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Abstract: Liquid banking in the near wellbore region can lessen significantly the production from
gas reservoirs. As reservoir rocks commonly consist of liquid-wet porous media, they are prone
to liquid trapping following well liquid invasion and/or condensate dropout in gas-condensate
systems. For this reason, wettability alteration from liquid to gas-wet has been investigated in the
past two decades as a permanent gas flow enhancement solution. Numerous experiments suggest
flow improvement for immiscible gas-liquid flow in wettability altered cores. However, due to
experimental limitations, few studies evaluate the method’s performance for condensing flows,
typical of gas-condensate reservoirs. In this context, we present a compositional pore-network model
for gas-condensate flow under variable wetting conditions. Different condensate modes and flow
patterns based on experimental observations were implemented in the model so that the effects
of wettability on condensing flow were represented. Flow analyses under several thermodynamic
conditions and flow rates in a sandstone based network were conducted to determine the parameters
affecting condensate blockage mitigation by wettability alteration. Relative permeability curves and
impacts factors were calculated for gas flowing velocities between 7.5 and 150 m/day, contact angles
between 45◦ and 135◦, and condensate saturations up to 35%. Significantly different relative
permeability curves were obtained for contrasting wettability media and impact factors below
one were found at low flowing velocities in preferentially gas-wet cases. Results exhibited similar
trends observed in coreflooding experiments and windows of optimal flow enhancement through
wettability alteration were identified.

Keywords: condensate blockage; wettability alteration; pore-network modeling; compositional
modeling

1. Introduction

Liquid accumulation around producing wells is one of the main causes of productivity
decline in gas reservoirs [1,2]. As reservoir rocks tend to be strongly liquid-wet [3], the liquid
phase exhibits relatively low mobility in gas-liquid flows, leading to liquid buildup. Commonly,
two scenarios induce liquid accumulation in the near wellbore region: fluid invasion during drilling
and completion operations [1,4] and condensate dropout in gas-condensate reservoirs [5,6]. In the latter,
liquid accumulation unfolds during reservoir depletion, when the bottom whole pressure becomes
lower than the produced fluid dew point. In both cases, production may be significantly reduced and
compromise profitability.

Several methods of removing/preventing liquid banks around producing wells have been
proposed in the literature. Removal of stagnant liquid can be achieved through solvent injection [6–8],
which seeks the reduction of interfacial tension between gas and liquid. With this procedure,
the capillary pressure between the phases becomes lower, reducing the pressure gradient required
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for liquid mobilization. Another method involves the injection of gas to alter the near wellbore fluids
phase behavior and re-evaporate the liquid bank [2,7,8]. While both approaches have proved effective,
the positive outcome is temporary, as the treated porous medium is still prone to liquid accumulation.

Alternatively, liquid accumulation could be prevented by altering the reservoir rock wettability
to intermediate or preferential gas-wet. Reducing the tendency of liquid to spread on the rock
porous surface could lessen liquid accumulation during condensate dropout and prevent drilling and
completion fluids imbibition. In the past two decades, plentiful research effort has been directed to
developing gas wettability inducing chemicals and testing their suitability for application in reservoir
rocks [9–11]. Strong indications of improved gas-liquid flow performance have been reported [12–14],
with minimal impact on the porous medium absolute permeability [15,16], effectiveness at high
temperatures [17–19] and permanent results [3,20].

Works investigating the effects of wettability change on gas-liquid flow in porous media
conventionally resort to spontaneous imbibition and forced flow in cores, using water/oil as the
liquid phase and air as the gaseous phase. While these experiments may be adequate to analyze the
tendency of well fluid invasion in the reservoir, they do not represent properly condensate dropout
and accumulation [21]. The flow of gas and condensate in porous media and its dependency on
parameters like flow rate, phases properties and wettability have been proved to be fundamentally
different from that observed in conventional two-phase flow systems [22]. The spatial distribution
of liquid and gas in porous media obtained from condensation is greatly different than the ones
obtained via drainage/imbibition processes, as it is a function not only of the local pressure gradient
but also of the local pressure and temperature. Additionally, a dependency of gas and condensate
relative permeabilities on flow rate and interfacial tension, not observed in conventional systems,
has been extensively reported in the literature [22–25]. Only a few studies include flooding experiments
in wettability altered cores using model fluids that flash into two phases under experimental
conditions [1,16,21,26,27]. Their results suggest that the beneficial effects of wettability alteration
on gas-condensate flow in porous media are dependent on interfacial tension and flow rate. Hence,
generating data regarding condensation and two-phase flow under reservoir conditions is essential for
predicting the outcome of wettability alteration for condensate blockage prevention.

With this purpose, pore scale modeling techniques could be employed, as a way of avoiding flow
experiments of complex fluids under high pressure and high temperature conditions. Numerous pore
network models (PNMs) for gas-condensate flow in strongly liquid-wet media have been proposed
to date [22,28–31]. Among these, only Li et al. [28] presented an analysis of the effect of wettability
on critical condensate saturation (Scc) and relative permeability curves, by altering the contact angle
from 0◦ to 85◦. They noticed a significant increase in the relative permeability of both phases and
reduced Scc, when switching from strongly liquid-wet to intermediate gas-wet. Their model, however,
employs a very simplistic condensation mechanism, based solely on a pore throat radius threshold,
and unrealistic phases configuration in the porous medium, without the formation of wetting films.
Other PNMs of gas-liquid flow in gas-wet media have been proposed for evaluating CO2 storage in
aquifers [32], slow evaporation in 2D porous media [33,34], water transport in gas diffusion layers
of polymer electrolyte fuel cells [35,36] and liquid blocking in tight reservoirs [37,38]. None of these
models is suitable for representing condensate dropout and gas-condensate flow in the near wellbore
region, since the transition from single-phase to two phase flow due to condensation is not assessed.

Developing such a model relies on the identification of physical phenomena involved in phase
change and two-phase flow in gas-wet microchannels. Yet, the impact of wall hydrophobicity
on condensation flow has received very little attention in the literature [39]. Chen and Cheng [40]
investigated condensation of steam in silicon microchannels. They observed droplet condensation
at hydrophobic channel walls, followed by droplet coalescence and blockage of the channel.
Formed liquid slugs were then advected by vapor, developing an intermittent flow. Similarly,
Fang et al. [39] studied steam condensation on microchannels with different hydrophobicity degrees.
They observed dropwise condensation on hydrophobic walls, while hydrophilic microchannels
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were covered by a stable thin liquid film during phase change. As condensation on gas-wet walls
progressed, liquid droplets either grew enough to be dragged by the gas flow or, more commonly,
were swept by bigger liquid slugs moving from upstream. Cubaud et al. [41] analyzed two-phase
flow in microchannels with surface modifications and verified that liquid-gas flows in hydrophobic
channels were very different than the ones observed in hydrophilic channels. In gas-wet channels,
both phases flowed in slugs that spanned the entire cross section of the channels, exhibiting the same
superficial velocity. Liquid films were absent during flow in hydrophobic channel walls, regardless of
the observed void fraction. Wu and Djilali [42] investigated water droplet dynamics in a hydrophobic
air flowing microchannel. It was identified that, at a low Reynolds number (Re ≈ 60) airflow,
drag force on water droplets is minimal, allowing droplets to grow until the channel is obstructed and
subsequently be convected by airflow. Santos and Kawaji [43] investigated numerically wetting effects
in microfluidic slug flow. They verified that the significant velocity slip developed in hydrophilic
microchannels [44–46] is absent when the channel walls are hydrophobic, since gas slugs fill the
channel cross section.

Based on these analyses, the present work aims to develop a pore network model to evaluate
wettability alteration as a condensate banking prevention method. By assigning different flow patterns
according to wettability, we expanded the compositional model presented by Reis and Carvalho [47] to
encompass condensation and two-phase flow in intermediate and preferential gas-wet media. The flow
of a gas-condensate representative fluid at different gas velocities, wetting, and thermodynamic
conditions was assessed with the proposed model. For all flow analyses conducted, low Reynolds
number flow and local thermodynamic equilibrium at each time step were assumed. The results show
the dependency of flow enhancement via wettability alteration on flow conditions and determine the
conditions at which wettability alteration has a positive effect on hydrocarbon recovery.

2. Pore-Network Model

2.1. Pore-Network Geometry

Pore-networks consist of pore bodies connected by pore throats. In the proposed model,
3D pore-networks are used, with pore bodies identified by the index i and pore throats identified by
the index j. Pore throats are represented by converging-diverging circular capillaries with hyperbolic
profile, as expressed in Equation (1), where Lj represents the capillary length, Rmin,j the radius at the
constriction (x = 0) and Rmax,j the maximum radius, at x = ±L/2. Pore bodies are characterized by
the control volume encasing the capillary intersections and half of the capillary lengths, as illustrated
in Figure 1.

rj(x) =
√

aj + bjx2

aj = R2
min,j

bj =

(
2
Lj

)2

(R2
max,j − R2

min,j)

(1)

The spatial distribution of pores bodies and throats can be defined based on 3D pore-scale
imaging of real rock samples, which leads to irregular networks with variable capillary lengths and
coordination numbers (number of capillaries connected to each pore). In the absence of pore-scale
imaging, 3D regular lattices with realistic coordination number, capillary length, pore body, and pore
throat size distributions can be used to represent porous media. For the results presented in Section 3,
the network was based on micro-CT imaging of a sandstone sample [48]. More details of the used
network are presented in Section 3.1.
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Figure 1. Definition of pore volume.

The connectivity between pore bodies and pore throats is mapped by an incidence matrix C,
with elements defined as:

cij =


0 , if the pore throat j is not connected to the pore body i

−1 , if the pore throat j enters the pore body i

+1 , if the pore throat j exits the pore body i

2.2. Two-Phase Flow Patterns

Different condensation modes and two-phase flow patterns were implemented in the model
to incorporate wettability alteration effects. In liquid-wet porous media, filmwise condensation is
assumed. Hence, at pressures below the dew point, condensate spreads on capillary walls forming a
film and the two phases flow in annular configuration, as illustrated in Figure 2a. Depending on local
saturation levels and capillary geometry, this liquid film may become unstable, leading to the formation
of a liquid bridge at the capillary midsection, in a phenomenon known as snap-off (Figure 2b). In this
case, if capillary forces overcome the pressure difference, the flow of both phases is interrupted.
Otherwise, if the pressure drop in the capillary is high enough, the condensate bridge is mobilized and
the flow is reestablished.

The criteria for snap-off implemented in pore-network models are normally very
simplified [30,31,47,49] so that compositional efforts are reduced. Fang et al. [49] simply considered
that every capillary with radius equal or inferior than 20 µm was occupied by a condensate bridge.
Bustos and Toledo [30] proposed a model with square capillaries in which the condensate accumulation
was initiated at capillary corners and bridges were formed at condensate saturations greater than
21.4%. This value represents the condensate saturation at which the contact between the gas phase and
the throat walls is lost. The same criterion was adopted by Momeni et al. [31]. In our model, it was
considered that a condensate bridge is formed when a critical condensate film thickness, proportional
to the constriction radius of each capillary, is reached. For tcrit = 0.25Rmin, (which will be adopted in
the analyses presented in this paper) the condensate saturations at which the snap-off occurs vary
from ≈1%, for capillaries with very high Rmax/Rmin ratio, to 43.75%, for unconstricted capillaries.
This interval is consistent with the values presented in the literature [30,31]. Furthermore, for the
snap-off to happen, the geometry controlled condition for fluid break-up in constricted capillaries
proposed by Beresnev et al. [50] has to be met.
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Figure 2. Stages of condensation and flow in a liquid-wet capillary. (a) Film of liquid at initial state of
condensation. (b) Slug of liquid formed after snap-off.

In gas-wet media, dropwise condensation is presumed, as depicted in Figure 3a. Due to the lack
of affinity between solid walls and liquid, dropped out condensate is collected at droplets that do not
spread to establish a film. Furthermore, since the drag force exerted by the gas flow is insignificant at
low Reynolds numbers [42], they do not flow. As the liquid saturation increases, droplets grow and
form liquid slugs (Figure 3b) which are either advected by the gas, developing a slug flow pattern,
or block the flow through the capillary, if the pressure difference is not high enough to overcome the
capillary pressure.

Figure 3. Stages of condensation and flow in a gas-wet capillary. (a) Droplet of liquid at initial state of
condensation. (b) Slug of liquid formed with droplet growth.

Regardless of wettability, once a liquid slug spanning the entire capillary cross-section is formed,
the critical interface pressure drop value for it to be unobstructed is given by Equation (2). It is a
function of the interfacial tension, σ, the contact angle, θ, and the radii of the condensate bridge menisci,
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R1 and R2. The radii are related to the capillary geometry and the condensate saturation, as depicted
in Figure 4.

∆Pint = 2σ cos θ

(
1

R1
− 1

R2

)
(2)

Once the flow patterns for the capillaries have been defined, hydraulic conductances for gas and
condensate are used to calculate the volumetric flow rates between the pores bodies. The conductances
are defined as gn = qn/∆P, where qn is the volumetric flow rate for phase n and ∆P is the pressure drop
in the capillary. When a condensate slug is located at a capillary, ∆Pint should be subtracted from ∆P
for flow rate calculation. As for the pore bodies, it is considered that they exhibit infinite conductances,
thus not contributing to the network pressure drop.

To the best of our knowledge, this is the first pore-network model for thermodynamically
consistent condensation flow that takes into account the effect of wettability on flow patterns.
The implemented flow patterns are consistent with experiments involving two-phase flow visualization
in hydrophilic [44–46] and hydrophobic [39–42] microchannels. With this approach, we aim to provide
insightful results for the design of wettability altering treatments for gas-condensate reservoirs.
Gas-wet behavior will be assigned to contact angles θ ≥ 90◦ and liquid-wet behavior to θ < 90◦.
Implementing a transitional behavior for neutral wettability [40] could potentially further improve the
results and should be considered for future work.

Figure 4. Condensate menisci radii, R1 and R2, used to calculate ∆Pint.

2.2.1. Conductances for Gas and Condensate Flow in Liquid-Wet Media

For the annular flow pattern arisen in liquid-wet capillaries, the conductances for the gas and
liquid are given by Equation (3) [51].

ga f
g =

π

8µgL
(SgR2)2 +

π

4µl L
(R2 − SgR2)SgR2

ga f
l =

π

8µl L
(R2 − SgR2)2

(3)

where, µg and µl are the viscosities of the gas and liquid phases, Sg is the gas saturation and R and L
are, respectively, the equivalent radius and length of the capillary.

These conductances, devised for straight channels, were adapted for converging-diverging
capillaries by defining an equivalent radius for each capillary in the network [47]. For capillaries with
hyperbolic profile, the equivalent radius is calculated with Equation (4) [52].
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R =

 2R3
minR2

max

√
R2

max − R2
min

Rmin

√
R2

max − R2
min + R2

max arctan
(√

R2
max−R2

min
R2

min

)


1/4

(4)

2.2.2. Conductances for Gas and Condensate Flow in Gas-Wet Media

It is assumed that slug flow in gas-wet capillaries is established at any non-null value of condensate
saturation, i.e., slugs are formed at early condensation stages, where Sg ≈ 1. The conductances for this
flow pattern were calculated based on the pressure drop model proposed by Kashid and Agar [53].
Their model, presented in Equation (5), was developed for slug flow in a cylindrical microchannel in
the absence of wetting films.

∆Ps f =
8vµwα

R2
L
lu

+
8vµnw(1− α)

R2
L
lu

+ ∆Pint 2L− lu
lu

(5)

where v is the flow superficial velocity, µw and µnw are the viscosities of the wetting and non-wetting
phases, α is the wetting phase fraction, lu is the slug unit length, L is the capillary total length, R is the
capillary radius and ∆Pint is the interface pressure drop.

Using Equations (2), (4) and (5), and considering that only one liquid slug occupies a capillary at a
time (lu = L), the conductances for gas and liquid during slug flow are given by Equation (6) .

gs f
g =

πR4

8L

(
Sg

Sg(µg − µl) + µl

)
gs f

l =
πR4

8L

(
1− Sg

Sg(µg − µl) + µl

) (6)

2.3. Governing Equations

In the proposed model, the pressure and fluid content of each pore body are related by
a system of equations comprising molar balance Equations (Section 2.3.1), volume consistency
Equations (Section 2.3.2) and the appropriate boundary conditions (Section 2.3.3). This system is
solved with the Newton–Raphson method at each time step and, for each Newton iteration, a PT
flash (phase equilibrium calculation of a mixture with known composition at constant pressure and
temperature) based on the Peng and Robinson [54] equation of state is performed for each pore body
so that gas and liquid properties are updated. Details of the non-linear system solution and phase
equilibrium calculations used in our model are described by Santos and Carvalho [51].

2.3.1. Molar Balance Equation

The number of moles in a pore body can vary due to the molar flow rate through its adjacent
pore throats, ṅk

j , and the flow at the network boundaries, ṡk
i , as shown in Equation (7). The molar flow

in a capillary, given by Equation (8), converts the volumetric flow, calculated with the conductances
and the pressure drop, into the molar flow, using the molar fraction of each component in the gas and
liquid phases, yk and xk, and their molar densities, ξg and ξl . Equation (9) represents the pressure
that drives the flow through the capillaries. The inclusion of the interface pressure difference in
Equation (9) is controlled by the parameter Hint, which indicates the presence of a liquid slug in a
capillary. In Equations (7)–(9), i = 1...nb, j = 1...nt, and k = 1...nc, represent, respectively, the number
of pore bodies, pore throats and fluid mixture components in a network.

∂Nk
i

∂t
= −

nt

∑
j=1

cijṅk
j + ṡk

i (7)
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ṅk
j = (ykξggg + xkξl gl)j∆Pj (8)

∆Pj =
nb

∑
m=1

cmjPm − Hint
j ∆Pint

j (9)

2.3.2. Volume Consistency Equation

Considering the network slightly compressible, the volume of a pore body can be approximated
by Equation (10), where νi =

1
Vi

∂Vi
∂Pi

is the pore compressibility, and Vi and Pi are reference volume and
pressure levels. For consistency, this volume has to match the volume of the gas and liquid contained
in the pore, Vi = Vg

i + V l
i .

Gas and liquid volumes can be determined by relating Pi and T with the fluid parameters Li,
Zg

i , Zl
i , xk

i and yk
i (respectively: the fraction of the Ni moles in the liquid phase, the compressibility

factors and the molar fractions of each component k in the gas and liquid phases), as presented in
Equation (11). By combining Equations (10) and (11), the volume consistency equation, given by
Equation (12), is obtained.

Vi ≈ Vi[1 + νi(Pi − P)] (10)

Vi = Ni

[
Li

(
Zl

iRT
Pi
−

nc

∑
k=1

υkxk
i

)
+ (1−Li)

(
Zg

i RT
Pi

−
nc

∑
k=1

υkyk
i

)]
(11)

Ni −
Vi[1 + νi(Pi − P)]

Li

(
Zl

iRT
Pi
−∑nc

k=1 υkxk
i

)
+ (1−Li)

(
Zg

i RT
Pi
−∑nc

k=1 υkyk
i

) = 0 (12)

2.3.3. Boundary Conditions

In our model, the flow through the networks may be driven by imposing different pressure levels
at the inlet and the outlet, or by prescribing molar flow rate at the inlet and pressure at the outlet.
Other parameters that have to be imposed are the composition of the fluid injected in the network and
the temperature.

2.4. Model Validation

Validation of the proposed model for liquid-wet media can be found in Reis and Carvalho [47].
In this work, low Reynolds number flow and local thermodynamic equilibrium within each node
at each time step were assumed. Coreflooding experiments involving a Berea sandstone core
and a binary mixture of C1 − nC4 were reproduced with the model at different thermodynamic
conditions. At interfacial tension values of 0.015 and 0.037 mNm−1 and gas flowing velocities of
9, 18, and 36 m/day, the model presented good quantitative agreement with experimental data.
These conditions are consistent with the near wellbore region. For a distance of 3–5 m from the
wellbore, a flow velocity of 35.2 m/day is reported for a typical North Sea gas-condensate reservoir [23].
This flow velocity is also consistent with the laminar flow assumption adopted to devise gas and
condensate conductances. For a capillary radius of 10 µm, a viscosity of 3×10−5 Pa·s and a density
of 300 kg/m3 (typical for-gas condensate systems), the corresponding Reynolds number is 0.0815,
within the laminar flow regime and Darcy equation validity range.

3. Results

3.1. Pore-Network Description

A pore-network representing a sandstone was used to generate the presented results. It was
adapted from a network presented by Dong [48], based on micro-CT imaging of a sandstone sample
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(Figure 5a). This network, shown in Figure 5b, has a permeability of 169 mD, a porosity of 17.1%, and a
total volume of 2.67 mm3. A cubic subsection of 1.75 mm3 from the original network was selected,
as shown in Figure 5b,c, in order to reduce the computational effort of the flow analyses. In the excerpt
from original network, pore body radii and spatial coordinates were maintained, and pore throat radii
were used as the Rmin of the adapted network, as indicated in Figure 6. For the definition of Rmax,
the radius of the largest pore body connected to each pore throat was used. Pore throat lengths were
set to match the original network porosity and permeability. Histograms of resulting Rmin and Rmax

are shown in Figure 7.

(a) (b)

(c)

Figure 5. Details of the used pore-network generation. (a) Sandstone sample and micro-CT image
used to extract the pore-network. Images available on [55]. (b) Pore-network generated with data
extracted from the sandstone sample on (a), with used subsection delineated. Data available on [55].
(c) Subsection of the pore-network in (b), adapted for the proposed model.
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(a)

(b)

Figure 6. Pore throat adaptation for the proposed model. (a) Pore body and throat dimensions
following the pore-network extraction method proposed by Dong [48]. (b) Pore throat dimensions for
the adapted pore-network, based on pore body and throat radii in (a).

(a) Histogram for the maximum radius of pore
throats, Rmax

(b) Histogram for the minimum radius of pore
throats, Rmin

Figure 7. Histograms of pore throat dimensions of the adapted network.

3.2. Fluid

The composition of the fluid mixture used in the flow analyses is presented in Table 1. We devised
this composition to represent a typical mixture found in gas-condensate reservoirs, composed by carbon
dioxide, light, intermediate and heavy hydrocarbons. This mixture exhibits retrograde condensation
behavior in the temperature range from 15 ◦C to 207 ◦C, as shown in the phase diagram in Figure 8,
obtained with the CMG software Winprop.
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Table 1. Fluid mixture composition.

Component Molar Fraction

CO2 0.07
C1 0.65
C2 0.13
C3 0.07
C6 0.05

C10 0.025
C16 0.005

Figure 8. Fluid mixture phase envelope.

3.3. Flow Conditions

In all cases analyzed here, the prescribed boundary conditions were molar flow rate at the network
inlet and pressure at the outlet. Different flow rates were used so that gas velocities from 7.5 m/day to
150 m/day were achieved in the networks. The positive effect of velocity on gas-condensate flow has
been widely reported in the literature [5,22,25,56,57] for strongly liquid-wet media. By analyzing a
wide range of gas flow velocities, we intend to evaluate whether wettability influences the flow rate
effect on flow performance.

For each studied flow velocity, different levels of liquid saturation were obtained by changing the
pressure at the network outlet. At the temperature of 80 ◦C, chosen for the presented analyses, the fluid
properties are presented in Table 2. The phases viscosities were calculated with the Lohrenz et al. [58]
correlation, while the interfacial tension was calculated with the Weinaug and Katz [59] correlation.

Table 2. Fluid properties at flowing conditions.

Label Pressure [MPa] Liquid Dropout [%] µg [Pa·s] µl [Pa·s] σ [mN/m]

P6 21.57 1.17 3.27× 10−5 5.58× 10−5 0.0196
P5 21.33 3.51 3.2× 10−5 5.7× 10−5 0.0271
P4 21.84 5.31 3.12× 10−5 5.81× 10−5 0.0359
P3 20.59 7.86 2.99× 10−5 6.04× 10−5 0.058
P2 19.61 10.6 2.76× 10−5 6.46× 10−5 0.1221
P1 17.5 12.12 2.4× 10−5 7.29× 10−5 0.3501

The effect of wettability alteration was assessed by performing all flow analyses with variable
contact angle values. For the evaluation of flow in a rock sample with unaltered wettability and
perfectly wetted by the liquid phase, θ = 0◦ was used. For wettability altered media, the contact angle
range of 45◦ ≤ θ ≤ 135◦ was explored.

Local Reynolds numbers were calculated for all flow conditions and varied between 2.25× 10−2

and 4.5× 10−1. Therefore, even at the highest tested gas flow velocity, inertial effects are not significant.
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3.4. Relative Permeability Curves

Relative permeabilities were calculated with Darcy equation for the flow conditions presented in
Section 3.3 under steady-state flow conditions. Figure 9a–c show the relative permeability curves obtained
with different contact angles at gas velocities of 7.5 m/day, 45 m/day and 150 m/day, respectively.

(a) vg = 7.5 m/day

(b) vg = 45 m/day

(c) vg = 150 m/day

Figure 9. Relative permeability curves at different gas flow velocities.

Very distinct curves were obtained for flow at contrasting wettability porous media, due to the
different condensation modes and flow patterns attributed to gas and liquid-wet cases. For 0◦ ≤
θ < 90◦, which corresponds to preferentially liquid-wet media, condensate accumulation occurs.
In these cases, the liquid tends to flow adjacent to pore walls, while the gas flows in channel cores.
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As a consequence, a significant velocity slip is developed between the phases and liquid saturation
builds up. This effect is noticeable in Figure 9: while the maximum liquid dropout for the flowing
conditions is 12.12%, the maximum condensate saturation in the networks, at steady-state flow,
is approximately 35%. A notably dissimilar behavior is exhibited by the curves obtained for the
gas-wet cases, 90◦ ≤ θ ≤ 180◦ . Since it is considered that liquid and gas flow at the same superficial
velocity during slug flow, no liquid accumulation occurs. For this reason, the range of condensate
saturations covered by these curves is equivalent to the mixture liquid dropout. Expressive differences
in condensate saturation for the same flow conditions and different wettabilities, consistent with the
results obtained with the proposed model, were also observed experimentally by Fahimpour et al. [21].

When compared to the base case with unaltered wettability, θ = 0◦, the flow with contact angles
of 45◦, 60◦ and 75◦ led to improvements in both gas and condensate relative permeabilities, for all
analyzed pressure levels and flow rates. Even though condensate accumulation still took place in those
cases, the interface pressure drop (Equation (2)) was reduced, lowering the pressure drop between the
inlet and outlet of the networks. Similar trends of increase in relative permeability for both phases
were reported by Zhang et al. [60] and Fahimpour et al. [16]. On the contrary, at fixed saturation levels,
the values of gas relative permeability obtained in gas-wet media are significantly lower than the ones
obtained in the base case, especially at the low flowing velocities. For these cases, only liquid relative
permeabilities are higher than the ones achieved in strongly liquid-wet media. This translation of
relative permeability curves to the left has been repeatedly reported in the literature for two-phase
flow in cores with wettability altered from liquid to gas-wet [6].

Curves for θ = 90◦ were also included in Figure 9. The condensation and flow behavior for
gas-wet media was assigned for this case, so no liquid accumulation took place. For fixed saturations,
improvement in gas relative permeability was only noticed at low flow rates, while liquid relative
permeability increased significantly for all tested flow conditions.

The positive effect of flow rate in relative permeability was observed for all contact angles used
in the analyses, except for the neutral wettability case. This effect is a result of the interplay between
viscous forces and capillary forces in gas-condensate flow. As the flow rate is increased, viscous forces
gain significance when compared to capillary forces, and fewer flowing paths remain blocked with
liquid. Hence, since the capillary pressure for θ = 90◦ is equal to zero, this gradual effect does not
happen. Another aspect noticed in the curves related to all cases other than θ = 90◦ is the negative
effect of interfacial tension rise as the pressure is depleted. This effect is particularly apparent in liquid
relative permeability curves, which can decline even at increasing liquid saturations, if the interfacial
tension increment is high enough.

Further analyses of the parameters affecting gas and condensate relative permeabilities in
wettability altered porous media are presented in Section 3.5.

3.5. Improvement Factor

Very few experimental studies assessing the effect of wettability alteration on condensate
banking provide relative permeability curves as a function of saturation. During coreflooding
experiments, the fluid mixture undergoes phase transitions and compositional shifts that make
saturation determination highly challenging. As a result, the effect of wettability alteration is commonly
evaluated by calculating improvement factors.

The improvement factor (IF) is the ratio between gas relative permeabilities after and before
wettability change, for the same injection flow conditions. Kumar et al. [26] presented results for flow
of mixtures that flashed into two phases in sandstone cores. At experimental conditions, the interfacial
tension was approximately 4 mN/m and IFs varied between 2 and 3. Bang et al. [1] evaluated the
effect of wettability alteration in a sandstone core at higher interfacial tension conditions (≈12 mN/m)
and reached IFs between 3 and 4. Other authors reported IF in the range 1–2, for both sandstone and
carbonate cores [61–63], but no details of the fluid properties were discussed.
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Those works focus primarily on evaluating the effects of different wettability altering treatments
and core properties, and rarely correlate improvement factors with fluid properties and flowing
conditions. Fahimpour et al. [21] evaluated the effect of interfacial tension and flow rate for wettability
altered carbonate cores. Under the experimental conditions, contact angles decreased monotonically
with interfacial tension, and corresponded to 65◦, 44◦ and 30◦ for σ = 10, 3 and 1 mN/m, respectively.
They measured averaged IFs of 3 for tests at σ = 10.8 mN/m, 1.3 for σ = 2.7 mN/m and 1.1 for
σ = 0.77 mN/m, which indicates a significant effect of fluid properties on flow improvement via
wettability alteration.

To evaluate thoroughly the effects of wettability, fluid properties and flow velocity on
improvement factor, a wide range of flow conditions and contact angle values was examined with the
proposed model. Improvement factors calculated for all analyses are shown in Figure 10. Gas flow
velocities of 7.5, 15, 30, 45, 60, 90 and 150 are denoted as Q1 to Q7, while the pressures represented in
Table 2 are labeled, in ascending order, as P1 to P6.

(a) θ = 45◦ (b) θ = 60◦ (c) θ = 75◦

(d) θ = 105◦ (e) θ = 120◦ (f) θ = 135◦

Figure 10. Improvement factors for all flowing conditions.

The impact of liquid saturation and interfacial tension reported by Fahimpour et al. [21] is
apparent in Figure 10. At lower pressures, which are associated with higher interfacial tensions and
liquid saturations, higher improvement factors were achieved. This happens because an important
effect related to wettability alteration is the reduction of interface pressure drop (Equation (2)). Thus,
if interfacial tension and liquid saturation are negligible, this effect becomes less prominent and IFs
tend to be lower.
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Furthermore evident in Figure 10 is the influence of the degree of wettability alteration on IFs.
For both gas and liquid-wet cases, contact angles closer to 90◦ produced more significant improvements,
since the reduction of interface pressure drop is greater. Besides, it is noticeable that, for θ > 90◦,
IFs may be lower than one, especially at high pressures and low flowing rates. This is related to the
different condensation modes and flow patterns observed in gas-wet and liquid-wet media. At low
liquid saturations, condensate tends to be collected on films on pore walls, if the medium is liquid-wet.
In this configuration, the negative effect of liquid accumulation on gas flow is less severe, as gas
flowing paths are reduced, but not blocked. For the gas-wet case, however, we consider that even at
low liquid saturations, liquid slugs are formed. Therefore, by altering the wettability, a negative effect
may occur. This effect is more pronounced at low flow rates, as even small liquid slugs can obstruct
the flow under weak acting viscous forces.

The fact that more pore throats contain liquid slugs in gas-wet media also intensifies the impact
of flow rate on improvement factors, as seen in Figure 10d–f. Since the positive coupling between flow
velocity and relative permeability is linked to the ability of viscous forces to overcome capillary forces,
more liquid collected on slugs amplifies the effect. As for liquid-wet media, the flow rate effect is not
only weaker, but also non monotonic. At low pressure levels improvement factors tend to decrease
with flow rate, while at high pressures the effect can be either positive or negative. Independently
of wettability preference, for high flow rates occurring in the near wellbore region, all tested contact
angles led to improvement factors higher than one, indicating flow enhancement.

3.6. Liquid Accumulation and Compositional Shift

Apart from improvement factors, an important aspect related to wettability alteration for
gas-condensate enhanced production involves the fluid phase behavior in the near wellbore region.
In liquid-wet porous media, gas develops superior superficial velocities than condensate, leading to
liquid accumulation. As a result, valuable heavier hydrocarbon components from the fluid mixture
are trapped in the subsurface and the fluid phase behavior is altered. Figure 11, obtained with the
CMG software Winprop, shows the phase boundaries and critical points for the original injected
composition (Table 1) and for the mixtures contained in the liquid-wet networks during steady-state
flow at pressures P1 to P6 (Table 2).

Figure 11. Phase envelope shift due to liquid accumulation.
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As the pressure is lowered, the fluid mixture becomes richer in heavier components and the
phase envelope is shifted to the right. Consequently, not only the liquid saturation builds up, but the
fluid mixture tends to turn into volatile oil. Such a transition is observed in the envelope related to
pressure P1 in Figure 11, where the critical temperature is 92 ◦C, higher than the test temperature of
80 ◦C. This affects negatively long-term well deliverability, since further depletion in the reservoir
will not vaporize the deposited condensate, as predicted by the phase diagram related to the original
composition (Figure 8).

For gas-wet media, the tendency of gas and condensate to flow at the same superficial velocity can
preserve the original reservoir fluid composition around producing wells. Therefore, depletion beyond
the pressure related to maximum liquid dropout, P6 = 17.5 MPa for the tested composition, will lead
to progressively lower liquid saturations and possibly more favorable producing scenarios.

4. Conclusions

A new compositional pore-network model for gas-condensate flow under variable wetting
conditions was proposed. The networks comprised structures of pores bodies connected by
converging-diverging circular pore throats. Gas and condensate conductances were calculated based
on filmwise condensation followed by annular flow in liquid-wet media, and dropwise condensation
followed by slug flow in gas-wet media. Flow through pore throats could be interrupted in liquid-wet
channels upon the occurrence of snap-off, and in gas-wet channels during slug flow, granted that
capillary forces overcame viscous forces. Fluid content and pressure in each pore were calculated
through the solution of a system of non-linear equations with the Newton–Raphson method, while the
phases properties were determined with a PT flash.

With the proposed model, flow of a multi-component mixture that experiences retrograde
condensation under typical reservoir conditions was analyzed in sandstone based networks with
different degrees of wettability alteration. Relative permeabilities and improvement factors were
calculated for several flow rates and pressures below the dew point, representing different conditions
occurring in the near wellbore region.

Relative permeability curves for liquid and gas-wet media exhibited very different profiles, due to
different flow patterns and fluid accumulation propensities. For all tested cases, except for θ = 90◦,
flow rate impacted positively on relative permeabilities, while interface tension impacted negatively.
Improvement factors were calculated so that the gas flow performances in altered and unaltered
wettability media were compared. Significant effects of contact angle, flow rate and depletion stage on
IFs were identified. The dependency of improvement factors on flow conditions predicted by the model
agreed qualitatively with experimental results reported in the literature, as higher interfacial tension
values led to higher improvement factors. Furthermore, for analogous contact angle and interfacial
tension values, the results were quantitatively similar. For θ = 45◦ and 60◦, and low interfacial tension,
the improvement factors for both experiments [21] and numerical modeling were in the range between
1 and 1.5. Contact angles closer to θ = 90◦ led to higher improvement factors in both gas and liquid-wet
media. The impact of wettability alteration was more pronounced at lower pressures, in which higher
interfacial tension and liquid saturation occur. For gas-wet media, low flow rates and high pressures
could lead to IF < 1, which indicates gas flow impairment. These conditions, however, are more
predominant in far wellbore regions.

Fluid phase behavior during depletion was also assessed with the proposed model. In liquid-wet
media, the tendency of condensate buildup led to the transition from gas-condensate to volatile-oil
behavior, at the pressure associated with the maximum liquid dropout. This can impact long term gas
productivity and should also be taken into account when designing a wettability alteration treatment
for field application.

We believe that the proposed model could serve as a fast and economical tool for the
appraisal of wettability alteration as a condensate blockage mitigation method. Future work on
the model could involve devising a correlation to determine the contact-angle as a function
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of the system thermodynamic state. Additionally, implementing a more gradual flow pattern
transition between liquid and gas-wet states could improve the fidelity of flow analyses for near
intermediate-wet conditions.
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