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Hypothesis: We define contact angles, h, during displacement of three fluid phases in a porous medium
using energy balance, extending previous work on two-phase flow. We test if this theory can be applied
to quantify the three contact angles and wettability order in pore-scale images of three-phase displace-
ment.
Theory: For three phases labelled 1, 2 and 3, and solid, s, using conservation of energy ignoring viscous
dissipation ðDa1s cos h12 � Da12 � /j12DS1Þr12 ¼ ðDa3s cos h23 þ Da23 � /j23DS3Þr23 þ Da13r13, where /
is the porosity, r is the interfacial tension, a is the specific interfacial area, S is the saturation, and j is
the fluid–fluid interfacial curvature. D represents the change during a displacement. The third contact
angle, h13 can be found using the Bartell-Osterhof relationship. The energy balance is also extended to
an arbitrary number of phases.
Findings: X-ray imaging of porous media and the fluids within them, at pore-scale resolution, allows the
difference terms in the energy balance equation to be measured. This enables wettability, the contact
angles, to be determined for complex displacements, to characterize the behaviour, and for input into
pore-scale models. Two synchrotron imaging datasets are used to illustrate the approach, comparing
the flow of oil, water and gas in a water-wet and an altered-wettability limestone rock sample. We show
that in the water-wet case, as expected, water (phase 1) is the most wetting phase, oil (phase 2) is inter-
mediate wet, while gas (phase 3) is most non-wetting with effective contact angles of h12 � 48� and
h13 � 44�, while h23 ¼ 0 since oil is always present in spreading layers. In contrast, for the altered-
wettability case, oil is most wetting, gas is intermediate-wet, while water is most non-wetting with con-
tact angles of h12 ¼ 134�� � 10�; h13 ¼ 119�� � 10�, and h23 ¼ 66�� � 10�.
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1. Energy balance for three-phase flow

1.1. Introduction and the Young equation

We will determine fluid–fluid contact angles within a porous
medium using energy balance. The derivation is based on previous
work [1] where the contact angle is defined from a generalized
Young equation [2,3]. The novelty here is to extend the treatment
from two-phase [4] to three-phase flow and then to apply it to two
dynamic experiments where pore-scale images of three-phase flow
have been acquired [5,6]. The work has myriad applications to
understand carbon dioxide storage [7], enhanced oil recovery [8],
as well as food processing [9], drug delivery [10], and the design
of micro-fluidics devices [11]. Multiphase flow is also seen in cat-
alytic processes, such as the removal of non-aqueous phase pollu-
tants from groundwater [12].

We generalize the theory for any number of fluid phases. We
calculate the change in Helmholtz free energy: relating the work
done from injecting the fluids to the change in surface energy
ignoring viscous dissipation [1]. This approach is complementary
to techniques that measure the so-called geometric contact angle
on pore-space images directly [13–15], or estimates based on cur-
vature and topology [16–18]: these methods are valuable to char-
acterize wettability but do not directly find the contact angle
associated with a displacement event, or the values needed in a
numerical pore-scale model of multiphase flow.

We have three phases labelled 1, 2 and 3 and a solid s. We have
three combinations of fluid pairs that can contact the surface: 12,
Fig. 1. Combinations of fluid phases in contact with a solid. For a three-phase
system (phases 1, 2 and 3) there are three possible combinations, as shown from the
top: 12, 13, and 23. The contact angles are measured through the denser phase and
may assume any value between 0 and 180�: we normally associate phase 1 with
water, phase 2 with oil, and phase 3 with gas. A horizontal force balance leads to the
Young Eqs. (1)–(3) from which a relationship between the contact angles and fluid/
fluid interfacial tensions may be derived, Eq. (4): this is illustrated geometrically in
the bottom figure. Adapted from [20].
13 and 23, see Fig. 1. The contact angle h12 measured through phase
1 in the presence of phase 2 is defined by the Young equation as:

r12 cos h12 ¼ r2s � r1s; ð1Þ
where r represents an interfacial tension or the energy per unit
area of an interface. In Eq. (1) the contact angle is obtained from
an energy balance and represents an effective value where the area
is measured at a fixed resolution from an image [19]. Therefore the
contact angle is not necessarily the angle that would be found at the
atomic scale; it is, instead an effective value valid at the scale of the
measurement.

Similar Young-type equations can be written for the other pairs
of fluids:

r13 cos h13 ¼ r3s � r1s; ð2Þ

r23 cos h23 ¼ r3s � r2s: ð3Þ
It is possible to rearrange Eqs. (1)–(3) to obtain the Bartell-Osterhof
relationship [21] assuming that the three phases are in mutual
equilibrium, as illustrated in Fig. 1:

r13 cos h13 ¼ r12 cos h12 þ r23 cos h23: ð4Þ
1.2. Calculation of the change in surface energy on displacement

Here we will calculate the change in surface energy during a
displacement involving three fluid phases. The surface or interfa-
cial energy of the fluids and solid in the pore space with areas, A, is:

E ¼ A1sr1s þ A2sr2s þ A3sr3s þ A12r12 þ A13r13 þ A23r23: ð5Þ

The total area of the solid surface As ¼ A1s þ A2s þ A3s is constant.
We eliminate A2s ¼ As � A1s � A3s and hence Eq. (5) becomes:

E ¼ Asr2s þ A1sðr1s � r2sÞ þ A3sðr3s � r2sÞ þ A12r12 þ A13r13 þ A23r23:

ð6Þ

Then from Eqs. (1) and (3), Eq. (6) becomes:

E ¼ Asr2s þ ðA12 � A1s cos h12Þr12 þ ðA23 þ A3s cos h23Þr23 þ A13r13:

ð7Þ
We will now consider a change in energy during a displacement
from one position of local equilibrium to another, as shown
schematically in Fig. 2 for a series of capillary tubes.

Taking differences in Eq. (7) we find:

DE ¼ ðDA12 � DA1s cos h12Þr12 þ ðDA23 þ DA3s cos h23Þr23 þ DA13r13:

ð8Þ
Fig. 2. A schematic of displacement in a bundle of capillary tubes. The contact
angle, h, is calculated using Eq. 17, based on an energy balance ignoring viscous
dissipation. We treat the flow of three phases labelled 1, 2 and 3; s labels the solid.
We find the changes in specific interfacial area, a and saturation, S.
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At fixed temperature and volume the change in Helmholtz free
energy will be zero [1,22,23]. The change in surface energy DE is
equal to the work done to inject the fluids.

The capillary pressure is defined as Pcij ¼ Pj � Pi for any two
phases i and j. In two-phase flow (with phases 1 and 2) the work
done, DW ¼ P1DV1 þ P2DV2 ¼ �Pc12DV1 using DV1 þ DV2 ¼ 0 and
Pc12 ¼ P2 � P1 [4]. Physically there is a negative sign since the work
is positive if phase 1 increases its volume with a higher pressure
than phase 2.

In three-phase flow, the calculation of work done can be
extended by writing:

DW ¼ P1DV1 þ P2DV2 þ P3DV3: ð9Þ
As with the consideration of surface energy, we can choose which
volume to eliminate from the equation; to be consistent we take
DV2 ¼ �DV1 � DV3. Then

DW ¼ ðP1 � P2ÞDV1 þ ðP3 � P2ÞDV3; ð10Þ
and using the definition of capillary pressure we find:

DW ¼ �Pc12DV1 þ Pc23DV3: ð11Þ
Physically this can be thought of as displacement in two steps. First,
that phase 1 displaces phase 2. The work done is, as in two-phase
flow, �Pc12DV1. However phase 2 may displace phase 3, with a cap-
illary pressure Pc23. The volume change is not simply DV2 since
some of this difference is due to the displacement of phase 2 by
phase 1. Instead we consider the change in phase 3, and write the
work done as Pc23DV3. Here the work done is positive if phase 2
has a higher pressure than phase 3, while DV3 is negative. Whereas
this equation was derived for the specific case of phase 1 that dis-
places 2, while phase 2 displaces phase 3, it is, in fact, correct for
any injection sequence, evident from the form of Eq. (9).

To frame the analysis using conventionalmacroscopic quantities,
we rewrite thework done in terms of saturation, S : DVi ¼ V/DSi for
phase i. V is the total volume in which the energy balance is calcu-
lated while / is the porosity. Then from Eq. (11):

DW ¼ V/ð�Pc12DS1 þ Pc23DS3Þ: ð12Þ
The Young–Laplace equation will be used to relate the curvature jij

to the capillary pressure Pcij [24]:

Pcij ¼ rijjij: ð13Þ
The signs are defined such that a positive curvature, with a positive
capillary pressure Pcij, is when phase j bulges into phase i. Then Eq.
(12) can be written:

DW ¼ V/ð�r12j12DS1 þ r23j23DS3Þ: ð14Þ
Invoking conservation of energy: DE ¼ DW (an increase in surface
energy is matched by a positive value of the work done), from
Eqs. (8) and (14):

ðDA12 � DA1s cos h12Þr12 þ ðDA23 þ DA3s cos h23Þr23 þ DA13r13

¼ V/ð�r12j12DS1 þ r23j23DS3Þ:
ð15Þ

The specific surface area is defined as a ¼ A=V , and then Eq. (15)
becomes:

ðDa12 � Da1s cos h12Þr12 þ ðDa23 þ Da3s cos h23Þr23 þ Da13r13 ¼
/ð�r12j12DS1 þ r23j23DS3Þ:

ð16Þ

Then rearranging:

ðDa1s cos h12 � Da12 � /j12DS1Þr12

¼ ðDa3s cos h23 þ Da23 � /j23DS3Þr23 þ Da13r13: ð17Þ
Eq. (17) is the main theoretical result of this paper. The important
insight is that all the terms in Eq. (17), apart from the contact
angles, can be determined from pore-space images (or indeed sim-
ulations) at two stages in a displacement. Interfacial areas [25], cur-
vatures [26] and saturations can be measured on three-dimensional
images. This analysis can be applied to pore-scale images of three-
phase flow [27–29,5,30,31]. From this, the wettability of the system
can be calculated: the contact angles h represent the angles to be
used in pore-scale models since they will correctly conserve energy
for the displacement that has been observed. This removes the
ambiguities associated with using geometrically-measured in situ
angles [13], or angles measured on a flat surface.

When dealing directly with images, volumes are measured by
counting voxels of each phase. Therefore it is more convenient to
rewrite Eq. (17) directly in terms of the change in volume of each
phase, rather than porosity and saturation. We define a specific
volume of each phase v i ¼ Vi=V ¼ /Si and write:

ðDa1s cos h12 � Da12 � j12Dv1Þr12 ¼ ðDa3scosh23 þ Da23 � j23Dv3Þr23 þ Da13r13:

ð18Þ
1.3. Simplifications

Eq. (17) is one equation with two unknowns: cos h12 and cos h23.
An unambiguous determination therefore requires three or more
images, with two difference equations. However, even in cases
where Eq. (17) is only known once, it is often possible to eliminate
one contact angle, or to determine one from a two-phase displace-
ment. For instance, if we now associate label 1 with water, 2 with
oil, and 3 with gas, we can consider the following. Firstly, before
gas injection, there will often be a two-phase displacement in the
pore space (normally waterflooding): this could be used to deter-
mine cos h12 from Eq. (17) eliminating all terms involving phase
3 (gas) and rearranging:

Da1s cos h12 ¼ /j12r12DS1 þ Da12; ð19Þ
which is the two-phase expression derived in [4]. Then, with Eq.
(19) to find cos h12; cos h23 is found from Eq. (17). However, this pro-
cedure does assume that the contact angle for waterflooding
between oil and water is also representative for three-phase flow.

Another possibility, if only three-phase displacement data are
available, is to consider situations where one of the contact angles
is known. For instance, in a spreading system, where oil forms lay-
ers separating gas and water, cos h23 ¼ 1 such that gas does not
contact water directly: a13 ¼ 0. Then Eq. (17) can be used to deter-
mine cos h12 directly using

ðDa1s cos h12 � Da12 � /j12DS1Þr12

¼ ðDa3s þ Da23 � /j23DS3Þr23: ð20Þ
A third possibility is near-miscible gas injection, where the interfa-
cial tension between gas and oil r23 is small (of order 1 mN/m or
less) and so can be ignored in Eq. (17). In this case, h23 cannot be
accurately determined, but h12 can be calculated from:

ðDa1s cos h12 � Da12 � /j12DS1Þr12 ¼ Da13r13: ð21Þ
Once the two contact angles cos h12 and cos h23 are determined, the
third, cos h13, is found from the Bartell-Osterhof relationship, Eq. (4).

1.4. Discussion and approximations

The contact angles can be determined wherever we see a dis-
placement with changes in interfacial area and saturation with a
fluid meniscus present. It can be calculated as an average for the
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whole domain, or more locally, say for each pore, if the image qual-
ity is sufficient [32]. However, the analysis does require high-
resolution images with little noise to obtain accurate results. The
uncertainty in the calculations is quantified later when we present
the results from experimentally-obtained images.

We have assumed reversible displacement processes which
means that we ignore viscous dissipation. This can be included in
the analysis, but introduces an additional unknown in the equation
— namely the magnitude of this effect [32]. The viscous dissipation
can be as low as 10 % of the total energy for displacements in bead
packs [1], although it can be more significant for drainage pro-
cesses and in more heterogeneous porous media [22]. However,
our emphasis will be on imbibition where there is less dissipation
[32], and altered-wettability systems where j12 (the curvature
between oil and water) is small. In these cases, viscous dissipation
has little impact on the calculated contact angles, because the work
done for displacement is very small: the contact angle is controlled
by changes in surface areas at almost constant overall energy.
Finally, we assume that there is little change in capillary pressure
during the displacement: the j used in Eq. (17) in the examples
shown later will be the average of the values measured before
and after the displacement. These approximations will be exam-
ined when we present the experimental results with an estimate
of the likely errors in the calculation of contact angle.

2. Extension to any number of phases

Before testing our theory on imaging datasets, energy balance is
extended to an arbitrary number of fluid phases. If we have n
phases present, there are nðn� 1Þ=2 interfacial tensions, contact
angles and curvatures. However, the Young and Young–Laplace
equations enable constraints between interfacial tensions and cur-
vatures, and between the contact angles and interfacial tensions to
be found, such that there are only n� 1 independent curvatures
and contact angles [33]. We can write two similar sets of
constraints:

rikjik ¼ rijjij þ rjkjjk; ð22Þ

rik cos hik ¼ rij cos hij þ rjk cos hjk; ð23Þ
for any arbitrary phases i; j and k, with the additional identities and
definitions:

Xn

i¼1

Dais ¼ 0; ð24Þ

Xn

i¼1

DSi ¼ 0; ð25Þ

and

jij ¼ �jji; ð26Þ

cos hij ¼ � cos hji: ð27Þ
Then we can derive the energy balance following the same
approach as before. We have an arbitrary choice of which fluid-
surface area and saturation to eliminate first in the equations: here
we have decided to remove a2s and DS2 – refer to Eq. (17) – but the
final expressions are independent of this choice when the relations
Eqs. (22)–(27) are used.

Some low temperature reservoirs in which CO2 is injected may
hold four fluid phases: water, oil, a vapour phase which is mainly
CO2, a liquid phase containing lighter hydrocarbon components
and significant amounts of CO2, and an oil phase with some dis-
solved CO2 [34]. With four phases, 1, 2, 3 and 4, the energy balance
in Eq. (17) can be extended to:
ðDa1s cos h12 � Da12 � /j12DS1Þr12

¼ ðDa3s cos h23 þ Da23 � /j23DS3Þr23

þ ðDa4s cos h24 þ Da24 � /j24DS4Þr24 þ Da13r13

þ Da14r14 þ Da34r34: ð28Þ

This is only one equation for a system with three independent con-
tact angles: two angles need to be estimated through an analysis of
two or three-phase displacements.

Finally, for completeness, the extension of Eq. (28) to any num-
ber n of liquid phases is:

ðDa1s cos h12 � /j12DS1Þr12 ¼
Xn

i¼3

ðDais cos h2i � /j2iDSiÞr2i

þ
Xn

j¼iþ1

Xn

i¼1

Daijrij: ð29Þ
3. Application to two imaging datasets

3.1. Experimental details

We will now illustrate the application of this analysis to two
imaging datasets [5,6]. High-resolution time-resolved pore-scale
images of displacement into samples of a carbonate rock were
acquired at the Diamond Light Source in Oxfordshire, UK using
the I13 beamline. Details of the experiments, image analysis and
the rock samples used have been published previously [35,5,6];
here, we simply report results to enable the calculation of effective,
thermodynamic, contact angles. The rock was a Ketton carbonate,
an oolithic limestone composed principally of calcite [35]. We
associate phase 1 with water (brine), phase 2 with oil, and phase
3 with gas (nitrogen).

For comparison, two experiments are considered. In the first,
refined oil was injected into a water-saturated sample (completely
saturated with brine), followed by brine injection and then injec-
tion of gas (nitrogen at high pressure). The final displacement –
for which we will calculate contact angles – was re-injection of
brine. The image size in three dimensions was
1000� 1000� 900 voxels with a voxel size of 3.58 lm. The rock
is naturally water-wet and so we anticipate that h12 < 90�: we refer
to this as the water-wet experiment. Oil was seen to spread in lay-
ers between water near the solid surface and gas in the centre of
the pore space: there was negligible contact between gas and
water, with a gas-oil contact angle, h23 of zero.

Saturation is measured from the segmented image and is
defined as the fraction of the pore space occupied by each phase.
The interfaces between the fluids, and the fluid phases and the
solid were extracted and smoothed as described in [5,6]. Interfacial
area was measured on these smoothed surfaces. The curvature
used is the average value across the entire sample. In this simple
example, we will calculate the contact angles using Eq. (20) taking
the difference in saturations and interfacial areas between the end
of gas injection and the end of the subsequent brine re-injection to
determine h12. The values of j used will be the mean of the values
measured at the end of gas injection and brine re-injection. In this
dataset the image quality was insufficient to compute contact
angles during the displacement, as we only recorded small changes
in saturation and area between each image. For the second exper-
iment, we will measure contact angle during the displacement and
assess uncertainty.

In the second experiment, oil extracted from a reservoir in the
Middle East was injected into a brine-saturated sample at high
pressure and temperature and left for a month. The sample then



Table 1
Data used to compute contact angles for the water-wet experiment from [5]; the
more extensive dataset used for the altered-wettability experiment is presented in
the Supplementary Material. The porosity, /, of the resolvable pore space was 0.147.
Phases 1, 2 and 3 are water (brine), oil and gas respectively. GI refers to the end of gas
injection and WF to the end of second water (brine) injection. In both experiments
r12 ¼ 52:1 mN/m, r13 ¼ 63:7 mN/m, and r23 ¼ 11:2 mN/m.

Property GI WF Difference D/mean (for j)

S1 0.301 0.359 0.058
S3 0.539 0.341 �0.197

a12 mm�1 0.179 0.362 0.183
a23 mm�1 0.181 0.306 0.125
a1s mm�1 4.062 4.472 0.411
a3s mm�1 1.714 0.775 �0.939
j12 mm�1 17.039 15.642 16.341
j23 mm�1 20.950 20.112 20.531
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remained in a closed bottle of the same crude oil at high tempera-
ture for a further 3 months. In this case, some of the oil could
adhere to the solid and alter its wettability [36]. This process,
called ageing, attempts to reproduce the wettability conditions
encountered deep underground in oil reservoirs [37]. Therefore,
we expect the oil–water (brine) contact angle to be larger. Before
the experiment, the crude oil was replaced by a refined oil. Then
the same displacement sequence as in the water-wet case was
adopted: waterflooding followed by gas (high-pressure nitrogen)
injection followed by brine re-injection. We will refer to this as
the altered-wettability experiment. The procedure for measuring
saturation, interfacial areas and curvature was the same as for
the water-wet case. The images comprised 1050� 1050� 1060
voxels with a voxel size of 3.5 lm. This is a more complex example,
where gas and water competed to occupy the largest pore spaces:
there were direct gas–water contacts, while oil was present in wet-
ting layers close to the solid surface. In this case the use of an
energy balance approach is valuable to determine the contact
angles and wettability order (which phase is most wetting,
intermediate-wet and non-wetting) during gas injection.

The image quality in the altered-wettability experiment was
sufficient to study differences between each image taken during
the displacement. We consider a time sequence of 47 images and
46 differences. Two differences could not return sensible results,
likely due to uncertaintites in segmentation and image quality,
and so were ignored in the analysis. We apply two approaches to
find the contact angles. Firstly, we take three consecutive images,
with two differences. This leads to two equations, Eq. (17) with
two unknowns h23 and h12 which can be solved directly. This pro-
vides 23 sets of values, as we apply this method to every pair of dif-
ferences. In six cases the equations could not return physical
values for contact angles (j cos h j> 1) leaving a set of 17 contact
angles. The second approach is to find single values of h23 and h12
that best fit Eq. (17) using a least squares approximation approach.

For illustrative purposes, Fig. 3 shows the pore-scale arrange-
ment of oil, water and gas at the end of gas injection for the two
experiments. Table 1 provides the saturations and interfacial areas
used to calculate the contact angles for the water-wet experiment;
for the altered-wettability case, we have, as mentioned before, 47
sets of values during gas injection which are listed in the Supple-
mentary Material together with the differences and contact angles
obtained.
Fig. 3. Configurations of water (brine) in blue, oil in red and gas in green in the pore
experiments. The solid is transparent. The water-wet image analysed was 1000� 10
1050� 1050� 1060 voxels with a 3.5 lm voxel size.
3.2. Results for the water-wet case

For the water-wet experiment, as mentioned above, h23 ¼ 0 and
we use Eq. (20) and the values in Table 1 to find h12 ¼ 48�. This is
consistent with the geometrically-measured mean contact angle of
47:6� � 4:6� [5]. For this case, the analysis simply confirms the wet-
tability and agrees with direct measurement. Furthermore, this
contact angle is also similar to values from two-phase flow in a
water-wet sandstone which — in a pore-scale model — provided
an accurate prediction of relative permeability [4]. Using Eq. (4)
we find h13 ¼ 44�: the medium is also water-wet in the presence
of gas. However, for a porous medium of altered wettability, the
three-phase contact lines where two fluids meet the surface are
likely to be pinned until the hinging contact angles reach values
sufficient to move across a more oil-wet surface [36]: in this case
we may see a difference between the geometric and thermody-
namic contact angles, and it is the thermodynamic value that more
accurately represents the displacement. Furthermore, the wettabil-
ity order may be change, in that gas may no longer be the most
non-wetting phase.
3.3. Results for the altered-wettability experiment

For the altered-wettability experiment, using consecutive
sequences of three images we obtained 17 sets of values for con-
tact angles using Eq. (17), see Table S4 in the Supplementary Mate-
space after gas injection for the water-wet (left) and altered-wettability (right)
00� 900 voxels with a 3.58 lm voxel size. The altered-wettability image had
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rial. Their mean and standard deviations were h12 ¼ 123� � 19� and
h23 ¼ 59� � 9�; using Eq. (4) we obtain h13 ¼ 110� � 14�. There is a
wide scatter in the data because we are looking at small differences
between images. There is no discernable trend in contact angle
during the displacement.

As mentioned in the previous section, another approach is to
attempt to find a single average value representative for the whole
sample during gas injection. The values of contact angle that best
fit the data – that is, provided the most accurate match to Eq.
(17) using a least-squares approach — was h12 ¼ 134� and
h23 ¼ 66�, and using Eq. (4) h13 ¼ 119�. Since this provides a consis-
tent average value, we consider this a more reliable estimate than
taking successive images separately.

This analysis shows that the rock is, on average, oil-wet whose
oil–water contact angle is larger than 90�. h12 was also calculated
using Eq. (19) on the same sample from displacement of oil by
water preceding gas injection: at the end of the displacement
h12 ¼ 130� � 5� [38]. This is an important result, as there is an
ambiguity in which contact angle to use in three-phase flow when
gas displaces both water and oil in a system with altered wettabil-
ity [39,40]: for this experiment the advancing contact angle (that is
the value for water displacing oil, rather than a likely smaller
receding angle for oil displacing water) best represents the dis-
placement. The second observation is that in this system, when
oil is more wetting, the gas-oil contact angle is not zero. While
gas is still non-wetting to oil, gas contacts water directly — the
oil does not everywhere spread between gas and water, as seen
in the water-wet experiment. The final — and most significant —
conclusion is that, on average, gas is more wetting than water:
water is the most non-wetting phase, gas is intermediate-wet,
while oil is most wetting, as predicted theoretically [41], and seen
for three-phase flow at near-miscible conditions [42]. This implies
that water will tend to occupy the larger pores and that the gas–
water capillary pressure will be negative, as observed in the exper-
iments [6]. The wetting state also affects the Gaussian curvature
(the product of the principal curvatures in orthogonal directions):
the average Gaussian curvatures of the interfaces between oil and
water, and gas and oil, are negative during gas injection indicating
well-connected phases [6]. For comparison, the geometric mea-
surement of contact angle had an average value of h23 ¼ 57�,
broadly consistent with our energy-balance results, but implied
much less oil-wet conditions with h12 ¼ 105� and h13 ¼ 81� which
suggests that water is still weakly wetting to gas [6]. This result is
inconsistent with the displacement dynamics, and illustrates a lim-
itation with the direct, geometric, measurement of contact angle
that can record values on hinging contact lines which do not move
during displacement. However, this analysis is based on a single,
average measurement from one experiment: more work is
required on several samples under different conditions to test
how general these observations are.

3.4. Quantification of uncertainty

There are two principal sources of uncertainty in the analysis.
The first concerns image quality and errors in the computation of
interfacial areas and curvatures. This is evident in the high stan-
dard deviation in the results obtained from successive images.
The principal uncertainty comes from the computation of curva-
ture, where the radius of curvature of the interfaces is approxi-
mately 7 voxels. Previous work has shown that for this
resolution the likely error in the calculation of curvature is up to
30 % [43]. Combining all segmentation and image analysis uncer-
tainties, the error in the calculated average contact angle is approx-
imately 7�.

The second, systematic, error is that we assume a reversible
process and hence ignore viscous dissipation. In three-phase flow
we encounter complex displacements with a combination of drai-
nage and imbibition processes. In drainage as little as 36 % of the
work is converted to surface energy [22]. This is potentially signif-
icant for the altered-wettability experiment where the rock is lar-
gely oil-wet, so both water and gas displacing oil are drainage. To
quantify this effect we took the energy efficiency obtained in sim-
ulations for waterfooding a uniformly oil-wet rock with a contact
angle of 135�: the viscous dissipation in this case was R ¼ 45 %
of the change in surface energy [32]. To compute contact angle
including viscous dissipation we divide all the terms involving cur-
vature (the work terms) in Eq. (17) by a factor 1þ R [32]. This leads
to a decrease in the estimated value of h12 of 10�. In our experi-
ment, the amount of viscous dissipation is likely to be lower, as
there is a range of contact angles, whose average value is below
135�. Furthermore, the displacement of water by gas is not a drai-
nage process, so there is a mix of drainage, and imbibition for
which the viscous dissipation is low with a negligible effect on
the estimated contact angles [22,43].

Considering both viscous dissipation, and errors in our image
segmentation and analysis, we estimate a likely uncertainty in
the estimated contact angles of � � 10�.

Overall, despite these sources of error, we have shown that the
application of energy balance in three-phase flow can be used to
quantify effective contact angles and to understand and interpret
the displacement dynamics. These results could then be used as
the basis for pore-scale modelling of three-phase flow.
4. Conclusions and implications

We have extended the concept of energy balance [1,4] to deter-
mine contact angles for three-phase flow. This approach provides
the correct values to use in pore-scale models and avoids ambigu-
ities associated with the direct measurement of a geometric con-
tact angle, which does not necessarily capture a representative
wettability during displacement [14].

We have illustrated the method by applying energy balance to
two pore-scale imaging datasets for three-phase flow [5,6], quanti-
fying the difference in wettability in a water-wet rock and another
sample of the same rock type that had undergone a wettability
alteration. We demonstrated that for the altered-wettability sam-
ple, in this case, oil was most wetting, gas was intermediate-wet
and water was the most non-wetting phase, with an oil–water con-
tact angle of approximately h12 ¼ 134�, a gas–water contact angle
h13 ¼ 119�, and a gas-oil contact angle h23 ¼ 66� The estimated
uncertainty in the determination of contact angle is � �10�. This
wettability order has been hypothesized previously [41], observed
in micro-model studies [44], and inferred from the results of near-
miscible gas injection experiments [42]. This result, however, con-
flicts with the assumptions used in traditional models of flow in oil
reservoirs which assume that gas is the most non-wetting phase
[20,45].

These contact angles can then be used as input into three-phase
pore-scale models to accurately predict displacement processes, as
well as the macroscopic properties relative permeability and capil-
lary pressure [46,47].

Finally, we have showed how to extend the method to any
number of fluid phases and provided general expressions for the
relationships between interfacial tensions, contact angles and
interfacial curvatures.

In future work we could apply this method to a variety of rock
samples with images acquired using different techniques, as well
as micro-model experiments. In addition, since contact angle
may vary spatially, we could assess if the method could be per-
formed locally, or even on a pore-by-pore basis to assess the vari-
ation in contact angle throughout a sample. This has been
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attempted successfully in two-phase flow using simulation data-
sets [32], but not applied to experimental images. Lastly, we could
apply this technique on benchmark images and simulations to
quantify the sources of uncertainty and error in the estimates of
contact angle.
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