round shape of the
grains. Once the particles become too heavy they
accumulate at the seafloor, where they become cemented
[79]. The geological history of the formation leads to a
homogeneous and simple structure of the rock, which
makes the rock highly suitable for uCT flow experiments
[49, 80, 81].

The rock has a porosity of ¢ = 23% with a bimodal
pore size distribution and permeability of 3 — 6 D. It
consists predominantly of calcite (99.1%) with minor
quartz (0.9%) components [82].

2.2 Core scale wettability assessment

At the core scale, wettability can be derived from relative
permeability-saturation and capillary pressure-saturation
functions. These can be obtained through special core
analysis (SCAL) experiments such as steady-state core
floods or Amott spontaneous imbibition tests.

2.2.1 Steady-state core flood experiment

Experiments to determine relative permeability were
performed in a custom-built X-ray saturation
measurement apparatus at Shell [18, 83, 84] following the
steady-state method [85, 86].

The Ketton sample (SCAL-plug: diameter d = 2.5 cm
and length L = 5 cm) was first saturated with HS-brine
and then mounted inside an X-ray transparent core holder
and placed in the flow apparatus for steady-state relative
permeability measurement. Afterwards, the sample was
desaturated with crude oil A by flooding at 1 ml/min until
no further change in saturation was detected. The sample
was then aged at 30 bar and 70° C for 1 week. The
measurements were conducted at a constant flow rate,
where the fractional flow f,, was systematically changed
from 100% crude oil to 100% brine in 10 steps (fu1 = 0,01;

fwz = 0,05; fw3 = 0,1; fw4 = 0,3; fws = 0,5; fws = 0,7; fw7 = 0,9;
fus = 0,95; fur = 0,99; fuio = 1). At each step saturation
(and spatial profile along the core) and phase pressures
were recorded after steady-state was reached. The SCAL
data (pressure drop over the core and in situ saturation
profiles at each fractional flow step) were matched
numerically using Shell’s in-house simulator (MoReS) to
estimate the relative permeability as a function of
saturation.

2.2.2 Amott spontaneous imbibition tests

In an Amott spontaneous imbibition test an oil-saturated
rock sample is placed into a vessel containing brine. In
water-wet and mixed-wet samples the water starts to
spontaneously imbibe into the rock sample replacing the
oil, which then gets produced, collected and monitored
over time. The production rate and the cumulative
production are used as a measure for wettability [67].

Bartels et al. [77] conducted an Amott spontaneous
imbibition test on a SCAL plug sample and a mini plug
sample commonly used for uCT studies (mini-plug:
diameter d = 4 mm and length L = 20 mm).

Both samples were cleaned, saturated with brine and
then desaturated with crude oil B. The SCAL plug was
desaturated by centrifugation (URC-628, 129 Coretest
Systems Inc., used at 3500 RPM) for 24 hours while the
temperature was kept constant at 40°C. The mini plug was
desaturated by flooding 0.5 ml/min and then placed into
an oven at 40 °C for 24 h.

Consecutively the samples were placed into Amott
vessels. The production of the SCAL plug was monitored
with HECTOR, a high energy UCT scanner at the Centre
for X-ray Tomography (UGCT) in Ghent, Belgium [87]
and the production of the mini plug with the
Environmental MicroCT scanner (EMCT) also at UGCT
[88]. The scans were reconstructed using dedicated
reconstruction tools in the Acquila software package from
Tescan XRE. Visualization and additional post-
processing of the data were performed with Avizo 9.2.0
(Thermo Fischer Scientific).

The detailed experimental procedures can be found in
Bartels et al. [77].

2.3 Pore scale wettability assessment

Lin et al. [89] stated that sample initialization, especially
flooding as opposed to centrifugation may have a
significant impact on the outcome. For this reason, both
initialization protocols (centrifugation and flooding) were
assessed at the pore scale.

2.3.1 Unsteady-state waterflood experiments initialized
by flooding

The unsteady-state waterflood experiment was obtained
from Riicker et al, [90]. The mini plug samples were first
saturated with HS brine and then desaturated with crude
A by flooding 0.5 ml/min using the flow cell described in
Armstrong et al. [13]. The samples were aged at 3MPa



and 70 °C for one week. The waterflood was performed at
a flow rate of 0.03 ml/min. During the experiment the
fluid distributions within the sample were monitored
using fast uCT facility at the TOMCAT-SLS beamline at
the Paul Scherrer Institute, PSI, in Switzerland, while the
HS brine was injected into the sample.

The images were reconstructed using the Paganin
method [91] and processed and segmented with Avizo
9.0. The wettability of the system was assessed visually
and by contact angle measurements following the
workflow described in Andrew et al. [13] using the
filtered grey scale image of the final timestep measured
during this flooding sequence.

2.3.1 Unsteady-state waterflood experiments initialized
by centrifugation

The unsteady-state waterflood performed on a centrifuged
sample was prepared following the protocols from Lin et
al. [89]. 8 subsamples with a diameter g = 6 mm and
length L = 20 mm were predrilled in a SCAL plug with a
diameter g = 3.8 cm and length L = 4 cm. Subsequently,
the plug was saturated with HS-brine, desaturated in a
centrifuge with crude A (URC-628, 129 Coretest Systems
Inc., used at 3500 RPM for 24h) and then stored under
elevated pressure of 3 MPa and temperature of 70 °C for
4 weeks. Afterwards, the smaller sample was chopped off
the SCAL plug and fitted into the Viton sleeve while
being kept in the crude oil and placed into a core holder
described in Singh et al. [56]. Consecutively, a waterflood
experiment was performed by injecting HS-brine at a flow
rate of 0.03 ml/min for 2 h. uCT scans with a voxel size
of 6.1 um were taken for the full sample and two smaller
(988 %1014 x 997) subsamples with a voxel size of 2 um
prior to and after the experiment using a Xradia pCT-
scanner (Zeiss).

The images were reconstructed using the proprietary
software provided by Zeiss, filtered with a non-local
means filter and segmented with the trainable WEKA
segmentation tool [92] provided by Fiji [93]. The contact
angle distribution was measured manually using the
filtered image obtained after the waterflood following the
procedure described in Andrew et al. [13]

2.3 Topographical measurements with AFM

At the sub-pore scale the impact of the surface
structure of a rock was assessed with atomic force
microscopy (AFM). As illustrated in Fig. 2., AFM images
the topography of a surface mechanically. The surface of
the rock is raster scanned by an atomically sharp tip
attached to the end of a cantilever. Close to the surface,
intermolecular forces acting on the tip lead to a bending
of the cantilever, which is monitored by a laser. For the
measurements presented, special attention was given to
the location at which the rock was scanned, to avoid spots
affected by drilling or breakage. The rock surface was
scanned with a silicon tip (PPP-NCHAuD from
NANOSENSORS™) along a 10 um x 10 pm area (128 x
128 pixels) using the Quantitative Imaging mode (QI™-
mode). In this mode at each pixel a full force distance

profile is obtained (i.e. the force between the AFM tip and
the surface is monitored as the tip approaches the surface).
The rock sample was first saturated with brine and then
desaturated with n-decane by flooding (500 pl/min) to
mimic the distribution of fluid films and layers at the end
of drainage. In addition, test experiments were performed
on calcite minerals cleaved in oil and cleaved in brine and
then submerged in oil.

The image was analyzed with JPKSPM data
processing software (JPK instruments) and then
transformed into a 3D image using MATLAB (R2018b).
These 3D images were then further processed with
Geodict 2015 (Math2Market). A morphological drainage
simulation assuming a water-wet contact angle of 30° [94]
was applied. Avizo 9.0 (a) was used for visualization.
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Fig. 2. AFM was used to image the surface of the original rock
surface within a pore (a) using QI™-mode, which creates a force
distance curve at each pixel (b) by monitoring the deflection of
a cantilever with an atomic sharp tip as it approaches and
disengages from the surface (c) [71].

3 Results and discussion

3.1 Wettability at the core scale

Fig. 3 shows the core-scale responses obtained from the
core-scale steady-state flooding experiment and the
Amott spontaneous imbibition test. The results show a
difference in wettability depending on the sample
initialization.

The samples prepared by flooding appear mixed-wet
to water-wet. Following the guidelines to assess
wettability from relative permeabilities by Blunt [73], the
steady-state experiment initialized by flooding appears
with a water permeability end-point of ki2* = 0.2 at the
upper limit for a water-wet system, but would not yet be
considered mixed-wet. However, with a very low residual
oil saturation of S,.s, =0.06 and a low water relative
permeability at low water saturations (< S,i;02) Of
k., (S, + 0.2) = 0.03, this system fulfils two of three
criteria proposed to identify a mixed-wet system and
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Fig. 3. The core scale steady-state SCAL experiment initialized by flooding shows a relative permeability, here displayed on an
arithmetic (a) and semi-logarithmic scale (b), which is typical for a mixed-wet system leaning towards the water-wet side [71]. As
the oil droplets (red) emerging from the rock illustrate, the Amott spontaneous imbibition tests show an oil-wet behaviour for the
sample initialized by centrifugation (c, imaged using HECTOR) and water-wet behaviour for the sample initialized by flooding (d,

imaged using EMCT). [74]

correspondingly is considered mixed-wet leaning to the
water-wet side.

The Amott spontaneous imbibition test of the sample
initialized by flooding also showed a water-wet response.
As illustrated in Fig. 3d the oil droplets emerging while
the brine invades the pore space show a water-wet shape.
Similar observations for a Ketton rock initialized by
flooding have been reported by Alyafei et al. [95].

The sample initialized by centrifugation, however,
showed only a little oil production from the pore space
(1%) and the oil droplets accumulating at the top of the
sample showed an oil-wet structure (Fig. 3c) [77].

The difference between the initialization by
flooding and the initialization by centrifugation is the
capillary pressure applied during drainage.

Based on the Young-Laplace equation, a higher
capillary pressure leads to the invasion of smaller pores
by oil compared to a lower capillary pressure. As the rock
surface is altered in contact with the crude [22], only the
pores invaded by oil are expected to change wettability.

Fig. 4 shows the pore (inlet) diameter distribution of
Ketton rock obtained by mercury porosimetry and the
estimated pore (inlet) diameter invaded by centrifugation
and flooding respectively for the Amott test examples

[77]. The pore sizes invaded by centrifugation were
estimated based on the rotation speed, interfacial tension
and fluid densities assuming an advancing contact angle
of 30°. Based on this calculation pores down to a diameter
of 0.3 um are expected to be filled with oil [77]: this is
sufficient to invade some micro-porosity and hence make
the solid surfaces oil-wet. As no porous plate was used
during flooding the maximum capillary pressure achieved
is controlled by the pore structure itself. An exact value
cannot be determined. However, the capillary pressure is
expected to be at the lower end of the peak pore (inlet)
diameter. uCT images obtained with the EMCT scanner
after drainage were used for validation. In these images,
all the resolved pore sizes showed occupancy with oil.
The small amounts of water detected did not show a
correlation with the pore diameter. However, it is likely
that the micro-porosity in the grains remained water-
saturated and water-wet. This is evident in the high initial
water saturation of approximately 0.4 in the results shown
in Fig. 3. The solid grains are micro-porous — if they are
water-filled, they act like a wet sponge and may prevent
contact of oil with the surface of the grains even in the
larger pores, and hence retaining water-wet characteristics
in this case. We will test this directly later in the paper by



measuring water film thicknesses in the corners of the
macro-pore space using AFM.
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Fig. 4. Pore size distribution of Ketton rock. Based on the oil-
saturations obtained from the experiments, initialization by
flooding filled pores down to a diameter of 20 pm and
centrifugation down to 0.3 um [77].

Correspondingly, the estimated minimum pore radius
accessed during flooding was set at 20 um at the image
resolution boundary (4 voxel lengths) and below the
larger peak pore (inlet) diameter (Fig. 4). Smaller scale
imaging techniques such as uCT and AFM can give
further insights into the core-scale wettability response
and will be discussed below in more detail.

3.2 Wettability at the pore scale

The uCT unsteady-state waterflood experiments were
used to compare the impact of centrifugation and flooding
on sample initialization at the pore-scale.

The images Fig. 5 and Fig. 6 show some examples of
the fluid distribution at the pore-scale before and after an
unsteady-state waterflood for a sample initialized by
flooding (Fig. 5, measured at SLS) and by centrifugation
(Fig. 6, measured with Xradia).

Next to the brine phase (white), the oil phase (black)
and the rock (light grey) both figures also show the
presence of a water-in-oil emulsion. In the sample
initialized by flooding the emulsion appears as a third
phase (dark grey) [76]. In the sample initialized by
centrifugation, the emulsion appears in distinct droplets
with a diameter of up to 100 um. The emulsion forms due
to the presence of surface active components in the crude,
which are also responsible for the wettability alteration of
the system itself. The identification and image processing
of this third phase was discussed in detail by Bartels et al.
[76].

Furthermore, both figures show the presence of oil
films along the grain surface and in the crevices in
between after the waterflood. However, for the
centrifuged sample, this oil appears continuous, while the
oil films in the flooded sample appear discontinuous
(comparison Fig. 5 and Fig. 6). This supports the findings
observed at the core-scale. The discontinuous oil films
observed in the uCT images hint to a mixed-wet sample,
while the continuous oil films indicate a predominantly
oil-wetting surface. The difference in the emulsion phase
can be explained in the same way. As the surface is oil-
wet after centrifugation, large water droplets may form

and remain stable, while in a mixed-wet system larger
droplets are likely to collapse as they get in contact with
the preserved water films in a mixed-wet system and only
small droplets, (below the image resolution) remain
stable.
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Fig. 5. uCT images obtained before (left) and after the
waterflood experiment (right) of a Ketton rock sample (grey)
initialized by flooding. Next to the oil (black) and brine (white),
the images show the presence of emulsion (dark grey).
Furthermore, the images show the presence of discontinuous oil
films along the surfaces and in crevices [47, 71]. The images
were obtained at the SLS.
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Fig. 6. PCT images obtained before (left) and after the
waterflood experiment (right) of a Ketton rock sample initialized
by centrifugation. The emulsion phase appears in form of
distinct brine droplets. The oil films appear continuous. The
images were obtained with Xradia [71].

The images obtained at the end of each waterflood
experiment were further used to measure the contact angle
distribution displayed in Fig. 6. The contact angle
distribution obtained for the Ketton sample indicates a
water-wet system with a peak < 90 °. However, compared
to the contact angle distribution for the strongly water-wet
decane-brine-Ketton rock sample reported by Scanziani et
al. [51], this system seems shifted by 30° towards more
oil-wet conditions.
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Fig. 7. The contact angle distribution (100 contact angles) for the unsteady-state waterflood pCT experiment with a rock sample
initialized by flooding indicates a water-wet state even though more oil-wet than the water-wet reference obtained from Scanziani et
al. (2017). Due to the low number of contact angles (21 contact angles) obtained for the unsteady-state waterflood uCT ex-periment
performed on a centrifuged sample flooding, solely the median value, the maximum and minimum are plotted [47, 49, 71].

Yet, the contact angle distribution does not show the

mixed-wet system observed in the image. The reason
might be the patchy small-scale wettability pattern, which
leads to pinning of the fluid-fluid interface, when the
surface changes from water-wet to oil-wet.
The contact angles detected in the sample initialized by
centrifugation varied from 50 ° to 130°, with a median
value of 115° (Fig. 7). Only 21 contact angles could be
obtained for this sample. The reason was that the oil
remained predominantly in the poorly resolved pore
throats, which are less suitable for contact angle
measurements. For the same reason, the contact angles
obtained may be more affected by measurement errors,
which needs to be considered for the following
interpretation: The low values of 50° might be a sign of a
mixed-wettability pattern. However, as the oil-phase in
this sample is continuous, the pinning of the fluid-fluid
interface is less pronounced.

The sample initialization of the two cores investigated
were subject to different capillary pressures applied
during the drainage process and aging time. However, the
impact of aging time was assumed to be minor for the
following reasons. First, the core-scale studies indicate
that the wettability alteration of Ketton rock appears
already after 24h. Second, previous studies indicated that
the water-wet appearance of Ketton rock is preserved for
even longer aging periods [95]. Third, oil layers, present
in the flooded sample, show that wettability alteration
happened where the oil was in contact with the surface.
The oil layer, however, was discontinuous, which might
have been caused by sub-resolution surface features,
which can be investigated with AFM.

3.3 Wettability at the sub-pore scale

AFM was utilized to investigate the water films and layers
present within the Ketton rock sample initialized by
flooding.

The water-decane interface and the height of the rock
surface were obtained from the force distance curves
collected for all of the 128 x 128 pixels along the 10 um
x 10 um area. Fig. 8 shows examples for such force
distance curves obtained from measurements on calcite
surfaces prepared with and without water.
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Fig. 8. Representative force distance curves obtained from a
calcite surface without (a) and with the presence of a water film
(b). As the tip passes through the brine-decane interface the
cantilever is bending towards the surface, which is recorded as a
negative force. Once the cantilever reaches the rock surface it
gets bent in the opposite direction [71].

As the tip is water-wet, the cantilever bends towards
the surface when it passes through the fluid-fluid interface
during the approach, which is displayed in form of a
negative force. The height of the rock surface is obtained



from the bending of the tip in the opposite direction
recorded as a positive force on the cantilever.

In the resulting image shown in Fig. 9, 60% of the
surface was covered with brine. Only 40% of the surface
were directly in contact with decane.
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Fig.10. a Water film (blue) on top of a rock surface (grey)
measured in decane. The water layer shows a film thickness
ranging between 0 nm and 200 nm with a peak film thickness of
125nm (b) [71].

The 3D measurement of the wetting film also allows
to quantify fluid film thickness. Fig.9b shows that the film
thickness ranges between 0 nm and 200 nm with a peak
film thickness of 125 nm.

Furthermore, the rock surface obtained was used to
simulate the coverage of the rock for different capillary
drainage

pressures applied using a morphological

a.

simulation. The algorithm fits spheres of different radii,
representing different capillary pressures, onto the surface
to model the drainage process as it is applied prior to the
wettability alteration in a rock.

The result is shown in Fig. 10. Fig. 10d shows the
surface area coverage as a function of sphere diameter.
The higher the diameter —and the lower the corresponding
capillary pressure — the larger the surface area covered
with brine. 50% of the surface was covered with water for
a sphere diameter of 7 um. For sphere diameters below
1.5 um only 1.5% of the surface remained in contact with
the aqueous phase. These results are in line with the
detected water films.

These findings show that surface roughness of a rock
can facilitate the formation of water-layers. Different
capillary pressures applied on the rock during drainage
result in different water coverage of the rock surface.
Based on the assumption that wettability alteration occurs
predominantly when the surface is in direct contact with
the oil, the difference in coverage would result in a sub-
pore-scale wettability pattern as indicated in section 3.2
and explain the different wettability responses observed at
the core-scale.

4 Conclusions

In this study we assessed the wettability across the length
scales using similar oil-brine-rock system, including
AFM at the sub-pore scale, pCT imaging and in situ
contact angle distributions at the pore-scale combined
with Amott spontaneous imbibition tests and steady-state
relative permeability measurements at the core-scale,
demonstrating that upscaling is possible.

For this crude oil-brine-rock system, surface
roughness and the capillary pressure applied during
initialization were found to control the larger scale
wettability response after aging.

AFM studies showed the formation of water films
along the rock surface preventing a direct contact of the
oil and the rock which lead to a patchy sub-pore scale
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Fig. 9. Water films (blue) on top of a rock surface (grey) obtained from a drainage simulation based on sphere fitting (a: sphere
diameter = 1.6 um, b: sphere diameter = 5.6 um, c: sphere diameter = 6 um). d shows the percentage of surface area covered with

brine as a function of sphere diameter [71].



wettability pattern after aging. This small-scale
wettability pattern leads to a water-wet contact angle
distribution at the pore-scale, while some surface show
discontinuous oil layers and a mixed-wet core-scale
response leaning towards the water-wet side.

Furthermore, nano-scale simulations showed that the
higher the capillary pressure, the larger the oil-rock
contact area. Once the oil film becomes continuous the
core scale response for the same system appears oil-wet at
the pore- and core-scale.

This study demonstrates that for predictions of the
core-scale wettability response, the nano-scale surface
structure of the rock needs to be considered.
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