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Abstract 
Global warming has increased interest in quantification of the dissolution of CO2 in (sub)-surface water. CO2 is present above 
the surface water. Dissolution of CO2 into water (or oil) causes a density increase, with respect to pure water (or oil). This 
density effect causes natural convection, which enhances the mass transfer rate across the interface. This article describes a 
series of experiments performed in a cylindrical PVT-cell at a pressure range of pi=10-50 bar, where a fixed volume of CO2 
gas was brought into contact with a column of distilled water. The results show that the mass transfer rate across the interface 
is much faster than predicted by Fickian diffusion. This mass transfer rate increases with increasing initial gas pressure and in 
the long term it is controlled by diffusion.  
A theoretical interpretation of the observed effects has been proposed, based on diffusion and natural convection phenomena. 
The CO2 concentration at the interface is estimated from the gas pressure using Henry’s solubility law, in which the 
coefficient varies with both pressure and temperature. Good agreement between the experiments and the theoretical results 
has been obtained. 

 
1. INTRODUCTION 
Carbon Dioxide (CO2) is one of the major greenhouse gases blamed for causing global warming [1]. To reduce the 
concentration of CO2 in the atmosphere, geological storage of CO2 is considered [2-4]. When CO2 is injected into the saline 
aquifers, the brine will eventually be overlaid by CO2 due to the buoyancy effects. Then, CO2 dissolves into the brine by 
molecular diffusion. The density of the water-CO2 solution exceeds the density of pure water and increases with increasing 
CO2 concentration [5]. This can lead to natural convection effects [5,6]. Therefore, the quantification of CO2 dissolution in 
water is important in predicting the potential and long-term behavior of CO2 in aquifers.  
Unfortunately there are only few experimental data in the literature, involving mass transfer between water and CO2 under 
conditions of natural convection. Lindenberg and Wessel-Berg [7] were among the first to point out the importance of natural 
convection for sequestration of CO2 in aquifers. Yang and Gu [8] performed experiments in bulk where a column of CO2 at 
high pressure was in contact with water. A modified diffusion equation with an effective diffusivity was used to describe the 
mass-transfer process of CO2 into the brine. A good agreement between the experiments and the model was observed by 
choosing effective diffusion coefficients two orders of magnitude larger than the molecular diffusivity of CO2 into water. 
However, the authors pointed out that the accurate modeling of the experiments should consider natural convection effects. 
Farajzadeh et al. [9,10] reported experimental results for the same system, in a slightly different geometry, showing initially 
enhanced mass transfer and subsequently a classical diffusion behavior for long times. A physical model based on the Fick’s 
second law and Henry’s law was used to interpret the experimental data. However, it was found that the mass transfer process 
cannot be modeled with a modified Fick’s second law with a single effective diffusion coefficient for the CO2-water system 
at high pressures. Nevertheless, the initial stages and later stages of the experiments can be modeled individually with the 
described model and two effective diffusion coefficients could be obtained from the experimental data. Arendt et al. [11] 
applied a Schlieren method and a three-mode magnetic suspension balance connected to an optical cell to analyze the mass 
transfer of the CO2-water system up to 360 bar. A good agreement between their model (linear superposition of free 
convection and Marangoni convection) and the experiment was obtained. The addition of surfactant suppressed the 
Marangoni convection in their experiments, while in the experiments of ref. [9] addition of surfactant did not have a 
significant effect on the transfer rate of CO2. Nghiem et al. [12] gave a field example to show that natural convection is an 
important mechanism in CO2 sequestration in aquifers. A similar mass transfer enhancement was observed for the mass 
transfer between a gaseous CO2 rich phase with two hydrocarbons (n-decane and n-hexadecane) [9,10] due to the fact that 
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CO2 increases the hydrocarbon density [13]. The effect is less significant for n-hexadecane due to its higher viscosity. This 
has implications for oil recovery. 
The theoretical description of temperature driven natural convection flow uses Navier-Stokes equation and can be found in 
classical books on fluid mechanics [14,15]. Several numerical approaches have been proposed to solve the governing Navier-
Stokes and continuity equations. Guçeri and Farouk [16] derived a numerical model for steady state natural (turbulent) 
convection in various geometries. By the symmetry of the geometries considered they can use the stream function-vorticity 
approach. From the mathematical point of view these geometries allow a 2D description. Patankar [17] proposed a semi-
implicit numerical method, which can also be used to (non-steady) 3D problems. Bairi [18] used Patankar’s method to study 
the transient natural convection in a 2D vertical cylinder. Increasingly, the Finite Element Method (FEM), which was 
originally developed for solid mechanics calculations, is being applied in this area. This method facilitates the modeling of 
the problem in complex geometries with irregularities [19-21]. Moreover, non-uniform meshes can easily be used in this 
method which allow for the resolution of flow details in the regions of interest.   
The purpose of this paper is two fold. The first purpose is to add experimental data to the currently small database in the 
literature. The second goal is to develop a model that can fully describe the experiments without having to introduce (semi) 
empirical parameters. It turns out that this is possible by considering density-driven natural convection phenomenon. 
Therefore, this paper focuses on describing the phenomena, both experimentally and numerically, when a CO2 rich gaseous 
phase is on top of a water layer. Section 2 describes the geometry of the system and the physical model to study the natural 
convection in a vertical cylinder. Section 3 explains the experimental setup, i.e., a vertical cylindrical PVT cell and the 
experimental procedures. Section 4 presents the experimental results and compares it with the numerical computations. 
Finally we draw the main conclusions of this study. 
2. THEORETICAL MODEL  
2.1. Formulation 
There can only be mechanical equilibrium in a fluid in a gravitational field if the concentration of CO2 inside the liquid only 
varies in the vertical coordinate, i.e., . However if the concentration gradient exceeds a certain value mechanical 
equilibrium in the fluid will be impossible [15]. The instability will initiate a convection current. This process will develop 
into natural convection throughout the entire fluid and the concentration becomes dependent on the radial coordinate as well. 
The driving force for natural convection is due to the fact that dissolution of CO2 into water causes a density increase. 
Consequently fresh (no-CO2 containing) water moves to the interface and CO2 containing water moves downwards, 
accelerating the diffusion process, and hence the mass transfer rate. The mixing of the water finally leads to a constant CO2 
concentration in the water. 

( )=c c z

We try to formulate such motions inside the water when it is brought into contact with a CO2 rich gaseous phase in the 
geometry depicted in Fig. 1. The cylindrical vessel with radius R   consists of an upper column filled with gaseous CO2 and a 
lower column filled with a stagnant water layer. We disregard both water evaporation (the contribution of water vapor to the 
gas pressure is 4.25 kPa at T=30°C which is negligible compared to the experimental pressure drop [22]) and water swelling 
due to CO2 dissolution. Consequently we assume that the boundary remains fixed. This assumption arises from the fact that 
the volume change of CO2-water binary mixture is very small at the range of our experimental pressures. It is assumed that 
capillary effects are absent and therefore the interface is flat. The gas transfer at the upper cell (gas phase) is largely governed 
by mechanical equilibrium, but can be adequately described by Fick’s law with a high constant diffusion coefficient. CO2 will 
be removed at the CO2-water interface. This decreases the concentration of CO2 at the interface and increases concentration 
of water. However, water concentration cannot deviate too far from equilibrium, as otherwise water will condense. 
Consequently, even with slow diffusion rates (of the order of 10-5Patm/Pexp m2/s) the concentration of CO2 will not 
significantly deviate from its equilibrium value at the time scale of the experiment. The CO2 concentration at the liquid 
surface is related to the gas pressure by assuming instantaneous thermodynamic equilibrium at the interface by applying 
Henry’s law. The characteristic time for conversion of CO2+H2O→H2CO3 is 1/0.039 ~ 25 seconds, which is much smaller 
than the experimental times. Moreover, only very small amount of CO2 is converted to H2CO3. The dissociation into HCO3

- 
and CO3

2- is negligible and therefore the rates of their formation can be ignored. We assert that the transfer of gas through the 
CO2-water interface can be described as an unsteady-state diffusion process, i.e., by Fick’s law. 
The conservation laws for the two components (CO2 and water) and momentum in the liquid are the governing equations to 
describe the diffusion and natural convection; the analogy between mass and heat transfer allows us to use the equations in 
Refs. [14-16]. Only a laminar regime is expected, as the Rayleigh number is of the order of 106. The density difference is the 
driving force for natural convection and consequently it cannot be considered constant. However, we use the Boussinesq 
approximation, which considers density variations only when they contribute directly to the fluid motion. Moreover we 
assume that there is a linear relationship between density change and concentration 

Δ = Δc i cρ β ρ .                                                                                                                                                         (1) 
Symbols are defined at the end of the paper. The characteristic behavior of the density of a CO2-water solution on pressure 
and temperature can be found in Ref. [5]. For the pressures and temperatures of interest the data are presented in Fig. 2. The 
time dependent governing equations for a 2D diffusion and natural convection system can be written in radial coordinates 
(see Fig. 1 for a schematic of the setup and the area of interest), as described below. 
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 Fig. 1: Schematic outlay of the process: The total length of the tube is L, the height of water is L1. There is no gas flowing 
out at the end of the tube. The gas-liquid interface is fixed. The liquid concentration at the interface is related to the gas 
pressure through Henry’s Law and changes with time. 

 
2.2. Governing equations 
2.2.1. Liquid phase 

(a) Continuity equation 

0=div v .                                                                                                                                          (2) 

(b) Conservation of momentum 
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 (c) Concentration equation  
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2.2.2. Gas phase 

∂
= Δ
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One important dimensionless number in fluid dynamics is the Rayleigh number, which is dependent on the fluid properties 
and geometry of the system (characteristic length of the system) with the following relation 

3 3Δ Δ
= =c

i

g cR gR
Ra

D D

β ρ

ν ρν
       ,                                                              (6) 

where, we use Eq. (1) to replace βc. Equation (6) states that the magnitude of Rayleigh number depends on the geometry of 
the experimental setup, in this case the radius of the tube, and properties of the fluid. These properties include the diffusion 
coefficient of gas into water, viscosity of water and its density change due to gas dissolution. As mentioned before in our case 
this density change is a strong function of the CO2 concentration, i.e., the initial pressure of the CO2. This means that a high 
Rayleigh number is due to a large radius of the tube or a high initial pressure or the combination of both parameters.  
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Fig. 2: Density of water as a function CO2 concentration (equilibrium pressure). The dashed lines are extrapolated from the 
solid lines reproduced from the data in ref. [5]. 
 
2.3. Boundary and initial conditions 
2.3.1. Liquid phase 
Initially the liquid is at rest and there is no CO2 dissolved in the water, i.e., 

v 0= =c  at    .                                                                                                                  (7) 0=t

The boundary conditions of the problem are 

( ) 1

0   0,

v 0,  0   ,

v 0,  0  0,

/ /    
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= ∂ = =

= = =
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                                                          (8) 

2.3.2. Gas phase  
Initially the gas part is filled with gas at pressure pi and therefore the molar gas concentration reads, 

( ), 0= = i
g

g B

p
c x t

Z R T
          .                                  (9) 

The boundary conditions are  
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2.4. Henry’s law (CO2 solubility) at the interface 
The solubility of CO2 in water can be expressed by using Henry’s law as: 

( )
( ) ( )

2

2

2

( , )

*

,

=
CO P T y

CO aq

H P T CO aq

f y
x

k

γ

γ
    ,                                            (11) 

where, xCO2 and y are the mole fractions of CO2 in liquid and gas phases, respectively, *

Hk  is Henry’s constant [in Pa] that is 

dependent on pressure and temperature, 
2COγ is the asymmetric (Henry’s law) activity coefficient of aqueous CO2 such that 

 as  and 
2 ( ) 1→CO aqγ

2 ( ) 0→CO aqx yγ  is the symmetric (Raoult’s law) activity coefficient of CO2 in the non-aqueous phase, 



SPE 121195  5 

such that  as  and 
2
 is the fugacity of pure CO2 at specified P-T conditions. Henry’s coefficient, 1→yγ 1→y COf *

Hk , can be 
calculated from the virial-like equation of state of Akinfiev and Diamond [23] 

 
0.5

( ) ( ) 1000
ln ln 2+ +1= − +

⎡ ⎤⎛ ⎞ ⎛ ⎞
⎜ ⎟

*ln ⎢ ⎥⎜ ⎟ ⎝ ⎠⎝ ⎠ ⎣ ⎦
B

w w

w

R T
k f a b

M T
ρ ρH wξ ξ .                                                                       (12) 

Diamond and Akinfiev [24] developed a thermodynamic model that reproduces 362 published experimental solubility data 
with a precision of better than 2% over the entire P-T-x considered. We used their model to calculate Henry’s coefficient (the 
model is available as a computer code at www.geo.unibe.ch/diamond). The dependency of Henry’s coefficient, kH (in 
Pa/mol/m3), on pressure at a constant experimental temperature of T=30oC is shown in Fig. 3. Henry’s coefficient varies 
slightly with pressure at a constant temperature. 
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Fig. 3: Henry’s coefficient, kH, as a function of pressure calculated using Eq. (12) at a constant temperature of T=30oC. 
 
2.5. Numerical Scheme and solution procedure 
The equations were solved numerically using the Finite Element Method software package, Comsol multiphysics. COMSOL 
is a software package that can solve various coupled engineering and physics problems, e.g., here a combination of Navier-
Stokes, convection-diffusion and diffusion equation in the geometry depicted in Fig. 1. 

 

3. EXPERIMENTAL 
3.1. Materials 
The gas used to carry out the experiments was 99.98% pure carbon dioxide. CO2 is highly soluble in water [25]. The 
diffusion coefficient of CO2 in water is (D=1.97±0.10)×10-9m²/s [26]. Nitrogen (N2) was used to detect possible leakages in 
the setup. Water with pH=6.8±0.1 was used in the experiments. 
 
3.2. Set-up and procedure 
Figure 4 shows the schematic of the experimental set-up. It consists of two stainless steel vessels, the measurement vessel 
with inner diameter of D1=30mm and the gas storage vessel with an inner diameter of D2=40mm. The length of both vessels 
is 10cm. The vessels are sealed and kept at constant temperature of T=30±0.1oC in an oven. Characteristic time at which 
temperature equilibrates (~ 1500sec) has been determined by numerical simulation, where the vessel was subjected to 
conductive and radiation heat loss. To ensure that the vessels remain in a fixed position they were attached to a board. Before 
starting the measurements a leakage test was performed with nitrogen. A valve at the bottom of the measurement cell was 
used to fill the vessel with double distilled water up to the desired height (L1=43mm) using a pump with a known flow rate. A 
waiting time of approximately 1 hour was then respected, in order to let the liquid come into thermal equilibrium with the 
oven. CO2 was slowly injected into the measurement vessel from the storage vessel.  The gas pressure is measured with two 
calibrated pressure gauges, which are connected to the top of the vessels. When the CO2 pressure reached the desired value, 
the valve connecting the vessel containing the water was closed and the cell was isolated. This was the starting time of the 
experiment. The gas pressure was recorded every 100 seconds in a computer.  

http://www.geo.unibe.ch/diamond
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Fig. 4: Schematic of the set-up: The set-up consists of two steel vessels, a storage vessel (right) and a measurement vessel 
(left). The gas at pressure pi is injected from the right vessel to the left vessel. Mass transfer occurs through the interface in 
the left vessel. The set-up is held in an oven at a constant temperature. The pressure of the gas at the top part is monitored by 
a pressure transducer. 
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Fig. 5: Pressure history of the experiments with different initial pressures. The pressure decline indicates the transfer of CO2 
into water. Initially the curves are steeper showing the significance of natural convection. 
 
4. RESULTS & DISCUSSION 
4.1. Experimental observations 
Figure 5 shows the normalized CO2 pressure versus time during the experiments with different initial pressures. The gas 
pressure declines significantly at the initial stages of the experiment, i.e., it has a steep slope at the early times of the 
experiment. However, the slope of the curve becomes less steep with time, meaning that the mass transfer rate decreases with 
time. The time needed for an over-pressurized gas to reach equilibrium with the liquid below can be calculated using Fick’s 
second law. However, in our experiments the measured mass-transfer rate over the interface turned out to be substantially 
larger than predicted using Fick’s second law (see the dashed lines in Figs. 11-14). An interpretation in terms of two effective 
diffusion coefficients has been presented in Ref. [9]. The effective diffusion coefficient for the early stages of the experiments 
is two orders of magnitude higher than the molecular diffusivity of the CO2 into water, indicating the presence of natural 
convection. The effect of natural convection increases as the initial pressure of the experiments increases. Nevertheless in all 
experiments the influence of the convection decreases as time elapses regardless of the initial pressure of the experiment.  
 
4.2. CO2 concentration inside the liquid 
The general trend of the concentration profiles for all experiments is similar and therefore only the curves of the experiment 
with pi=10.1 bar will be presented. Nonetheless, the explanation holds for all experiments. Figure 6 shows the evolution of 
CO2 concentration inside the water with time. The maximum and minimum concentrations are given below each image. 
These maximum (red) and minimum (blue) concentration values are different in each panel. This procedure allows using the 
full color span for displaying the results. When analyzing this profile, it is observed that as soon as CO2 is put above the 
water, it starts to dissolve. The CO2 concentration is higher near the center of the vessel. This increases the density of the 
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liquid near the center, which induces an anti-clockwise vortex in the vessel. The CO2 concentration decreases at the interface 
(and near the interface) as the pressure in the gas chamber decreases while CO2 is transferred far into the liquid. After about 
30 minutes CO2 reaches the bottom of the vessel. At this time the fluid has its maximum velocity (see Fig. 7). With a simple 
scaling analysis it is possible to evaluate the significance of natural convection. The time scale for CO2 diffusion through a 
water layer with thickness of L1=43mm at our experimental condition is ~L1

2/D≈9.24×105sec≈256hr>> 30 minutes. As time 
elapses, the difference between the minimum and maximum values of the concentration becomes less, i.e., the distribution of 
CO2 becomes more uniform in the liquid. This implies that convection effect die out with time. 
 

 

Fig. 6: Evolution of CO2 concentration profiles inside water with time at an initial pressure of pi=10.1 bar. The maximum 
(red) and minimum (blue) concentration values are different in each panel. The concentration values are expressed in 
[mol/m3]. 
 
4.3. Velocity profiles 
Figure 7 presents the calculated vertical velocity, , at different vertical positions as a function of the vessel radius for the 
experiment with the initial pressure of pi=10.1 bar. In accordance with the concentration profile, the flow is much faster in 
the center, obviously to ensure (water) mass conservation in a horizontal cross section. In the entire volume of the vessel the 
ascending fluid flow has a low velocity close to the wall, where it approaches zero corresponding to the adherence of the 
fluid. The vertical velocity increases as fluid moves down in the region 43<z<33 mm. From z=33mm downwards the fluid 
starts to slow down again until it stops at the bottom of the vessel (z=0). In other words the flow is slower at the upper part 
close to the CO2-water interface. A similar velocity pattern was numerically observed for a cylindrical cavity when its upper 
face was cooled by themoelectrical Peltier effect following an exponential law [18]. It appears from the simulation results 
that at z=33mm there is no flow in the radial direction (see Fig. 8). The radial velocity is one order of magnitude smaller than 
the vertical velocity and it has different signs below and above z=33mm. This means that the vertical flow is mainly 
responsible for the enhancement of transfer rate of CO2 into water. The velocity change with time is shown in Fig. 9 at a 
fixed position of z=30 mm. Initially the liquid is at rest. When CO2 in brought in contact with the liquid it starts to move. The 
liquid velocity increases until the CO2 front reaches the bottom of the vessel at t~30 minutes. After that the fluid velocity 
decreases as more CO2 is dissolved in the water with time. Note that at the end of our experiment the liquid velocity is very 
low but not zero. The fluid motion stops after about 3000 minutes when the water is fully saturated with CO2. As can be seen 
from Fig. 10 the liquid velocity increases as the initial pressure of the experiment (or the Rayleigh number) increases. 
Obviously, the relation is not linear. The pressure decline becomes faster as the Rayleigh number increases, i.e., the time to 
reach the equilibrium state for a constant volume of water decreases with increasing Rayleigh number, a result which can also 
be concluded from Fig. 5.  

zv

4.4. Pressure decline 
As already mentioned CO2 was injected from the storage vessel to the measurement vessel that was initially filled with water 
at atmosphere pressure. The sudden opening of the valve between the two vessels causes disturbances, which may hamper a 
clear definition of the initial conditions. All the same adiabatic compression of CO2 temporarily increases the temperature of 
the vessel [27].  As a result the system requires a short time to equilibrate. This effect is more significant at higher pressure as 
larger mass of CO2 is injected to the system. Our system measures pressures with 100 second intervals; therefore, we ignored 
the first two data points. This time is equivalent to the time at which CO2 reaches equilibrium in the storage vessel (the 
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pressure remains constant). In ref. [8] the authors ignored first 180 seconds of their experiments due to a similar effect.  
Figures 11-14 plot the pressure history for the experiments with the initial pressures of pi=10.1, 19.4, 32.1 and 50.5 bar 
respectively. These pressures are well below the critical pressure of CO2. The experimental data are compared with the theory 
described in Section 2 with and without taking into account natural convection effects. In all cases the pressure decline rate is 
much larger than predicted by a Fickian diffusion process. For the computations values of βc, kH and Zg are required. Note 
that by choosing βc=0 in the simulation, diffusion will be the only transport mechanism and therefore the results of model 
agree well with the analytical solution obtained in Ref. [9]. In the case of natural convection, the density differences are read 
from Fig. 2 and then the concentration dependent βc is calculated for the conditions of each experiment using Eq. (1). Henry’s 
coefficient, kH, is obtained from Fig. 3. The compressibility factor, Zg, is calculated using the Span-Wagner EoS [28] for all 
pressures at the experimental temperature (T=30oC). For all of the experiments the match between the experimental data and 
the theory is within the experimental error (solid lines). To obtain the solid lines, the molecular diffusion coefficient of CO2 
(D=2.0×10-9 m2/s) was used in the model. It is also possible to fit the experimental data by choosing effective diffusion 
coefficients and switching off the convection currents (dotted lines), similar to the models explained in refs. [8,9]. Such 
models are not physically justified, because comparing the values reported in ref. [9] for pi=10.1 and 19.4 bar and the values 
obtained from our simulations reveal that the magnitude of the diffusion coefficient depends on the geometry of the system 
(in this case radius and aspect ratio). Moreover, these models fail in accurately explaining the later stages of the experiments, 
because allowing an effective diffusion coefficient two orders of magnitude larger than molecular diffusivity of CO2 results 
in equilibration times that are much shorter than the experiments [see Figs. 11-14]. In ref. [8] the authors simulate 
experiments with duration of only one hour. The extracted effective diffusion coefficients increase with increasing initial 
pressure and they are in good agreement with the values reported in ref. [8].  
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Fig. 7: Axial velocity, vz, at different positions at t=60min for the 
experiment with an initial pressure of pi=10.1 bar. 
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Fig. 9: Axial velocity, vz, at different times at z=30mm for the 
experiment with an initial pressure of pi=10.1 bar. 
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Fig. 8: Radial velocity, vr, at different positions at time t=60min for 
the experiment with an initial pressure of pi=10.1 bar. 
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Fig. 10: The calculated axial velocity, vz, at z=30mm and t=20min 
for the experiments with different initial ressures 
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Fig. 11: Comparison between the measured pressure data and the 
numerical model for pi=10.1 bar, T=30 oC, kH=3350 Pa.m3/mol and 
D=2.0×10-9 m2/sec. The dotted line is obtained with an effective 
diffusion coefficient of D=1.40×10-7 m2/sec. 
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Fig. 13: Comparison between the measured pressure data and the 
numerical model for pi=32.1 bar, T=30oC, kH=3440 Pa.m3/mol and 
D=2.0×10-9 m2/sec. The dotted line is obtained with an effective 
diffusion coefficient of D=2.45×10-7 m2/sec. 
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Fig. 12: Comparison between the measured pressure data and the 
numerical model for pi=19.4 bar, T=30oC, kH=3400 Pa.m3/mol and 
D=2.0×10-9 m2/sec. The dotted line is obtained with an effective 
diffusion coefficient of D=1.55×10-7 m2/sec. 
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Fig. 14: Comparison between the measured pressure data and the 
numerical model for pi=50.5 bar, T=30oC, kH=3530 Pa.m3/mol and 
D=2.0×10-9 m2/sec. The dotted line is obtained with an effective 
diffusion coefficient of D=2.80×10-7 m2/sec. 

  
  
5. CONCLUSIONS 

• We confirmed that mass transfer rates can be measured in a relatively simple PVT cell, following pressure history of 
the gas phase by extending our experimental data base to pressure range of 10-50 bar. 

• A physical model based on density-driven natural convection and diffusion has been formulated. The model uses a 
number of simplifying assumptions, e.g., that Henry’s law is applicable at the interface. 

• The Finite Volume Method (FVM) was used to solve the model equations numerically. The validity of the model was 
confirmed by comparing to benchmark solutions. We used these results to validate a Finite Element Model (FEM) 
using COMSOL. The advantage of using FEM is that local grid refinement is easier. 

• According to the simulations the velocity increases until it reaches a maximum and then diminishes gradually as 
natural convection effect become less important. The maximum velocity corresponds to the time in which CO2 front 
reaches the bottom of the vessel. 

• There is a strong correlation between the fluid velocity and the concentration profile with the experimental pressure 
decline rates. The pressure history obtained from the numerical model agrees well with the experimental data within 
experimental error. The matching does not use any fitting parameters. 
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7. NOMENCLATURE 
c Concentration [mol/m3] 
cp Heat capacity [J/K/m3] 
D Diffusion coefficient [m2/s] 
f Fugacity [Pa] 
g acceleration due to gravity [m/s2] 
kH Henry’s constant 
L Length of the tube [m] 
M Molecular weight [kg/mol] 
p Pressure [Pa] 
r Distance from center of the tube [m] 
R Radius of the tube [m] 
Ra Rayleigh number [-] 
T Temperature [K, oC] 
t Time [sec] 
v Velocity [m/s] 
z Distance from the bottom of the tube [m] 
Zg Gas compressibility factor [-] 
 
Greek symbols 
ρ Density of the fluid [ ] 3/kg m
βc Volumetric expansion coefficient [m3/mol] 
ξ, a, b Empirical fitting parameters 
μ Viscosity of the fluid [ ] −/ sekg m c
ν Kinematic viscosity [m2/s] 
 
Subscripts 
0 Reference value of the quantity 
g Gas  
i Initial value of the quantity 
w Water 
r Quantity in r-direction 
Z Quantity in z-direction 
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