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/Abstract

With increasing concentration of anthropogenic carbon dioxide in the atmosphere and the attendant global warming,
geological sequestration of this greenhouse gas has been accepted as a technically and economically mitigation option. In this
regard, a targeted geological repository with a promising global storage potential is a saline aquifer. In these geologic systems,
decreasing water wettability due to acidity evolution following carbon dioxide injection will be the primary cause for its
increased relative permeability or relative mobility. This increased relative permeability will increase brine fractional flow in
saline aquifers and, hence, cause efficient displacement and maximization of storage pore volumes.

~

Decreased wettability will be due to the dissociation of carbonic acid in formation brine and increased hydrogen ion
concentration. This dissociation will depend on the dissociation constant of carbonic acid at aquifer temperature and salinity.
Therefore, in trying to find optimum conditions of dissociation, the temperature dependence of the dissociation constant is of
prime importance. In this paper, we have integrated theories of temperature dependent ionization of carbonic acid, interfacial
tension dependence on intermolecular forces and fractional flow to propose hypotheses regarding optimum geological conditions
for sequestration. Accordingly, we have tested these hypotheses experimentally and we have established that, the most optimum
temperature for geological carbon sequestration is 323 K. Based on the global mean for geothermal gradient, this corresponds

to approximate depth of 1600 meters.
- J
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Introduction

In line with the geological sequestration of anthropogenic
carbon dioxide aimed at isolating this greenhouse gas until it be-
comes thermodynamically immobilized through the formation of
stable carbonates [1], potential geologic repositories are depleted
oil and gas reservoirs, deep un-mineable coal seams [2] salt cav-
erns [3] fractured flood basalts and deep saline aquifers [4]. Of the
potential geologic repositories, those with promising global stor-
age potentials are deep saline aquifers [5]. In addition, geological
sequestration costs are lower for deep saline aquifers [6].

While global storage potentials are of major concerns in
considering potential geologic media, the two-phase flow charac-
teristics of injected carbon dioxide and resident formation brine
need to be understood. This is because, the technical optimization
of sequestration projects has significant bearing on maximizing
water flow velocities and minimizing injected gas flow velocities
to prevent injection fluid override associated with unfavourable
mobility ratio conditions [7]. Recent studies [8,9] related to wet-
tability evolution caused by carbon dioxide interaction with rock
surfaces have established that water wettability of quartz arenites
(silica rich saline aquifer rocks) reduces with acidity evolution.
This means that the principal cause of rock surface change from
water wet to intermediate water wet is the formation of carbonic
acid and its subsequent dissociation, which increases hydrogen ion
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activity in formation water.

Generally, trends in wettability evolution from original water
wet to intermediate water wet will enhance gas injection efficiency
by reducing relative permeability of injected carbon dioxide while
increasing that of water. Therefore, in optimising injected gas vol-
ume in the available subsurface pore volume, seeking maximum
acidity conditions will help to achieve gas injection efficiency. One
way to achieve optimum acidity conditions in formation water dur-
ing gas injection is to find the maximum dissociation of carbonic
acid formed by hydration of injected gas under prevailing aquifer
temperature and pressure conditions. In this regard, the optimum
aquifer temperature for geologic storage to achieve optimum acid-
ity conditions deserves to be investigated. The objective of this
paper is to use relevant literature on the temperature dependence of
carbonic acid dissociation constant for developing hypotheses on
optimum storage conditions and to further find experimental proof
of these hypotheses.

Literature Review

Temperature Dependence of Carbon Dioxide Activity

The activity of carbon dioxide is a function of temperature
and salinity in accordance with the following equation [10]:

Iny, = [c +FT + %}T —(E —HT{L)

I+1 1

Where

v is the activity coefficient of the hydrated species of carbon di-
oxide,

T= temperature K,
I=ionic strength-mol/I,
C=-1.0312,

H =-0.001606,

F =0.0012806,

E =0.4445,

G=2559

The following figure gives the dependence of carbon dioxide
activity on temperature as a function of constant salinity of aque-
ous solution using Equitation (1). (Figure 1) shows carbon dioxide
activity decreases with increasing salinity and temperature.
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Figure 1: Dependence of carbon dioxide activity on salinity and tempera-
ture.

Acidity Evolution

The acidity evolution in formation brine during carbon diox-
ide injection will be due to its dissolution and dissociation. Inject-
ed carbon dioxide will hydrate in accordance with the following
reaction [11,12]:

CO, (gas) + H,0 5 H,CO, @)

The hydrated product of carbon dioxide will dissociate using
the apparent dissociation constant in accordance with the follow-
ing reaction [11]

H,CO, s H++HCO;,- 3)
The apparent dissociation constant is given as:
|, la,cg |
H Hoq
K- -
Iﬂﬂlco; |
“)

K = dissociation constant of carbonic acid- mols/]
|f1 e J: activity of hydrogen ions-mols/l

|fl H,0 , J: activity of carbonic acid-mols/I

k Heo: j: activity of bicarbonate ions-mol/I

In principle, the change in pH of aqueous solution is due to changes
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in hydrogen ion activity as indicated by Equitation (3). For there to be a significant decrease in pH of formation water during carbon
dioxide injection, the dislocation products must be maximized. This can be achieved by finding an optimum temperature of the aquifer.
This is because the dissolution of carbon dioxide as well as the dissociation of carbonic acid formed depends on formation water
temperature and salinity. The temperature-dependent dissociation constant of carbonic acid has been shown to have a maximum value
at a temperature of 323 K (50 °C) above, which decreases with increasing temperature [13]. This trend reflects a known relationship
between the logarithm of the dissociation constant of carbonic acid and temperature as [14]:

log K = —356.3094 — 0.0609197 + 21543 183T 43 0.833910g(T, —G, D)~ 108813 )

T2
Where
K = apparent dissociation constant of carbonic acid
T = temperature °C (Figure 2) shows a plot of dissociation constant versus temperature based on Equitation (5).
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Figure 2: A plot of apparent dissociation constant of carbonic acid versus temperature (Eq. 1) showing a maximum at 323 K (50 °C).

In line with local geothermal gradient, the temperature of G, = geothermal gradient-°C/m
an aquifer increases with depth in accordance with the following

equation. D = Depth-m
In principle, one way to ensure more hydrogen ion inputs
7, =717, +G, D (6) from the dissociation of carbonic acid is to maximize the
dissociation reaction (Equitation 3) with regard to hydrogen
Where ion production. Since the temperature of the aquifer is depth
dependent, the equation expressing the relationship between the
T, = temperature at depth-°C logarithm of carbonic acid dissociation constant and temperature

can be transformed into a depth dependent one. By substitution of

T, = h face- o . " ) .
s ~ temperature at the surface-oC Equitation (6) into Equitation (5), we get the following equation:

21834.3
log K = —356.3094 —0.060919(7, — G, D)+ (TS+—Ghl))+ 0.83391o0g(T. +G, D)-

1684915

S (M
(Ts +GhD)2
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This equation explicitly shows the dependence of carbonic
acid dissociation constant on aquifer depth.

Optimum Depth of Geological Sequestration

From (Figure 2), the maximum dissociation constant of
carbonic acid occurs at 323 K (50 °C). This permits calculation of
the optimum depth as:

D= I -7, (8)
G,

Assuming a mean geothermal gradient value of 25 °C km,
this can be written as:

D:[TD —T:J )
25

Using a mean surface temperature of 283 K (10 °C), this gives:

D= 50-10 16
25

Mechanism of Carbon Dioxide Induced Dewetting of
Aquifer Rocks

For multiphase flow in porous media, the wettability of a solid
surface with regard to a particular phase fluid is the preference
of this phase for the solid surface [15]. This wetting preference
is measured by the wettability index [16]. Analogous to Amos
Wettability Index for wettability quantification is the cosine of the
contact angle which measures wettability in terms of interfacial
free energies or interfacial tensions. This equation is given as:

(10)

o -0
cosf=—¥

Gy, (11)

Where

6 = contact angle-degrees
o, = solid-vapor interfacial tension-N/m

o, = liquid-vapor interfacial tension-N/m
o, solid-liquid interfacial tension-N/m

Equation 11 shows that contact angle for carbon dioxide-rock-
brine systems will change with changes in interfacial intension.
In the carbon dioxide-brine-rocks system, the principal cause of
wettability variation is the change in solid-liquid interfacial tension.
This change in interfacial tension can be brought about physically
due to roughening of solid surface [18] and chemically due to
surface reactions involving surface charged sites [19]. Considering

the surface of saline aquifer rocks as containing surface hydroxyl
functional groups such as silanol [20], the following reaction can
be written to represent the surface conditions of saline aquifer
rocks, particularly sandstones, prior to gas injection [21]:

=SOH —»= S0 " +H (12
Where:

= SOH = surface neutral species

=50 = surface deprotonated species

H " =hydrogen ion

This reaction describes a deprotonation reaction where a
surface hydroxyl functional group desorbs proton leading to a
negative surface site represented by .= SO -

Intermolecular Forces Effect On Interfacial Tension

The interfacial tension between two phases results from
intermolecular interactions [22]. These forces are van Der
Waals forces and forces of electrostatic origin. The electrostatic
contributions also called electron donor and electron acceptor
components of interfacial tension result from surface charge sites.
These surface charge sites develop depending on the pH of aqueous
solution in contact with a solid surface and the point of zero charge
pH of the solid surface; such phenomena being associated with
amphoteric surface behaviour [23]. In this regard, Equitation (12)
is the representative geochemical reaction of aquifer rock surface
in contact with an aqueous solution of a given pH above the point
of zero charge pH of rock mineral surface. Under such conditions,

the solid-liquid interfacial tension in Equitation (11) can be written
ac 741

o=V e Y 2V + Girn V' =G YV - i )
Where:

0= interfacial tension between rock surface (s) and brine (1)-N/m
w
s = a polar component of solid-liquid interfacial tension coming from rock Surface-N/m

GLW

I = a polar component of solid-liquid interfacial tension coming Brine-N/m

(13)

0 ; = surface tension of rock Surface-N/m
G ;= surface tension of Brine-N/m

[
7s = electron acceptor component of solid-liquid interfacial tension coming from solid surface —-N/m
75 = electron donor component of solid-liquid interfacial tension coming from solid Surface-N/m

+
71 = electron acceptor component of solid-liquid interfacial tension coming from Brine-N/m

71 = electron donor component of solid-liquid interfacial tension coming from Brine-N/m

In line with Equitation (13), the electron donor component
coming from the solid surface represents the negatively charged
surface site while the electron acceptor component comes from
the positively charged sites. Consequently, the effect of acidity
evolution in saline aquifers can be realized from inspection of
Equitation (13). This means, as injected carbon dioxide dissolves
leading to increased hydrogen ion concentration in brine, the
reaction described by Equitation (12) will move to the right in
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accordance with Lech atelier’s principle [25,26] resulting in protonation of surface sites. This corresponds to decrease in electron donor
contribution to solid-liquid interfacial tension described by Equitation (13). For zero negatively charged sites on rock surface, Eq. (13)

or= (o V- V) w277 ) - b))

By inspection of Equations (13) and (14) it is clear that the effect of increasing pH is to increase solid-liquid interfacial tension since all
terms containing electron donor contribution of rock mineral surface contain negative signs. At the point of zero charge pH of aqueous

(14)

solution, which is the pH at which the net surface charge is zero [27], Equitation (14) becomes:

S (0 G o Y P

Equation (15) indicates that at the point of zero charge pH
of rock surface, the interfacial tension between solid and liquid
depends only on the polar contribution from liquid.

For an ionisable rock surface, the solid-liquid interfacial tension
can further be decomposed into two main parts as follows [28]:

oy =i5° Fot™ (pH) 16)

Where:

O solid-liquid interfacial tension

(e}
G _ contribution to solid liquid interfacial tension at the point of
zero charge pH-N/m
ion
o = contribution to solid-liquid interfacial tension from
ionized site at a given pH of aqueous solution relative to the pH of
point of zero Charge-N/m. This corresponds to the free energy of
formation of ionizeable surface relative to the point of zero charge
pH.

Effect of pH on Contact Angle

From Equitation (11) and the pH dependence of solid-
liquid interfacial tension given by Equitation (16), contact angle
dependence on pH can be given as:

o-.sv Ml (pH)

O-f'lf’ (17)

cosf =

Since the effect of decreased pH is to increase solid-liquid
interfacial tension as explained in the previous section, decreasing
pH corresponds to decreasing the cosine of the contact angle,
which correlates with the system’s wettability. This trend has
been reported in recent research findings [9,29,30]. These findings

(15)

reflect the explanations given in the previous section in connection
with solid-liquid interfacial tension dependence on pH.

Fractional Flow Theory

When two or more immiscible phases flow in a porous
medium, the fractional flow of a phase is defined as the fraction of
the total flux that is assigned to that phase. For multi-phase flow in
porous media, the fraction of a phase in the porous medium in the
absence of capillary effects is given as [31]:

1
flz
1+£$i
:uz krl

(18)

In this equation, f1, krl, kr2, ul and u2 are fractional flow of phase
1, relative permeability of phase 1, relative permeability of phase
2, dynamic viscosity of phase 1 and dynamic viscosity of phase 2
respectively.

The fractional flow of phase 2 is given as Equitation (19).
f2=1—f1 19)
f2=fractional flow of phase 2.

For drainage flow characteristic of carbon dioxide injection,
the fractional flow of gas is given as:

1
fco2 e
1+ k_w « Hao,
Juw #W—x
) (20)
In this equation, f ,, k.., k , H., and p  represent

fractional flow of carbon dioxide, relative permeability of carbon
dioxide (fraction), relative permeability of water (fraction),
dynamic viscosity of carbon dioxide and dynamic viscosity of
water respectively.
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Effect of Fractional Flow On Phase Relative Mobility

The relative permeability of a phase in the porous medium
reflects the wettability of the system, which further determines the
flow and distribution of that phase [32]. Generally, the higher the
fractional flow of a phase, the less wetting is that phase to the solid
surface and the greater its mobility. Considering of carbon dioxide
injection into saline aquifers, the fractional flow of resident water
is the fraction of the total flow at a given point in the aquifer that
is due to water flow. As the wettability of the system decreases
due to pH effect, the fractional flow of water will tend to increase,
and this means an increase in water relative mobility, resulting in
more efficient displacement of water. This is because the relative
mobility of a fluid phase depends on whether it wets the solid (low
relative mobility) or whether it is non-wetting with regard to the
solid (high relative mobility) [33].

Generally, decreasing water relative mobility also means
less carbon dioxide relative mobility which tends to move
directly behind the displacing water. In the petroleum industry,
alteration of wettability in zones around gas condensate well
bores to intermediate gas wetting has been used to improve gas
deliverability by inducing higher condensate mobility in these
zones [34]. In this regard, the effect of wettability alteration is
to increase water relative mobility and fractional flow in zones
around well bores. Consequently, the effect of wettability on
the specific shock velocity of injected carbon dioxide is central
to the displacement and we will endeavour to explain this in the
following section.

Effect of Wettability On Specific Shock Velocity

The frontal advance theory of Buckley and Leveret is well
known in the petroleum industry improved oil recovery schemes
involving water flooding of petroleum reservoirs [35]. As carbon
dioxide is injected into a saline aquifer, a shock develops due to the
sudden increase of the initial injected gas saturation in the porous
medium to a frontal saturation similar to that encountered in water
flooding of petroleum reservoirs where initial saturation jumps
from irreducible water saturation to a frontal water saturation. This
jump, which is characterized by an initial injected fluid saturation
in the porous medium (S ) to a frontal saturation (S_,) is influenced
partly by the wettablhty of the system (See Figure 3) and partly
by the injection fluid flux. The jump is further characterized by a
specific shock velocity calculated as [36]:

- 2k f w2 -fwl
o A¢ SHQ = Swl

1)

1?

VASW = gpecific shock velocity-ms™!

(¢ = total injection rate-m’s’!

A = cross sectional area of injection-m?
;ﬂ? = sediment porosity-fraction

f.,= fractional flow of injected fluid at initial saturation (S ) in
the porous medium

£, = fractional flow of injected fluid at initial saturation (S ,) in
the porous medium
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Figure 3: A typical plot of water fractional flow versus water saturation
with Welge tangent.

From (Figure 3), the gradient of the tangent, which starts
from the point (S ,, fw ), and touches the fractional flow curve at
the point (S _,, ) is calculated using the tangent. This is Welge’s
tangent [37] Generally, the less wetting the resident fluid is to the
porous medium, the lower the gradient of the tangent and the lower
is the specific shock velocity and the higher the injected phase
saturation at breakthrough. Therefore, in the carbon dioxide-brine
system, pH decrease caused by carbon dioxide dissolution and the
increase in solid-liquid interfacial tension as explained in Section
2.4.1, will cause dewetting of solid surface with regard to rock
mineral surface as observed experimentally by [9,29]; this will
cause water to have increased relative mobility. Consequently, the
higher the hydrogen ion concentration the higher will water relative
permeability be and the better the injection sweep efficiency.

Hypotheses

Putting together acidity generation in saline aquifers due
to carbon dioxide dissolution in formation brine, the dependence
of the dissociation constant of carbon dioxide on temperature as
well as the dependence of solid-liquid interfacial tension on pH,
the following hypotheses are proposed and tested experimentally
using relevant experimental data:

Volume 2018; Issue 01



Citation: Miadonye A, Amadu M, Nwajiaku TG (2018) Theoretical and Experimental Investigations of Optimum Conditions of Anthropogenic Carbondioxide Geological
Storage in Saline Aquifers. Curr Res Hydrol Res: CRHR-117. DOI: 10.29011/CRHR-117. 100017

e At atemperature of 323 K from Figure 2, the dissociation of
carbon dioxide in brine and the activity of hydrogen ion in
brine will be at a maximum. This means that the interfacial
tension between rock and brine and the contact angle will
be at a maximum leading to a condition of lowest system
wettability.

e At a temperature below 323 K, the activity of hydrogen ion
in solution is lower than that at 323 K, meaning lower solid-
liquid interfacial tension resulting in lower contact angle and
higher wettability.

e As temperature increases towards 323 K, increase hydrogen
ion concentration in brine means decreasing pH and increasing
solid-liquid interfacial tension. This means increasing water
fractional flow at the expense of fractional carbon dioxide,
which translates to decrease relative mobility of carbon
dioxide.

e Decreasing relative mobility of injected carbon dioxide means
decreasing specific shock velocity of injected carbon dioxide.

e  Decreasing specific shock velocity of injected carbon dioxide
coupled with decreasing water wetness means increasing
displacement efficiency and decreasing residual water
saturation as temperature increases towards 323 K.

The implication of the above hypotheses is that for quartz
arenites (quartz rich sedimentary rocks) [38] where wettability
evolution is eminent [29]; and where decrease in water wettability
of the aquifer rocks can occur to enhance better sweep efficiency,
the ideal temperature where maximum dissociation of carbonic
acid will occur to cause maximum wettability decrease is 323 K
and this corresponds to a depth of 1600 meters based on a mean
global geothermal gradient of 25 degrees per kilometre of depth
[39]. These hypotheses will be tested using experimental data.

Testing of Hypotheses Using Experimental Data

Characterization of Core Samples: Four core samples were drilled
from a chunk of Wallace Sandstone procured from the quarry. The
drilling was done using water as a lubricating fluid. The long drilled
core was then cut into four core samples with length 78 mm and
diameter 39 mm, using oil as the lubricating fluid. The cores were
then cleaned by flushing with a mixture of methanol and toluene
using the Bench Top relative permeameter manufactured by Vinci
Technology of France (See Figure 4). Specifically, every core was
subjected to one litre of injection followed by one litre of distilled
water injection to rinse it. Following the cleaning, the cores were
dried in an oven overnight for one night at a temperature of 353
K to avoid any thermal decomposition of core components. They
were then removed and left to cool to ambient temperature.

Figure 4: Setup of Bench top relative permeameter.

Porosity Determination: Porosities were determined using the
imbibition saturation method [40]. The cores were first weighed,
then put in beakers of brine and left in a vacuum for 24 hours
to achieve full saturation. The fully saturated cores were then
weighed. The density of brine at room temperature was measured.
To calculate porosity, the following equation was used:

V e Www _Wd\f
7 P
V
¢ =—2*100
Vb
Where:

V:D= pore volume
¥, = bulk volume
W, = wet weight
W , = dry weight
¢ = porosity

Brine Preparation: Experimental brine was prepared based on
a salinity of 48,000 ppm similar to that of the Basal Cambrian
Sandstone [41-43]. Sodium chloride with laboratory grade (99.9)
was purchased from Sigma Aldrich and used without further
purification. The sodium chloride was weighed using Ohaus
Adventurer Balance Scale manufacture by ULINE, that measures
weight up to 820 grams with a precision of 0.01 gram.

Permeability Determination: Absolute permeabilities were
determined using the universal Core Flooding System (CFS)
(Figure 5-7) manufactured by Vinci Technologies (Appendix 1)
for experimental capabilities). After the core was loaded into the
Hassler core barrel, radial stress corresponding to overburden
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stress was put on. The brine accumulator was filled with the
experimental brine. Experimental conditions of temperature were
then imposed using the oven facility and permeability tests were
carried out. The basis for monophasic permeability determination
is Darcy law. Therefore, a software records pressure drop versus
flow rate. At the end of each test, a graph of pressure drop versus

flow rate was automatically plotted together with a display of

computed permeability using the gradient of the plot (Appendix
2). (Table 1) shows the detailed characterization results.

SE=%12.644

0 0.2 0.4 0.6 0.8 1 1.2
Flow Rate; Q (cc/min)

Electrical voltage 230 VAC, 50/60 Hz. One phase

Core diameter 1.5
Plot for experiment at 343 K (70 0C).
Core length 27-12”
— Appendix 2: Monophasic permeability experimental data plots at.
. C-276 Hastelloy and Titanium
Wetted material
TA6V Poro

Maxi 10.000 psi Experimental | Len | Diam ity Permea Permeabi

aximum pore pressure SO0 pst Condition | gth | eter ;raz . bility lity -

Maximum confining pressure 10,000 psi Temp. K cm cm jon -mD *107m

Temperature range Up 150 degrees Celsius 323 78 39 12.25 1.87 1.85

Maximum number of test fluids Up to three ﬂu(l)cill)(gas, brine and 333 78 39 13.55 1.75 1.73

343 78 39 12.55 1.85 1.83

Appendix 1: System Capability.

S.E = 119.629

0+ T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
Flow Rate; Q (cc/min)

Plot for experiment at 323 K (50 °C).

SE=1%26.139

0 T T T T T 1
50 O 0.2 0.4 0.6 0.8 1 1.2

Flow Rate; Q (cc/min)

Plot for experiment at 333 K (60 0C).

Table 1: Measured petrophsyical data on Wallace Sandstone core
samples.

Figure 5: Inner view of the Universal Core Flooding System with
accumulators, core holder and separator.
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1 L~ Accumulator A {CH,)
Separator -~}

1—— Accumulator B (COz)

Core holder ]

I~ Accumulator C (Brine)

Dn line densitometer

Figure 6: Test Chamber of CFS with accumulators, separators and Hassler
core holder.

Figure 7: Universal Core Flooding System with pumps and computer
monitoring system.

Relative Permeability Measurement
Test Conditions

We assumed a sequestration depth with salinity similar to
that used by [41,42]. Accordingly, the depth of aquifer was taken
as 2734 meters. We assumed a normal pore pressure at this depth,
based on a normal pore pressure gradient of 0.465 psi per foot [44].
Calculation of aquifer pressure at the chosen depth gives a pore
pressure of 26 MPa (3814 psi). Using an overburden gradient of 1
psi per foot [45] we calculated the overburden pressure as 57 MPa
(8202 psi). Three test temperatures were selected to be 323 K, 333
K and 343 K. (Table 2) shows the dynamic viscosities measure
under different temperature conditions using the viscometer of the
universal core flooding system [46].

Saturating A Phases with an Immiscible Component

In measuring relative permeability, we adopted the procedure
of the Global Carbon Capture and Storage Institute [47]. Before the
start of the core-flooding test, the brine and CO, had to be mutually
saturated with each other under in-situ reservoir conditions. Below
are the steps which outline the procedure followed to make sure
that brine and CO, became fully saturated with each other before
the drainage test: The brine accumulator and CO, accumulator
were cleaned, vacuumed and filed with their respective fluids.

The experimental brine was deaerated. All of them were
brought to reservoir conditions of temperature and pressure. Next,
the accumulators were isolated and CO, was brought into contact
with brine by opening the relevant valves while using the lines
connecting the two accumulators (Figure 8). While connecting
the bottles, one of the injection pumps was used to inject about
200 cc of brine into the CO, accumulator following which 10 to
15 minutes were allowed for brine to settle in the carbon dioxide
accumulator. The same amount of carbon dioxide was injected into
the brine accumulator to form a gas cushion above the injected
brine in the accumulator. The system was then left for five days for
carbon dioxide to diffuse into the brine and for brine at the bottom
of the CO, to evaporate into the CO,. In this regard, convective
mixing enhanced the diffusion of CO, into the brine, thereby
creating a homogeneous mixture [48,49].

Fluid sample botles

0z cushion on top nf,/"'-:’

brine bottle

Brine at the bottom of
CO:z bottle

w
(=% . .
istons

Y— [[Hydmulicol | "

[=%

| =

=

2 :

2 |[Hydraulic oil ]

=

Figure 8: Schematic of fluid phase in contact with each other.

During all the above procedures, one of the injection pumps
was left connected to the CO, while operating under constant
reservoir pressure. The two accumulators were also maintained
at reservoir temperature, which was set by regulating oven
temperature. The CO, accumulator was finally isolated by closing
the valve connected to the top. All the lines including the one in the
stainless steel cylindrical sample were vacuumed and filled with
dead formation brine and then pressurized to reservoir pressure
(pore pressure). The fluid inside the brine accumulator was
injected to displace the dead brine into the separator, which was at
the same reservoir conditions of temperature and pressure. As soon
as brine production was detected, the CO, collection pump was
set to operate at constant reservoir pressure. Any time there was a
decrease in the volume of CO, in the CO, collection pump, it was a

Tempe Pore Overburden Brine Gas

rature | pressure- pressure- Salinity | viscosity | viscosity
X) (MPa) (MPa) (cp) (cp)
323 26 57 248 0.840 0.076
333 26 57 248 0.754 0.068
343 26 57 248 0.708 0.062

Table 2: Test Conditions.
9
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direct indicator that more CO, was being dissolved in the produced
brine in the separator and this warranted leaving CO, and brine in
contact for some more days to achieve saturation. However, if the
volume of CO, in the CO, collection pump did not change, it was
an indicator that brine was fully CO, saturated. The procedures
involved in saturating brine with CO, were repeated until full
saturation was achieved. The CO, phase became saturated with
brine vapor soon after brine was injected into the bottom of the
CO, accumulator.

Carrying Out Absolute and Relative Permeability Tests

The core sample to be rested was carefully wrapped in a
sleeve before loading it into the core holder. A hand pump (Figure
9) was used to provide the overburden pressure between the outer
diameter of the sleeve and the inner surface of the core holder
shell. The overburden pressure was gradually increased to the full
reservoir effective pressure and all the outlet and inlet ports of

Overburden pressure port  Cgre-holder body

A

the core holder were connected to the appropriate flow lines and
pressure measuring devices. The core samples were injected using
alow pressure 300 psi-(2.07 MPa). This enables the high diffusivity
of carbon dioxide to be exploited for replacing any trapped air in
the sample. The advantage of this experimental procedure is that
carbon dioxide, which replaces air in the core, is easily removed
from the core when required.

The remaining carbon dioxide can also dissolve in the
saturated dead brine. Following the initial flushing of the samples
by carbon dioxide, all the flow-lines and the core samples were
flushed overnight using a vacuum pump. The backpressure was
then brought to full reservoir pressure while maintaining oven
temperature at reservoir conditions. The core samples were then
displaced saturated with dead experimental brine while maintaining
confining pressure equal to reservoir pressure. To become
completely saturated with dead brine the sample was left under
this condition for 48 hours. Apart from being completely saturated
with dead brine this procedure enabled adsorption equilibrium.
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Figure 9: Schematics of Hassler core holder with core and vital components including sleeve.

Next, the carbon dioxide saturated brine was injected into
the core sample using a constant flow rate to displace the dead
formation brine. Injection was continued until a steady state was
achieved, where the differential pressure was constant and fluid
production rate was equal to fluid injection rate. Before steady
state was achieved, a plot of pressure drop versus flow rate was
automatically recorded by the software, Cyder, which controls
the injection process. A plot of pressure drop versus flow rate
using Darcy’s law enables Cyder to use the gradient of the plot to
automatically calculate and display permeability.

To carry out relative permeability tests, the vapor saturated
carbon dioxide was injected at a pressure and displacement

continued until irreducible water saturation was achieved, where
constant differential pressure was achieved. During the test, Cider
recorded differential pressure and fluid production with time
and automatically plotted graphs of these at the end of the test
(Appendix’s 3,4). During drainage experiments, the injection rate
of carbon dioxide took place at pore pressure. Injection was carried
out until flood out when irreducible water saturation was attained.
While injection continued, a video camera enabled tracking of the
interface between produced brine and gas. At flood out, there was
no more interface movement no matter the length of time involved
in injection. Using this approach flooding experiments were
conducted for temperatures 323 K, 333 K and 343 K
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Appendix 3: Experimental data plots for brine recover.
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Relative Permeability Computation Using Test Data

Relative permeability computation using Cyder requires
information on core length, porosity, diameter time of injection
fluid breakthrough obtained from pressure drop versus time
plot (Appendix 4) and fluid produced at injection breakthrough
obtained from fluid production versus time plot (Appendix 3). The
time to breakthrough was obtained from the point of the graph of
Appendix 4 where there was a sharp drop in differential pressure.
This was used to obtain the volume of brine recovered from
(Appendix 3). By putting all required information, the software
carries out relative permeability calculation using a numerical
approach based on the JBN theory [50]. Appendices 6 Show the
results of relative permeability tests.

Results and Discussion

(Table 3) shows cumulative volumes of brine obtained
at different experimental temperatures. The table shows that
maximum brine (8.811 cm?) was recovered at 323 K. This was
followed by experiment at 333 K with a recovery of 6.728 cm?.
The least recovery was that associated with experiment at 343 K.
According to Anderson [33], the phase that is less wetting with
regard to the solid surface will have the highest relative mobility
and in case this is the resident fluid, then it will be easily displaced
by the invading fluid. From our theory of acid induced solid-liquid
interfacial tension change, the solid-liquid interfacial tension at
323 K will be a maximum because the maximum dissociation of
carbonic acid will provide more hydrogen ions to drive the surface
protonation reaction (13). In accordance with Young’s equation
relating contact angle to interfacial tensions the increased solid-
liquid interfacial tension means decrease cosine of the contact
angle. This corresponds to decreased water wettability of solid
or mineral surface. The relative mobility of brine was, therefore,
highest at 323 K. This explains the efficient brine displacement at
323 K, which reflects the result in (Table 3).

Temper Cumulative Brine | Recovery Breakthrough
ature (K) Production (¢cm®) | Time (min) Time (min)
323 8.811 37 9
333 6.728 22 7
343 6.595 26 12

Table 3: Summary of Brine Recovery and Differential Pressure Plots
from Drainage Experiments.

One of the important factors is the solubility of carbon
dioxide which depends on pressure, temperature and salinity
[51]. Generally, it deceases with temperature and salinity and
increases with pressure at a given temperature and salinity. In
our experiments, we maintained the same injection pressure and
salinity. Therefore, the only parameter that influenced solubility
was temperature. Consequently, there was more dissolved carbon
dioxide at 323 K to produce increased acidity compared to
experiments at 333 K and 343 K. On the basis of the explanations
given regarding temperature, one would expect experiment at 333
K to be next with regard to brine recovery and this proves to be the
case in (Table 3).

Also, the other factors to consider are the absolute
permeabilities of the cores. In this regard, Table 1 shows that the
permeabilities of the cores are quite close and, assuming negligible
grain expansion at all temperatures, the influence of permeability on
brine was negligible. The dynamic viscosities of the brine as shown
in (Table 4) are 0.840, 0.754 and 0.708 for experiments at 323 K,
333 K and 343 K respectively. Differences in dynamic viscosities
were quite minimal. Therefore, the results of brine displacement
prove our hypotheses that at 323 K maximum dissociation of
carbonic acid will induce higher solid-liquid interfacial tension
change to cause lower water wettability and higher brine relative
mobility leading to higher displacement efficiency. Results at
higher temperatures also support our hypotheses.

(Table 4) also shows that irreducible water saturation at 323
K was the lowest followed by the value at 333 K with that at 343 K
being the highest. Accordingly, the relative permeability of carbon
dioxide at irreducible water saturation called end point relative
permeability was quite higher at 323 K, meaning the relative
mobility of carbon dioxide was lowest at this temperature and this
enhanced the displacement efficiency as carbon dioxide moved
directly behind brine with less chances of injection override.
Experiment at 333 K had the next higher value and that at 343 K
has the least value. All these trends reflect decreasing displacement
efficiency as seen in (Table 3).

Temperature g(e)la::’:,rllz:;ﬁlc?l‘)tlgl;)tl}jil?ﬁfz Irreducible brine Dynamic viscosity of | Dynamic viscosity | Viscosity ratio-
(K) 2 . saturation-fraction brine-*10- (Pas) of CO,-*10 (Pass) CO,/Brine
saturation 2 2
323 0.534 0.402 840 1.61 1.9
333 0.254 0.712 75.4 1.63 21.7
343 0.388 0.737 70.8 1.66 243
Table 4: Summary of Relative Permeability and Saturation Data from Drainage Experiments.
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(Figure 10) shows a graph of relative permeability of phases 0.953 0.703 0.04 0.394066 0.017578
obtained from relative permeability measurements (Appendix
5-7). The relative permeability of a phase is its ability to move 0.907 0.458 | 0.079 0.13564 0.055604
relative to the other phase or phases present in the porous medium. 0.854 0245 | 0124 0030727 0.108448
The figure shows that the relative permeability of brine was - - - - -
highest at 323 K. Experiment at 333 K produced a graph with the 0.837 0.189 | 0.139 0.016976 0.126515
next highest. Relative permgabllltles were lowest for experiment 0.802 0.098 | 0168 0.003981 0.161176
at 343 K. All these observations support our hypotheses. Results
for carbon dioxide reflect these same trends and, accordingly, 0.773 0.045 | 0.193 0.000749 0.189788
support our hyp'othes1s that the r.elatlve mobility pf carbon d10x¥de 0.752 0.02 021 0.000137 0208558
will increase with temperature increase. Accordingly, the relative
mobility of carbon dioxide was generally lower at 323 K (50 °C) 0.723 0.002 | 0.235 1.23E-06 0.234855
and generally higher at 343 K (70 °C).
0.72 0.001 0.238 3.05E-07 0.237927
Sw krw krCO Fractional flow of Fractionallﬂo.w of Appendix 6: Relative permeability and fractional flow data for experiment
2 water carbon dioxide at 333 K
0.988 0.96 0.001 0.946417 1.41E-05
Fractional Fractional flow of
0.903 | 0.703 | 0.025 0.471819 0.008221 Sw kiw | kiCO, | g P er | carbon dioxide
0.855 | 0.574 | 0.046 0.272791 0.024139 0992 | 094 0 094 | e
0.801 ] 0.444 | 0.076 0.132205 0.05337 0.947 | 0.637 | 0.016 0.473227 0.004114
0.752 | 0.343 0.108 0.064252 0.087769 0.899 038 0.057 0.123911 0.038413
0.704 | 0.255 0.146 0.028688 0.129575 0.865 0.235 0.103 0.033386 0.088367
0.656 | 0.18 | 0.19 0.01158 0.177776 0.801 | 0.059 | 0.222 0.001117 0.217799
0.553 | 0.064 | 0.305 0.00096 0.300425 0.791 | 0.041 | 0.247 0.000488 0.24406
0.451 | 0.007 0.452 7.86E-06 0.451493 0.759 0.007 0.327 1.09E-05 0.326493
042 ] 0.001 | 0.503 1.44E-07 0.502927 0753 | 0.004 | 0.342 3.39E-06 0.34171
Appendix S: Relative permeability and fractional flow data for experiment 0.751 0.003 0.349 1.87E-06 0.348782
at 323 K.
0.748 0.002 0.357 8.13E-07 0.356855
Fractional Fractional flow of
Sw krw | krCO, | g Fwater | carbon dioxide 0.745 | 0.001 | 0364 1.99E-07 0.363927
0.997 0.98 0.002 0.953197 5.47E-05 Appendix 7: Relative permeability and fractional flow data for experiment
at 343 K.
0.991 0.94 0.007 0.852528 0.000651
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Figure 10: Relative permeability of water and carbon dioxide at experi-
ments at different temperatures.

Regarding fractional flow, values for the injected fluid is
the most relevant to explain displacement efficiencies. (Figure 11)
shows at plot of fractional flow of injected carbon dioxide ver-
sus carbon dioxide saturation. Data for the plots were obtained
using relative permeability and dynamic viscosity data reported
in Appendix 6 and Table 4 respectively. Equation (18) and Equa-
tion (19) were used for fractional flow calculation. Generally, for
a two-phase flow, a phase with lower fractional flow experience
lower relative mobility or relative permeability. On the basis of our
hypotheses, carbon dioxide must have a lower fractional flow at a
lower temperature 323 K (50 oC) and this is evident in the frac-
tional flow curve at 323 K. Consequently, the curve for 343 K (70
oC) shows higher fractional flow with the exception of a portion of
it. All these trends support our hypotheses.
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Figure 11: Fractional flow of carbon dioxide versus carbon dioxide satu-
ration for experiments at different temperatures.

Per our hypothesis that at 323 K higher concentration of hy-
drogen ions will be produced, one would expect higher relative
mobility of brine and lower relative mobility of injected carbon
dioxide. This is seen from values of end point relative permeabil-
ity of carbon dioxide at 323 K (Table 4). It is lowest at this tem-
perature. One would also expect that the specific shock velocity of
carbon dioxide at 323 K will be the lowest. (Figure 12) shows a
plot of carbon dioxide fractional flow curve with Welge tangents.
The velocity of the specific shock, which is the velocity of the
front, is calculated using information about fractional flow at the
point where the tangent drawn from the lowest injection fluid satu-
ration touches the fractional flow curve. Equation (24) was used
for this computation. Accordingly, computed values are 0.11 for
experiment at 323 K, 0.50 for experiment at 333 K and 0.13 for
experiment at 343 K. From these results, the velocity of the front
was lowest at 323 K due to the lower relative mobility of carbon
dioxide at this temperature. At 333 K, the frontal velocity of the
flood must be higher than that expected at 323 K.

This is exactly the case. However, at 343 K, a much higher
relative mobility is expected but, this was the opposite. The reason
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for this can be ascertained by considering the effect of temperature
on gas dynamic viscosity. Generally, the dynamic viscosity of a
gas increases with temperature due to increase momentum diffu-
sivity [52, 53]. Table 4 shows that carbon dioxide has the highest
dynamic viscosity at 343 K. At 343 K, there is high resistance to
flow coupled with less carbon dioxide solubility. This condition
causes greater water wettability and the lowest specific shock ve-
locity for carbon dioxide.

0.6
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Figure 12: Fractional flow curves for carbon dioxide with at different
temperatures with Welge tangents specific shocks.

Coupling (Figure 2) with the temperature dependent depth
based on the temperature dependent dissociation constant of
carbonic acid, the most optimum depth for geological sequestration
is 1600 meters. However, depths corresponding to 10 degrees less
or above 323 K are also suitable since injected carbon dioxide
can still be under supercritical conditions to warrant optimization
of available pore space for more storage. This is because at
supercritical conditions, carbon dioxide has liquid-like densities
[54] while maintain its gaseous nature by virtue of having dynamic
viscosities similar to those of gases.

Conclusion

Geological storage of anthropogenic carbon dioxide in deep
saline aquifers for reducing global carbon emission is technically
and economically feasible due to advances in deep well drilling
technology. However, in view of the projected daily increase of
carbon dioxide emission from power plants and other emission
sources due to the projected growth in global energy consumption,
seeking efficient geological carbon storage is necessary to be able
to geologically sequester large volumes of carbon dioxide. The
task of efficiently injecting anthropogenic carbon dioxide into
deep saline aquifers requires subsurface storage conditions to be
understood in relationship to the physics of the two-phase flow

of carbon dioxide in saline aquifers. Most importantly, the water-
rock interaction deserves to be understood. Generally, water-rock
interactions reduce water wetting of rock minerals making it
possibletodisplace it for efficient storage. This means the geological
conditions under which the water-rock interaction will result in
optimum geological storage must be thoroughly understood. In this
paper, we have reviewed literature to understand the temperature
dependence of the dissociation constant of carbonic acid, which
produces hydrogen ions for the water rock interaction. We have
also reviewed literature to understand intermolecular theory
related to interfacial tension. Based on these two understandings,
we have proposed hypotheses and these hypotheses have been
tested experimentally. The following sum up our conclusion:

e  The production of Hydrogen ions, which are responsible for
increasing solid-liquid interfacial tension will be maximum
at 323 K, meaning that the greatest reduction of solid-liquid
interfacial tension will occur at 323 K, by Young’s equation.

e The relative mobility of brine will be maximized at all
saturations at 323 K.

e The relative permeability of brine will be maximized at all
saturations at 323 K.

e  The most optimum temperature condition for carbon dioxide
storage in saline aquifers is 323 K.

e According to our experimental results, the irreducible water
saturation at 323 K was the least followed by that at 333
K, with the irreducible water saturation at 343 K being the
highest.

e QOur experimental results also show that the relative
permeability of carbon dioxide at irreducible water saturation
was highest at 323 K. This reflects the generally lower relative
mobility of this phase at 323 K, which was the reason behind
efficient water displacement and lower irreducible water
saturation at this temperature.

e Based on a mean global geothermal gradient of 25 °C per
kilometer, the most optimum depth for geological storage is
1600 meters.
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