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Abstract 
In this work we introduce an accurate and efficient way of including the effect of convective mixing in field scale 3D 
simulations. The effect of the convective mixing is included in the field scale simulations by introducing a maximum 
dissolution rate given by the convective mixing. This maximum dissolution rate is computed internally based on both 
dynamic and static properties as well as a non-dimensional input parameter. The non-dimensional input parameter 
upscales the effect of the convective mixing and is estimated from fine-scale simulations. Our approach differs from 
existing models where the maximum dissolution rate is given directly as an input parameter to the simulator and not 
scaled by the properties of the cell. The proposed convective dissolution rate model shows good agreement with fine-
scale simulation shown in this work as well as in the literature. The model is further tested on the 3D Sleipner 
Benchmark model. Results on the Sleipner Benchmark model confirm the importance of including the effect of the 
convective dissolution in the simulation both for the injection period and during the monitoring phase as it significantly 
affects the pressure build-up and decay during the simulations. The proposed model is implemented in the open source 
OPM Flow simulator which immediately makes it available to the community for usage and adoption. This paper also 
gives an overview of the CO2 storage module implemented in OPM Flow.   

Keywords: CO2 storage simulations, Open-source software, The Sleipner Benchmark, CO2 dissolution rate. 
Convective mixing.  

1. Introduction
Numerical simulations form an important basis for 
decision-making processes for CO2 storage. Good 
simulation models that incorporate the relevant physics 
on the relevant scale is thus important. Even with the 
continuing advances in available computational 
resources, simplification and upscaling of processes is 
necessary for practical simulation times. The dissolution 
of CO2 into brine is one such important effect that needs 
to be considered. The main mechanism that drives the 
dissolution is convective mixing. Convective mixing 
happens on the centimeter scale and can therefore not be 
included in the model directly for field-scale model. It is 
suggested by several authors to include this effect as an 
upscaled dissolution rate [1][2][3][4].  
Dissolution caused by convective mixing has been 
successfully implemented and demonstrated in research 
codes based on vertical equilibrium (VE) [4]. The 
approach involves incorporating an upscaled CO2 mass 
transfer rate to account for sub-scale convection. CO2 
dissolves dynamically into the water column below, 
which is facilitated by the fact that a VE model is pseudo 
2D and does not require vertical discretization.   

VE models are a special class of 3D simulation where 
gravity segregation happens faster than simulated 
timescale and are especially useful in models of very 
large spatial and long timescales. However, many field-
scale assessments of CO2 storage still necessitate a 3D 
simulation to enable decision making. In this paper we 
adapt the suggested upscaled convective dissolution 
models to a 3D black oil setting and include it in the OPM 
Flow simulator.  
The OPM Flow simulator [5] is an open-source 
community code that supports industry standard input 
and output format which allows for direct incorporation 
into existing simulation workflows. The base simulator is 
black oil, but it has many extensions that for instance 
allows for efficient modeling of CO2-EOR scenarios 
[6][7]. For details on the simulator, we refer to the 
technical paper [5] and the user manual [8].  
The advantage of including the convective dissolution 
rate model in Flow is immediate access to industry 
standard I/O formats, and performance which allows for 
immediate testing on the Sleipner Benchmark model [9]. 
The CO2 simulation in this work is done using the CO2 
storage module in OPM. This module builds on the CO2-
brine fluid system in Dumux [10], but is adapted to 
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automatic differentiation (AD) as described in [5]. With 
AD the derivatives are automatically computed. This 
allows for simple extensions and modification of the code 
without losing neither accuracy in the Jacobian, nor 
significant performance, as shown in [11]. The AD 
framework thus allows for modification and 
implementation of new PVT models etc. in the code 
without significant effort and programming expertise.  

2. CO2 storage simulations in Flow
Black oil simulators are commonly used in the industry 
to simulate CO2 storage. They are attractive compared to 
more advanced compositional models due to availability, 
performance, and applicability into existing frameworks 
[12]. In black oil simulation the needed PVT properties 
are given as tabulated input values where brine properties 
correspond to oil and CO2 to gas, using the standard black 
oil format. Tabulated input is very flexible but becomes 
cumbersome when for instance temperature effects or 
varying salinity etc. also needs to be considered.  
A dedicated CO2 storage module is therefore made 
available in the OPM Flow simulator.  With the CO2 
storage option enabled Flow computes the PVT 
properties such as density, viscosity, and enthalpy 
internally as functions of pressure, temperature, and 
composition by using analytic correlations and models 
from the literature rather than by interpolation from 
tabulated values. These values are transformed to its 
black oil equivalents internally in the simulator. This thus 
gives us the accuracy of the compositional simulators 
while keeping the performance and applicability of the 
black oil simulator. The CO2 storage module is enabled 
by adding the CO2STORE keyword to the input deck [8]. 
Note that a dedicated CO2STORE option is also 
available in the compositional Eclipse 300 simulator 
[13]. The internal models implemented in the 
CO2STORE option in OPM Flow are based on models 
found in the literature and does not correspond directly to 
the CO2STORE option implemented in Eclipse 300.   
An overview of the implemented models in the 2021.04 
version of Flow as used in this work now follows.  

2.1 Brine-CO2 PVT module. 

The density of water is given by the simplified formula 
presented in [14]. The formula gives significant speedup 
of the simulations without any significant loss of 
accuracy compared to using the formula in IAPWS 95 
[15]. According to the authors in [14] average deviation 
is around 0.005% to IAPWS 95 for the relevant pressure 
and temperature range. Modification of the density due 
to dissolved CO2 is accounted for using the correlation 
presented in [16], while salinity is accounted for using 
the correlation given in [17]. The density of the CO2 is 
given by the Span-Wagner model [18]. The viscosity of 
brine is given using the correlation presented in [17], 
while the CO2 viscosity is given by the correlation in 
[19]. The effect of the dissolved CO2 on the liquid density 
is small and currently neglected.  

CO2 and brine are slightly miscible. CO2 partitions into 
brine instantaneously until a solubility limit is reached 
locally (typically 2-5% by mass).  
The solubility limit of CO2 and brine depends on 
temperature, pressure and salinity and is implemented 
according to [20], where the activity coefficients of CO2 
in brine are taken from [21]. The solubility limit gives an 
upper bound of the amount of CO2 that can dissolve into 
the brine.  

2.2 Thermal properties 

No simulations with thermal effects are shown in this 
paper, but for completeness the thermal properties used 
in the CO2 storage module is presented here. For thermal 
simulations, the enthalpy of the fluids needs to be 
computed. The CO2 enthalpy is computed according to 
[18] and is represented as a table internally in the
simulator. The liquid enthalpy depends on the dissolved
CO2 and salinity as well as pressure and temperature. The
water enthalpy is given according to IAPWS 97 [22] and
modified to account for salinity according to [23] and for
CO2 following [21].
Thermal conductivity and rock heat capacity is input 
parameters to the simulator and must be provided by the 
user. See the OPM manual for details on usage of the 
thermal simulator [8].  

2.4 Diffusion 

For field-scale simulations diffusion is a sub-grid 
phenomenon and is typically not explicitly represented in 
the equations. For simulations on the laboratory scale 
diffusion plays a direct role and therefore needs to be 
explicitly represented in the equations. The diffusion 
coefficients that control the diffusion depends on 
temperature, pressure, and salinity. The diffusion 
coefficient is computed internally for pure water using 
[24] and modified to account for salinity using [25]. The
effect of the porous media on the diffusion is modeled
using the relation suggested in [26] . The coefficient can
also be given as an input parameter using the DIFFC
keyword. The effect of diffusion is included in the fine-
scale simulation in section 4.1.

3. Controlling the dissolution rate.
For field scale simulations a typical grid block size is tens 
or even hundreds of meters in the horizontal direction and 
typically a few meters in the vertical direction. The 
density difference between CO2 in gas (or super critical) 
phase and brine leads to rapid phase segregation. The 
lighter CO2 moves quickly to the top of the reservoir or 
to an intermediate sealing layer and then migrates along 
the sealing layer. For cells where a vertical equilibrium is 
reached only the top layer of the cell is exposed to the 
free CO2 and a fully mixture of the CO2 and brine cannot 
be assumed. A direct use of the solubility models 
presented in section 2.1 will thus over-estimate the 
amount of dissolved CO2 in brine in these cells if used 
directly.  
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The dissolution process in these cells is controlled by the 
convective mixing. Since brine with dissolved CO2 is 
slightly heavier than without, instabilities will occur at 
the phase boundary in form of heavier fingers of brine 
with dissolved CO2 migrating downwards. These fingers 
happen on the centimeter scale and can therefore not be 
included directly in field-scale simulations. Instead, the 
effect of convective mixing is included through a control 
of the dissolution rate. The convective mixing depends 
on both dynamic and static properties of the reservoir but 
dimensional analyses in [2] suggested a scaling for the 
dissolution rate that allows for usage of a single 
parameter. The dissolution rate F in kg / (m2s) in [2] is 
given as 

𝐹 = 𝜒 𝑐𝑚𝑎𝑥𝐾𝑧 ∆ρc𝑔 𝜇       ⁄   (1)
where 𝜒 is a non-dimensional parameter controlling the 
dissolution, 𝐶𝑚𝑎𝑥 is the maximum concentration at the
solubility limit, 𝐾𝑧 is the vertical permeability and  ∆ρc,
is the difference of the brine density at maximum amount 
of dissolved CO2 and the density without dissolved CO2. 
Finally, 𝑔 is the gravity constant,  𝜇 the viscosity. 
To use equation (1) in the OPM Flow simulator we first 
need to convert it to a black oil setting. In the black oil 
model, the amount of dissolved gas in the liquid (i.e., oil) 
phase is given by the solution gas/oil ratio (RS). The 
standard metric unit of RS is 𝑆𝑀3/𝑆𝑀3. The solution 
gas/oil ratio or gas dissolution factor is related to the mass 
fraction as following.  

𝑅𝑆 ≝
𝑉𝑔,𝑟𝑒𝑓

𝑉𝑜,𝑟𝑒𝑓

=  
𝑥𝑜

𝑔

1 − 𝑥𝑜
𝑔

𝜌𝑜,𝑟𝑒𝑓

𝜌𝑔,𝑟𝑒𝑓
(2) 

Here 𝑥𝑜
𝑔is the mass fraction of gas in the oil phase and

𝜌𝑜,𝑟𝑒𝑓 , 𝑉𝑜,𝑟𝑒𝑓 and 𝜌𝑔,𝑟𝑒𝑓 ,  𝑉𝑔,𝑟𝑒𝑓  are the density and
volume of the oil and gas at reference conditions, 
respectively.  
In the black oil model, the dissolution rate (DRSDT) is 
defined as the maximum rate at which the solution gas-
oil ratio (RS) can be increased in a grid cell per time.   
To convert equation (1) into a black oil formulation we 
first need to replace the maximum concentration at the 
solubility limit used in the equation (1) with its black oil 
equivalent, 𝑅𝑆𝑠𝑎𝑡 .

𝑅𝑆𝑆𝐴𝑇  ≝
𝑉𝑐𝑜2,𝑚𝑎𝑥,𝑟𝑒𝑓

𝑉𝑏𝑟𝑖𝑛𝑒,𝑟𝑒𝑓

=
𝑚𝑐𝑜2,𝑚𝑎𝑥

𝑉𝑏𝑟𝑖𝑛𝑒𝐵𝑏𝑟𝑖𝑛𝑒𝜌𝑐𝑜2,𝑟𝑒𝑓

=
𝑐𝑚𝑎𝑥

𝐵𝑏𝑟𝑖𝑛𝑒𝜌𝑐𝑜2,𝑟𝑒𝑓

(3) 

Here  𝑚𝑐𝑜2,𝑚𝑎𝑥  is the mass of CO2 at the maximum
solubility limit and 𝐵𝑏𝑟𝑖𝑛𝑒the formation volume factor of
brine.  
The next step is to convert F in (1) from kg/(m2s) to 
change in RS (gas-oil volume ratio under reference 
conditions) per day.  We do this by multiplying with the 
cell top face area (A) and a conversion factor 𝜏 =
86400 𝑠/𝑑𝑎𝑦, then dividing by the volume of the brine 
and the density of the CO2 both at reference condition. 

𝜏𝐹𝐴

𝑉𝑏𝑟𝑖𝑛𝑒,𝑟𝑒𝑓 𝜌𝑐𝑜2,𝑟𝑒𝑓

=  
𝜏𝐹𝐴

𝑉𝑆𝑏𝑟𝑖𝑛𝑒𝜙𝜌𝑐𝑜2,𝑟𝑒𝑓  𝐵𝑏𝑟𝑖𝑛𝑒

(4) 

where V is the cell volume, 𝑆𝑏𝑟𝑖𝑛𝑒  is the brine saturation,
𝜙 the porosity. We further assume 𝑉 ≈ 𝐴𝐷𝑧 to replace
𝐴 𝑉⁄  with the cell thickness 𝐷𝑧. Combining equation (3)
and (4) gives the following expression for the maximum 
dissolution rate DRSDT (SM3/(SM3 day)) 

𝐷𝑅𝑆𝐷𝑇 = 𝜒 𝜏 
𝑅𝑆𝑠𝑎𝑡 𝐾𝑧∆ρc 𝑔

𝜇 𝑆𝑏𝑟𝑖𝑛𝑒𝐷𝑧𝜙
(5) 

According to analysis in [2], 0.04 is a reasonable value 
for 𝜒 for the Utsira formation. Improved estimates on 𝜒 
can be computed using either numerical fine-scale 
simulations (see Section 4.1) or based on laboratory tests 
[3]. The simulation results are sensitive to the choice of 
𝜒 and some range of uncertainty in the parameter is thus 
recommended. The 𝜒 value can further be constrained 
using gravimetric and/or seismic data from the field [27]. 
In commercial simulators like Eclipse a constant or 
regional value for DRSDT can be given as an input 
parameter. The DRSDT can be used to include the effect 
of convective mixing as shown for instance in [28]. Our 
approach differs from this in that the DRSDT value is 
computed internally and now depends on both static and 
dynamic cell properties.  
To use the convective dissolution rate control given in 
equation in (5) in the Flow simulator a keyword 
DRSDTCON needs to be given with the non-dimensional 
𝜒 parameter. See the OPM Flow manual for more details 
[8].  
Note that the convective dissolution rate assumes that the 
cell is in vertical equilibrium an assumption that is not 
always fulfilled in near well regions and in heterogenous 
reservoirs with low vertical permeabilities. A purely 
convective dissolution rate thus under-estimates the 
dissolution in the area around the injection well where 
CO2 migrates upwards due to buoyancy. We expect a 
hybrid approach where the dissolution is not restricted by 
the convective dissolution in the upconing regions to 
remedy this. Efforts to define robust and accurate criteria 
for detecting these cells are ongoing.  

4. Simulation results
In this section we present simulation results that 
demonstrate usage of the convective dissolution rate 
control in OPM Flow. All simulations are done using the 
CO2 storage option (CO2STORE).   

4.1 Fine-scale simulations 

We start with fine-scale simulations that illustrates the 
dissolution process and gives estimates on the non-
dimensional 𝜒 parameter given in equation (5). For this 
we use a column with 5-meter width and 10-meter height. 
Initially the column is   filled with a 2-meter layer of free 
CO2 on the top. A free boundary is set on the bottom to 
avoid pressure build-up. We discretize the domain using 
cells of size 0.01 m x 0.01 m. The computed dissolution 
rate is sensitive to the grid resolution, but we believe the 
given grid resolution is sufficient for the illustrative 
purpose of this example. Note that the given grid 
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resolution results in a simulation model with half a 
million cells.  
The parameters and setup are based on the Sleipner 
benchmark and are given in Table 1. The capillary 
transmission zone plays an important role in enhancing 
the dissolution process [2]. In this study we compute the 
relative permeability and capillary pressure using the 
Brooks Corey model. An entry pressure of 2.5kPa and a 
Brooks Corey parameter of 2.8 is used as suggested in 
[29]. 
Note that diffusion plays an important role in triggering 
the convective mixing and is therefore included in these 
simulations. The diffusion coefficient for CO2 in brine 
for the pressure, temperature, and salinity in using the 
models given in Section 2.4 is 3.0e-9 m2/s. Also, a small 
perturbation of the porosity (± 0.04) is added to create 
sufficient instabilities in the model. The dissolution rate 
is not sensitive to these perturbations.   
A snapshot of the dissolved CO2 in brine (RS) is shown 
in Figure 1 after 60 days of simulation. The figure shows 
the classical fingering phenomena caused by the 
convective mixing. Note that we stop the simulation after 
60 days to avoid boundary effects due to arrival of 
dissolved CO2 to the bottom of the domain.   
Figure 2 shows the dissolution of CO2 in brine through 
the simulation. Apart from some initial dissolution 
caused by the capillary transmission zone we observe 
how the dissolution increases linearly with time. The 
linear coefficient gives us the convective dissolution rate. 
From linear regression we estimate the linear coefficient 
DRSDT = 0.0064 (SM3/(SM3 day)) . With this value for 
DRSDT and the average dynamic properties given in 
Table 1, Equation (5) gives us 𝜒 = 0.034. This is in line 
with the value 0.04 reported in [2]. Inserting 𝜒 = 0.034 
in Equation (1) gives F = 12.5 kg / (m2 year) which again 
aligns with the numerical sensitivity study reported in 
[1]. 
Improving the grid resolution and/or doing fine-scale 3D 
simulations could give better estimates of the 𝜒 
parameter, but some uncertainly always remains due to 
impact of local heterogeneities etc.in the physical world. 

Table 1: Input properties used for the fine-scale simulation 
and in the evaluation of equation (4) in Section 4.1. 

Property Value 
Porosity 0.36 

Permeability 2000 mD 
Rock compressibility 1e-6 barsa-1

Salinity 0.7 gm-M/kg 
Pressure 200 barsa 

Temperature 50 ℃ 
𝑅𝑆𝑠𝑎𝑡 27.04 SM3/SM3 
∆ρc 10 kg/m3 

𝑆𝑏𝑟𝑖𝑛𝑒 0.8 
𝐷𝑧 10 m 
𝜇 0,85 cP 

Figure 1: Dissolved CO2 after 60 days of simulation for the 
fine-scale case.   

Figure 2: Estimated CO2 dissolution (FGIPL/FOIP) from fine-
scale simulations (blue) and linear function RS = 0,0064 * day 
+ 1.5 (red). The 0,0064 is the convective dissolution rate while
the 1.5 constant comes from the capillary transition zone.

4.2 Sleipner simulation results 

The Sleipner benchmark model [9] recently released by 
Equinor will be the base model for demonstrating our 
approach. For simplicity, the mean values presented in 
the dataset are used for the porosity and the permeability 
of the layers, while all feeders are assumed to have 
permeability 2000mD. We use the same relative 
permeability and capillary pressure and salinity as in the 
fine-scale simulations. Initially we assume hydrostatic 
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pressure with 146 bar at 863 meters depth. A constant 
temperature gradient is imposed throughout the 
simulation defined by 30 C at 800 meters depths and 41 
C at 1000 meters depths.  
We further assume CO2 is injecting at a constant injection 
rate of 1.46 million SM3 / day (1.0Mt / year) from 1st of 
September 1996 and until the end of 2010. After the 
injection is stopped the simulations continue for 200 
years.  
To investigate the effect of the upscaled convective 
mixing we use 𝜒 = 0.034 and compare it with a base 
case without dissolution of CO2.  Figure 3 compares the 
total amount of CO2 with the amount that is dissolved 
during the simulation period. During the injection period 
this shows that approximately 0.5% of the CO2 dissolves 
into the brine pr year which is one third of the upper 
bound of 1.8% pr year estimated using gravity 
monitoring in [27]. As discussed in Section 3, a purely 
convective dissolution rate under-estimates the 
dissolution in the area around the injection well where 
CO2 migrates upwards due to buoyancy and a lower 
value for the injection period is thus expected.  
According to these simulations almost 60% of the CO2 is 
dissolved into the brine 200 years after the injection 
period. Using the definition in (2) a global average RS 
can be computed by dividing the amount of dissolved 
CO2 to the amount of oil in place which is approximately 
2.0e9 SM3. This gives an average RS value of 2.2 which 
is still significantly lower than the theoretical limit given 
by 𝑅𝑆𝑠𝑎𝑡  which is approximately 30 for the range of
pressure, temperature, and salinity relevant for the 
Sleipner case. In other words, a significant part of the 
reservoir is still not reached by the injected CO2.  Figure 
4 shows the development of the average reservoir 
pressure during the simulation period. For the case 
without dissolution of CO2 the pressure reaches its 
maximum value (330 bar) when the injection stops and 
stays constant during the next 200 years. This is as 
expected since the model assumes closed boundaries. For 
the case with convective dissolution rate the pressure 
reaches its maximum at the same time, but the maximum 
value (316 bar) is 14 bar less than for the case without 
dissolved CO2. The pressure than gradually decreases as 
more CO2 dissolves into the brine. This is again expected 
since the density of brine increases as CO2 dissolves into 
it. Note that the results are sensitive to the choice of 𝜒, 
and the uncertainty of 𝜒 therefore should be incorporated 
into the simulations by for instance using an ensemble of 
simulations to gain confidence in the results. We also 
believe the dissolution rate and in particular 𝜒 to be an 
important history matching parameter as also claimed in 
for instance [27].  
Snapshots of the amount of dissolved CO2 and the CO2 
saturation are shown in Figure 5 and Figure 6, 
respectively.  The snapshots are taken at the J-K plane 
going through the well at the end of the injection period 
and at the end of the simulations for the case with the 
convective dissolution rate.  In all the figures we clearly 
see the characteristic layered structure of the Sleipner 
model. The CO2 rapidly migrated to the top through the 
“chimneys” that acts as holes in the shale layers. What is 

noticeable in Figure 5 is that most of the free CO2 has 
disappeared after the 200-year period without injection. 
The remaining free CO2 is gathered in a few structural 
traps. The top snapshot in Figure 6 shows that the 
dissolution process is significant also during the injection 
period as CO2 slowly dissolves and migrating 
downwards given the characteristic fingering 
phenomena.  After 200 years we observe how the 
“chimneys”, where the free CO2 used to move upwards 
during the injection, now acts as sinks for the CO2 rich 
brine. A significant portion of the stored CO2 is thus 
securely stored in the bottom layer.  
The released Sleipner model has approximately 2 million 
cells. For practical simulation times we have therefore 
used our internal cluster that allows for usage of 64 CPUs 
with two threads each. We observe a near ideal scaling of 
the simulation time for the tested range of CPUs for this 
model.    

Figure 3: The amount of dissolved CO2 in the liquid phase 
(FGIPL) compared to the total amount of injected gas (FGIT) 
for the case with the convective dissolution rate. 

Figure 4: Field average pressure for the case without 
(blue) and with (red) dissolution of CO2. 
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Figure 5: CO2 saturation after the injection period (top) and 
after 200 years of storage (bottom).   

Figure 6: Dissolved CO2 after the injection period (top) and 
after 200 years of storage (bottom).   

5. Summary
A model for upscaling the effect of convective mixing 
through a convective dissolution rate control is 
implemented in the open-source simulator OPM Flow. 
The upscaled approach allows for efficient and accurate 
inclusion of the impact of convective mixing in field 
scale 3D simulations. The simulation results on the 
Sleipner Benchmark model agree well with the impact of 

convective dissolution reported in the literature. Ongoing 
work on defining robust and accurate criteria for 
detecting cells where the convective dissolution rate is 
the dominant dissolution factor will further improve the 
accuracy and applicability of our approach.  
All simulations in our work are done using the CO2 
storage module in OPM Flow. This dedicated CO2 
storage module simplifies usage of the simulator for CO2 
storage applications while maintaining the needed 
accuracy in the fluid properties of the CO2-brine system. 
The implementation of the dissolution rate control in the 
OPM Flow simulator further gives immediate access to 
state-of-the art parallel simulation capabilities and 
industry standard I/O which allows for immediate testing 
and usage on relevant field scale models.  
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