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Enhanced CO2 diffusion in wedges
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Abstract

A porous media is a collection of particles of different shapes and sizes. Particles can be deformed such that they rarely contact at a point,
but on extended surfaces. As a consequence of these contacts between particles, the resulting voids can present a large number of cusp-like
sections resulting in a low-angle intersection of solid surfaces. Depending on the angle at which surfaces interact and on the contact angle
between a liquid and the solid surface, a meniscus will rise on a wedge in a similar way a liquid meniscus rises inside a capillary. If the
sum of the half-angle of the wedge and the contact angle is less thanπ /2, there is no possible equilibrium shape and a liquid filament will
rise to fill the entire length of the wedge. It was found that filaments have an active role in the enhanced diffusion process between carbon
dioxide and liquid hydrocarbons. The presence of filament not only increases the mass transfer area but also plays an important role in the
convective mixing process that occurs inside the pore. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The rate of interfacial mass transfer inside porous rocks
is very important to the design and operation of enhanced
oil recovery processes. A typical example is carbon dioxide
recovery where the mechanism of recovery consists of dis-
solving CO2 in hydrocarbons, with the result of the swelling
of the liquid phase and migration of the hydrocarbon from
the pockets to the open pores. The rate of mass transfer
is affected by three principal factors, which are: (1) mass
transfer coefficient between phases; (2) interfacial area; (3)
departure from equilibrium.

The mass transfer coefficient is a measure of the mass
transfer between phases by a combination of convection
and diffusion. Ideally, two phases in contact at a flat inter-
face would transfer mass by a diffusion mechanism only. In
practice, there are many causes for convective currents that
usually enhance the rate of mass transfer between inter-
faces. Density gradients caused by composition or thermal
differences give rise to convective currents and surface
tension gradients.

The interfacial area between phases plays a direct, exten-
sive role in mass transfer. Contact between phases is assumed
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to happen at an idealized Gibb’s 2D surface. By modifying
the area of this surface, the mass transfer rate can be af-
fected in a quantitative way. Departure from equilibrium is
measured through characteristic concentration differences in
each phase. The farther from equilibrium the concentration
of a component is, the faster the transfer of the component
across the interface will be. Understanding the incidence of
these factors on mass transfer in a porous network is the key
to control the rate of the overall mass transfer process. The
principal goal of this work was to understand the enhanced
diffusion process that takes place between carbon dioxide
and light hydrocarbons and study all the possible interfacial
area configurations for a gas that is soluble in a liquid in a
2D, semi-infinite domain.

1.1. Diffusion process

Understanding the fundamentals of the diffusion process
in multicomponent systems is an important step to in-
vestigate convective mass transfer effects due to capillary
forces, since these effects can easily mask each other. Lit-
tle detailed work has been done regarding the effect of
capillary forces on convective mixing inside pores. Pre-
liminary evidence indicates that CO2 absorption affects
the wetting behavior of the liquid hydrocarbons and can
lead to capillary-generated flows (via surface energy gra-
dients) in interstitial spaces with narrow angles of contact.
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Nomenclature

a diameter of capillaries [L]
AL, AV constants in Eqs. (11) and (12)
D mutual diffusion coefficient [L2 T−1]
h meniscus height [L]
J mass flux of a component [M L−2 T−1]
L liquid bridge length, bubble length [L]
L0 liquid bridge initial length [L]
L∗ equivalent displacement [L]
m slope of line describing interface growth

[L T−1/2]
M molecular weight [M N−1]
Rc radius of curvature of the corner of the

square capillary [L]
Rt radius of curvature of the filament at

the top [L]
R0 radius of curvature of the liquid

meniscus [L]
t time [T]
T temperature [Q]
v specific volume of a component

[L3 M−1]
V phase average velocity [L T]
w mass fraction of a component [–]
x position in a phase [L]
X position of an interface [L]
�Ztotal total filament elevation [L]

Greek letters
α geometrical interior angle [–]
δ filament thickness at the top [L]
θ contact angle [–]
κ capillary constant [L−2]
µ viscosity [M L−1 T−2]
ρ density [M L3]
σ surface tension [M T2]

Subscripts
b bubble in experiment
f interface
i, j components in a phase
L liquid component if it is placed at

the begin and liquid phase if it is
alone or at the end

V vapor component if it is placed at
the begin and vapor phase if it is
alone or at the end

Superscripts
m velocity or mass flux relative to local

mass-average velocity
V velocity or mass flux relative to local

volume-average velocity
∗ concentration in a saturated phase

In this case, the modeling of boundary effects is very
important.

Diffusion coefficients of CO2 reported by different
authors in the literature differ from each other by about an
order of magnitude. Convective effects have been blamed
for these discrepancies found in experimental values of
diffusion coefficients [7]. Measurements by Renner [11]
showed that different values of diffusion coefficients could
be obtained in Berea sandstone depending on the vertical or
horizontal position of the rock. Convective effects justified
most of these discrepancies. Reporting flow visualization
displacement by CO2 in model pores, Campbell and Orr
[4] commented on the differences between displacement of
Soltrol and oil and pointed out the importance of wetting
behavior and the geometry of the pores. They were the first
ones to mention the paper by Concus and Finn [6] and the
presence of what are called capillary-active surfaces.

1.2. Capillary-active surfaces

The name capillary-active surfaces is used here to denote
capillary surfaces that, because of their particular geometry,
can experience large changes in configuration or promote
convective patterns when undergoing a heat and/or mass
transfer process. The basis for this definition is a very impor-
tant concept related to equilibrium configurations, developed
by Concus and Finn [6] during the analysis of the capillary
rise of the equilibrium-free surface of a liquid when the liq-
uid partially fills a container with a corner. The cross-section
of the container, otherwise circular, encloses a corner with
an interior angle equal to 2α. Concus and Finn found that
the shape of the free surface at the corner changes dramati-
cally depending on the value ofα+θ , whereθ is the contact
angle at the three-phase contact line. Whenα + θ < π/2,
the surface does not have a finite equilibrium position and
the capillary surface raises unbounded, i.e. never reaching
an equilibrium configuration.

A porous media is a collection of particles of different
shapes and sizes. Particles can be deformed such that they
rarely contact at a point, but on extended surfaces. As a con-
sequence of these contacts between particles, the resulting
voids can present a large number of cusp-like sections re-
sulting in the low-angle intersection of solid surfaces. De-
pending on the angle at which surfaces interact and on the
contact angle between a liquid and the solid surface, liquid
filaments can rise filling the entire length of the wedge.

Early works on fluid dynamics in porous media modeled
the porous voids as a network of circular capillaries. In recent
years, the need for angularity in the capillary paths has been
recognized and models of meniscus displacement as well
as bubble breakup and coalescence have been developed
with the use of square capillaries. A geometry that can be
used to simulate porous media is given by a capillary of
square cross-section (Fig. 1). The reason for investigating
the mass transfer process that occurs in capillaries of square
cross-section is because the pore shapes in oil reservoirs



M.E. Aguilera et al. / Chemical Engineering Journal 87 (2002) 31–40 33

Fig. 1. Geometry used to simulate porous media: (a) real model; (b) ideal
model.

are more like rectangular shapes than circular ones [3]. The
role of capillary-active surfaces becomes important when
the interfacial properties of the liquid phase as well as the
contact angle of the three-phase system are changing in time
and space due to mass transfer. A typical situation arises in
enhanced oil recovery when the absorption of CO2 in liquid
hydrocarbon alters the interfacial tension of the liquid–gas
interface as well as the contact angle. Changes in contact
angle result in changes of the equilibrium shape of the liquid
in contact with these capillary active surfaces.

2. Diffusion experiments

Substantial differences can be found for mass transfer
rates in CO2–hydrocarbon systems, depending on the type
of capillary used, circular or square. The set of possible
geometries for the interaction of a gas and a liquid inside
capillaries are shown in Fig. 2 [2,8]. The contact of two un-
bounded phases is shown in Fig. 2a. This experiment will be
denoted as the ‘liquid pool experiment’. A finite liquid phase
immersed in an unbounded gas phase will be denoted as the
‘liquid bridge experiment’ (Fig. 2b). The ‘shrinking bubble
experiment’, shown in Fig. 2c, is an example of a finite gas
phase immersed in an unbounded liquid phase. These three
geometries span the set of possible problems for a gas that
is soluble in the liquid in a 2D, semi-infinite domain.

2.1. Liquid pool

The liquid pool experiments are simple and easy to per-
form [1,8]. The capillaries used were 1 mm× 1 mm square
tubing (Wilmad, catalog number WST-8100), 2 mm×2 mm
square tubing (Wilmad, catalog number WS-102) and 2 mm
circular capillary (Wilmad, precision bore capillary tubing,
ID = 0.8 and 1.9913 mm). The hydrocarbons chosen for the
liquid phase weren-decane (Aldrich Chemical, 99+%) and
2,2,4-trimethylpentane (Aldrich Chemical, 99+%). The gas
phase used was carbon dioxide (Coleman, 99.99%). Fig. 3
shows the details of the viewing cell and auxiliaries. Certain

Fig. 2. The three different geometries for the mass transfer experiments:
(a) liquid pool; (b) liquid bridge; (c) shrinking bubble.

amount of liquid is placed in the liquid reservoir (Cn). The
liquid reservoir vessel, with all its connections, is evacuated
using a vacuum pump (Welch, Duo Seal, model number
1400) for 10 min. The rest of the viewing cell and fitting is
evacuated. When the evacuation process is completed, liq-
uid is introduced from the bottom of the capillary. Carbon
dioxide is injected to the top of the capillary at pressures
between 1000 and 2300 kPa.

The pool of liquid, from a theoretical point of view, can
be considered to be semi-infinite, i.e. a reasonable boundary
condition to apply will be that the concentration of CO2
in the hydrocarbon goes to zero as the depth of the liquid
pool goes to negative infinity. In the experiments, the liquid
pool is infinite and it is confined in a space of constant

Fig. 3. Details of viewing cell and auxiliaries. A: glycerol; B: capillary;
C: cell of Plexiglas; D: hydrocarbon.
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volume. As a result of mass transfer of carbon dioxide into
the liquid hydrocarbon, the volume of the liquid changes and
this change in volume can be measured as the displacement
of the gas–liquid interface.

A video-camera system was placed in front of the cell
focusing the interface between the gas and the liquid phase,
lighted from behind using a flexible fiber optic system.
The change in meniscus height was followed using a linear
translator with a micrometer. The experiment was recorded
using a video-system. Image processing was done using the
Targa-Truvision system. Variation of the meniscus height
with time was computed. In all cases, the meniscus dis-
placements were larger in the square capillary than in the
circular one. If the interfaces were flat (90◦ contact angle)
for the same displacement, the equivalent volume for the
square capillary would be bigger than the circular one.
The meniscus shapes are far from being flat for all the
hydrocarbon–CO2 systems studied. In fact, in the cases
of n-decane and 2,2,4-trimethylpentane, the filaments are
formed in the square capillary increasing the total mass
transfer area. In order to compare the two experiments using
the same basis, an empirical value called equivalent dis-
placement,L∗, was defined using the following relationship:

L∗ = Volume displaced

Mass transfer area
(1)

With the technique suggested by López de Ramos and Cerro
[9], and assuming that the filament shapes do not change
with time, Eq. (1) can be written as follows:

For the circular capillary:

L∗ = a2z(t)

2R0h
(2)

For the square capillary:

L∗= 2a2z(t)

πR0h+(Rt+(1/(hκ + (2/Rb))))((π/2)−2θ)�Ztotal

(3)

The variablesa, R0 and h are defined in Fig. 4.Rt is the
filament radius of curvature at the top,θ the contact angle

Fig. 5. Equivalent displacement of the interface for 2,2,4-trimethylpentane–carbon dioxide atP = 1400 kPa. (�) 2 mm square capillary; (�) 2 mm
cylindrical capillary.

Fig. 4. Geometrical definition of the variables used for the calculation of
L∗ [12].

in radians,Rb the radius of curvature of the liquid meniscus,
�Ztotal the filament elevation andκ the capillary constant
defined asκ = ρg/σ .

All the filament geometrical values and the contact an-
gles are shown in Appendix A. These values were taken
from López de Ramos and Cerro [9] who developed a
method assuming a spherical-segment meniscus. The total
elevation�Ztotal of the filament with respect to the liq-
uid level in the capillary is given as a function ofκ,
Rt andRb

�Ztotal = 1

κ

[
1

Rt
− 2

Rb

]
(4)

López de Ramos and Cerro [9] also related the contact angle
at the gas–liquid–solid contact line with the radius of the
rounded corner of capillary,Rc, and the radius of curvature
of the liquid filament,Rt in the following equation:

tanθ =
Rc −

√
2R2

t − R2
c

√
2

√
R2

t + Rc

√
2R2

t − R2
c

(5)
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Eq. (5) can be used to compute the contact angle if�Ztotal,
Rt andRc are known.

Fig. 5 shows the values ofL∗ as a function oft1/2. Notice
that in all the cases, the square capillary response is above
the circular capillary curve.

When hydrocarbons are pressurized with carbon dioxide,
a relative strong activity is detected in the liquid, especially
near the interface. This activity can be described as “threads”
[5] of dense solution (the density of CO2–hydrocarbon so-
lution is bigger than the pure hydrocarbon) falling down
through the liquid. These phenomena can be easily ob-
served due to the difference in refractive indexes between
the CO2–hydrocarbon solution and the pure hydrocarbon. It
is evident that convection patterns are present in the liquid
phase. Experiments done with 2,2,4-trimethylpentane and
CO2 at a pressure of 2000 kPa show a deformed meniscus
and small wave-like patterns along the surface. The inter-
facial activity observed at the square capillary was more
intense than the one observed at the circular capillary.

2.2. Liquid bridge

The experimental set-up using in the liquid bridge experi-
ments is similar to the one shown in Fig. 3, but the capillary
was placed in horizontal position. Using a syringe and a
long needle (10 cm) with a very small diameter (less than
0.5 mm), the liquid hydrocarbon was introduced near the
center of the capillary. It is important to avoid touching the
walls of the capillary with the needle to prevent pre-wetting.
In horizontal square capillaries, the liquid filaments have
a constant cross-section that spans the length of the

Fig. 7. Sequence of photographs showing the reducing process of the length of the bridge (square capillary).

Fig. 6. Liquid bridges in square (a) and cylindrical capillaries (b).

capillary. Additional quantities of liquid need to be intro-
duced to create a liquid bridge of a given length in order to
fill the corners of the square tubing. The final form of the
liquid bridge is shown in Fig. 6a. In the case of the circular
capillary, no film was detected and the liquid bridge shape is
sketched in Fig. 6b. Once the liquid was inside the capillary,
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CO2 was injected from both sides of it up to a pressure
of 1000 kPa.

The behavior of the square capillary liquid bridge was
totally different from the behavior in the circular capillary. In
the square capillary, the length of the liquid bridge decreases
with the time up to the point that the two interfaces touch
and the liquid bridge breaks up.

Fig. 7 shows a sequence of illustrations showing the length
reducing process. This reduction process is relatively fast,
and certainly faster than evaporation or interfacial mass
transfer. Fig. 8 shows that in circular capillary, the length
of the liquid bridge increases with time. The increment in
length was slow because mass transfer was very slow, but it
showed a totally different behavior than the square capillary.
The total change of the bridge was around 2 mm in a period
of time of almost 6 h, which is compatible with the rate of
volume increase of the hydrocarbon due to solution of CO2.

Fig. 9 shows the change in length of the liquid bridges
for square and circular capillaries as a function of time. It is
evident that the liquid hydrocarbon is being pumped through
the filaments up to the ends of the square capillary. This
process cannot occur in the circular capillary because there
is not a continuos liquid film to promote the movement of
the liquid phase.

An additional experiment was performed in the square
capillary withn-decane and air, with no mass transfer taking
place between the gas and the liquid phase. At the begin-
ning, the liquid bridge stood firmly in place and no change
in volume was detected. After 3 h, however, the length of
the liquid bridge decreased and it shrunk until the bridge
disappeared at a rate similar to the experiments done in the
presence of carbon dioxide. It is obvious that in the ab-
sence of CO2, the contact angle was large enough for the
hysteresis of the contact angle to prevent the movement of
the filaments. Perturbations or the creeping of the precursor
film may have caused the movement to start and when it
was started it went to the end of the capillary, as it was ex-
pected. This phenomenon has an enormous implication on
the recovery rate of isolated lumps of oil trapped inside a
continuos pore open at both ends.

Fig. 9. Liquid bridge length as a function of time for decyl alcohol–carbon dioxide atP = 600 kPa (�) 2 mm square capillary; (�) 2 mm cylindrical
capillary.

Fig. 8. Sequence of photographs showing the increasing process of the
length of the bridge (circular capillary).

Knowing the geometry of the system and the variation
of the thickness of the bridge, it is possible to estimate the
velocity at what the liquid is pumped through the filaments.
The velocity values are between 0.1 and 2 cm/s.
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2.3. Shrinking bubble

The shrinking experimental technique was used to mea-
sure diffusion of CO2 in hydrocarbons. Experiments were
performed at 25◦C and 2300 kPa. The hydrocarbon used
wasn-decane (99+% from Aldrich Chemical) and the va-
por phase was carbon dioxide (Coleman Grade, 99.99%).
Fig. 10 shows the set-up used to create a vapor bubble sur-
rounded by the liquid phase. A video-camera system was
used to record the changes in length of the bubble as a func-
tion of time. Different capillaries were used with the pur-
pose of evaluating the effect of size and shape of capillaries
in this type of measurements.

2.3.1. Mathematical model
Considering the motion of the interface relative to a fixed

frame of reference as well as relative to the local vapor
and liquid phase volume and mass-average velocities, the
relationship between these velocities may be written [7]:

dXL

dt
= ∂XV

L

∂t
+ V V

L (XL) = dXV
V

dt
+ V V

V (XL) (6)

dXL

dt
= ∂Xm

L

∂t
+ V m

L (XL) = dXm
V

dt
+ V m

V (XL) (7)

Eqs. (6) and (7) state that for each phase, the velocity of
the interface relative to a fixed reference frame is equal to
the sum of the velocity of the interface relative to the phase
volume or mass-average velocity and that velocity, which is
always measured relative to the fixed reference frame.

For a binary systemwV,L = 1 − wV,V.

dXV
L

dt
=DL((∂wV,L/∂x)−DV)(ρV/ρL)(∂wV,V/∂x)

w∗
V,V − w∗

V,L
(8)

Fig. 10. Arrangement of a diffusion cell experiment: shrinking bubble.

The transient diffusion equations for the vapor component in
the liquid and vapor phases written for coordinate systems
moving with the phase mass-average velocity are

ρL
∂wV,L

∂t
= ρLDL

∂2wV,L

∂x2
L

(9)

and

ρV
∂wV,V

∂t
= ρVDV

∂2wV,V

∂x2
V

(10)

where xL and xV are coordinates moving with the liquid
and vapor mass-average velocities, respectively. With the
additional assumption that the liquid and vapor phases are
semi-infinite in extent, Eqs. (9) and (10) have analytical
solutions:

w∗
V,L = wV,L(xL ,0) + AL

[
1 + erf

(
XV

L

2
√
DL t

)]
(11)

w∗
V,V = wV,V(xV,0) + AV

[
1 − erf

(
XV

V

2
√
DV t

)]
(12)

whereAL andAV are constants.
To be admissible solutions to the problem Eqs. (11) and

(12) must satisfy the conditions

XV
L = 2λ

√
DL t (13)

XV
V = 2λβ

√
DV t (14)

whereλ andβ are constants of the system and can be eval-
uated as follows:

β = ρL

ρV

√
DL

DV
(15)
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λ = 1√
π(w∗

V,V − w∗
V,L)

{
[w∗

V,L − wV,L(xL ,0)] exp(−λ2)

1 + erf(λ)
− 1

β

[wV,V(xV,0) − w∗
V,V] exp(−λ2β2)

1 − erf(λβ)

}
(16)

For large values ofβ, the second term of Eq. (16) can be
neglected.

An expression forXV
V could be

XV
V (t) = 1

2 [Xb(0) − Xb(t)] (17)

where Xb(0) is the initial length of the CO2 bubble and
Xb(t) is the subsequent lengths recorded during the diffusion
experiment.

Combination of Eqs. (13)–(15) and (17) yields the rela-
tionship between the growth of the interface relative to the
liquid phase and the experimentally observed shrinkage of
the vapor phase.

XV
L (t) = 1

2

ρV

ρL
[Xb(0) − Xb(t)] (18)

Substitution of Eq. (13) into (18) gives:

Xb(t) = Xb(0) − m
√
t (19)

where

m = 4λ
√
DL

ρL

ρV
(20)

The procedure for calculating the diffusivity of CO2 in the
hydrocarbon is to plot the observed bubble length against
t1/2. This should result in a linear plot of slope−m. Eq. (20)
is then used to calculateDL. Measurement of phase com-
position is not required and the equilibrium data was taken
from [10].

Fig. 11. Sequence of photograph showing the reducing process of the length of the bubble forn-decane–carbon dioxide atP = 1500 kPa and 38◦C.

2.3.2. Experimental results
Fig. 11 shows experimental data obtained for the 2 mm

square capillary. The sequence of photographs shows the
reducing process of the CO2 bubble in a square capillary.

Fig. 12 shows bubble length as a function oft1/2 for
n-decane–carbon dioxide system at 38◦C. Two capillaries
were used, the 0.8 mm cylindrical and the 2 mm square. In
the case of cylindrical capillary, the experimental data can
be fitted well by a straight line when the bubble length is
plotted against the square root of time; this behavior points
out that there is no evidence of convective diffusion in cylin-
drical capillaries of small diameters (<1 mm). This result
agrees with the values reported by Grogan et al. [7], López de
Ramos [8], and Aguilera [1]. In the square capillary experi-
ment, the experimental values deviate from the straight line
predicted by theory, although they were performed at lower
pressure (500 kPa). This deviation can be attributed not only
to convective mixing (as it was reported by Grogan et al. [7]),
but to the presence of filaments. Filaments increase the mass
transfer area and promote the movement of the liquid from
one bubble side to the other. Therefore, if square capillaries
are used, an effective diffusion coefficient will be obtained.

The diffusion coefficient calculated using experimental
data from cylindrical capillary is shown in Fig. 13. Con-
trary as it would be expected from theory, the diffusivity
coefficient of liquid is a function of pressure (as pressure
increases, diffusivity decreases). This result can be easily
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Fig. 12. Bubble length as a function of time forn-decane–carbon dioxide system. (�) 2 mm square capillary atP = 500 kPa,T = 38◦C; (�) 0.8 mm
cylindrical capillary atP = 2600 kPa,T = 38◦C.

Fig. 13. Diffusion coefficient of liquid phase at different temperatures and pressures forn-decane–carbon dioxide system (0.8 mm cylindrical capillary).

explained by the swelling process that the gas–liquid mix-
ture suffers, since the liquid phase does not behave as an
incompressible fluid. The effect of temperature is less evi-
dent, although there is a clear tendency for the diffusivity
coefficient to increase as temperature increases.

Fig. 14 shows diffusion coefficient as a function of pres-
sure at different temperatures. A behavior similar to the one
observed in cylindrical capillary was found. Nevertheless,
diffusion coefficients of almost two orders of magnitude
larger than the ones computed using the 0.8 mm cylindri-
cal capillary were obtained. It seems that diffusivity and
pressure are related by a lineal function in square capillar-
ies, while in cylindrical tubing, this relationship becomes

Fig. 14. Diffusion coefficient of liquid phase at different temperatures and pressures forn-decane–carbon dioxide system (2 mm square capillary).

exponential. With the use of square capillaries, a different
shape of the gas–liquid interface is introduced. For square
capillaries, the capillary surface at the corners spans the
length of the bubble. This shape of interface develops be-
cause the contact angle (θ ) for decane is very small (10.3◦)
and the geometrical angle (2α) is 90◦. As a consequence,
α + θ < π/2. The resulting capillary surface creates a
convective mixing pattern different, and obviously more
active, than the circular capillary (2 mm diameter). These
capillary-active surfaces lead to an enhancement of diffu-
sion process because of the interface increases and convec-
tive diffusion appears. In modeling of crude oil recovery
from reservoirs, wedges are not considered and recovery
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yields are until 40% more than the calculated values
in models.

3. Summary and concluding remarks

This research work helped to understand the role of in-
terfacial phenomena in mass transfer between a gas, such
as CO2, and a liquid hydrocarbon in wedges. When a hy-
drocarbon absorbs CO2, the interfacial tension between the
gas and the liquid phase, as well as the contact angle at the
three-phase (solid–gas–liquid) contact line, are affected. In-
creasing the concentration of CO2 decreases the interfacial
tension and the contact angle.

A combination of three different experiments (liquid pool,
liquid bridge and shrinking bubble) represented the possible

Liquid Radii of curvature (m)

�Ztotal (m)
(experimental)

Rb (×106)
(experimental)

Rc (× 106)
(experimental)

Rt (× 106)
(experimental)

θ (◦)
(calculated)

n-Decane 0.01852 1136 103 128 10.3± 0.3
2,2,4-Trimethylpentane 0.01745 1108 103 119 7.3± 0.3

arrays for a gas that is soluble in a liquid in a 2D, semi-
infinite domain. Substantial differences were found for mass
transfer rates in CO2–hydrocarbon systems, depending on
the cross-section (cylindrical or square) of the capillary used.

In shrinking bubble experiments inside cylindrical capil-
laries, the experimental data can be fitted well by a straight
line when the bubble length is plotted against the square
root of time. At the same experimental condition, the be-
havior of the gas–liquid system deviated from the straight
line predicted by theory when the experiments took place in-
side square capillary tubes. This deviation can be attributed
to convective mixing. This convection movement was orig-
inated by the gradient of density as well by the presence of
the liquid filaments at the corners.

The diffusion coefficients calculated using the experimen-
tal data from square capillaries is an order of magnitude
larger than the one computed using a cylindrical tubes. With
the use of square capillaries, the capillary surface at the
corners spans the length of the bubble. This shape of in-
terface develops because the contact angles for decane and
2,2,4-trimethylpentane are very small (10.3 and 7.3◦, respec-
tively) and the geometrical angle (2α) is 90◦. As a conse-
quence,α+θ < π/2. The resulting capillary surface creates
a convective mixing pattern different, and obviously more
active, than the circular capillary.

The filaments present at the four corners of the square
capillary play an active role in the enhanced diffusion pro-
cess between carbon dioxide and liquid hydrocarbons. The
presence of filaments not only increases the mass transfer

area, but also plays an important role in the convective mix-
ing process that occurs inside the pore.
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Appendix A

Radii of curvature and contact angle values for the 2 mm
square capillary, taken from [9]
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