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Kurzfassung
Wegen der hohen Treibhausgasemissionen der letzten Jahrzehnte gibt es ein wachsendes
Interesse an der Entsorgung von Kohlendioxid (CO2) in unterirdischen geologischen
Formationen. Beispiele solcher Formationen sind tiefe salzhaltige Grundwasserleiter, die
weltweit weit verbreitet sind. Da CO2 über sehr lange Zeiträume gespeichert werden muss –
im Wesentlichen über geologische Zeiträume – ist eine Vorhersage der CO2-Migration im
Reservoir unerlässlich. Ein besseres Verständnis der Verdrängungseffizienz von
Formationswasser durch CO2 im frühen und mittleren Injektionsstadium ist das Ziel dieser
Studie. Nach Erreichen des chemischen Gleichgewichts kann der Verdrängungsprozess als
nichtmischbare Zweiphasenströmung beschrieben werden.
CO2 ist unter typischen
Reservoirbedingungen im überkritischen Zustand. Es besitzt eine geringere Dichte und eine
geringere Viskosität als das Formationswasser. Dies führt unter Umständen zu Separation
durch Auftrieb und zu viskosen Instabilitäten.
Petrophysikalische Gesteinseigenschaften spielen dabei eine entscheidende Rolle. Sie
beeinflussen den CO2-Fluss im Grundwasserleiter und somit auch die Stabilität der CO2Verdrängungsfront. Diese Eigenschaften werden durch die relative Permeabilität von CO2,
des Formationswassers und den entsprechenden Kapillardruckkurven beschrieben. In der
vorliegenden Arbeit wird die stabilisierende Wirkung des Kapillardrucks auf unterschiedlichen
Längenskalen und die Auswirkung relativer Permeabilität auf die Stabilität der CO2-Front
mittels numerischer Simulationen umfassend untersucht. Der Schwerpunkt dieser Arbeit liegt
dabei auf der Einbeziehung von Mikroporosität in Karbonaten im Zusammenhang mit
Gravitation und Instabilität. Dabei wird der Einfluss von Mikroporosität auf die
Verdrängungseffizienz über Änderungen der relativen Permeabilität und über
Kapillardruckkurven eingeführt und variiert.
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Abstract
Because of the high green-house gas emission, in the last decade there was an increased
interest on underground disposal of carbon-dioxide (CO2) in underground geological
formations. One example of those is deep saline aquifer, what has a wide availability around
the world. As underground CO2 storage is a long-term commitment, the determination of the
injected CO2 plume migration is essential. The displacement process of brine by CO2 at the
early injection stages (when saturation equilibrium is already achieved), what is the objective
of this study, can be described as two-phase immiscible flow dominated by primary drainage.
As brine and CO2, even in supercritical state, has substantial density and viscosity contrast;
instabilities, as viscous fingering and gravity override, are expected to occur. There are
several petro-physical properties affecting the displacement front stability of CO 2 plume,
including relative permeability relationships and capillary saturation function. The stabilizing
effect of capillary pressure as a function of different length scales and the effect of the
parameter alteration of the extended Corey relative permeability model on the CO2 flood front
stability had been studied extensively by means of numerical simulation. The scope of this
research is to broaden the available results on the displacement stability of CO 2-brine
systems by performing a sequence of numerical simulations with a focus on the possible
mitigation effect of micro-porosity (typical for carbonates) on gravity segregation, by the
occupation of micro-pores. To obtain an extensive picture on the effect of micro-pores on
displacement stability, series of numerical experiments were performed in 2D, under
representative conditions for CO2 sequestration, with the systematic modification of length
scales, capillary saturation functions representing typical rock types and the parameters of
the extended Corey-model. With the simulation results it was exemplified that with sufficient
length-scale the micro-porosity can be invaded by CO2, and it has substantial effect on the
stabilization of gravity fingering. Even though, with increasing the length-scale buoyancy
gains more importance, so higher CO2 saturation can be achieved in the top part of the
reservoir, but the retention effects of micro-porosity on gravity fingering becomes less visible.
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1 Introduction
There are continuously newer and stronger evidences available (see e.g. the Report of the
Intergovernmental Panel on Climate Change (IPCC)) that the global warming observed in the
last decades are due to human activities. Global warming is responsible for the more
common weather anomalies, the melting of the polar icecaps, and as consequence, for the
increasing ocean levels. The almost universally accepted cause of global warming is the
increasing greenhouse gas concentration of the atmosphere, particularly carbon-dioxide
(CO2). The development of greenhouse gas concentrations and global anthropogenic CO 2
emissions since the end of the industrial revolution are illustrated in Fig. 1.1.

Figure 1.1 Globally averaged greenhouse gas concentrations and global anthropogenic CO 2
emissions (IPCC, 2014)

It is visible that the atmospheric CO2 concentration rose from 280 ppm in pre-industrial times
to 380 ppm nowadays. This trend is not sustainable and is expected to seriously affect
world’s climate.
One way to reduce the greenhouse effect of CO2 is firstly, the deceleration of CO2 emissions
growth, then the reduction of it. Although many efforts took and take place to achieve that, a
drastic change takes long, as large-scale transformation of the fossil fuel based energy
system is required.
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Other approach to mitigate the greenhouse effect of the CO2 emission to the atmosphere is
the underground disposal or utilization of it, by injecting it into suitable geological formations.
There are four main CO2 underground geological storage options as presented on Fig. 1.2; in
depleted hydrocarbon reservoirs, in operating hydrocarbon reservoirs for enhancing oil
recovery, in deep saline aquifers and for enhancing coal bed methane recovery.

Figure 1.2 Methods for storing CO2 in deep underground geological formations (Osman, 2007)

Vast amounts of underground storage capacity for CO2 is available as underground saline
aquifers, which is more abundant than any other underground storage option. The
distribution of aquifers worldwide is shown on Fig. 1.3.
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Figure 1.3 Aquifer distributions around the World (Barnett, 2015)

There are many key issues about CO2 storage in aquifers related to storage security, such as
the migration distance of the CO2 plume in the aquifer, the amount of CO2 dissolved in brine,
the portion of CO2 immobilized by means of capillary trapping and possible leakage
scenarios. For assessing these uncertainties, the analysis of the multiphase flow system and
the complex interplay of viscous, gravitational and capillary forces is required (Kuo et al.,
2010).
In order to maximize storage efficiency, and to mitigate possible risks, the migration of the
underground CO2 plume is typically modelled by numerical simulations. Underground
disposal of CO2 is done under conditions, when CO2 is in a supercritical state in order to
achieve a desirable density. Even supercritical CO2 is substantially less dense and viscous
than brine, leading to displacement instabilities like gravity override and viscous fingering,
preventing ideal displacement with high sweep efficiency. At the front, where CO 2 contacts
the brine phase, both phases participate in each other. After equilibrium is reached, CO2
sequestration in saline aquifers can be considered as a two-phase immiscible displacement.
The two-phase CO2-brine displacement is determined by, on top of other relevant properties,
the relative permeability and capillary pressure functions. Those are specific for different
rock-types and fluids present in the system. The focus of this thesis is on the effect of the
parameters of the applied relative permeability model and capillary pressure functions on
gravity fingering, being investigated by performing numerical simulations. In the numerical
simulations two main capillary pressure functions were used, representing a typical unimodal
(typical for sandstones) and bimodal (typical for carbonates) pore-size distribution. Generally,
in rocks with bimodal pore structure, a high portion of the porosity belongs to the micro-
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porosity, that cannot be invaded by the CO2 phase by viscous forces. Meanwhile viscous
forces cannot overcome capillary forces under conditions representative for field conditions,
buoyancy forces of a high CO2 column can be expected to occupied micro pores. As the
micro-porosity does not contribute to the CO2 flow, a mitigation of gravity fingering could be
expected due to the occupation of micro-porosity by buoyancy. In this thesis, the behavior of
gravity fingering was investigated with the presence of micro-porosity, by performing
numerical simulations with different realizations of the relative permeability and capillary
pressure functions.
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2 CO2 trapping mechanisms
CO2 can be trapped in underground geological formation by either physical or chemical
mechanisms. One major physical barrier is a tight cap rock on top of a formation that avoids
the upward movement of CO2. Other physical trapping mechanisms are provided by capillary
forces. The CO2 trapped by physical means can be either mobile (reduced mobility) or even
immobile. Mobile CO2 occurs, when the CO2 saturation in pore space is greater than the
irreducible saturation, forming a continuous phase and flowing as a result of viscous
pressure gradients and buoyancy forces that can overcome viscous, interfacial and capillary
forces, which oppose flow. In the case of immobile trapping, CO2 is at residual saturation in
pore space, so capillary forces are greater than viscous forces and buoyancy forces, so CO 2
is trapped without the existence of physical barrier (Bennion, 2010). In the case of
geochemical trapping, the injected CO2 reacts with the host rock. In one form, such chemical
reaction takes phase that the injected CO2 is converted to solid carbonate minerals.
Those trapping mechanisms are characteristic for different time periods during and after the
injection of CO2 to deep saline aquifers. In the injection stage, as CO2 and brine has low
mutual solubility, and it leads to a multiphase flow system driven by large pressure gradients,
strong viscous and buoyant forces. With the abortion of the injection, the second
characteristic time period starts. Viscous and buoyant force induced advective flow slowly
eliminates, and compositional effects gain more importance; for example the dissolution of
CO2 into the brine phase, the increase of brine density, and the downward fingering of CO2rich brine. This stage is generally lasts decades or even centuries. Finally, the multi-phase
flow process terminates, as the CO2 plume becomes immobile and CO2 is dissolved to the
brine. Then, the geochemical effects gain importance, affecting such rock properties like
porosity or permeability (Darcis et al., 2011). These stages are well represented as the
function of time in Fig. 2.1.
This thesis is intended to discuss CO2 sequestration only in the aspects of immiscible multiphase flow behavior, so the early periods of CO2 injection into saline aquifers.
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Figure 2.1Trapping mechanisms and governing processes during and after the injection of CO2 into
saline aquifers (IPCC Special Report, 2005)
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3 Fundamental properties of porous media
A porous medium is a solid containing void spaces (pores) either connected or unconnected,
dispersed within it in either regular or random manner. In this chapter some critical properties
of porous media are described, which are utilized to describe the CO2-brine multi-phase flow
behavior.

3.1 Porosity
One major property of a porous medium is the total porosity, what is the ratio of the void
spaces to the total bulk volume of the media. Porosity can be defined the following way:

𝑉𝑏 = 𝑉𝑝 + 𝑉𝑠
𝜙=

𝑉𝑝 𝑉𝑏 − 𝑉𝑠
=
𝑉𝑏
𝑉𝑏

(3.1)
(3.2)

Depending on the accessibility of the pore, two kinds of porosities can be distinguished; total
and effective porosity. In the case of total porosity, all void spaces, even isolated ones are
considered. Meanwhile only pore spaces that contribute to the fluid transport are included
into effective porosity. For the underground CO2 disposal, the latter one is relevant, as the
effective porosity contributes only to the storage capacity of a reservoir.
Porous media, to a limited extent, is considered to be a slightly compressible, so pressure
changes affect porosity. The isothermal compressibility of porosity is expressed as:
𝑐𝜙 = −

1 𝜕𝜙
( )
𝜙 𝜕𝑝 𝑇

(3.3)

3.2 Capillary properties
3.2.1 Saturation
The void spaces in a porous medium might contain several fluid phases. The saturation of
each phase is defined as:
𝑉𝛼
𝜙𝑒𝑓𝑓

(3.4)

∑ 𝑆𝛼 = 1

(3.5)

𝑆𝛼 =
The sum of the saturations results in:

𝛼
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3.2.2 Wettability
Wettability is the ability of one fluid to spread on a solid surface (in this case rock surface) in
the presence of another and it is such property of the reservoir rock-fluid system that has a
major impact on fluid saturation distributions and on multi-phase flow processes. Wettability
is described by the contact angle (𝜃), and it is illustrated in Fig. 3.1.

Figure 3.1 Wettability and contact angle

For this particular case (CO2-brine system), brine (Fluid 1 in Fig. 3.1) is the wetting phase, so
the value of the contact angle is less than 90°. The contact angle can be also defined by the
interfacial tensions between the fluid phases, and the fluid-solid interfaces, the following way:
𝑐𝑜𝑠𝜃 =

𝜎𝑠2 − 𝜎𝑠1
𝜎12

(3.6)

Contact angle has a substantial effect on the capillary pressure. In the case of CO 2-brine
system the CO2 is considered to be the non-wetting phase (in Fig. 3.1, Fluid 2). CO2-brine
interfacial tension is a function of pressure, temperature and brine salinity.

3.2.3 Capillary pressure
Because of the different wettability properties of immiscible fluid phases for a given rock type,
the fluid-fluid interfaces are curved in the pore space. As a consequence, there is a pressure
discontinuity present between the wetting and non-wetting phase, 𝑝𝑛𝑤 > 𝑝𝑤 . This pressure
difference is called capillary pressure, and can be expressed by the following equation:
1 1
2𝜎12 𝑐𝑜𝑠𝜃
𝑝𝑐 = 𝜎12 ( + ) = 𝑝𝑛𝑤 − 𝑝𝑤 =
= (𝜌𝑤 − 𝜌𝑛𝑤 )𝑔ℎ
𝑟1 𝑟2
𝑟
Fig. 3.2 illustrates of the principal radii of the curvature from Eq. 3.7.

(3.7)
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Figure 3.2 Illustration of the principal radii of the curvature

If the fluids present in the pore space equally wet rock surface, so the fluid-fluid interface is
perpendicular to the solid surface, the capillary pressure is zero. The actual capillary
pressure is the function of water saturation (Ott, 2015).
Fig. 3.3 shows typical drainage and imbibition capillary pressure functions. Starting from
Point A, with the injection of CO2 to the aquifer, the brine is displaced by the CO2. In order to
inject CO2 into the pore space, one must overcome the capillary entry pressure. If the
difference in phase pressure (imposed pressure differential) is plotted as a function of the
decreasing water saturation the result is the dashed line on the figure. Reaching the connate
water saturation (Point B), water saturation cannot be reduced further. With reversing the
saturation change, imbibition takes place. Capillary hysteresis occurs due to the difference in
advancing and receding contact angle (Dake, 1978).

Figure 3.3 Drainage and imbibition capillary pressure function (based on Dake, 1978)
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For a measurement of capillary pressure saturation functions, different methods can be used
such as mercury injection capillary pressure (drainage only), the centrifuge methods (forced
invasion) or AMOTT (spontaneous invasion).

3.3 Permeability
The absolute permeability is such a rock property that is assumed to be constant,
irrespective of the nature of the fluid flowing through the pores. This statement is valid (with
the exception of gas flow either at low pressures or very high rates); in case the rock is
completely saturated with the fluid in question, and is defined as 𝑘 in Darcy´s equation (Dake
1978).
𝑞=𝐴

𝑘 ∙ ∆𝑝
𝜇∙𝐿

(3.8)

3.4 Relative permeability
When multiple fluid phases flow simultaneously in the porous media, the flowing abilities of
each phase decreases with the increasing saturation of the other(s). Each of the fluids
present has a so called effective permeability. Due to the diffuse nature of the multi-phase
flow is porous media, the sum of these effective permeabilities will be less than the absolute
permeability for given medium. The effective permeability values can be normalized and
simplified for calculations, by dividing the effective permeability by the absolute permeability.
The resulting measure is called the relative permeability of a fluid phase with the presence at
least one more:
𝑘𝑟,𝛼 (𝑆𝑤 ) =

𝑘𝑒𝑓𝑓,𝛼 (𝑆𝑤 )
𝑘

(3.9)

The following figure shows a typical effective permeability and relative permeability curve for
a CO2-brine system. Both curves have the same shape, only difference is that the relative
permeability scale has a range from zero to unity (Dake, 1978).
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Figure 3.4 Effective permeability (left) and corresponding (right) relative permeability, as functions of
the water saturation for water-oil system (based on Dake, 1978)

For a more precise description, three more terms have to be introduced; the irreducible, the
critical and the connate saturation. The irreducible water saturation (𝑆𝑤𝑖𝑟 ) is the lowest water
saturation that can be achieved in a core plug by displacement process. It can vary with the
nature of displacement (Petrowiki), the final drive pressure or the maximum speed of rotation
in a centrifuge (Oilfield Glossary). The connate water saturation (𝑆𝑤𝑐𝑜𝑛 )is the in situ water
saturation that is trapped in the pores during the formation of the rock (Oilfield Glossary). The
𝑆𝑤𝑐𝑜𝑛 and 𝑆𝑤𝑖𝑟 might differ depending on if the creation of connate water can repeated by
displacement processes. The critical water saturation (𝑆𝑤𝑐𝑟𝑖𝑡 ) is the water saturation, below
which the water becomes immobile during a specific displacement process. These terms are
illustrated in Fig. 3.5;

Figure 3.5 Relative permeability and capillary pressure curves (screenshot from CMG IMEX)

The 𝑆𝑤𝑐𝑟𝑖𝑡 , was introduced so that the capillary pressure function could be entered along the
whole water saturation interval; 0 ≤ 𝑆𝑤 ≤ 1, (Fig. 3.6). As it is discussed in the coming
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Chapter 5, CO2-brine displacement relative permeability measurements in carbonate rock
types generally have high remaining (or if they equal, connate or irreducible) water
saturations. If in CMG IMEX (the simulation tool applied in this thesis) the remaining water
saturation from relative permeability measurements is defined as connate water, there is no
possibility to achieve water saturation below this water saturation, so observing the effect of
the micro-porosity on displacement is not expected to be possible. The relationship between
of critical water saturation with relative permeability and capillary pressure function is
illustrated in Fig. 3.6.

Figure 3.6 The critical water saturation
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3.5 Fluid properties
3.5.1 Density
Density can be defined as the mass over the unit volume of a given material/fluid, as can be
seen in the following:
𝜌𝛼 (𝑝, 𝑇) =

𝑚𝛼
𝑉𝛼

(3.10)

Density is a pressure and temperature dependent property. Standard or surface conditions in
petroleum engineering practice is; 1 𝑎𝑡𝑚 = 1.013 𝑏𝑎𝑟 and 15 °𝐶 = 273.15 𝐾.

3.5.2 Formation volume factor
As surface and reservoir conditions differ, the volume of the fluid downhole is different than
the fluid volume at the surface. The measure of the change is the formation volume factor
and defined by the ratio of the fluid volume at reservoir and the volume at surface condition:
𝑚𝛼
𝑉𝛼 (𝑝𝑟 , 𝑇𝑟 )
𝜌𝛼 (𝑝𝑠𝑐 , 𝑇𝑠𝑐 )
𝜌𝛼 (𝑝𝑟 , 𝑇𝑟 )
𝐵𝛼 =
=
=
𝑚𝛼
𝑉𝛼 (𝑝𝑠𝑐 , 𝑇𝑠𝑐 )
𝜌𝛼 (𝑝𝑟 , 𝑇𝑟 )
𝜌𝛼 (𝑝𝑠𝑐 , 𝑇𝑠𝑐 )

(3.11)

When conservation of mass applies, the formation volume factor can be also expressed as
the ratio of the phase densities at standard and reservoir conditions.

3.5.3 Fluid viscosity
Absolute or dynamic viscosity is the measure of a fluid’s internal resistance to flow, caused
by the relative fluid particle movements. The measure of viscosity is the tangential force
resisting to flow per unit area required to move one horizontal; plane with respect to another
plane – at an unit velocity – when maintaining a unit distance apart in the fluid (Engineering
Toolbox).

3.6 Multiphase-flow description
Brine and CO2 are immiscible at target reservoir conditions (1000 𝑚 to 3000 𝑚), so the CO2
plume migration will be governed by multiphase flow physics (Kuo et al., 2010). In numerical
simulation of multi-phase flow there are two major equations used, for simplicity
incompressible flow is assumed without mass transfer between the fluid phases present
[Lake, 1989]:


Mass balance equation:
Φ

𝛿𝑆𝛼
+ ∇𝑣
⃗⃗⃗𝑖 = 0
𝛿𝑡

(3.12)
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Extended Darcy´s law for multiphase flow:
𝑣
⃗⃗⃗⃗𝛼 = −

𝑘𝑟,𝛼 ∙ 𝑘
(∇𝑃𝛼 − 𝜌𝛼 ∙ 𝑔)
𝜇𝛼

Where the equation 𝑆𝑤 +𝑆𝑛𝑤 = 1 is satisfied.

(3.13)
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4 Phase behavior of brine and super critical CO2
In case of CO2-brine system, the displacing CO2 is the less viscous and dense fluid
compared to brine, so CO2 injection in saline aquifer have the tendency of forming
instabilities like viscous fingering and gravity override. The pressure and temperature
dependency of CO2 and brine at zero salinity is illustrated in Fig. 4.1.

Figure 4.1 Viscosity of CO2 and brine as functions of pressure and temperature at zero salinity
(Benson et al., 2013)

In order to eliminate that effect, underground CO2 disposal is performed at supercritical
conditions for CO2. The critical point of CO2 is 𝑃𝑐𝑟𝑖𝑡 = 73.82 𝑏𝑎𝑟 and 𝑇𝑐𝑟𝑖𝑡 = 31.04 °𝐶 =
304.55 °𝐾 (Julio et al., 2013). The phase diagram of CO2 is shown in Fig. 4.2.

Figure 4.2 Phase diagram of CO2 (Wikipedia)
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At supercritical conditions CO2 has the viscosity of gas, still an order lower than a liquid, but
has a density closer to it. The pressure and temperature dependency of brine and CO2 is
illustrated in Fig. 4.3.

Figure 4.3 Pressure and temperature dependency of CO2 and brine at zero salinity (Benson et al.,
2013)

As an advantage lower injection pressure is required and effective utilization of pore space is
achieved. On the other hand supercritical CO2 still has lower density than water, so gravity
segregation is expected due to buoyancy forces.

Figure 4.4 CO2 viscosity and 𝜇𝐻2𝑂 /𝜇𝐶𝑂2 (Julio et al., 2003)

Fig. 4.4 illustrates depth variation of viscosity of CO2 and the CO2 brine viscosity ratio
assuming a 3 °𝐶/100 𝑚 geothermal gradient. As it can be interpreted from the figure, the
ideal aquifer for CO2 storage is at least in 800 𝑚 depth, where the pressure equals the critical
pressure for CO2, and viscosity ratio between water and CO2 reaches nearly its minimum.
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Fig. 4.5 shows the CO2 phase diagram and the equivalent state of CO2 with depth variation.
Next to it, the density variation of CO2 is illustrated with increasing depth. As the critical point
of CO2 is reached, the change of the volume related to surface conditions (1 𝑎𝑡𝑚, 15 °𝐶) start
to decrease in less increments with depth.

Figure 4.5 CO2 phase diagram and relative volume variation with depth (Ott, 2015b)

Two important properties of the injected CO2, influencing carbon sequestration operation are
the density and the viscosity of the supercritical CO2. The determination of those properties is
relevant to the estimation of the extent of gravity override and the stability of the
displacement front.
As in the case of supercritical CO2, brine viscosity and density can also be estimated by
correlations and measurements. As brine is only compressible to a very limited extent
compared to gases, the most critical parameters for brine density and viscosity calculation
are not the pressure, but temperature and brine salinity. Generally speaking, the higher the
brine temperature, the lower is the viscosity and the density of it. With greater aquifer depth,
the brine temperature is also higher, and the lower brine density is compensated by the
elevated pressure conditions. The effects of brine salinity on viscosity and density depend on
the type of salts present, and their total concentration. With increasing salt concentration,
both brine density and viscosity are higher. The brine density is critical for estimating the
gravity override of CO2; meanwhile the brine viscosity affects viscous stability of the CO2
front.
The effect of brine salinity on CO2-brine viscosity ratios are illustrated in Fig. 4.6, as a
function of pressure and temperature. With increasing brine salinity, the viscosity of it is
increasing under the same temperature and pressure condition; hence CO2-brine viscosity
ratio is decreasing, leading to viscous instabilities of a higher extent.
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Figure 4.6 Viscosity ratios of CO2 with respect to brine as functions of pressure and temperature at
salinities of 0 𝑚𝑜𝑙/𝑘𝑔 and 5 𝑚𝑜𝑙/𝑘𝑔 (Benson et al., 2013)

Fig. 4.7 illustrates how brine salinity affects the CO2-brine density ratio as a function of
pressure and temperature.

Figure 4.7 Density ratios of CO2 with respect to brine as functions of pressure and temperature at
salinities of 0 𝑚𝑜𝑙/𝑘𝑔 and 5 𝑚𝑜𝑙/𝑘𝑔 (Benson et al., 2013)

With higher brine salinity, higher pressure and lower temperature conditions would be
required in order to achieve the same CO2-brine density ratio, so increasing brine salinity
enhances gravitational instabilities

4.1 Supercritical CO2 density calculation
In the paper of Liang-Biao Ouyang (2011), correlations for predicting the density and
viscosity of pure CO2 under supercritical conditions expected in carbon capture and
sequestration have been developed. The methodology applied was the generation of CO2
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properties under the target pressure and temperature ranges, based on the high accuracy
CO2 data provided by the National Institute of Standards and Technology (NIST). The data
was then applied to create the two explicit correlations via a least square approach. The
correlation formulae and the associated correlation coefficients were adjusted to meet the
following criteria:
2

∑(𝜌𝑝𝑟𝑒 − 𝜌𝑁𝐼𝑆𝑇 ) = ∑[𝜌𝑝𝑟𝑒 (𝑝, 𝑇) − 𝜌𝑁𝐼𝑆𝑇 ]2 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚

2

∑(𝜇𝑝𝑟𝑒 − 𝜇𝑁𝐼𝑆𝑇 ) = ∑[𝜇𝑝𝑟𝑒 (𝑝, 𝑇) − 𝜇𝑁𝐼𝑆𝑇 ]2 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚

(4.1)

(4.2)

Where 𝜌 is in 𝑘𝑔/𝑚3 and 𝜇 is in 𝑐𝑝. The subscript 𝑝𝑟𝑒 refers to data calculated by the
proposed correlations, whereas subscript 𝑁𝐼𝑆𝑇 refers to data generated from the NIST table.
Those correlations are applicable for CO2 density and viscosity calculations for 7000 −
62000 𝑘𝑃𝑎 pressure and 40 − 100 °C temperature interval.
The density correlation is given below as the function of pressure:
𝜌 = 𝐴0 + 𝐴1 𝑝 + 𝐴2 𝑝2 + 𝐴3 𝑝3 + 𝐴4 𝑝4

(4.3)

Where CO2 density (𝜌) is in 𝑘𝑔/𝑚3 , pressure (𝑝) in 𝑝𝑠𝑖𝑎, and the correlation coefficients 𝐴0 ,
𝐴1 , 𝐴2 , 𝐴3 and 𝐴4 can be associated with temperature in Celsius in the following way:
𝐴𝑖 = 𝑏𝑖0 + 𝑏𝑖1 𝑇 + 𝑏𝑖2 𝑇 2 + 𝑏𝑖3 𝑇 3 + 𝑏𝑖4 𝑇 4

(𝑖 = 0, 1, 2, 3, 4)

(4.4)

The values of the correlation coefficients (𝑏𝑖0 , 𝑏𝑖1 . 𝑏𝑖2 , 𝑏𝑖3 and 𝑏𝑖4 ) are listed in Appendix A,
for pressure higher than 20 680 𝑘𝑃𝑎 and lower.

4.2 Supercritical CO2 viscosity calculation
Similarly to the supercritical CO2 density calculation, a correlation for viscosity calculation
was introduced by Ling-Biao Ouyang (2011), which consists of the following formulas:
𝜇 = 𝐶0 + 𝐶1 𝑝 + 𝐶2 𝑝2 + 𝐶3 𝑝3 + 𝐶4 𝑝4

(4.5)

Where the CO2 viscosity (𝜇) is in 𝑐𝑝, pressure (𝑝) in 𝑝𝑠𝑖𝑎, and the correlation coefficients 𝐶0 ,
𝐶1 , 𝐶2 , 𝐶3 and 𝐶4 can be calculated the following way:
𝐶𝑖 = 𝑑𝑖0 + 𝑑𝑖1 𝑇 + 𝑑𝑖2 𝑇 2 + 𝑑𝑖3 𝑇 3 + 𝑑𝑖4 𝑇 4

(𝑖 = 0, 1, 2, 3, 4)

(4.6)

The temperature is in Celsius in the equation.
With these correlations CO2 densities were calculated for reference temperature of 45 °𝐶 and
a pressure range of 7000 𝑘𝑃𝑎 – 13 000 𝑘𝑃𝑎 for representative purpose. Using Eq. 3.11, gas
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formation volume factors were determined with a standard CO2 density of 1.8415 𝑘𝑔/𝑚3 .The
following table summarizes the results of the calculation for the pressure interval:
Table 4.1 CO2 density and formation volume factor at 45 °𝐶 as a function of pressure with a standard
CO2 density of 1.8415 𝑘𝑔/𝑚3

P

ρCO2

BCO2

μCO2

[kPa]

[kg/m3]

[-]

[cp]

7000

105.2259 0.017500 0.01782

8000

252.6559 0.007289 0.02153

9000

379.1962 0.004856 0.02882

10000 485.2846 0.003795 0.03617
11000 571.7688 0.003221 0.04315
12000 639.9064 0.002878 0.04962
13000 691.3645 0.002664 0.05490
14000 728.2202 0.002529 0.05936
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5 Relative permeability and capillary pressure function in
the aspect of underground CO2 storage
The displacement efficiency of brine by CO2 is determined by relative permeability (𝑘𝑟 (𝑆𝑤 ))
and capillary pressure (𝑝𝑐 (𝑆𝑤 )) saturation functions (Ott et. al, 2014)). These functions are
important for the estimation of CO2 plume migration and reservoir confinement, because of
the long-term nature of the underground CO2 storage. Both macroscopic and microscopic
displacement efficiency are determined by relative permeability and capillary pressure
functions. As brine and CO2 relative permeability relationship and capillary pressure functions
are the governing properties of immiscible displacement, several experiments have been
performed to determine those.
On pore scale level the phase distribution and their mobilities are controlled by (Egermann et
al., 2016):


The interfacial tension between CO2 and brine: determines the accessibility for each
phase for certain fraction of the pore space



The wettability of rock-fluid system: in CO2-brine system, CO2 is considered to be the
non-wetting phase, even though some recent studies claim that under some
mineralogical conditions CO2 wettability could be mixed-wet

5.1 Relative permeability derivation
Knowledge of the relative permeability curve endpoints and shape characteristics are
detrimental for the approximation of the CO2 plume migration in deep saline aquifers, as they
have a great influence on CO2 saturation distribution. It affects many important factors of a
CO2 sequestration project: the spatial extent of the CO2 plume, the injectivity of the well, and
the extent of capillary trapping. Relative permeability is an empirical parameter that depends
on the specific context that is being applied for (Benson et al., 2013). In the case of CO2
injection to deep saline aquifers, the pores are saturated with the wetting phase (brine), what
is displaced by the non-wetting CO2 phase. This is called the drainage process, and relative
permeabilities for CO2 injection modeling should be determined under these conditions. As
CO2 injection stops, the wetting brine phase imbibes back to the CO2 flooded pores, so
relative permeability under such conditions are also relevant. The measured relative
permeability also can depend on the rock heterogeneity; scale, and questionably, on the
method being used for the measurement.
The derivation of relative permeability curves is generally done by core-flood experiments.
For the relative permeability function determination, different types of core-flooding
experiments are performed, in case of CO2-brine displacement in deep saline aquifers, the
main focus is on drainage measurements. After performing the core-flood experiments the
fluid saturation profiles, fluid production curves and differential fluid pressures are further
investigated by numerical simulation. After performing the history matching, the relative
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permeability functions can be derived, and used in reservoir simulations to predict CO2 plume
migration. A procedure for the history matching of core-flood experiment is shown in Fig. 5.1:

Figure 5.1 Strategy for history matching of unsteady-state experiment (Berg et. al., 2013)

5.1.1 Experimental setup
Those core flood experiments are generally performed at reservoir conditions, e.g. 50 𝐶 and
100 𝑏𝑎𝑟 that equals to around 1000 𝑚 depth (Ott et al., 2015). A typical sample size is 7.5 𝑐𝑚
by 15 𝑐𝑚. Berg et al. (2013) and Ott et al. (2015) performed two types of experiment for the
relative permeability data determination; the CO2-brine primary drainage experiment, and
then decane was used as displacing phase. The same core sample was used for both
experiments; the decane-brine displacement was performed to serve as base, water-wet,
case. For the experiments, unsteady-state method was used. One example for experimental
setup and procedure are described in the previously mentioned publications.
There are two main types of core-flood experiments; unsteady-state and steady-state
methods (illustrated in Fig. 5.2).

5.1.2 Unsteady-state method
While an unsteady-state experiment is being performed, the used core sample is saturated
with the wetting-phase (brine), and then brine is displaced by the non-wetting phase (CO2).
The pressure decay over the core and water saturation is time dependent and results are
recorded (Berg et al., 2011). The time required to complete an experiment is significantly less
than for steady-state experiments. The relative permeability and capillary pressure during
unsteady-state experiments must be determined separately. Unsteady-state methods can be
further divided to four categories: high-rate methods, low-rate methods, centrifuge methods
and stationary liquid methods (Christiansen et al., 1995).

5.1.3 Steady-state method
The core sample is initially fully saturated with brine solution, both fluid phases are injected
simultaneously at different proportions. The fractional flow of non-wetting phase is increased
stepwise; meanwhile total flow rate is kept constant. For changing the fractional flow, as
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pressure drops and saturations have stabilized, so steady-state condition is reached (Berg et
al., 2013). Thus steady-state methods require a sequence of experiments performed over a
range of discrete, steady flow conditions. Each sequence step may take up to a week to
complete, depending on rock properties. The group of steady-state methods can be divided
to four sub-groups, based on the experimental approach to minimize capillary-end effect; the
multiple-core methods, the high-rate methods, the stationary liquid methods and the uniform
capillary pressure method (Christiansen et al, 1995).

Figure 5.2 Illustration of unsteady-state and steady state methods of measuring two-phase CO2 and
brine relative permeability (based on Lucia, 1999)

5.1.4 Other relevant relative permeability considerations for CO2-brine
displacement
The displacement type: the CO2 saturation history is relevant, due to the saturation
dependent hysteresis mechanism between drainage and imbibition. As CO2 is considered to
be the non-wetting phase, drainage dominates for the primary invasion.
Bennion and Bachu (2008) presented a detailed experimental protocol for the relative
permeability measurements performed at reservoir conditions, using supercritical CO2 and
H2S, on samples of intercrystalline sandstone, carbonate shale and anhydrite rocks from the
Wabamun and Zama areas in Alberta, where several acid gas injection operations exist.
They observed that relative permeability curve Corey-exponents are generally much higher
for the target gas phase than for the brine phase, and the maximum CO2 saturation was 50%
during drainage.
In the study of Benson et al. (2015), on CO2-brine relative permeability functions, the
following observations were made. Based on numerical simulation results, both unsteadystate and steady-state methods can provide reliable relative permeability measurement
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results for CO2 saturation below 30% and for homogeneous rocks. However neither of the
measurement methods can provide accurate end-point saturation values. As there is
relatively high interfacial tension and unfavorable mobility ratio between CO2 and brine, the
necessary capillary pressure for reaching high CO2 saturations and/or end-point water
saturation is difficult to achieve with such core-flood experiments. So the resulting high
irreducible water saturation (> 40%) and the low end-point CO2 permeability (< 50%) might
be an artifact of unsuitable measurement technique.
The following figure illustrates the pressure and temperature conditions under what CO 2brine relative permeability measurements were performed, reported from literature. On the
right side, all published CO2-brine drainage relative permeability curves are superimposed
onto one plot. One can observed the high CO2 residual saturation, and low end-point CO2
relative permeability described before.

Figure 5.3 Pressure and temperature conditions of all of the drainage CO2-brine relative permeability
measurements reported in literature, with many experiments repeated at the same conditions, but on
different rock samples. Right: all the relative permeability curves superimposed onto one plot (Benson
et al., 2013).

More accurate results could be provided by stationary-liquid or centrifuge methods. In
centrifuge method, the measurement of wetting phase production takes place at several
angular velocities (Christiansen et al, 1995). When the angular velocity kept constant, the
wetting phase is produced until equilibrium is reached between the capillary pressure and
centrifugal force. The relative permeability data is derived from the non-equilibrium data, for
instance the production of the wetting phase, meanwhile capillary pressure is determined
based on the equilibrium wetting saturation data within the core at multiple centrifuge speed.
In case of stationary liquid method, the relative permeability of a phase (generally gas) is
measured in a rock sample with known immobile fluid saturation. The relative permeability
curve is obtained by repetition of the permeability measurements at different known
saturations. The disadvantage of this measurement technique is that the relative permeability
curve development is only possible for the mobile phase.
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In the study of Benson et al. (2015), several experiments were performed examining the
influence of typical CO2–brine interfacial tension values (from 35 to 65 𝑚𝑁/𝑚) on the relative
permeability curves. The alteration of CO2-brine interfacial tension with pressure and
temperature is illustrated in Fig. 5.4.

Figure 5.4 CO2-water interfacial tension map with constant density (straight lines) and viscosity
(curving lines) ratio superimposed as a function of pressure and temperature (Benson et al., 2015)

Figure 5.5 CO2-brine and N2-brine relative permeability curves with different interfacial tension values
(Benson et al., 2015)
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The study suggests that interfacial tension, within the relevant interval, of CO2-brine system
has no major effect on the relative-permeability curves. Some experimental results are
shown in Fig. 5.5. The relative permeability curves are identical, regardless the applied
interfacial tension between CO2-brine.

5.2 Relative permeability model applied in the simulation cases
With the utilization of reservoir simulators, history matching of the measured data can be
performed. There are a variety of possible relative permeability functions to be used for
describing relative permeability; Berg et al. (2013) used an extended Corey-model for
sandstone rock-type (Corey, 1954):
𝑘𝑟,𝑤

𝑘𝑟,𝑛𝑤

𝑆𝑤 − 𝑆𝑤𝑐𝑜𝑛
= 𝑘𝑟,𝑤 (𝑆𝑛𝑤,𝑟 ) (
)
1 − 𝑆𝑤𝑐𝑜𝑛 − 𝑆𝑛𝑤,𝑟

1 − 𝑆𝑤 − 𝑆𝑛𝑤,𝑟
= 𝑘𝑟,𝑛𝑤 (𝑆𝑤𝑐𝑜𝑛 ) (
)
1 − 𝑆𝑤𝑐𝑜𝑛 − 𝑆𝑛𝑤,𝑟

𝑛𝑤

(5.1)

𝑛𝑛𝑤

(5.2)

where 𝑆𝑤𝑐𝑜𝑛 and 𝑆𝑛𝑤,𝑟 are the residual wetting and non-wetting saturations, and
𝑘𝑟,𝑛𝑤 (𝑆𝑤𝑐𝑜𝑛 ) and 𝑘𝑟,𝑤 (𝑆𝑛𝑤,𝑟 ) are the corresponding relative permeability endpoints. For a
carbonate rock type, an extended study was performed by Ott et al. (2015), comparing
several relative permeability models, for the displacement of brine by CO 2. The experiments
were performed using the USS technique. Based on those results, the best match for CO2brine displacement primary drainage relative permeability modelling was achieved by Coreyfunctions. For this thesis, it is important to note, if 𝑆𝑤𝑐𝑜𝑛 and 𝑆𝑤𝑐𝑟𝑖𝑡 are taken to be different,
Eq. 5.1 and 5.2 has to be used with 𝑆𝑤𝑐𝑟𝑖𝑡 instead of 𝑆𝑤𝑐𝑜𝑛 .

5.3 Capillary pressure function scaling for testing different brineCO2 interfacial tension values
Mercury injection capillary pressure measurements are often performed in order to determine
the drainage capillary pressure function for a given rock sample. In that case the resulting
capillary pressure curve is for mercury-air system, as those two fluids are present. The
following equation enables the utilization of the measured curve with the scaling of interfacial
tension.
𝑝𝑐 (𝜎) =

𝜎
𝜎𝑟𝑒𝑓

𝑝𝑐,𝑟𝑒𝑓

(5.3)

Between mercury and air the average interfacial tension is 480 𝑚𝑁/𝑚, meanwhile a typical
interfacial tension value for CO2-brine is 30 𝑚𝑁/𝑚, and as it was mentioned previously
previously was mentioned, is function of pressure temperature and brine salinity.
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6 The unimodal versus bimodal pore-size distribution
Knowing the pore geometry of a reservoir rock type is essential to understand the fluid
dynamics of the given system. One can further categorize porosity based on the pore throat
size, for what there are several classification systems available. A good approximation is to
take the boundary between macro and micro-porosity at 1 𝜇𝑚 pore throat radius.
Fig. 6.1 illustrates two typical examples for unimodal and bimodal pore systems. The Berea
sandstone has the majority of its pore volume within the macro-porosity range, meanwhile
the Estaillades limestone, shows a typical bimodality with inter-granular macro-porosity and
micro-porous grains. In the Estaillades, because of the substantial amount of pore volume is
within the micro-porosity range present, differences on the MICP measurements compared
to the Berea sample can be observed, as higher mercury injection pressure is required in
order to invade the micro-porosity. In rocks containing micro-porosity, a lower CO2-brine
displacement efficiency is expected, than in the rocks having the same effective porosity, but
no micro-porosity. This leads to higher residual brine saturation, so lower storage capacity of
micro-porosity bearing carbonate rocks and longer CO2 plume migration distances (Ott,
2015a).

Figure 6.1 Left: MICP curves of Estaillades limestone and Berea sandstone. Middle: normalized pore
throat distribution of the same rock types. Right: Decane–brine primary drainage capillary pressure
curve of three different Estaillades plugs obtained by centrifuge measurements and the respective
MICP curve scaled by interfacial tension (Ott et al. 2015)

As in a CO2-brine system CO2 is the non-wetting phase, the viscous forces has to overcome
the capillarity, so that micro-pores could be invaded. The capillary entry pressure can be
estimated from the pore throat radii by 𝑝𝑐 = 2𝜎/𝑟. If the assumption is made, that the macropores are invaded prior to the micro-pores, the wetting aqueous phase is no extensively
longer interconnected. Since CO2 forms a connected phase, one can estimate the viscous
pressure drop on the trapped brine phase within a single micro-porous grain by Darcy’s law
(Ott et al., 2015). So CO2 can invade to the micro-pores if:
𝑙𝑔𝑟𝑎𝑖𝑛 ∙ 𝜇𝐶𝑂2 ∙ 𝑣𝐷𝑎𝑟𝑐𝑦 2𝜎
≥
𝑘
𝑟

(6.1)
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The required 𝑣𝐷𝑎𝑟𝑐𝑦 to invade micro-porosity can be estimated knowing the general
conditions and parameters of CO2 sequestrations, and it is 3 to 4 orders larger, even in near
wellbore, than realistic injection flow velocities (Ott et al., 2015). On the other hand, microporosity might be able to be invaded by buoyant forces. It can occur, if buoyancy is able to
overcome capillary forces which is possible under the following condition:
∆𝜌𝑔ℎ ≥

2𝜎
𝑟

(6.2)

Similarly to hydrocarbon migration to the reservoir rock, CO2 can displace brine even in
micro-pores by buoyant forces, if this condition is fulfilled. In case of relevant CO2 density
(300 − 500 𝑘𝑔/𝑚3 ) and CO2-brine interfacial tension range (30 − 40 𝑚𝑁/𝑚), a minimum
CO2 column heights of 12 𝑚 (for 𝑟 = 1 𝜇𝑚) to 250 𝑚 (for 𝑟 = 0.1 𝜇𝑚) are required for CO2 to
enter micro-porosity. Such CO2 column heights might be expected during storage operations,
with higher CO2 saturations at the top of the reservoir. As the micro-pores do not contribute
to the CO2 mobility, micro-porosity might act as a reservoir and might mitigate gravity overrun
of the CO2 plume (Ott el al., 2015). The way, how buoyancy acts below a seal is illustrated in
Fig. 6.2.

Figure 6.2 Buoyancy pressure (𝑝𝑏 ) illustration

Generally, lower percentage of micro-porosity leads to improved permeability, and
reservoir/aquifer quality in carbonate rocks. In the paper of Bennion and Bachu (2010),
several carbonate samples were tested for CO2-brine drainage relative permeability. The
residual brine saturation was relatively high for all cases (0.40 − 0.60). Their finding was that
in the rock samples from the same lithological unit, higher median pore size leads generally
to higher porosity and permeability to brine and to less concave relative permeability curves.
This might occurs due to sample heterogeneities, resulting in bypassing and channeling
through more permeable paths. As a result, a lower value for CO2 end-point relative
permeability was observed for the samples having higher permeability.
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7 Displacement instability
In case of CO2 injection to deep saline aquifers instable displacement is likely to occur due to
the contrast in fluid properties. The term fingering, means the bypassing of a resident fluid by
a displacing agent, and does not include bypassing caused by permeability heterogeneities.
The bypassing mechanisms induced by permeability variations are called channeling.
However, channeling can be enhanced by the viscous instability of the displacement. Fingers
are either caused by gravity forces (gravity fingers) or viscous forces (viscous fingers) (Lake,
1989). The source of instability is the viscous pressure gradient which leads to a steeper
pressure gradient of the displaced phase ahead of the finger, which lets the finger grow
(Berg and Ott, 2012). In the following picture, displacement instability, particularly viscous
fingering is illustrated. For the case discussed in this thesis, Fluid 1 represents the more
mobile CO2 and Fluid 2 represents brine.

Figure 7.1 Front instability (Lake, 1989)

As an instable displacement front has a negative effect on sweep efficiency, so on the
occupiable pore volume for CO2 storage, it is critical to determine under what conditions a
displacement gets instable. As during CO2 injection to saline aquifers, the displacing CO2 has
the larger mobility, than the displaced brine, such instabilities are likely to occur.

7.1 Mobility ratio
According to the linear stability analysis (Chuoke et al., 1959), “when an initially planar
interface between two immiscible liquids is displaced at a constant rate, 𝑢, normal to the
front, instability will occur for all rates greater than the critical rate, 𝑢𝑐𝑟𝑖𝑡 given by:
𝜇2 𝜇1
( − ) ∙ 𝑢𝑐𝑟𝑖𝑡 + (𝜌2 − 𝜌1 ) ∙ 𝑔 ∙ cos(𝑧𝑧 ′ ) = 0
𝑘2 𝑘1

(7.1)
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provided the Fourier decomposition of spatial perturbation or deformation of the moving
displacement front contains modes with wavelengths, 𝜆, greater than the critical wavelength,
𝜆𝑐𝑟𝑖𝑡 ,” given by Eq. 7.2.
In other words, for immiscible viscous fingering, perturbations with bigger wavelength than
the critical (𝜆𝑐𝑟𝑖𝑡 ) can grow (Berg and Ott, 2012). For determining the critical wavelength
Hele-Shaw cell can be used, which consists of two parallel plates with infinitely small gap.
The critical wavelength in Hele-Shaw cells can be analytically calculated with the following
equation;
𝜆 > 𝜆𝑐𝑟𝑖𝑡 = 2𝜋 ∙

𝜎
√(𝜇2 − 𝜇1 ) ∙ (𝑢 − 𝑢 )
𝑐𝑟𝑖𝑡
𝑘2 𝑘1

(7.2)

Where 𝜎 is the interfacial tension between the two phases, 𝜇1 and 𝜇2 are their viscosities,
𝑘1 = 𝑘2 = 𝑘 is the permeability of the Hele-Shaw cell (Fig. 7.2), 𝑢 is the flow velocity and
𝑢𝑐𝑟𝑖𝑡 is the critical velocity (Feder, 1998). Large amounts of immiscible flow observations
were performed in Hele-Shaw cells, and this stability criterion can be translated to porous
media flows (Feder, 1998), despite of the different displacement nature.

Figure 7.2 Hele-Shaw cell (Vimeo)

Meanwhile, in a Hele-Shaw cell, one phase is flowing in front of the displacing phase, in
porous media immiscible displacement is characterized by simultaneous flow of both phases
before and behind the front (Julio et al., 2003). For that reason, in order to assess
displacement stability, mobility ratio was introduced, which means ratio of the mobilities of
displacing (CO2) and displaced (brine) phase:
𝑀=

𝑘𝑟,𝑛𝑤 /𝜇𝑛𝑤
𝑘𝑟,𝑤 /𝜇𝑤

(7.3)
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In case of horizontal flow, favorable, so stable displacement only occurs if the mobility ratio is
larger than 1. Initially, for the relative permeability of the wetting and non-wetting phase, the
end-point relative permeabilities were considered. In that case Eq. 7.3 is modified to:
𝑀𝑒 =

𝑘𝑟,𝑛𝑤 (𝑥 → −∞)/𝜇𝑛𝑤
>1
𝑘𝑟,𝑤 (𝑥 → +∞)/𝜇𝑤

(7.4)

Where 𝑥 → −∞ refers to a saturation where the displacing phase has reached its maximum
saturation and 𝑥 → +∞ refers to a saturation where the displaced phase has reached its
maximum saturation. However, many authors doubt the validity of using end-point relative
permeability (Berg and Ott, 2012). Recently, the commonly accepted concept is to use the
shock front relative permeability, as it is illustrated in Fig. 7.3.

Figure 7.3 Immiscible displacement of brine by CO2 (based on Berg and Ott, 2012)

For that case Eq. 7.3 for CO2 brine system can be written in a form of:
𝑀𝑠 =

𝑘𝑟,𝐶𝑂2 (𝑆𝑠ℎ𝑜𝑐𝑘 )/𝜇𝐶𝑂2
>1
𝑘𝑟,𝑏𝑟𝑖𝑛𝑒 (𝑆𝑤 = 1)/𝜇𝑏𝑟𝑖𝑛𝑒

(7.5)

The main difference between the 𝑀𝑒 and 𝑀𝑠 criteria is that 𝑀𝑒 indicates instability in more
cases than 𝑀𝑠 . If both the end-point relative permeability equal to 1, for any cases, when the
viscosity of the displaced fluid is larger than the displacing fluid, instability will be indicated by
𝑀𝑒 , even if the displacement under the given condition would be stable (Berg and Ott, 2012).
In Fig, 7.4, shock-front mobility ratio is plotted as a function of Corey-exponents, where 𝑛𝐶𝑂2
and 𝑛𝑏𝑟𝑖𝑛𝑒 correspond to 𝑛𝑛𝑤 and 𝑛𝑤 from Eq. 5.1 and Eq. 5.2 respectively. The
displacement stability map as a function of Corey-exponents, for primary drainage and 𝑝𝑐 =
0, was determined based on Buckley-Leverett method. For the calculation and numerical
simulations 𝜇𝑏𝑟𝑖𝑛𝑒 /𝜇𝐶𝑂2 = 20, 𝑆𝑤𝑐𝑜𝑛 = 0.2, 𝑆𝐶𝑂2 ,𝑟 = 0 and 𝑘𝑟,𝑏𝑟𝑖𝑛𝑒 (𝑆𝑤 ) = 1 were used. On the
left side, 𝑘𝑟,𝐶𝑂2 (𝑆𝑤 = 𝑆𝑤𝑐𝑜𝑛 ) = 1 was used for better representation of stability and instability
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transition, meanwhile on the right-hand side a 𝑘𝑟,𝐶𝑂2 of 0.5 was utilized, which represents the
best experimental result of core-flood measurements (Berg et al., 2013). Red line indicates
the boundary between stable and unstable displacement (the shock-front mobility ratio of 1).

Figure 7.4 Shock-font mobility ratio 𝑀𝑠 and displacement stability map as a function of Coreyexponents (Berg and Ott, 2012)

Figure 7.5 Relative permeability curves with 𝑆𝑤𝑐𝑜𝑛 = 0.2, 𝑆𝐶𝑂2 ,𝑟 = 0 𝑎𝑛𝑑 𝑘𝑟,𝑏𝑟𝑖𝑛𝑒 (𝑆𝑤) = 1 (Brooks &
Corey)
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Based on the publication of Berg and Ott (2012), numerical simulations for four distinct cases
(in Fig. 7.5; a, b, c and d) were tested in CMG IMEX to demonstrate the effect of the Coreyexponents on viscous stabilities. The conditions of the simulations are explained in Chapter
8. The results of the simulations and the transition between stable to unstable displacement
with the modified Corey-exponents are illustrated in Fig. 7.6.

Figure 7.6 Simulation models for 𝑘 = 100 ± 2𝑚𝐷 neglecting capillary forces and gravity with a
𝜇𝑏𝑟𝑖𝑛𝑒 /𝜇𝐶𝑂2 of 20 (own simulation reproducing the results of Berg and Ott, 2012)

7.2 Viscosity ratio effects
From the term mobility ratio, it is evident, that the lower the viscosity ratio between displacing
and displaced phases, the likelihood of instable displacement increases. To observe the
effects of viscosity ratio, simulations were run with the modification of it. The results are
presented in Fig 7.7. It is visible that the larger the viscosity contrast, the smaller the
wavelength is, and more elongated the fingers are, as a consequence of larger finger growth
rate.

Figure 7.7 Fingering pattern with the viscosity ratio of 1: 20, 1: 40 and 1: 100, and 𝑝𝑐 = 0, neglecting
gravity (own simulation reproducing the results of Berg and Ott, 2012)
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7.3 Effect of capillary pressure
Capillary forces have stabilizing effect on the growth of viscous fingering, so they are
assisting to the stability of the displacement, but only on relatively short length-scales. That
equals to the same length-scale as the shock-front is dispersed due to capillary forces as
shown in Fig. 7.8.

Figure 7.8 Capillary effect on shock-front (adapted by Lake, 1978)

The sharpness of the shock-front is basically dependent on the ratio of viscous to capillary
forces, described by the capillary number:
𝑁𝑐𝑎𝑝 =

𝜇𝑤 ∙ 𝑣𝑖𝑛𝑡
𝜎

(7.6)

Locally, flow in porous media is generally considered to be capillary dominated. On a longer
scale it is typically viscous dominated. To account for the length-scale dependency of
capillary stabilization, the onset of fingering is better described by the macroscopic capillary
number (Hilfer and Oren, 1996):

𝑀
𝑁𝑐𝑎𝑝
=

𝜇 ∙ 𝑣𝑙 ∙ 𝐿
̅̅̅.
𝑝𝑐 𝑘

(7.7)

where ̅̅̅
𝑝𝑐 is a characteristic capillary pressure, which has a value of ≈ 0.04 𝑏𝑎𝑟 in the study of
Berg and Ott (2012).
Based on the work of Berg and Ott (2012), some simulations were repeated to observe the
effect of different IFTs on viscous fingering, and the transition from stable to instable
displacement. The results are displayed on Fig. 7.9.
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Figure 7.9 Transition between unstable to stable displacement with the modification of 𝑝𝑐 with relative
permeability model “b” (based on Berg and Ott, 2012)

For the different core-scale numerical simulations, the Berea capillary pressure function (Fig.
8.4) was scaled by the gradually increased IFT. For the relative permeability model the
earlier mentioned Brooks and Corey (Eq 5.1 and 5.2) was used, with the coefficients of
𝑛𝐶𝑂2 = 3.5 and 𝑛𝑏𝑟𝑖𝑛𝑒 = 2. A viscosity ratio of 20 was assumed and a flow rate of 0.25 𝑚𝑙/
𝑚𝑖𝑛. Without capillary pressure taken into account, unstable displacement can be observed.
As the interfacial tension was increased from 0 𝑚𝑁/𝑚 to 0.01 𝑚𝑁/𝑚 and to 0.05 𝑚𝑁/𝑚, the
displacement remained unstable, but wavelength of fingering increased substantially,
accordingly to Eq. 7.2. With further increasing the IFT, the displacement becomes marginally
stable then it is stabilized.

7.4 Gravity effects
The relation between gravity and viscous forces are given by the gravity number, what is
defined by Anton and Hilfer (1999) and Riaz and Tchelepi (2004) as:
𝑁𝑔𝑟𝑎𝑣 =

𝑘 ∙ 𝑔 ∙ Δ𝜌
𝜇 ∙ 𝑣𝑙

(7.8)
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If 𝑁𝑔𝑟𝑎𝑣 ≫ 1, gravity overrun can be expected. If 𝑁𝑔𝑟𝑎𝑣 ≪ 1 the flow gets more dominated by
viscous forces. As CO2 even at supercritical conditions has significantly less density than
brine (0.41 𝑔/𝑐𝑚3 and 1 𝑔/𝑐𝑚3 were used for the experiments reported by Berg and Ott,
2012), gravity will have a great effect on the plume migration.

Figure 7.10 Unstable (top) and stable (bottom) displacement with (left) and without (right) gravity
effects

To detect the effects of gravity on plume migration, Berg and Ott (2012) ran several corescale numerical simulations. The Corey-exponents were modified to achieve stable and
unstable displacement in viscous means. On the right figures, gravity effects were included
by attaching different density values to the two phases. Those values equal to the conditions
reported by Berg end Ott (2012). As the gravity effects were included, gravity override can be
observed on Fig. 7.10.
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8 Simulation models and results
8.1 The applied simulator tool
To perform the necessary numerical simulations for this thesis, the IMEX module of CMG
software package was used, which is a three-phase black-oil simulator developed by the
Computer Modelling Group Ltd, including gravity and capillary terms. CMG consists of the
following three modules:


IMEX: three phase black-oil simulator



GEM: compositional simulator



STARS: non-isothermal simulator

For the simulations, performed in this thesis, a black-oil simulator like IMEX is suitable as it
enables the modeling of displacement instabilities in case of immiscible displacement. A
black-oil model has the advantages over a compositional model that it has more reliable
performance and takes less computational effort.
For a black-oil model, in general, pressure dependent tables of the formation volume factor
and viscosity of the fluids of interest have to be created to model phase property variations
with changing conditions.
The basis of the reservoir simulations performed in this thesis is that the whole volume of
interest is primarily flooded by brine. That was achieved by setting the water-oil or gas-oil
contact to be above the depth of the top of the reservoir (1000 𝑚). Then the in place brine
was displaced by the injection of CO2.

8.2 Geometry of the reservoir simulation models
The 2D models have the following geometry and boundary conditions, illustrated in Fig. 8.1:

Figure 8.1 Boundary conditions of the 2D simulations
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The constant rate boundary was created by a well perforated throughout the thickness of the
reservoir, set to inject CO2 with a constant rate, to achieve desired linear flow velocity. The
constant flow boundary was achieved by a producer well also perforated through the whole
thickness of the reservoir, having the minimum bottom BHP to be set to 10 000𝑘𝑃𝑎, which
equals the reference pressure at reference depth (1000 𝑚). A grid with 100 𝑥 1 𝑥 200 grid
blocks was created, representing 𝑖, 𝑗 𝑎𝑛𝑑 𝑘⃗ directions respectively, to provide sufficient
resolution for viscous fingering. The total thickness in⃗𝑗 and 𝑘⃗ directions are equal, despite of
the difference in the grid number, meanwhile in 𝑖 direction it is double. Different length-scales
were tested during the simulations, with the maintenance of the same aspect ratio.
For the simulations, basically an isotropic, homogeneous model was created. The porous
medium representative for Berea sandstone with a porosity of 25% and permeability of
𝑘 = 100 ± 2 𝑚𝐷 was created (Berg and Ott, 2012). The applied absolute permeability field is
shown in Fig. 8.2 and Fig 8.3. The permeability field was randomized to enable the triggering
of such disturbances like viscous fingers and the same randomization is used throughout the
simulations. At the inlet side, a permeability of 𝑘 = 100 ± 4 𝑚𝐷 was applied in order to allow
for finger nucleation inside the rock and to avoid artifacts (Berg and Ott, 2012). The
permeability in both 𝑖, 𝑗 𝑎𝑛𝑑 𝑘⃗ directions were taken to be isotropic.
[mD]

Figure 8.2 Applied permeability field in the 2D simulations
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Figure 8.3 Applied permeability field in 3D view

8.3 Fluid property modeling
The reference temperature and pressure in the simulation experiments are 45 °𝐶 and
10 000 𝑘𝑃𝑎 (100 𝑏𝑎𝑟), representing realistic sequestration conditions as discussed earlier.
For water compressibility in all cases the minimum default compressibility was used
(4.57 𝑥 10−7 1/𝑘𝑃𝑎), which can be considered negligible for these experiments. Moreover, as
the reference water formation volume factor was given to be 1 at 10 000 𝑘𝑃𝑎, so that the
water compressibility plays no role, especially in the case of smaller length-scales, when the
height of the fluid column, so the pressure growth with depth, is small. The pressure
dependency of water viscosity was set to be zero.
In case of immiscible flow, the density and viscosity contrast are the relevant fluid properties
for modeling gravity and viscous instabilities. In this thesis some simulations were run with
either including or neglecting gravitational forces. Excluding gravity from the simulations was
done by making both CO2 and brine having the same density at reservoir conditions
(1000 𝑘𝑔/𝑚3 ). In IMEX it was performed by using a two-phase oil-water model, where oil
represented CO2, with a surface density of 1000 𝑘𝑔/𝑚3, and formation volume factor of 1 at
the reference pressure. The necessity of modeling CO2 as oil comes from the fact that CO2
could not have such density at the tested condition. In case of the model excluding gravity
forces, the following oil-model PVT table was implemented:
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Table 8.1 Oil PVT table (with standard density of oil, 1000 𝑘𝑔/𝑚3 )

p

Rs

Bo

Bg

μo

μg

[kPa]

[m3/m3]

[-]

[-]

[cp]

[cp]

10000

0.0000

1.0000 0.0050 0.03380 0.03380

20000

0.0001

1.0000 0.0049 0.03379 0.03379

In case of the models including gravity forces a gas-water two-phase reservoir fluid model
was implemented. For achieving a better understanding on gravity fingering, CO2
compressibility was not encountered. The CO2 density was implemented by the formation
volume factor calculated from Eq. 3.11. The pressure dependency of CO2 and brine viscosity
at each simulation case was neglected. The CO2 density at reservoir condition is noted
before each simulation; otherwise it was taken to be 410 𝑘𝑔/𝑚3.
Table 8.2 Gas PVT table (with a standard density of gas, 2 𝑘𝑔/𝑚3 )

p

Bg

μg

[kPa]

[-]

[cp]

10000 0.0049 0.03380
20000 0.0049 0.03381

8.4 Rock-fluid modeling
The applied CO2-brine relative permeability curves were calculated based on the extended
Corey-model described in Eq. 5.1 and 5.2. 𝑆𝑤𝑐𝑜𝑛 was taken to be 0 for all cases. The 𝑆𝑤𝑐𝑟𝑖𝑡
was taken to be either 0.0 or 0.5 for examining its effect on CO2-brine displacement
simulation results. When 𝑆𝑤𝑐𝑟𝑖𝑡 is different, than 𝑆𝑤𝑐𝑜𝑛 , the latter one has to be substituted by
the former one, in Eq. 5.1 and 5.2. The 𝑆𝑤𝑐𝑟𝑖𝑡 is taken to be 0.5, because that is in alignment
with the measured residual brine saturation from literature (based on those, water becomes
immobile below relatively high water saturation in carbonate rock types). The relative
permeability end-points are taken to be 𝑘𝑟,𝑏𝑟𝑖𝑛𝑒 (𝑆𝑤 = 1) = 1 in all cases, as CO2 injection to
brine is a drainage process. For CO2, 𝑘𝑟,𝐶𝑂2 (𝑆𝑤 = 𝑆𝑤𝑐𝑜𝑛 ) and 𝑘𝑟,𝐶𝑂2 (𝑆𝑤 = 𝑆𝑤𝑐𝑟𝑖𝑡 ) were
selected to be either 1 or 0.5. The shape of the relative permeability curves were modified
with changing the Corey-coefficients of the extended Corey-model, representing different
rock-types and wetting conditions. The used values are noted at each simulation round.
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The presence of micro-porosity can be observed on the MICP measurements, where
capillary pressure function shows a step-like increase, if plotted on logarithmic scale.
Some of the simulations were run with either including or excluding capillary pressure. The
MICP measurement results of each 𝑝𝑐 model applied in the reservoir simulation cases are
presented in Fig. 8.4. The Berea sample is a well-sorted sandstone rock, and is serving as a
base 𝑝𝑐 . The Estaillades sample is a carbonate rock often used as a model for bimodal
porosity distribution including micro-porosity. Due to the irregular shape of the Estaillades
core sample, the performance of pressure closure correction was required.
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Figure 8.4 The applied MICP measurements

A simple approximation is to take the capillary pressure at the point of 90% air saturation,
take it as it was for 100% air saturation, and stretch the capillary pressure curve, as it is
shown in Fig. 8.4. As a third 𝑝𝑐 case, an artificial one was created by merging the Berea and
Estaillades measurements.
It is possible to scale MICP measurements by the interfacial tension, based on Eq. 5.3. A
typical interfacial tension value for CO2-brine system under reservoir condition is 30 𝑚𝑁/𝑚,
which was used in the following simulation experiments.
Using Eq. 3.7, the neccesary CO2 column height to achieve a given saturation, by buoyancy
forces can be determined. Firstly, the MICP measurements were scaled with an IFT of
30 𝑚𝑁/𝑚 for the three 𝑝𝑐 cases, then saturation versus height function was determined, and
plotted (Fig. 8.5).
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Figure 8.5 Drainage 𝑝𝑐 curves scaled by an IFT of 30 𝑚𝑁/𝑚, converted to saturation height function

To better illustrate the effect of capillary pressure function on the vertical phase saturation
distribution, the three capillary pressure functions (scaled with 30𝑚𝑁/𝑚 interfacial tension)
were implemented to CMG IMEX. That can also show at what CO2 column height the
invasion of micro-porosity can be expected.

Figure 8.6 CO2-brine capillary transition zones for three different cases, illustrated by two different
color scales
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The dimensions of this experiment were 180 𝑚 in 𝑖 and 90 𝑚 in 𝑘⃗ direction, and the CO2brine densities were taken to be 410 and 1000 𝑘𝑔/𝑚3 at reservoir conditions respectively.
CO2 compressibility was no incorporated. The saturation initialization was done
automatically, with a given CO2-brine contact at 1080 𝑚 and a reservoir top at 1000 𝑚 depth.
In Fig. 8.6, one can observe, how the presence of micro-porosity expands the transition zone
between CO2 and brine. In the case of the micro-porosity bearing Estaillades, the required
buoyant forces to overcome capillary forces of micro-pores are higher, so for achieving the
same CO2 saturation, a higher CO2 column is needed with accordance Eq. 6.2. That results
in a a higher CO2 saturation in of a given depth in case of the initialization with the Berea 𝑝𝑐
curve, than with the Estaillades. For example, achieving a 0.9 CO2 saturation, in case of
Berea capillary pressure curve, an almost 30 𝑚 less CO2 column is required, than is the case
of Estaillades.That also shows that the same volume of reservoir rock containing microporosity has less CO2 storage capacity, than the one without, even with the same porosity.
That can lead to CO2 plume migration to longer distances in micro-porosity bearing rocks

8.5 Effect of micro-porosity on the 𝟗𝟎 𝒎 𝒙 𝟏𝟖𝟎 𝒎 model with
𝑺𝒘𝒄𝒓𝒊𝒕 = 𝟎. 𝟓
The previous experiments had shown that already at that length scale, the presence of
micro-porosity causes a drastic difference in the vertical saturation distribution of the phases.
So the 90𝑚 𝑥 180 𝑚 model could be appropriate for further investigation. For this sequence
of simulations, the drainage relative permeability curve illustrated in Fig. 8.7 was used.
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Figure 8.7 The applied relative permeability curve (𝑆𝑤𝑐𝑜𝑛 = 0.0, 𝑆𝑤𝑐𝑟𝑖𝑡 = 0.5, 𝑛𝑏𝑟𝑖𝑛𝑒 = 2, 𝑛𝐶𝑂2 = 3.5)

The 𝑆𝑤𝑐𝑟𝑖𝑡 was taken to be 0.5, so that the occupation of micro-porosity with CO2 would not
happen by viscous displacement process. The end-point relative permeability of CO2 was
selected to be 𝑘𝑟,𝐶𝑂2 (𝑆𝑤 = 𝑆𝑤𝑐𝑟𝑖𝑡 ) = 0.5 and (𝑆𝑤 = 𝑆𝑤𝑐𝑜𝑛 ) = 0.5. The applied Coreyexponents are 𝑛𝑏𝑟𝑖𝑛𝑒 = 2 and 𝑛𝐶𝑂2 = 3.5, which will lead to a more instable displacement, as
it can be observed on the stability map, based on Corey-exponents (Fig. 7.4).
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The CO2 PVT properties are summarized in Table 8.2; the 𝐵𝑔 provided in the table results in
a 410 𝑘𝑔/𝑚3 CO2 density at reservoir conditions. This means a density ratio of 0.41. The
viscosity of water was taken to be 0.674 𝑐𝑝 for all the coming simulation cases (after Berg
and Ott, 2012); this gives a CO2-brine viscosity ratio of ≈ 1: 20, being typical value for CO2
sequestration projects. The other properties of the model are described in earlier paragraphs.
In Fig. 8.8, the displacement front with the described model is shown, with an applied IFT of
0𝑚𝑁/𝑚. Then a sequence of simulations were performed including the MICP measurement
results of the previously introduced Berea, Estaillades and their mixture scaled by an IFT of
30 𝑚𝑁/𝑚 and implemented to IMEX.

Figure 8.8 Simulation results excluding gravity

Two different linear displacement velocities were tested; one was 2.96 𝑥 10−6 𝑚/𝑠, which is
typical velocity for reservoir flows (Berg and Ott, 2012), the other is
7.4 𝑥 10−7 𝑚/𝑠. These linear velocities result in a gravity number of ≈ 6 and ≈ 23
respectively. So the latter case results in a more gravity dominated system. A more gravity
dominated system is expected to show more substantial effect micro-porosity on gravity
fingering, as viscous forces play smaller role. Firstly, the simulation models of different linear
velocities were run with neglecting gravity. The results are illustrated in Fig. 8.9. Secondly,
simulations were run for the two linear velocities and including a CO2/brine gravity ratio of
0.41, as can be seen in 8.10.
One can observe on the simulation sequence excluding gravity that the viscous fingering has
shorter wavelengths, so the displacement is more instable in the case of higher linear
velocity, which is in accordance with the macroscopic capillary number. Furthermore, it is
clearly visible that Estaillades 𝑝𝑐 suppresses the viscous fingering the most. This is because
even in in macro-porosity range of capillary saturation function (not only in the micro-porosity
range), the Estaillades has higher capillary pressure at a given water saturation interval, than
Berea, which can be invaded by viscous forces according to the relative permeability curve.
The simulation results with Berea and Berea-Estaillades 𝑝𝑐 are identical, as they are equal in
the brine saturation range of 0 − 50 %.
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Figure 8.9 Simulation results neglecting gravity (linear velocity of 2.96 x 10−6 m/s on the left and
7.40 x 10−7 m/s on the right, 90 𝑚 𝑥 180 𝑚)

In the simulation runs including gravity, but excluding capillary forces the viscous fingers are
still noticeable in case of the higher linear velocity, which is less dominated by gravity. When
the linear velocity is decreased, the system becomes more influenced by gravity and that
leads to the suppression of viscous fingers, but to the elongation of gravity fingers. By
decreasing the linear velocity of CO2, the displacement becomes more instable gravity wise.
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Figure 8.10 Simulation results with a gravity ratio of 0.41 (linear velocity of 2.96 𝑥 10 −6 𝑚/𝑠 on the left
and 7.40 𝑥 10 −7 𝑚/𝑠 on the right, 90 𝑚 𝑥 180 𝑚)

When both capillarity and gravity are encountered, there is a visible difference between the
simulation runs with Estaillades or Berea capillary pressure curves. The Berea and BereaEstaillades combination are seemingly identical just as in the case when gravity was
neglected. In the case of Estaillades and higher linear velocity, the viscous fingering is
smeared out. To quantify the differences between the six different simulation cases, the CO2
saturation profiles of a given time step were plot along the two lines (top and mid), illustrated
in 8.10. The results firstly, for the higher CO2 displacement velocity cases are shown in Fig.
8.11:
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Figure 8.11 CO2 saturation profile (linear velocity of 2.96 x 10−6 m/s, 90 𝑚 𝑥 180 𝑚)

As it was already noticeable, the simulations including the Berea and Berea-Estaillades
mixture capillary pressure curves appear to have more elongated gravity fingers even at the
same average CO2 saturations, than the Estaillades one. Meanwhile, the saturation profile at
the midline was the same for the three cases. The CO2 saturation profiles for the lower linear
velocity cases are shown in Fig. 8.12.
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Figure 8.12 CO2 saturation profile (linear velocity of 7.40 x 10−7 m/s, 90 𝑚 𝑥 180 𝑚)

As in the previous case, simulations with Berea and Berea-Estaillades combined capillary
pressure curves are almost identical. But in this instance, the difference in the elongation of
gravity fingers is higher between Berea and Estaillades, than in the case of higher linear
velocity. So with increasing linear velocity, the retention effect of Estaillades 𝑝𝑐 on gravity
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fingering is less powerful. On can also observe; that the CO2 saturation did not surpass the
critical water saturation of 0.5 during any of the simulation cases.

8.6 Effect of micro-porosity on the 𝟕𝟐𝟎 𝒙 𝟏𝟒𝟒𝟎 𝒎 model with
𝑺𝒘𝒄𝒓𝒊𝒕 = 𝟎. 𝟓
The next simulation sequence was performed on a length scale of 720 𝑥 1440 𝑚. Although, it
is not a realistic case, the buoyancy forces act stronger as the CO2 column height increases.
So with increasing column height, more spectacular results on the gravity fingering mitigation
by micro-porosity could be expected. Moreover, the same capillary pressure curve has less
stabilizing effect on viscous stability with increasing the length scale with accordance the
definition of macroscopic capillary number. The simulations were run with the same
constraints as the 90 𝑚 𝑥 180 𝑚 ones, but only for the linear velocity of 2.96 𝑥 10−6 𝑚/𝑠. The
results for the same time step and three different 𝑝𝑐 cases are shown in Fig 8.13. The
saturation profile of the top and middle of reservoir geometry are illustrated in Fig. 8.14.
For this length-scale, the difference of the three capillary pressure cases became less
obvious. Moreover, the maximum achieved CO2 saturation was close to 0.5, despite of the
larger length-scale, so the capillary curves could only affect displacement in this saturation
window, which is still in the macro-porosity range.

Figure 8.13 Simulation results with a gravity ratio of 0.41 (linear velocity of 2.96 x 10−6 m/s)

Simulation models and results

49

0.5
0.45
0.4

SCO2 [-]

0.35

Berea_top

0.3

Berea_mid

0.25

Estaillades_top

0.2

Estailldes_mid

0.15

Berest_top

0.1

Berest_mid

0.05
0
0

20

40

60

80

100

Number of grid block [-]

Figure 8.14 CO2 saturation profile (linear velocity of 2.96 x 10−6 m/s)

8.7 Discussion of the simulation results with 𝑺𝒘𝒄𝒓𝒊𝒕 = 𝟎. 𝟓
During the previous simulation sequence, the CO2 saturation could not reach the microporosity, which would happen if the CO2 saturation was higher than 0.5. The brine saturation
could not go below the critical water saturation, even though with initialization, when the
brine-CO2 transition zone was modeled for the 90 𝑥 180 𝑚 length-scale, it was possible. To
further elaborate this, the model of 720 𝑥 1440 𝑚 length-scale was run for a year, and then
CO2 injection was shut. Despite of such large length-scale, and a simulation time of 30 000
years, no higher CO2 saturation than 0.5 was achieved. Even though, a length-scale of
90 𝑥 180 𝑚 already provided sufficient CO2 column height for the occupation of a substantial
range of micro-porosity by CO2. This led to the conclusion that by setting up a static
saturation height model, even with a relative permeability curve having a critical water
saturation of 0.5, the micro-porosity can be occupied by buoyancy, with a sufficiently high
CO2 column. Despite of this fact, the invasion of micro-porosity by CO2 was not durable
through dynamic modeling. This could arise from the fact, that CMG IMEX does not allow
water flow below critical water saturation, even though it would be possible by physical
means (buoyancy).
Knowing that with this relative permeability model the invasion of micro-porosity is not
possible; the mitigation effect of micro-porosity on gravity fingering was not tested under
these conditions. Moreover, the available saturation window for CO2 with higher critical water
saturation is narrower. In the following picture the simulation results of Estaillades and Berea
are compared, with typical relative permeability models for carbonate and sandstone
implemented. As Berea is well-sorted sandstone with most of the pore volume in the macroporosity range, the critical water saturation is lower, than for carbonates with micro-porosity
in general. In the following simulation runs, for the Estaillades 𝑝𝑐 , the previously introduced,
meanwhile for Berea the best matched parameters of the study Berg et al. (2013) was
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applied. The results of the 90 𝑥 180 𝑚 model are illustrated with a linear velocity of
7.4 𝑥 10−7 𝑚/𝑠 in Fig. 8.15:

Figure 8.15 Left, 𝑘𝑟,𝐶𝑂2 (𝑆𝑤𝑐𝑟𝑖𝑡 = 0.5) = 0.5, 𝑛𝑏𝑟𝑖𝑛𝑒 = 2.0, 𝑛𝐶𝑂2 = 3.5; right, 𝑘𝑟,𝐶𝑂2 (𝑆𝑤𝑐𝑟𝑖𝑡 = 𝑆𝑤𝑐𝑜𝑛 = 0.2) =
0.5, 𝑛𝑏𝑟𝑖𝑛𝑒 = 2.5, 𝑛𝐶𝑂2 = 3.7

With such model configuration, the presence of micro-porosity has even an adverse effect on
displacement stability by bearing with narrower available saturation window, leading to more
elongated gravity fingers.

8.8 Effect of micro-porosity with on displacement stability with
𝑺𝒘𝒄𝒓𝒊𝒕 = 𝑺𝒘𝒄𝒐𝒏 = 𝟎
As it was discussed previously, it was not possible to simulate the invasion of CO2 to the
micro-porosity by buoyancy forces, with the previously introduced relative permeability
model. So the need of the application of another relative permeability model was obvious.
For that purpose, the critical water saturation was made equal to the connate water
saturation, both to be 0.0. The Corey-coefficient was selected to be nbrine = 4.0, so that the
water relative permeability curve until the brine saturation of 0.2 basically acts like immobile,
but still allows water flow to a limited extent. The end-point relative permeability values were
selected to be 1 for both phases, as this provides a relative permeability value for CO 2 (with
𝑛𝐶𝑂2 = 3.5) at a water saturation of 0.2 close to 0.5, which is a reasonable value for CO2-brine
displacement based on literature (Berg et al, 2013).
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Figure 8.16 The applied relative permeability curve (𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 =0, 𝑛𝑏𝑟𝑖𝑛𝑒 = 4.0, 𝑛𝐶𝑂2 = 3.5)

The simulation results for the previously introduced relative permeability curve, ignoring
capillarity, excluding and including gravity forces are shown in Fig. 8.17. The applied linear
velocity was 7.4 𝑥 10−7 𝑚/𝑠 for the coming simulation sequence.

Figure 8.17 Simulation results with 𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 =0, 𝑛𝑏𝑟𝑖𝑛𝑒 = 4.0, 𝑛𝐶𝑂2 = 3.5 and end-point relative
permeabilities of 1

Then the three 𝑝𝑐 cases were introduced and tested over different length-scales, firstly for
the cases excluding gravity forces, as it can be seen in Fig. 8.18.
One can observe that with increasing length-scale, the effect of capillary pressure function
diminishes, as it is predictable from the macroscopic capillary number. When gravity is
introduced, with increasing length-scale the displacement front gets less stable, as it can be
seen in Fig. 8.19. The difference between the models with the three different 𝑝𝑐 curves is also
getting less spectacular with larger length-scales. It is visible that the gravity fingering is more
severe for the Berea model, than Berea-Estaillades. The Estaillades 𝑝𝑐 shows the most
potential of stabilizing gravity fingering. The Berea 𝑝𝑐 model shows the highest CO2
saturation at the top of the reservoir and the most elongated gravity fingers.
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Figure 8.18 Simulation results with 𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 =0, 𝑛𝑏𝑟𝑖𝑛𝑒 = 4.0, 𝑛𝐶𝑂2 = 3.5 and end-point relative
permeabilities of 1, excluding gravity

Despite of the fact that with larger length-scales, a higher CO2 saturation can be achieved in
the top of the reservoir, and even micro-porosity can be invaded, the mitigation effect of
micro-porosity on gravity fingering is less powerful with increasing length-scales.
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Figure 8.19 Simulation results with 𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 =0, 𝑛𝑏𝑟𝑖𝑛𝑒 = 4.0, 𝑛𝐶𝑂2 = 3.5 and end-point relative
permeabilities of 1, with a 𝐶𝑂2 /𝑏𝑟𝑖𝑛𝑒 gravity ratio of 0.41

8.9 Effect of micro-porosity on displacement stability with a critical
water saturation of 𝑺𝒘𝒄𝒓𝒊𝒕 = 𝑺𝒘𝒄𝒐𝒏 = 𝟎 and the alteration of linear
velocity
According to the term, gravity number, as the linear velocity increases, the model gets more
dominated by viscous forces and less by gravity forces. The effect of altering the linear
velocity was tested also for the relative permeability model introduced in Chapter 8.8, on the
length scale of 90 𝑚 𝑥 180 𝑚 as in Chapter 8.5. As it was predictable, increasing the linear
velocity resulted in a more stable displacement, so less severe gravity fingering, as it can be
seen in Fig. 8.20.
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Figure 8.20 Simulation results with a gravity ratio of 0.41 (linear velocity of 2.96 x 10−6 m/s on the left
and 7.40 x 10−7 m/s on the right, 90 𝑚 𝑥 180 𝑚)

If the saturation profiles are plot along the top and midline of reservoir geometry in ⃗𝑖 direction
(Fig, 8.21 and Fig. 8.22), the different models show more variation compared to the ones
from Chapter 8.5. With reducing the 𝑆𝑤𝑐𝑟𝑖𝑡 to 0, higher CO2 saturation were achieved. In both
linear velocity cases, the Berea model showed the highest CO2 saturation in the top of the
reservoir and the most prominent gravity fingering; meanwhile the midline saturation profiles
are similar.
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Figure 8.21 CO2 saturation profile (linear velocity of 7.40 x 10−7 m/s, 90 𝑚 𝑥 180 𝑚,𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 = 0)
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Figure 8.22 CO2 saturation profile (linear velocity of 2.96 x 10−6 m/s, 90 𝑚 𝑥 180 𝑚, 𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 = 0)
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One can observe that when higher linear velocity, the midline saturation front gets closer to
saturation front plotted along the top of the reservoir, meaning more stable displacement.
Important to note, that in case of faster CO2 flow, the retention effect of Estailldes and BereaEstaillades 𝑝𝑐 on gravity fingering becomes less prominent as the system gets less gravity
dominated. Decreasing the 𝑆𝑤𝑐𝑟𝑖𝑡 to 0 had such positive effect on the simulations that CO2
could reach higher saturation, than 0.5, meaning the occupation of micro-porosity was
enabled by the application of this relative permeability model.

8.10 Effect of alteration of density ratio on displacement stability
For testing the effect of CO2-brine density ratio on displacement stability, the relative
permeability model from the previous chapter was used. As gravity fingering occurs due to
the density difference between displacing and displaced phases, the smaller the density
difference is the more gravity-wise stable displacement front is expected as the gravity
number gets smaller. Three different CO2-brine density ratios were tested; 0.20, 0.41 that
was used in previous cases and 0.60. A displacement velocity of 7.4 𝑥 10−7 𝑚/𝑠 was
selected, as it results in more prominent gravity fingering, so more spectacular differences
and easier comparison as well. In these simulation results, different color scale was applied,
because that makes the saturation distribution easier to observe. The simulation results for
the three density ratio cases excluding capillary effects are shown in Fig. 8.23.

Figure 8.23 Simulations with three different density ratios, excluding capillarity

As it was predicted, the higher the density ratio, the more stable the displacement front is. It
is also visible that higher CO2 saturation can be achieved at the top of the reservoir, if the
density ratio is smaller. This is due to the fact, that buoyancy acts stronger, with decreasing
density ratio.
Then simulations were run with introducing the three 𝑝𝑐 cases, scaled with an IFT of 30 𝑚𝑁/
𝑚. The results can be seen in Fig. 8.24. It is clearly visible that increasing the density ratio
has a substantial stabilizing effect on the displacement front. As in the previous chapter, the
Berea model has the highest CO2 saturation in the top of the reservoir, and the most
elongated gravity fingers followed by Berea-Estaillades and Estaillades.
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Figure 8.24 Simulation results with three different density ratios, including capillarity (0.16 PV)
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8.11 Effect of micro-porosity with on displacement stability with
𝑺𝒘𝒄𝒓𝒊𝒕 = 𝑺𝒘𝒄𝒐𝒏 = 𝟎 and 𝒏𝒃𝒓𝒊𝒏𝒆 = 𝟐. 𝟎
As reducing 𝑆𝑤𝑐𝑟𝑖𝑡 to 𝑆𝑤𝑐𝑜𝑛 =0, had a positive impact on simulation results by enabling the
simulation of flow in the micro-porosity range, increasing brine relative permeability mostly in
the range of micro-porosity (up to 0.5 brine saturation) could even result in more spectacular
differences. To achieve that, 𝑛𝑏𝑟𝑖𝑛𝑒 of 2.0 was used, so the rock-type became less water-wet.
This is not a realistic case, as in a CO2-brine system, the brine is the wetting phase, and only
used for representation. The relative permeability model is illustrated in 8.25.

Figure 8.25 The applied relative permeability curve ( 𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 =0,, 𝑛𝑏𝑟𝑖𝑛𝑒 = 2.0, 𝑛𝐶𝑂2 = 3.5)

As it was predicted, even more spectacular differences occurred between the different 𝑝𝑐
models (Fig. 8.26), than in Chapter 8.9, which is considered to be a more realistic case. With
this relative permeability curve model, the retention effect of micro-porosity on gravity
fingering is clearly visible. When the saturation profile if plot along the top and midline of the
reservoir (Fig. 8.27) one can observe that at the top of the reservoir, higher than 0.7 CO2
saturation was achieved for all cases. As previously, the highest CO2 saturation in the top
was achieved in the Berea model, which has no micro-porosity. Due to lacking microporosity, in the Berea model, the gravity fingers are more elongated, than in BereaEstaillades and Estaillades.
The saturation profiles along the midline are mostly identical for the three cases, but in the
case of Berea model, there is significantly higher CO2 saturation at the injection point, than
the other two have.
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Figure 8.26 Simulation results with the linear velocity of 7.4 𝑥 10−7 𝑚/𝑠, a CO2-brine density
ratio of 0.41 and 𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 =0, 𝑛𝑏𝑟𝑖𝑛𝑒 = 2.0, 𝑛𝐶𝑂2 = 3.5
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Figure 8.27 Saturation profiles with a CO2-brine density ratio of 0.41, 𝑆𝑤𝑐𝑜𝑛 = 𝑆𝑤𝑐𝑟𝑖𝑡 =0, 𝑛𝑏𝑟𝑖𝑛𝑒 = 2.0,
𝑛𝐶𝑂2 = 3.5
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8.12 Summary of the results
By performing the previously introduced simulations, the importance of proper selection of
relative permeability function gained even more importance. Meanwhile, occupation of microporosity was possible by the initialization of CO2-brine transition zone (Fig. 8.6), when 𝑆𝑤𝑐𝑟𝑖𝑡
was selected to be 0.5 (which is a realistic case), no CO2 could enter to the micro-porosity
(meaning no higher CO2 saturation, than 0.5 was achieved) by dynamic means despite of
trying unrealistically high length-scales as well (even though 𝑆𝑤𝑐𝑜𝑛 was 0.0). Even the Berea
model, which lacks micro-porosity, had the maximum of 0.5 CO2 saturation reached
throughout the reservoir geometry under these conditions. For these cases, the Berea and
Berea-Estaillades were basically identical, as they have the same capillary pressure values
for the CO2 saturation range of 0.0 − 0.5. Because of the fact that Estaillades has higher
capillary pressure values for that CO2 saturation window, the gravity fingering is substantially
reduced, even though the invasion of micro-porosity by CO2 did not happen by this
simulation model.
When 𝑆𝑤𝑐𝑟𝑖𝑡 was set to be equal to 𝑆𝑤𝑐𝑜𝑛 (both equal to 0.0), the effect of the presence of
micro-porosity on gravity fingering became more evident, as it enabled the invasion of CO2 to
larger porosity range. In general, the Berea model has the most elongated gravity fingers and
the highest CO2 saturation at the top of the reservoir, regardless the applied linear velocity,
CO2-brine density ratio and relative permeability model parameters. The difference in the
gravity finger elongation, for the three models, diminishes as the linear velocity increases
though, as the relative significance of viscous forces to gravity forces increases. Further
observation was that even though, larger length-scales result in higher CO2 saturations at the
top of the reservoir, so the micro-porosity can be invaded by CO2, the retention effect of
micro-porosity becomes less visible with increasing length-scales (as it can be seen in Fig
8.19), despite of expectations.
If the CO2-brine density ratio is modified, it also has a major impact on gravity fingering.
When the density difference becomes less, the buoyancy plays smaller role. This leads to a
more stable displacement front. If the density difference is higher, this happens vice versa.
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9 Conclusions and recommendations
Underground CO2 storage in deep saline aquifers can provide a promising solution for
reducing greenhouse gas emissions, but in order to enable a safe and efficient storage, the
multiphase behavior of CO2-brine displacement for given conditions needs to be understood.
Due to the higher residual water saturation, the available saturation window for CO2 is
narrower in micro-porosity bearing rocks. From this perspective, micro-porosity has an
adverse effect on gravity-fingering, resulting in longer gravity fingers and hence a higher
penetration depth of the CO2 plume in the aquifer.
The appropriate relative permeability model for the simulation and modeling of CO2 plume
flows and plume displacement stability is vital. Previously, many concerns were raised if the
generally low end-point relative permeability of CO2 and high remaining water saturation
during CO2-brine relative permeability measurements is indeed realistic, or the result of the
limitations of the measurement techniques. Unrealistically high residual water saturations
could remain in the core sample also as a result of bypassing through more permeable
channels, so reducing the sweep efficiency. As the significance of the selection of the
appropriate water saturation point, under what it becomes immobile, was presented in this
thesis; further investigations are recommended to be performed. It is also required due to the
limited available on CO2-brine relative permeability data.
The further investigation of CO2-brine relative permeability behavior is especially important
for modeling the effect of micro-porosity on gravity fingering. In larger length-scales, such
CO2 column height can be achieved that enables the invasion of CO2 to micro-porosity by
buoyancy forces, what is not possible under the conditions of typical core-flood relative
permeability measurements. The formulation of CMG IMEX did not make it possible to model
CO2-brine displacement reaching lower, than critical brine saturation for carbonate rocks
dynamically, although it would have been possible physically by buoyant forces. For that
reason, the widening of mobile water saturation window was required, to achieve better
results. With the reduced critical water (or remaining) saturation, the retention effect caused
by micro-porosity on gravity fingering became more realistic, and the occupation of microporosity by CO2 also happened during the simulations, but this retention effect is decreasing
with the increasing length-scale, despite of expectations. Consequently, by underestimating
the end-point relative permeability and overestimating the critical water saturation by an
inappropriate for the purpose relative permeability measurement can result in the
overestimation of gravity fingering. For avoiding that, it is recommended to revise the applied
relative permeability measurement methods, and find the most suitable one.
As the models created in this thesis were created to provide understanding on the effect of
different relative permeability parameters and capillary pressure curves on the displacement
stability, many otherwise important conditions were not tested. These are for example CO 2
compressibility, general reduced absolute permeability in vertical direction and rock
heterogeneity. Those could be the objective of further studies, along 3D modeling of gravity
fingering with a tool enabling appropriate gridding.
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11 Appendices
11.1 Appendix A
Table 11.1 Value of 𝑏𝑖𝑗 coefficients in Eq. 4.2 for pressure < 207 𝑏𝑎𝑟𝑎 (Liang-Biao, 2011)

Table 11.2 Value of 𝑏𝑖𝑗 coefficientsin Eq. 4.2 for pressure > 207 𝑏𝑎𝑟𝑎 (Liang-Biao, 2011)

Table 11.3 Value of 𝑑𝑖𝑗 coefficients in Eq. 4.4 for pressure < 207 𝑏𝑎𝑟𝑎 (Liang-Biao, 2011)

Table 11.4 Value of 𝑑𝑖𝑗 coefficients in Eq. 4.4 for pressure > 207 𝑏𝑎𝑟𝑎 (Liang-Biao, 2011)
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