
Chapter 2
Visualization and Numerical Investigation
of Natural Convection Flow of CO2
in Aqueous and Oleic Systems

Abstract Optimal storage of carbon dioxide (CO2) in aquifers requires dissolution
in the aqueous phase. Nevertheless, transfer of CO2 from the gas phase to the
aqueous phase would be slow if it were only driven by diffusion. Dissolution of
CO2 in water forms a mixture that is denser than the original water or brine. This
causes a local density increase, which induces natural convection currents accel-
erating the rate of CO2 dissolution. The same mechanism also applies to carbon
dioxide enhanced oil recovery. This study compares numerical models with a set of
high pressure visual experiments, based on the Schlieren technique, in which we
observe the effect of gravity-induced fingers when sub- and super-critical CO2 at
in situ pressures and temperatures is brought above the liquid, i.e., water, brine or
oil. A short but comprehensive description of the Schlieren set-up and the trans-
parent pressure cell is presented. The Schlieren set-up is capable of visualizing
instabilities in natural convection flows; a drawback is that it can only be practically
applied in bulk flow, i.e., in the absence of a porous medium. All the same many
features that occur in a porous medium also occur in bulk, e.g., unstable gravity
fingering. The experiments show that natural convection currents are weakest in
highly concentrated brine and strongest in oil, due to the higher and lower density
contrasts respectively. Therefore, the set-up can screen aqueous salt solutions or oil
for the relative importance of natural convection flows. The Schlieren pattern
consists of a dark region near the equator and a lighter region below it. The dark
region indicates a region where the refractive index increases downward, either due
to the presence of a gas liquid interface, or due to the thin diffusion layer, which
also appears in numerical simulations. The experiments demonstrate the initiation
and development of the gravity induced fingers. The experimental results are
compared to numerical results. It is shown that natural convection effects are
stronger in cases of high density differences. However, due to numerical limitations,
the simulations are characterized by much larger fingers.
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Nomenclature
C concentration (mol/m3)
Cg concentration (mol/m3)
D molecular diffusion coefficient, (m2/ s)
Dg molecular diffusion coefficient in gas phase, (m2/ s)
K permeability, mD
β volumetric expansion coefficient (m3/mol)
V velocity (m/s)
P pressure (bar)
t time
ν kinematic viscosity (m2/s)
q density (kg/m3)
A the area exposed to CO2 (m

2)
μ viscosity of the solvent (kg.m.s)
g acceleration due to gravity (kg/m)
Ra Rayleigh number
KH Henry’s constant
n refractive index
nw refractive index of pure water
nCO2 refractive index of pure CO2

qð0Þw
density of pure water at the reference temperature(kg/m3)

α polarizability
L Avogadro’s number
mw;CO2 molality of carbon dioxide in the water phase(mol/kg)
cw;CO2

activity coefficient
fg;CO2ðgÞ fugacity of carbon dioxide in the gas phase(bar)

Subscripts
0 reference value of the quantity
g gas
i initial value
w water

2.1 Introduction

The Optimal storage [1] of carbon dioxide (CO2) in aquifers requires dissolution of
CO2 in formation brine because the virtual density of dissolved CO2 in water
(1333 kg/m3) is more favorable than its density in the supercritical gas-phase.
Without dissolution of CO2 in the aqueous phase the storage volume of CO2 in
aquifers would be of the order of 2 % of the reservoir volume [2]. It is expected
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that, due to buoyancy forces, injected CO2 rises to the top of the reservoir forming a
gas layer. Transfer from the gas layer to the aquifer below would be slow if it were
only driven by molecular diffusion. However, CO2 mixes with the water (or brine)
to form a denser aqueous phase (e.g., in pure water Δρ * 8 kg/m3 at 30 bar, see,
[3]). This initiates convective currents and increases the dissolution rate, and thus
dissolution of larger amounts of CO2 in a shorter period of time.

Underground storage of CO2 involves costly processes. First, the flue gas should
be captured; its CO2 fraction should be separated, transported to the injection site,
and finally compressed and stored in the geological formation. A cost-effective
approach may then be to use carbon dioxide enhanced oil recovery, which at the
same time also stores part of the injected CO2. Moreover, one of the challenges in
the application of CO2-based enhanced oil recovery techniques for naturally frac-
tured reservoirs is the slow mass transfer between the carbon dioxide in the fracture
and the crude oil in the matrix. As carbon dioxide is miscible with oil and causes a
density increase of oil, natural convection phenomena could promote the transfer
rates, increase the mixing between the carbon dioxide and the oil, and accelerate the
oil production. Therefore, understanding the CO2-oil interaction during these pro-
cesses is of great interest for the petroleum industry. The initial stage of natural
convection in a saturated porous layer with a denser fluid on top of a lighter fluid
has been extensively studied by means of linear stability analysis, numerical sim-
ulations and the energy method [4–17]. These analyses provide the criteria under
which the boundary layer saturated with CO2 becomes unstable. The results are
usually expressed in terms of the Rayleigh number, which is dependent on the fluid
and porous media properties and is defined as

Ra ¼ kDqgH
ulD

ð2:1Þ

where k [m2] is the permeability of the porous medium, Dq [kg/m3] is the char-
acteristic density difference between the mixture and the fresh water, g [m/s2] is the
acceleration due to gravity, H [m] is the characteristic length of the system, u �½ � is
the porosity, l [Pa.s] is the viscosity of the mixture, and D [m2/s] is the molecular
diffusion coefficient of CO2 in water. It has been shown that the critical time
required for the onset of the convective currents is inversely related to the square of
Ra, i.e., tc / Ra�2 [13, 16]. The critical wavelength of the fastest growing finger
scales with the inverse of Rayleigh number, i.e., kc / Ra�1. Lapwood [18] showed
that the interface will be unstable for Rayleigh numbers above 4p2 � 40 in porous
media. In the absence of a porous medium (for bulk solutions), k in Eq. (2.1) is
replaced by H2 and natural convection occurs when Ra > 2100. It can be expected
that the effect will be more pronounced for bulk solutions; however, for the time
scales relevant for geological storage of CO2 the effect will be also significant in
porous media. There are many papers devoted to the theoretical description of
convection currents during storage of CO2 in aquifers; the effect was first mentioned
by [19]. Mass transfer of CO2 into water has been evaluated experimentally and
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analytically at different conditions. References [20–23] investigate the occurrence
of natural convection by recording the pressure change in a cylindrical PVT-cell,
where a fixed volume of CO2 gas was brought into contact with a column of
distilled water. The experimental results show that initially the mass-transfer rate is
much faster than predicted by Fick’s Law (diffusion-based model) indicating that
another mechanism apart from molecular diffusion plays a role. It was conjectured
that density-driven natural convection enhances the mass-transfer rate. This con-
jecture could be validated by comparison of experimental data with a numerical
model that couples mass- and momentum conservation equations [22, 24].
Figure 2.1 compares the extent of natural convection in the presence and absence of
a porous medium in a glass tube with a radius of 3.5 mm by measuring the pressure
history. In one experiment the glass tube is filled with only water, and in the other
one the tube is filled with a porous medium of the same height and saturated with
water. The figure shows that, although natural convection enhances the transfer rate
in water-saturated porous media, its enhancement is less than in a bulk liquid.

Okhotsimskiis et al. [25] visualized the convective currents in a binary
CO2-water system and qualitatively evaluated the experimental results, based on
Marangoni and free (or natural) convection effects, in bulk modules of gas and
liquid. More recently, Kneafsey and Pruess [26] visualized the occurrence of fingers
in the CO2-water system at low pressures.

The objective of this chapter is to design and construct an experimental set-up,
by which the development and growth of fingers of CO2 in the aqueous and oleic
phases at high pressure can be visualized. Because the density gradient plays the
main role in occurrence of the convective currents, the Schlieren method has been
used to visualize the phenomenon. By applying COMSOL Multiphysics the
numeric results are compared with the experiment.

The structure of the chapter is as follows: first we describe our experimental
Schlieren set-up and briefly explain the procedure. Then we illustrate the theoretical

Fig. 2.1 Comparison of the
pressure history of the
experiments with (red) and
without porous media (blue).
The green curve is based on a
diffusion model in the absence
of convection. The
experiments were done in a
glass tube with radius of
3.5 mm at 11 bar [21]
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model that describes the natural convection flow in our experimental configuration.
Later we provide a derivation to connect the refractive index gradient ∂zn to the
concentration gradient ∂zc, which can be used in the interpretation of the experi-
ments. Afterwards, we present our experimental and numerical results. Finally we
end the chapter with some concluding remarks.

2.2 Experimental Setup

The main aim of the chapter is to visualize the induced convection currents when
carbon dioxide is brought above a layer of liquid water, brine or oil. These currents
originate because the density of the CO2-liquid mixtures is higher than the pure
liquid. It results in gravitationally-unstable flows in the CO2-water (water and brine)
or CO2-oil mixtures. Our method of choice is the Schlieren method, because it is
relatively simple to implement, it can be applied at high pressures and under
favorable circumstances can be compared to numerical simulation data.

The Schlieren method (for more details see [27]) is an optical technique that can
be applied to detect density gradients during fluid flow. The schematic of the
Schlieren set-up is shown in Fig. 2.2. To create a point source a 200 W light source
is used behind an aperture diaphragm with an opening of 0.5 mm. The parallel light
beam is created by locating the point source at a focal point of the first achromatic
lens. This lens has a focal length of 1500 mm and a diameter of 110 mm. Because
an achromatic lens (optical properties more or less independent of the wavelength
of the light) is used, the chromatic aberration effect is minimized. In our Schlieren
set-up, the distance between the light source and the Schlieren object, i.e., the high
pressure cell (see Figs. 2.2 and 2.3) is about 1.6 m. In the high pressure cell the light
rays will be deflected due to the gradients in refractive index caused by the vari-
ations in CO2 concentration. Then the partially deflected light beam converges in
the focal plane of the second achromatic lens. This lens is identical to the first
achromatic lens. A metal piece with a fine thickness is used as a knife edge on the
focal plane of the second lens. The effect of the knife edge can be understood as
follows. The light deflected by the inhomogeneity in CO2 concentration will not be
focused in the focal point, but rather will be displaced in the focal plane of the
second lens. This means the deflected light rays are shifted with respect to the knife
edge, which causes a change in the light transmission by the knife edge and con-
sequently the recorded image intensity. In the present implementation the knife
edge is placed horizontally, which results in the system to be sensitive to light
deflections in the vertical directions, hence vertical gradients in CO2 concentration.
To record the Schlieren images, one black and white, CCD camera (Lavision-
Imager intense) is used. The exposure time for the camera was set to 1 s to record
the images with a resolution of 1000 × 1000 pixels.

Figure 2.3 shows a schematic representation of the high pressure cell that
can sustain 150 bar. The cell consists of a stainless steel frame with a cylindrical
hole. Inside the hole there is a stainless steel cylinder bounded by two flanges.
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The cylinder has an outer diameter of 72 mm and a length of 122 mm. The two
flanges on each side have the same inner and outer diameter as the cell. The length
of the flanges is 22 mm. Between the flanges there are two glass windows with a

CO 2

Light Source

High Pressure Cell

Image Acquisition

Software

Knife Edge

High Speed Camera
Achromatic Lens

Fig. 2.2 Schematic drawing of Schlieren set up on a vibration suppressing table. A horizontal
knife edge is applied from the side. The high speed camera captures the intensity image. The
deviation of the intensity is a measure of the concentration gradient in the z-direction perpendicular
to the table (see Eq. (2.13))

Fig. 2.3 Cylindrical high
pressure cell, in a holder, with
two windows of thickness
25.4 mm
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diameter of 51 mm and a length of 25.4 mm. Between the two windows there is a
gap of 11.6 mm and diameter of 25 mm that can contain the fluids. The gap has four
connections, of which two are visible in Fig. 2.3. The other two connections are at
the bottom and symmetrically at the other side. The bottom connector is used to
bring water inside the high pressure cell; the top connector for filling the cell with
CO2. One side connector is used to record the pressure with a pressure transducer
(PTX611, DRUCK, ±0.08 % of span) and simultaneously to insert a thermocouple
that measures the temperature in the upper half of the cell. The thermocouple and
pressure transducer stick half a centimeter in the cell one centimeter above the
equator. Another thermocouple is inserted in the other side connector and also
measures the temperature in the upper half of the cell, in the exact mirror position of
the other thermocouple. A heating wire was mounted around the cell to keep the
cell at a constant temperature of 39 °C.

Before usage, the windows are rinsed to make them as clean as possible. Initially
the bottom half of the cell is filled with the aqueous or oleic phase. Subsequently
gas is admitted from the top until the required pressures of 64 and 84 bar are
reached. The gas in the container used to carry out the experiments consists of
99.98 % pure carbon dioxide. There is one computer for recording the pressure
history and one for recording the images with the high speed camera.

2.3 Numerical Modeling

For the modeling we consider a 3-D model for natural convection flow of CO2 in
the aqueous or oleic phase (see Fig. 2.4). The flow cell is a horizontal cylinder, of
which the lower half is filled with brine or oil. The diameter of the fluid containing
part of the cell is 25 mm and the length is 11.6 mm as in the experiment. The cell is
filled with liquid until the equator. The CO2 gas is brought on top of the liquid, after

Fig. 2.4 Geometry of the
model
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which natural convection starts. We applied the conventional equations for buoyant
density flow and the Boussinesq approximation. This approximation uses constant
densities except in the gravity term in the Navier Stokes equation. Due to the
density heterogeneity the fresh (CO2-free) liquid moves to the interface and CO2

containing liquid moves downwards, accelerating the mass transfer rate. The
boundary conditions are no flow conditions at the vessel boundary.

2.4 Governing Equations

We consider a three-dimensional configuration of the horizontal cylinder (Fig. 2.4).
The vertical coordinate is the z-direction, whereas the horizontal coordinate is the
x-direction. The coordinate perpendicular to the paper is the y-direction. The
thickness of the interface is 11.6 mm in the y-direction. More details are given in
this paper in the section where we explain the experimental set up. For the ease of
reference, a brief description is written here. There are two parts in our cylindrical
model. The upper part (Ω2) is filled with the gas phase and the lower part (Ω1) is
filled with liquid. The governing equations in both domains of the cell are given
below.

Liquid Phase Equations in Ω1:

(a) Continuity Equation:

div v ¼ 0 ð2:2Þ
(b) Conservation of Momentum, disregarding inertia effects:

@v
@t

¼ � 1
q
gradpþ mDv� bcgDc ð2:3Þ

(c) Concentration Equation:

@c
@t

þ v : grad c ¼ DDc ð2:4Þ

Gas Phase Equations in Ω2:

@cg
@t

¼ DgDcg ð2:5Þ

Boundary and initial conditions for the liquid phase:
Initially, there is no CO2 dissolved in the liquid, i.e. for t = 0, and (x, y, z)2 <3

w = v = u = c = 0
The boundary conditions of the model are: We use zero velocity and zero flux

conditions at all boundaries except for the interface between gas and liquid. At this
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boundary we use Henry’s law to relate the gas pressure to the carbon dioxide
concentration in the liquid, i.e.,

KH
w�g ¼ aw;CO2=ag;CO2 ¼ mw;CO2cw;CO2

= fg;CO2 ; ð2:6Þ

where mw;CO2 is the molality of carbon dioxide in the water phase, yw;CO2 the
activity coefficient, and fg;CO2ðgÞ is the fugacity of carbon dioxide in the gas phase.
We use PHREEQC [28] for the computations. The procedure to get activities in
neutral molecules is given [29].

Boundary and initial conditions for the gas phase:
Initially at t = 0,

Cg ¼ fg;CO2

RBT
; ð2:7Þ

Figures 2.5 and 2.6 present results obtained by PHREEQC [28] for pure water,
n-decane, brine with 25 w/w% salt and 10 w/w%.

Fig. 2.5 Henry’s constant for a 25 w/w% and a 10 w/w% NaCl solution, fresh water and oil
versus pressure. For n-Decane, the displayed Henry constant should be divided by 10
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2.5 Theory

Here, we follow [30, 31] to obtain a relation between the refractive index gradient
and concentration gradient. By way of example we give here the derivation for pure
water. We start with an equation that relates the refractive index of the solution to
the refractive indexes of the components, i.e.,

n2 � 1
n2 þ 2

¼ tw
n2w � 1
n2w þ 2

þ 1� twð Þ n
2
CO2

� 1

n2CO2
þ 2

; ð2:8Þ

where n is the refractive index of the mixture, nw is the refractive index of pure
water, and nCO2 is the refractive index of “pure CO2” if it were existing as a single

pure component. We use tw ¼ qw=q
ð0Þ
w to denote the volume fraction of water in the

mixture. Therefore, Eq. (2.8) can be converted to:

n2 � 1
n2 þ 2

¼ qw

qð0Þw

n2w � 1
n2w þ 2

þ qCO2

qð0ÞCO2

n2CO2
� 1

n2CO2
þ 2

; ð2:9Þ

Fig. 2.6 The density [g/L] of a 25 w/w%, a 10 w/w% NaCl solution, fresh water and oil versus
dissolved C(4) concentration at T = 312 k. By C (4) we mean the sum of the CO2, CO3

2−, HCO3
−

at elevated level). For n-Decane the dissolved concentration on the horizontal axis should be
multiplied to 10
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Where qð0Þw , is the density of pure water at the reference temperature and qð0ÞCO2
=MCO2

is the inverse partial molar volume of CO2 at the relevant pressure and temperatures.
We use qw and qCO2

to denote the concentrations of water and carbon dioxide. The

data for the pure water and CO2 can be found in [3], page 72, to be qð0ÞCO2
¼

1=Vco2 ¼ 30:3 mol / liter, whereas qð0Þw = 1/VH2O = 55.1 mol / liter at 39 °C.

For ideal solutions the densities qð0Þw and qð0ÞCO2
are constant at a given tempera-

ture, i.e., independent of the concentrations and pressure. As the sum of the volume
fractions is unity we can write the relation:

qw

qð0Þw

þ qCO2

qð0ÞCO2

¼ 1; ð2:10Þ

The Clausius-Mossotti relation reads in electrostatic units,

n2 � 1
n2 þ 2

¼ 1
3
qLa; ð2:11Þ

where α is the polarizability [m3/molecule], L = 6.0225 × 1023 is Avogadro’s
number [molecules/mole] and q [moles/m3] is the molar concentration. The
refractive index n of CO2 at atmospheric pressure and at 273.15 K is n = 1.000449.
The density of CO2 at atmospheric pressure and 273.15 K is qCO2g

= 44.942
[mol/m3]. Therefore we find that Lα = 1.998 × 10−5. Consequently, the refractive

index of “pure CO2” can be found from Lα = 1.998 × 10−5 and the density qð0ÞCO2
by

using Eq. (2.11); from which we obtain nCO2 = 1.326. From the literature [32] we
obtain for water, the 10 w/w% and the 25 w/w% brine solutions at 39oC that
nw = 1.339, n10w/w% = 1.35 and n25w/w% = 1.37 (see also the data base in
PHREEQC [28]. For n-decane the refractive index is 1.405 [33]).

After differentiation of Eq. (2.9) towards z and using (2.10) we obtain:

@

@z
n2 � 1
n2 þ 2

� �
¼ @

@z
1� qCO2

qð0ÞCO2

 !
n2w � 1
n2w þ 2

þ @

@z

qCO2

qð0ÞCO2

 !
n2CO2

� 1

n2CO2
þ 2

¼ n2CO2
� 1

n2CO2
þ 2

� n2w � 1
n2w þ 2

 !
1

qð0ÞCO2

@qCO2

@z
; ð2:12Þ

Therefore it follows that

DI
I
/ 1

n
@n
@z

¼ 6

ðn2 þ 2Þ2
n2CO2

� 1

n2CO2
þ 2

� n2w � 1
n2w þ 2

 !
1

qð0ÞCO2

@qCO2

@z
; ð2:13Þ

where we used reference [27] for the derivation that 1/n ∂n/∂z is proportional to the
relative intensity variation Δ I/I in the recorded Schlieren image when the knife

2.5 Theory 17



edge is oriented horizontally. This equation shows that the intensity fluctuations
depend on the concentration gradient (∂z ρCO2) and on the difference of (n2 − 1)/
(n2 + 2) between pure water and “pure” CO2. It is to be noted that this difference is
very small for fresh water. For the salt solutions the refractive index of fresh water
nw should be replaced by the refractive index of the salt solution. For the n-decane
experiments we replace nw by the refractive index of n-decane. In these cases the
term between brackets in Eq. (2.13) is much larger than for fresh water.

2.6 Experimental Results and Interpretation

Figures 2.7, 2.8, 2.9, 2.10 and 2.11 show the experimental results. Figures 2.7, 2.8
2.9 show results at decreasing salt concentrations. Figure 2.10 shows the result for
oil and Fig. 2.11 presents a result at supercritical conditions for pure water. In all
experiments, the z-direction is taken as pointing vertically downward and the knife
cuts the beam horizontally from below. The refractive index of the carbon dioxide

a-5 Sec b-50 Sec c-100 Sec

d-150 Sec e-200 Sec f-250 Sec

g-700Sec h-850 Sec i-1000 Sec

Fig. 2.7 Schlieren pattern in CO2-Brine (25w/w% salt) after different times. It shows fingers in
the lower half of the circle. The upper half is filled with CO2 at 64 bar
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containing solutions is lower than for the solutions without dissolved CO2 (see
[34]). Initially there is constant refractive index; the beam is not deflected and the
observed intensity in the lower region is constant (dark grey). At later times the
region below the equator appears dark as this is a region of increasing refractive
index as we move downward from the equator. Indeed the beam is deflected in the
direction of higher refractive index. Consequently the beam is deflected towards the
knife edge and hits the knife edge. This leads to a darker region, as is observed in
the experiments. At the gas-liquid interface we also expect that on average the
refractive index increases from above the equator that contains a gas phase to below
the equator that contains a liquid phase. This would also lead to a dark region.

Further downward, there will be fingers protruding from above in a rather erratic
manner. As the light beam, which traverses in the x-direction, encounters many
gravity fingers it will be deflected in all directions and shows more a typical
scattering pattern and the lower half, beyond the dark region, shows an increased
intensity [35–39]. So even if the beam is deflected downwards the scattered light
goes around the focal point and we expect a lighter region. This is also observed in
the early stages of most experiments. Still below the scattering region, diffusion of

a-5 Sec b-25 Sec c-50 Sec

d-75 Sec e-100 Sec f-150 Sec

g-250 Sec h-600 Sec i-1000 Sec

Fig. 2.8 Schlieren pattern in CO2-Brine (10w/w% salt) after different times. It shows fingers in
the lower half of the circle. The upper half is filled with CO2 at 64 bar
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carbon dioxide occurs, leading again to an increasing refractive index (positive
refractive index gradient) and thus to a dark region. After some time the entire
region is filled with fingers. The refractive index is therefore changing erratically in
the z-direction.

Figure 2.7 presents the Schlieren pattern for a 25 w/w% NaCl solution. At this
high salt concentration there is only a small density contrast due to the high Henry
coefficient (see Fig. 2.5) and consequently the Rayleigh number is relatively low.
Moreover, according to Eq. (2.13), the refractive index contrast is larger than for
pure water. The experiment starts after admitting carbon dioxide into the cell at the
required pressure. Gravity fingering only initiates after 50 s. Fingers reach the
bottom of the cell after about 200 s. In the early stages fingers grow much slower
than in the pure water- CO2 system (see Fig. 2.9). For 700 < t < 1000 s the
instabilities are still clearly visible in the 25 % brine case as opposed to the pure
water-CO2 system where the fingering becomes less pronounced after 1000 s.

Figure 2.8 shows the Schlieren pattern for a 10 w/w% NaCl solution. Following
Eq. (2.13) we expect again that the refractive index contrast becomes larger than for
pure water. One observes that fingering begins at about 25 s whereas the fingering

a-5 Sec b-25 Sec c-50 Sec

d-75 Sec e-100 Sec f-150 Sec

g-250 Sec h-600 Sec i-1000 Sec

Fig. 2.9: Schlieren pattern in CO2
− Water after different times. It shows fingers in the lower half

of the circle. The upper half is filled with CO2 at 64 bar
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starts after 5 s in the CO2 –pure water system. The time for onset of fingering is
inversely proportional to Ra−2 [13, 16]. This means that the time for onset of
gravity fingering is proportional to (Δρ)−2. The solubility of CO2 in 10 w/w% brine
is less than in pure water, but larger than in the 25 w/w% case, leading to smaller
and larger Δρ values respectively. From t = 75 to t = 150 s a similar instability
behavior is observed. As time proceeds, the speed and the number of the fingers
decline. The brine- CO2 system at later stages (600 < t < 1000 s) shows more
unstable behavior than at the corresponding times in the pure water- CO2 system.

Figure 2.9 shows the Schlieren pattern for the system of pure water- CO2 at
64 bar. We observe that gravity fingering appears almost immediately; however, as
time elapses the number of fingers and the fingering rate decreases. Figure 2.9a
shows that the instabilities start from the center and then propagate towards the
sides. After 25 s the instabilities are visible throughout the whole system. The
fingering pattern changes constantly and stays roughly the same between t = 25 to
t = 100 s. After about 100 s the fingering pattern becomes less than initially,
illustrating the evolvement towards a homogeneous concentration distribution.

a-1Sec b-15 Sec c-30 Sec

d-90 Sec e-150 Sec f-250 Sec

g-600 Sec h-700 Sec i-1000 Sec

Fig. 2.10 Schlieren pattern in CO2-Oil (nC10) after different times. It shows fingers in the lower
half of the circle. The upper half is filled with CO2 at 64 bar
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Figure 2.10 demonstrates the Schlieren pattern for the system of Oil (n-decane)
—CO2 at 64 bar. Immediately after bringing CO2 on top of the oleic phase, the
system exhibits highly unstable behavior. More interfacial turbulence can be seen in
oil-phase experiment than in the aqueous-phase experiments. After 150 s a fin-
gering pattern appears in the middle of the cell. From t = 600 to t = 800 s these
gravity fingers are observed at both sides of the cell, albeit that the intensity of
fingering becomes less. This is the first visualization experiment involving oil. We
leave further interpretation of this experiment for future work.

We did an experiment at 84 bar when CO2 in supercritical condition is brought
into contact with water. Figure 2.11 shows the Schlieren pattern in the CO2—water
system after different times at 84 bar. From the beginning of injection, instability
starts. After 5 s, gravity fingers hit the bottom of the cell. From t = 25 to t = 150 s
the instability increases. A similar pattern persists in this period. In comparison with
Fig. 2.9 at the later stages (600–1000 s), a more or less similar behavior is observed
for subcritical (Fig. 2.9) and super critical CO2 (Fig. 2.11) in contact with water.

a-5 Sec b-25 Sec c-50 Sec

d-75 Sec e-100 Sec

g-250 Sec h-600 Sec i-1000 Sec

f-150 Sec

Fig. 2.11 Schlieren pattern in CO2
− Water after different times. It shows fingers in the lower half

of the circle. The upper half is filled with CO2 at 84 bar
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Figure 2.12 summarizes the pressure behavior for the four experiments at 64 bar.
As shown in Fig. 2.12 the rate of pressure decline decreases in the order of oil, pure
water, brine 10w/w% and finally brine 25w/w%. Indeed, due to the high miscibility
of CO2 in oil, the initial pressure decreases dramatically.

2.7 Numerical Results

The Numerical modeling of natural convection is challenging because high (spatial
and temporal) resolution is required in the regions where natural convection takes
place. We use commercial finite element software (COMSOL) to perform the
numerical computations. For the liquid phase we apply the creeping flow equation
(Eq. (2.3)), from the fluid flow module and the transport of diluted species
(Eqs. (2.4), (2.5)) from the chemical species transport module. Initial and boundary
conditions are given above.

Figures 2.13, 2.14, 2.15 and 2.16 show the 3-D numerical simulations corre-
sponding to our experimental conditions. The experimental results are shown in the
sequence of increasing strength of natural convection, which has as a consequence
that the natural convection is the weakest for the 25w/w% salt solution, somewhat
stronger at 10w/w%, again stronger for pure water (0w/w%) and strongest for the

Fig. 2.12 Comparison of the pressure history of the experiments in Brine, Water and Oil at 64 bar.
A pressure decrease in the upper half of the cell corresponds to a decreasing mass in the upper half
of the cell, which must be for reasons of mass conservation transferred to the liquid phase in the
lower half of the cell. The pressure derivative can be directly related to the integrated mass transfer
rate. The “density or inverse partial molar volume” of the carbon dioxide in the liquid phase is
much higher than the molar density in the gas phase, meaning that the transfer of carbon dioxide to
the liquid phase entails only a negligible volume increase in the liquid phase
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n-Decane experiments. The simulations use 49876 tetrahedral elements. The ele-
ments are third order for the velocity and second order for the pressure. The
elements for the concentration equation are linear.

Figure 2.13 simulates the 25 w/w% situation. The figure shows the onset of
natural convection at 50 s where initial perturbation is clearly visible. The upper
bound of the concentration remains more or less the same (*300 mol/m3), but at
the lower bound it increases from zero to 140 mol/m3. As time proceeds, the fingers
become longer and thicker as shown in the top right figure. Subsequently (in bottom
left figure) the strength of natural convection becomes less and also the concen-
tration contrast becomes less. The fingers persist in the right bottom figure,
albeit that we note that the concentration contrast is decreasing in the range between

Fig. 2.13 Numerical results of classical model 25w/w% brine-CO2 at 64 bar and 312 k,—
concentration profile is shown in various times (t = 20, 50, 110 and 180 s)
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140–280 mol/m3. Figure 2.12 shows that the pressure decline for the 25 w/w%
solution is slowest.

Figure 2.14 concerns the 10 w/w% situation. The top left figure shows the onset
of natural convection at 20 s and the initial perturbation is already superseded by
natural convection flow.

The upper bound of the concentration remains more or less the same
(*700 mol/m3), but the lower bound increases from zero to 500 mol/m3. As time
proceeds, the fingers become again longer and thicker as shown in the top right
figure. Subsequently (in the bottom left figure) the strength of natural convection
becomes less and also the concentration contrast becomes less. The fingers persist
in the right bottom figure, albeit we note that the concentration contrast is

Fig. 2.14 Numerical results of classical model 10w/w%-CO2 brine at 64 bar and 312 k,—
concentration profile is shown in various times (t = 20, 50, 150 and 200 s)

2.7 Numerical Results 25



decreasing in the range between 500–700 mol/m3. Figure 2.12 shows that the
pressure decline for the 10 w/w% solution is the second slowest.

Figure 2.15 concerns the pure water phase. The top left figure shows the onset of
natural convection at 10 s and the initial perturbation is completely superseded by
natural convection flow.

The upper bound of the concentration decreases from (*1200 mol/m3) to
(*900 mol/m3), whereas the lower bound increases from zero to (*860 mol/m3).
As time proceeds, the fingers stay more or less the same as shown in the top right
figure. Subsequently (in bottom left figure) the strength of natural convection
becomes less and also the concentration contrast becomes less. The fingers
almost disappear in the right bottom figure, which is even more conspicuous
if we consider that the concentration contrast is decreasing in the range between

Fig. 2.15 Numerical results of classical model pure water-CO2 at 64 bar and 312 k,—
concentration profile is shown in various times (t = 20, 50, 150 and 400 s)

26 2 Visualization and Numerical Investigation of Natural Convection …



(854–874 mol/m3). Figure 2.12 shows that the pressure decline for the 0 w/w%
solution is stronger than for the 10 w/w% solution.

Figure 2.16 shows the numerical simulation for the oleic phase. The top left
figure shows that the on-set of natural convection occurs at 20 s.

The upper bound of the concentration decreases from (*2700 mol/m3) to
(1400 mol/m3), whereas the lower bound increases from zero to (1000 mol/m3). As
time increases the fingers become less conspicuous. Figure 2.12 shows that the
pressure decline for oleic phase is stronger than for the other cases.

Figure 2.17 compares the measured pressure history with results obtained with
numerical simulation. The computed results show qualitatively the same trends as
the experimental results albeit that the computed transfer rate is larger.

Fig. 2.16 Numerical results of classical model Decane-CO2 at 64 bar and 312 K,—concentration
profile is shown in various times (t = 20, 50, 150 and 500 s)
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This is in particular conspicuous for the oil result. Indeed, comparison of the
experimental results to the numerical results shows only qualitative agreement. We
conjecture in the numerical section that the grid cells are too large to capture the
mm-scale fine structure of the gravity fingers. It is technically not possible to use
smaller grid cells as this will lead to prohibitively long computation times. In
comparison to the onset of instability there is some correspondence between
experiments and numerical results. In the numerical model, the number of fingers is
much less than in the experimental results. Also in the numerical calculations the
fingers are much larger. The main qualitative correspondence between simulations
and experiments is that there is a region of high concentration gradient near the gas–
liquid interface. We leave simulations with finer grids for a better understanding to
future work.

2.8 Conclusions

• Dissolution of CO2 in an aqueous (or oleic) phase forms a mixture that is denser
than the carbon dioxide free water or brine (oleic phase). This causes a local
density increase, which induces natural convection currents (gravity fingers)
when gaseous carbon dioxide is brought above the liquid phase. This enhances
the rate of mixing of CO2 in the liquid phase.

• We designed and built a cylindrical transparent high pressure cell in which
gravity induced fingers (playing a major role in the enhanced mixing process)
could be observed, e.g., by mounting the cylinder horizontally and filling the

Fig. 2.17 Comparison of the pressure history of the modeling in Brine, Water and Oil at 64 bar
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bottom half with liquid and the top-half with gaseous or supercritical carbon
dioxide.

• We developed a Schlieren set-up that can be used to observe the gravity induced
fingers based on refractive index variations. Gravity fingers have been observed
in an aqueous phase with various concentrations of sodium chloride (0–25 w/w
%) or with an oleic phase (n-decane). The experiments show that natural con-
vection currents are weakest in highly concentrated brine and strongest in oil.

• The Schlieren pattern consists of a dark region near the equator and a lighter
region below it. The dark region indicates a region where the refractive index
increases downward, either due to the presence of a gas liquid interface, or due
to the thin diffusion layer, which also appears in numerical simulations.

• It is possible to use commercial software (COMSOL Multiphysics) to simulate
the natural convection process in 3-D albeit with grid cells that are too large to
capture the mm-scale fine structure of the gravity fingers. As the distance
between the windows is 11.6 mm it can be expected that the concentration is not
uniform in the axial direction. This leads initially to a scattering region with a
lighter appearance in the Schlieren pattern. For later times the erratic behavior
decreases and the effect of individual gravity fingers can be observed.

• To our knowledge this is the first time that gravity fingers in the oil phase are
visualized. The set-up can screen any fluid for its relative importance of natural
convection flows.
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