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ABSTRACT

Contrary to report that dynamic capillary pressure effect was insignificant in the
supercritical CO2-water (scCOz-water) flow system, this work found the effect to be
considerable in the displacement of water or brine by injected scCOzin the geological
carbon sequestration, especially prior to the attainment of equilibrium in the system.
Series of controlled laboratory scale experimental measurements and numerical
simulations of the dynamic capillary pressure effect and its magnitude (dynamic
coefficient, 1) for supercritical CO2-water(scCO2-water) system are reported
inunconsolidated silica sand. Novel measurement technique has been developed to
achieve this purpose, by applying the concept of two-phase flow system in the
context of geological carbon sequestration. This work considers the injection of
scCOz into storage aquifer as a two-phase flow system, where the CO:2 displaces the
resident fluid (brine or water). Using a high-pressure and high-temperature
experimental rig, capillary pressure—saturation relationships (P°-S) for this flow
system and the saturation rate dependencies of theP°-S relationships (quantified by
dynamic coefficient, 7), known as dynamic capillary pressure effect were
determined. ThisTwas previously unreported for scCO2-water system. In scCO2-

water flow system, T ranges from 2 x10° to 6 x10° Pa s at high water saturation and
1.3 x 10° to 8 x10°pg saround the irreducible saturation. Tincreases with rising
temperature but decreases with increase in porous medium permeability.
Numerically determined 7-S relationships compare well with the corresponding

experimental results for wide range of water saturation.The implication was that
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water saturation of the porous media will be considerably underestimated, if the
dynamic capillary pressure effectwas ignored in the characterization of the scCO2-

water flow system , i.e., if only equilibrium Pcrelationship was used.

Keywords: Dynamic capillary pressure effects, dynamic coefficient, supercritical
COz, geological carbon sequestration.

1. Introduction

The problem of global warming, as a result of the emissions of greenhouse gases, is
of international concern. Capturing these gases (especially COz2) from the emission
sources and storing them in geological media, in a process known as geological
carbon sequestration has been a subject of global interest with hugeinvestment and
research(Petvipusit et al. 2014; Stephens 2006). Thecaptured CO:zis injected into
geological formation, e.g. brine aquifer, at suitable depths, where subsurface
temperature and pressure will maintain CO2 at supercritical state, having higher
density and viscosity to limit the CO2mobility and buoyancy. Following the injection of
supercritical CO2 (scCOz2) into a geological formation, it will displace the resident
brine or groundwater in the brine aquifer. This displacement occurs as a two-phase
flow system(Tokunaga et al. 2013; Khudaida and Das 2014; Abidoye et al. 2014;
Das et al. 2014). Similarly, two-phase flow behaviour is regularly encountered and
has been widely studied in the studies of oil recovery, immiscible contaminant
remediationand so on.For example, there are cases of subsurface contamination by
non-aqueous phase liquids, i.e., NAPLs (e.g., oils, perchloroethylene (PCE), etc.),
which are produced, and may be accidentally spilt, by various chemical process
industries (CPIs). These NAPLs may remain in the subsurface for hundreds of years
and pose environmental threats worldwide(Das et al. 2007; Chandrappa and Das
2014).Like the above two-phase flow systems, studying and understanding the flow
of scCOz-brine/water in the subsurface involve experiments, modelling and
simulation of the system and processes (Abidoye et al. 2014; Khudaida and Das
2014; Das et al. 2014). Doing this requires the determination and analysis of
capillary pressure (P°) as a function of saturation of wetting (S) or non-wetting (Snw)
phases. P¢ and S are key variables of importance in modelling the two-phase flow
processes taking place in the subsurface (Aggelopoulos and Tsakiroglou 2008).
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Traditionally, the P¢-S relationships of the two-phase systems are studied under the
equilibrium or quasi-static condition(see, e.g., Jennings 1987; Donaldson et al. 1969;
Donaldson et al. 1991). Mathematically, this is achieved by the use ofa Pfunction
coupled with an extended version of Darcy’s law for single-phase flow, where the P°

is defined as a function (f) of saturation as shown in equation (1).
Pw—Pw=P**%(S)=1(S) (1)

Where,

P.. = average pressure for non — wetting phase [ML"'T ]

P, = average pressure for wetting phase [ML'T ]

P = equilibrium (steady state) capillary pressure [ML'T ]
S = wettingphase saturation [—]

However, many factors have been identified which affect the above relationship. In
particular, the flow rate dependence of P°-S relationship was discussed by
Kalaydjian (1992). This phenomenon was also observed by a number of other
authors (see, e.g., Dullien et al. 1990; Danish and Jacquin 1983). Saturation-rate
dependencies in flow properties observed during non-steady state multiphase flow
are generally referred to as ‘dynamic capillary pressure effect’ (Hassanizadeh et al.
2002) or simply ‘dynamic effect’. The dynamic P° effect has been the subjects of
many publications (see, e.g., Barenblattet al. 2003; Joekar-Niasar et al. 2010;
Stauffer 1978; Kalaydjian 1992; Wildenschild et al. 2001; Hassanizadeh et al. 2002;
O’Carroll et al. 2005; Oung et al. 2005; Camps-Roach et al. 2010; Sakaki et al. 2010;
Goel and O’Carroll 2011; Das and Mirzaei 2012; Diamantopoulos and Durner 2012;
Das et al. 2014; Khudaida and Das 2014). Some of these investigators (e.g., Stauffer
1978; Kalaydjian 1992; Hassanizadeh and Gray 1993) have proposed a modification
of the P°-S function to account for dynamic P¢ effect in two-phase flow systems prior
to the attainment of equilibrium or quasi static condition. The modification is shown in

equation (2):

(PeU—pos) =—1aS/ot (2)

where,
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P>¥" = dynamic capillary pressure [ML'T 2
0S/ot =time derivative of saturation [T

t=dynamic coefficient [ML'T-"]

The magnitude of thas been related to how close or far the two-phase system is
from equilibrium (Das et al. 2007). Most of the works available on these relationships
are related to oil-water system in application to oil recovery. However, recent
development in climate change mitigation techniques and the subsequent practice of
the geological carbon sequestration has brought scCO2 and brine/water into focus as
an important two-phase system in porous media(Abidoye et al 2014; Chandrappa et
al. 2011). Geological storage of supercritical CO2 generally utilises brine aquifers
where it is hoped that the CO2 will remain trapped for geological time-scales (Elenius
and Gasda 2012). However, since the displacement by brine and migration of COz2
occur in the subsurface, reliable predictions and monitoring of the fate of COz2 require
understanding of the capillary behaviour of supercritical CO2 and its dependence on
water saturation (Tokunaga et al. 2013).The pathway-dependence of phase
displacement in two-phase flow in the porous media has led to the investigation of
hysteretic dynamic capillarity effect on P¢-S relationship (Zhuang et al. 2017) while

effect of acoustic excitation on the dynamic P°-S was undertaken by Lo et al. (2017)

Despite the above efforts in the literature, the saturation rate dependence of the P°-S
relationship for scCO2-water system has not been fully understood. Currently, no
experimental investigations have been reported for the t-S behaviour in relation to
geological sequestration of CO2. Furthermore, no experimental reports are available
on the temperature dependency of t-S relationship for scCO2-water-porous media
system. In reality, prior to the attainment of equilibrium, the unsteady state or
dynamic condition resulting from the injection of the scCO:2 into the host media
cannot be described by the traditional P°-S relation. Thus, it is imperative to
investigate the presence of dynamic effect in the P°-S relationship for scCO2-water
system, using the new relation in equation (2). Authors of a number of works on
dynamic P¢ effect (see, e.g., Juanes 2008; Camps-Roach et al. 2010; Goel and
O’Carroll 2011) called for an inclusion of t in the modelling and simulation of

geological sequestration system. Using numerical simulations, Khudaida and Das
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(2014) as well as Das et al. (2014)report the importance of dynamic P¢ effect in the
P°-S relationship for scCO2-water system. However, no direct experimental study to
confirm the presence of dynamic P°¢ effect has been reported for scCO2-water
system. In a related investigation, Wang and Tokunaga (2015) expressed that the
drainage P°-S relationship controlled the distribution of CO2 and brine in the pore
space during injection. They also acknowledge that the distribution varies with
distances from the well. But, the impact of dynamic effect on the P°-S relationship
was not investigated by these authors.

In this work experimental and numerical investigation techniques were used to study
the dynamic P¢ effect in the scCO2-water flow system in a porous media. The novelty
of this work included the first-ever determination of dynamic effect for supercritical
COz-water system. This is different from other publications which determine the
dynamic effect under ambient conditions. Secondly, the method of measurement in
this work was also novel by including design of the sensor holder for the ScCOa2-
water system together with the water-resistant membrane and other materials used
to prevent water infiltration into the sensor chamber while allowing CO2.Effects of
temperature, media permeability and surfactants on the dynamic Pc effects were
determined. Finally, this work discusses the inherent error in the estimation of fluid
saturation of the porous media, as a result of ignoring dynamic capillary pressure

effect.

2. Methodology

2.1 Fluids and Porous Materials

High purity (99%) CO2 was used in this work to displace water from water-saturated
porous domain. The porous medium used in this work was composed of silica sand
categorised as fine-grained (CH30) or coarse-grained (DA 14/25) sand samples. The
terms fine and coarse are relative to indicate the different in sizes of the snad
particles. Simillar terminologies were used in previous publications (Abidoye and Das
2014; Das et al. 2014). They were obtained from Minerals Marketing Limited
(Buxton, UK). The physical and chemical properties of the samples are listed in
Table 1. Before use, they were pre-treated by washing in deionised water and dried

for at least 24 hours in open air at ambient temperature. To ensure uniform packing
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161  of the porous domain in every experiment, the sand was poured through sieve into
162 the experimental cell which initially contains water. The surfactant used was

163  alkylpolyglucosides obtained from BASF (Ludwigshafen, Germany).
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Table 1: Fluid and Material Properties

Coarse silica sand ] ]
Materials Fine silica sand (CH30) Fluids Properties
. (DA14/25)
Properties

Pressure: 80.5bar | Pressure: 80.5bar
Temperature: 40°C | Temperature: 50°C

CO7? Water® CO.? Water®

Permeability, K (m?) 5.66 x 107" 3.65x 107 - - - -
Porosity, ¢ (-) 0.37 0.38 - - - -
Density (kg/m?) 2660 2740¢° 288 996 223 992
Average particle diameter,

482.4 946.1 - - - -
Dp(pm)
Viscosity, y (Pa s) - - 23 x10° | 654x10° | 21x10° | 548x10°
SiO2(%)° 99P goP - - - -
Entry pressure, P4(Nm™) 660 431 - - - -
Pore size distribution index, A (-) 3.86 3.50 - - - -
Residual water saturation, Sr(-) 0.1 0.09 - - - -

http://www.peacesoftware.de/einigewerte/co2_e.html (accessed March , 2019)
®http://www.peacesoftware.de/einigewerte/wasser_dampf_e.html (accessed March, 2019)

cwww.sibelco.co.uk (accessed March , 2019)

d Density was determined by gas pycnometer (AccuPyc Il 1340, Micromeritics, USA)
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2.2 Sample holder for porous mediaand instruments

The sample holder is a steel cell domain designed to hold pressure transducers at its
centre. The domain has the dimension of 4 cm height by 10 cm diameter. The domain has
ports at its centre, where the phase pressures were measured with the aid of the pressure
transducers (PTs). The PTs’ cables were connected to a datalogger (Compact DAQ
chassis, National Instrument, Newbury, UK), which collects the data readings from the PTs
for onward processing in the computer. The data from the PTs were processed in the
computer using LABVIEW (National Instruments, Newbury, UK). For measuring water
phase pressure, the pressure transducers are housed in a fabricated steel holder with
sintered metal at the inner face. The sintered metal was overlaid with a hydrophilic nylon
membrane with a pore size of 0.1um (Porvair Filtration Group Ltd, Hampshire, UK). On top
of the hydrophilic membrane was placed a 5mm thick Vyon hydrophilic filter (Porvair
Filtration Group Ltd, Hampshire, UK) previously soaked in a beaker of water and
vacuumed for at least 24 hours. An open steel cap was then corked on top of the holder to
hold the filter and the membrane in tight contact with the sintered metal disc and, also seal
off any unwanted tiny sideways, where fluid might preferentially follow. The open space in
the steel cap was filled with cotton wool previously soaked in water in order to avoid

pooling of fluid in the small hollow space.

Similarly, to measure the scCO2 phase pressure, 1um  hydrophobic
polytetrafluoroethylene, PTFE membranes (Porvair Filtration Group Ltd., Hampshire, UK)
was used together with the thick hydrophobic filter (Porex Technologies, GmbH, Germany)
and cotton wool. In this case, the cotton wool and the filter were soaked in silicone oil and
vacuumed for at least 24 hrs. The assembly was done in the same way as for the water
phase pressure measurement. CO:2 is reportedto be soluble in silicone oil (Wedlake and
Robinson, 1979) and can thus be used to distinguish the phases as water is known to be
insoluble in the oil. To ensure quick response of the pressure transducer, the gap between
the sintered metal disc and the face of the pressure transducer at the base of the holder

was made as small as possible.

In situ wetting phase saturation (S) measurement was done with three-pin time domain
reflectometry probes (TDR). The pins were locally fabricated to perform under high
temperature and pressure applicable to this work. They were insulated in the region of

contact with the steel domain to avoid interference with the signal. The TDR probe cable
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was plugged into the multiplexer (Campbell Scientific Ltd, Shepshed, UK). This was
connected to the time-domain reflectometer-TDR100 (Campbell Scientific Ltd, Shepshed,
UK) where the impulses were generated. This was then connected to CR10X datalogger
(Campbell Scientific Ltd, Shepshed, UK) for automatic recording of the data generated. At
the start of the experiment, the TDR probes were calibrated to generate the offset and
multiplier following the Campbell Scientific Instruction manual for such. Similarly, the PTs
were calibrated using Druck 610 Calibrator (Druck Limited, Leicester, UK). To sync the
readings from the LABVIEW with readings from the Loggernet of the CR10X datalogger,
an interval of 10s was set for data acquisition in both devices. The calibration results were
fitted with a polynomial function and applied in programming the respective software.
Further readings of water saturation were obtained from water outflow collected in a
graduated glass cylinder placed on an accurate weighing balance which was connected to
the computer and data logged in real time by the weighing balance software (A&D
Company Limited, San Jose, USA). For accuracy of outflow volume readings, the dead
volume in the steel tube upstream of the sample holder was subtracted from the actual
weighing balance reading. Figure 1 is a schematic diagram of the experimental set up. The

figure illustrates the domain size, the configurations of the PTs as well as the TDR probes.

Observations of the responses of the sensors - TDRs and the PTs, to change in system
conditions (e.g., change in water saturation, in the case of TDR, and the change in
pressure, in the case of PTs) did not reveal any measurable lag in their response. The
sensors responded well to changing conditions during the calibration as well as the actual
experiments and thus would not affect the readings in this (Hou et al. 2012). The
experimental rig was located in a heating cabinet having electric heaters to regulate the
system temperature. The instrument used for the temperature regulation was PID

temperature controller (West Control Solutions, Brighton, UK).

The sample holder has stainless steel end-pieces at the top and bottom. The top end
piece of the sample holder was connected to the supercritical fluid pump via a steel tube.
Similarly, the bottom end piece was connected to the outflow bottle on an electronic
weighing balance via backpressure regulator (BPR) (see, Figure 1). The scCOazisinjected
via the upstream tube and the downstream tube serves as the outlet for water. The inner
part of the bottom end piece was laid with hydrophilic membrane to minimise outflow of
scCO2 while hydrophobic membrane was fitted to the top end piece to prevent escape of

water into the COzpump. For fine control of outflow, metering valve (Swagelok, Kings
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Langley, UK) was located at the outflow line. Following the metering valve is a precision
back pressure regulator, BPR (Equilibar, Fletcher, NC, USA) that keeps the system at the
minimum set pressure. The back-pressure regulator (BPR) is a dome loaded type, using
PTFE-glass materials as diaphragm and was loaded with nitrogen gas (BOC Industrial
Gases, Leicester, UK) from a cylinder with appropriate single-stage regulator (Gas-Arc
Group Ltd, Norfolk, UK).Nitrogen gas was used in the experiments to impose a set
pressure on the diaphragm of the BPRto counteract the gas pressure set on the

supercritical fluid pump, so as to ensure stability in the system.

2.3 Dynamic and Equilibrium Experiments

At the start of the experiment, the experimental rig was set up from bottom upward. After
placing the sample holder on the bottom end piece (base cover), small amount of water
was poured into the cell to a certain position followed by pouring of sand through a metal
sieve of appropriate size to ensure uniform sand packing and minimise air trap. Equal
amount of sand (500g) was used in all cases. Then, the top end piece with the
hydrophobic membrane was put in position. At this stage, all valves remained closed
except V-4 (see, Figure 1) via which deionised water was passed into the sample holder
and pressurised from the water tank using hand pump up to the experimental set pressure
(monitored from the pressure gauge located next to the hand pump). At high pressure, all
air present in the tubing and in the sand was considered dissolved (Plug and Bruining,
2007). After the supply of water into the sand-filled sample holder, valve, V-4, was then
closed leaving the sample holder and water at set pressure. CO2 used in this work was
obtained from BOC industrial gases (Leicester, UK) at 99.9% purity. The supercritical fluid
pump 260D model (Teledyne Isco, Lincoln, USA) was filled with liquid CO2 from the COz2
cylinder by opening of the valve, V-1 and setting the pump on refill mode. After filling the
pump volume, the valve, V-1, was closed and the supercritical fluid pump was set at the
experimental pressure. This procedure filed CO2 to the tubing from the exit of the
supercritical fluid pump up to the valve, V-2, which serves as the interface between water
and COq2. Before the start of the experiment, this valve was opened to allow pre-
equilibration of water and COz, i.e., dissolution of COz2 in water without any displacement of
water by COq2. Sufficient time was also allowed for temperature and pressure equilibration

before opening the outlet valve (V-6) for the displacement of water to begin.
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Figure 1: (A) High pressure experimental set-up for the scCO2-water system (B)
Configuration of the phase pressure measurement system.

For the dynamic displacement of water by scCOz2, the BPR was set at constant pressure
condition, i.e., 80bar while the supercritical fluid pump was set at 50kPa higher pressure,
i.e., 80.5bar. When there was equilibrium in the system temperature, monitored on the
heating controller and there was equilibrium in the pressure set on the supercritical fluid
and the BPR, valve V-2, was opened for equilibration of water and CO:2before the
displacement of the water by CO2 began. While the TDR probes give the readings of
change in the in-situ water saturation, additional readings were recorded by the weighing
balance from the water outflow. There was good agreement between these two readings
while the dead volume was subtracted. Some sets of the experiments were repeated two
or three times to allow for repeatability check and statistical analysis.

The equilibrium or quasi-static experiments were conducted by using single-pump gradient
program of the supercritical fluid pump 260D model (Teledyne Isco, Lincoln, USA). This
program allows stepwise, time-controlled pressurisation of the supercritical fluid. To
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achieve this, the supercritical fluid pump and the back-pressure regulator were set at the
same constant pressure, i.e., 80bar, following similar arrangements as described above.
Then, the supercritical fluid pump was put in gradient program mode and raised at 0.5 kPa
every hour. This is considered as quasi-static or equilibrium displacement since the flow
proceeded slowly at each step. This continued until there was no appreciable change in
the water outflow measured on the balance or when continuous gas breakthrough
occurred. Experiments in which the CO2 front was unstable was characterised with gas
breakthrough in the midst of the drainage. Such results were discarded. The highest P°
values chosen in this work typically represents when we do not see changes in the water

saturation.

The quasi static measurement took place over an average time of about 3 days (72hrs).
The dynamic measurement took place for average time of about 10-12hrs. As for the
measuring intervals of pressure sensors and TDR, they continue to measure and transmit
the recorded data through CR10X data logger into the desktop memory at every twenty

seconds under quasi static conditions

2.4 Numerical Simulation

In order to further understand dynamic P¢ effects for scCO2/water flow in porous domain,
numerical simulation was conducted using the simulator, Subsurface Transport Over
Multiple Phases (STOMP).The code is developed by the Pacific Northwest National
Laboratory, US (www.pnl.gov). The simulator is capable of simulating different modes of
multiphase flow and multi-component transport in porous media. In this work, the CO2-
Wateroperational mode (STOMP-COz) is used to simulate the dynamic and quasi-static
two-phase flow behaviour.STOMP-CO2 solves the conservation equations (partial
differential) for component mass (i.e., water, CO2) on a structured orthogonal grid(White et
al. 2012). The partial differential equations were solved numerically. To solve these
conservation equations, they are first converted to algebraic form using the integral finite
difference approach applied to structured orthogonal grids and Euler- backward time
differences (Versteeg and Malalasekera 1995; Patankar 1980). The resulting algebraic
equations are closed through a series of constitutive equations. Newton-Raphson iteration
is used to resolve the nonlinearities in the system of conservation equations and
constitutive equations (White et al. 2012). Many authors have successfully used STOMP
to simulate CO2-Water (see, e.g., Das et al. 2014; Khudaida and Das 2014) and Oil-Water
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(e.g., Das et al. 2007; Das and Mirzaei 2012; Ataie-Ashtiani et al. 2001) flow in porous

media.

The results from the simulations also serve as comparison to the experimental results.
Two-phase flow in coarse and fine silica sand samples were modelled under quasi-static
and dynamic conditions. The boundary conditions, model governing equations, and the
nodal configurations of domain geometry for the simulation are expressed in Tables 2, 3,
and 4, respectively. The porous media properties used for the simulation remained as
listed in Table 1. The simulations of the dynamic and quasi static displacements follow
similar procedures as described in detail byDas et al. (2014) and Mirzaei and Das (2007).
The COz2 property data table is stored in a data file that was included in the simulation file.
It enables interpolation of CO2 property during the initialization stage of the simulation
(White et al. 2012). To obtain the property of the CO2 at a particular condition, the
temperature and pressure of interest are specified in the simulation file. Two different
temperatures, namely, 40 and 50°C, but the same pressure (see, Table 2) were used in

the simulations.

Table 2: Boundary conditions for different displacement cases used in the simulation

Top Boundary Bottom Boundary

Time Duration  |Dirichlet CO2 Dirichlet Water
Displacement case H b B b B

(hr.) ressure (Bar) Zero Flux ressure (Bar)

ero Flux CO2
Water

Dynamic 3 80.5 80
Quasi static >40 Base pressure=80 80

0.005bar/step
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Table 3: Equations used for the simulation (please see full details in Das et al. (2014))*

Equation
no

Description

Equations

Definition of
parameters

Conservation of fluid mass in
the two-phase flow system

Z(op,5,)+vp,a,)=0 for
Y = w,nw

‘w’= the wetting
phase (water); ‘nw'=
the nonwetting phase
(CO2);.9 [-], porosity;
S[-], average fluid
saturation in the
porous medium;
p[ML3], the fluid
density; and g[LT-"],
the fluid flux

Multiphase version of Darcy’s
law for conservation
momentum

q, = -KK/w[VP +pgVz]

K [L2], the intrinsic
porous media
permeability; pu [ML-
'T-1, the fluid
viscosity; Kr[-], the
relative permeability;
P [ML-'T-3], the phase
pressure; z [L],
upward unit vector; g
[LT-2], acceleration
due to gravity

Brooks-Corey relationships for
P¢(Brooks and Corey 1964)

s, - [Ejk for P° >P¢
Pd

S =1 for P° <P

ew

So =[S
1-S.

for 0<§,, <1

Brooks-Corey-Burdine
relationships for relative
permeability (Brooks & Corey
1964; Burdine 1953)

k — (S )(2+37~)/>L

Sew[-]: effective
saturation of the
wetting phase; P9
[MLT-2]: entry
pressure of the
medium; A[-]: pore
size distribution
index; Smw[-]:
irreducible wetting
phase saturation

krnw = (1 _SSW )2(1 - S(ei:)‘)/x)

For further information about the workings of STOMP, readers are requested to read
publication like STOMP-CO2 and COz2eGuide by White et al. (2012) (Pacific Northwest
National Laboratory, USA).
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Table 4: Number of nodes and nodal spacing for the domain used for numerical simulation

Number of Nodes and Nodal Spacing
Geometry N x AR (cm) NxAB (°) | NxAZ(cm)
3D Cylindrical 4x1.25 4x90 1 x0.05, 24 x 0.1625, 1 x 0.05

Please note that R, © and Z are the dimensions related to radii, angle and height of the

porous domain. N is the number of nodes or subdivisions in each dimension. 3D
simulation was used in this work, as there are no significant differences in output,
compared with 1D simulation. Also, the 3D approach enables easy comparison of the
results in this work with related works in the literature (see, e.g., Das et al. (2014),
Khudaida and Das (2014), etc.). Furthermore, grid sensitivity of the simulation was not
conducted owing to the fact that related work by Das et al. (2014) did not find significant
sensitivity to grid.

The averaging techniques employed in this work for averaging the capillary pressure (P¢)

and saturation (S) are similar to those employed in the work of Abidoye and Das (2014).

2.5 Calculation of Dynamic Coefficient (1)

Similar to the approach employed by Goel and O’Carroll (2011), Camps-Roach et al.
(2010), and Sakaki et al. (2010), only one pressure, namely, 50kPa head (80.5bar from
CO2 pump, and 80bar from BPR) was applied in all the dynamic experiments. The
dynamic coefficient determination was based on the P°-S data obtained under the dynamic
and quasi static conditions. The same pressure head was also applied in the numerical

simulations of the dynamic flow condition.

The dynamic coefficients were determined using equation (2). To use the equation, there
is a need for P° data for the dynamic and quasi static conditions at the same water
saturation (S). From the experimental and simulation data, the phase pressures (i.e.,
pressures for water and scCOz2) from the equilibrium and dynamic experiments were fitted
with between 5™ to 10" degree polynomials depending on the one with least residuals
using MATLAB. The fitting equation was then used to generate capillary pressures at
selected saturation within the experimental data saturation range. This procedure provides
the corresponding points for the parameters in the equation (1), i.e., Pnw and Py, at a
particular saturation, S, for both the dynamic and equilibrium conditionsin order to get the
P¢ at that particular saturation. These results were then used in equation (2) to obtain

Pedyn and P, Similarly, the desaturation rate data were fitted with similar order of
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polynomials that give the least residuals and the desaturation data were generated for
saturation values corresponding to the ones obtained for the capillary pressures. From
equation (2), the division of Pedn-pceau at g particular saturation by the corresponding

desaturation rate gives the dynamic coefficient, t, at that particular saturation.

We have provided only a brief discussion on the steps for the calculations of the dynamic
coefficient as the calculation steps are reported in previous papers (Abidoye and Das,
2014; Goel and O’Carroll, 2011; Camps-Roach et al., 2010, Sakaki et al., 2010).

3. Results and Discussions

The results of various experimental investigations and numerical simulations of the
dynamic effects in P°-S relationship for scCO2-water system in porous media, with different

physical characteristics, are presented and discussed.

3.1 Experimental results

3.1.1 Dynamic effects in P¢S relationship for supercritical CO2-water system

The results of the investigations on dynamic P¢S relationship are presented in this
subsection. Figure 2 shows the difference between the dynamic P¢-S curve and that of the
quasi static condition in silica sand sample with higher permeability (i.e., coarse sand,
DA14/25) at different temperatures. The P°-S curves help to determine entry pressures
under different experimental conditions. The entry pressure signifies the pressure at which
the invading phase (scCOz2) enters into the medium after the start of the displacement of
the resident phase (water). P°-S curve for scCOz2-water in coarse silica sand at 40°C is
shown in Figure 2A, after the entry of COz2 into the domain, the quasi static P°-S profile
appeared constant for most part of the water saturation values until the irreducible
saturation (Sr) is approached. Close to the irreducible saturation, the P°-S curve starts to
rise steeply. For the case of dynamic curve, there is a gentle rise in the P°-S profile with
decrease in the water saturation value, even after the entry of supercritical CO2 (scCOz2)
into the domain. However, both categories of P°-S curves (i.e., quasi static and dynamic)
show steep rise in the values as they approach the irreducible water saturation. The quasi
static P°-S curve consistently remains lower in profile compared with the dynamic P°-S
curve. The results affirm the presence of dynamic P°¢ effect in the P°-S relationship for

scCO2-water system in porous media. Detailed explanations of dynamic capillary pressure
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effects for other fluids in porous media have been previously demonstrated (see e.g.,
Kalaydjian 1992; Hassanizadeh and Gray 1990; Hassanizadeh and Gray 1993; Das et al.
2007; Das and Mirzaei 2013; Abidoye and Das 2014). In Figure 2A, the P°-S curves for
scCO2z-water system in coarse sand at 40°C are shown with the error bars. The error bars
were obtained from the statistics of three different experimental measurements, using
standard deviation around the mean values of the P¢, at a particular saturation. It could be
seen that the deviation from the mean value is small for the large part of the water
saturation values making the error bars hardly visible. The error bars become conspicuous
near the irreducible water saturation. Thus, the reliability of the measurements is high for

wide range of water saturation values, prior to the region of irreducible saturation.

Figure 2B shows the PC-S curves for both dynamic and quasi static conditions at 50°C in
coarse sand samples while the Figure 2C shows the PC-S curves in coarse sand sample
for scCOz2 displacing 0.1% surfactant (alkylpolyglucosides) solution (BASF, Ludwigshafen,
Germany) at 40°C.It can be seen that, P°-S curves in the case of surfactant solution also
follow different paths, under different flow conditions. In addition, the curves in Figure 2C
show that with surfactant solution, the P¢ reduces. Therefore, in comparisons with the P°-S
curves in Figures 2 A and B, the curves in Figure 2C are much lower in P° values at
corresponding saturation. This pattern can be attributed to the lowering of interfacial
tension by the presence of surfactant (Rudin et al. (1994) and Rosen (2004)). Lower

interfacial tension leads to lower capillary pressure.
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Figure 2: P¢-S relationship under dynamic and quasi static conditions in (A) coarse sand at
40°C, (B) coarse sand at 50°C, (C) coarse sand at 40°C with 0.1% surfactant (by mass).

All dynamic experiments are conducted at 80.5 bar.

3.1.2 Displacement pattern in supercritical CO2—water system in porous media

Data on the desaturation rate (9S/dt) of scCO2-water system in porous media reflects in
situ displacement characteristics of the two-phase system under various conditions.
Although the experiments were not specifically designed to understand the stability of
displacement front it is known that the stability of the displacement front in CO2-water
system in porous media can determine the extent of the displacement without fingering,
which in turn can lead to more storage space (Abidoye et al. 2014; Berg and Ott 2012). On
the other hand, unstable displacement can lead to viscous fingering and minimize storage

potential of the geological sequestration site.
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The desaturation rate of the water phase in the domain as the scCOz: is injected is shown
in Figure 3 for the coarse sand samples under the same conditions, as in Figure 2. Figure
3 shows the desaturation rate in coarse sand at 40°C, 50°C, and in coarse sand sample

saturated with 0.1% surfactant solution at 40°C.

In the coarse sand saturated with water at 40°C, the figure shows that after a short rise
(considering absolute value of 9S/dt) in the desaturation rate at the start of the fluid
displacement, the 9S/ot becomes virtually constant for wide range of water saturation
(between 0.9 and 0.3) until irreducible saturation is approached where the decline in
desaturation rate begins. The peak value of 6S/ot (absolute value) in coarse sand at 40°C
is found to be around 6.75 x 10 s'. Similar trend as above is exhibited by 9S/at-S
relationship in coarse sand at 50°C. The peak of the dS/at value occurs around 4.8 x 10

s!, which is lower than in coarse sand at 40°C.

The presence of surfactant in the solution is shown to affect the trend in the S/6t-S profile,
as shown in the Figure 3. There is obvious departure from the usual patterns under the
influence of surfactant. After the initial short rise, the 9S/dt declines at a fairly constant
gradient till irreducible saturation value is attained. The presence of surfactant and the
production of foam indeed raises the viscosity of the water and increases its resistance to
flow. Thus, the viscosity ratio of the two-phase system (scCO2-water) is reduced by the
addition of surfactant. The contact of scCO2 with water/surfactant will also lead to foam
production (Ma et al. 2013) and, hence, reduce the mobility of the CO2 phase (Rafati et al.
2012).

The 9S/dt values reported in this work are comparable to those reported by Goel and
O’Carroll (2011). In silicone oil-water drainage experiments, they reported the highest
0S/at values of 9.8 x 10#and 2.9 x 10 s for silicone oil viscosities of 5¢St and 0.65cSt,
respectively. In this work, the S/t values range from 4.8 x 10* s to 6.75 x 10 s for the
coarse sand sample at 50 and 40°C, respectively. The closeness in values of the above
results with that of Goel and O’Carroll (2011) can be attributed to the low-viscosity silicone
oil used in their experiments. Also, the large portion of the ds/ot-S curve that appears
constant for wide range of water saturation can be attributed to the low viscosity ratio
between scCO2 and water (i.e., ratio of viscosity of CO2 to that of water), as well as the
high pressure at which the experiments were conducted.

Page 19 of 36



456

457
458
459

460
461

462
463
464
465
466
467
468
469
470
471
472

473
474
475
476
477
478
479

Water saturation, S (-)
0 0.2 0.4 0.6 0.8 1

0.E+00 -+

=== COarse sand, 40C

=== Coarse sand 50C

=== ().1% surfactant

N

.

o

=
1

Desaturation rate, 0S/dt (s?)
[e)} D
|'||'I m
o o
N D

-8.E-04

Figure.3: Desaturation rate in coarse sand at 40°C and 50°C, and coarse sand at 40°C
saturated with 0.1% surfactant. All dynamic experiments conducted at 80.5 bar.

3.1.3 Dynamic coefficient (1) for supercritical COz2-water system in coarse sand
sample: Influence of temperature

Dynamic coefficient, t, have been used to quantify the magnitude of dynamic capillary
effects in two-phase flow system (see, e.g., Hassanizadeh and Gray 1990; Hassanizadeh
and Gray 1993; Das et al. 2007; Bottero et al. 2011). According to some authors (see, e.g.,
Hassanizadeh et al., 2002; Das et al., 2007), the dynamic effect is related to the
dependence of the P°-S relationships on the time derivative of saturation resulting from
finite time needed by the fluid to neutralise the effect of the internal and external forces in
order to establish flow equilibrium. t establishes the speed at which fluid—fluid interfaces
reach equilibrium positions (Das et al. 2007). Thus, a large value of tindicates a large
amount of time for the system to reach equilibrium, while its lower value does otherwise. In
this section, we present the results of the calculated dynamic coefficients in scCO2-water

system in coarse silica sand sample using equation (2)

The dynamic coefficient, T, was determined using the data obtained from plots in Figures 2
and 3. The t-S plots for various conditions in coarse silica sand sample are shown in
Figure 4, using semi-log plot. The 1-Scurve rises as the water saturation decreases. The
magnitudes of t under different conditions start with high values at high water saturation.
This can be attributed to the low values of 9S/dt that is recorded from the start of the
desaturation. It is clear from equation (2) that low values of 9S/dt lead to high values of 7.
In the figure, the magnitudes of © range from 2.7 x 10° Pa s at high water saturation to 7.9
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x 108 Pa s at a saturation close to the irreducible saturation. For low viscosity silicone oil
(5¢cSt) and water system, Goel and O’Carroll (2011) report t value above 1 x 10° Pa s
around the start of drainage. In lower viscosity silicone oil (0.65cSt) and water system,
value of t close to 1 x 108 Pa s was reported in the region of highwater saturation values.
These values of t from Goel and O’Carroll (2011) are one order of magnitude higher than
2.7 x 10% Pa s recorded close to the beginning of displacement in this work (Figure 4).
Reasons for this may be explained to be due to lower viscosity ratio of the scCO2-water
system used in this work compared to the silicone oil-water system used by Goel and
O’Carroll (2011). Also, the size of the domain used in their work was higher than the one in
this work. It is known that the magnitude of T increases with increase in viscosity ratio and
domain scale (Bottero et al. 2011; Dahle et al. 2005; Goel and O’Carroll 2011; Joekar-
Niasar and Hassanizadeh 2011). Similarly, Camps-Roach et al. (2010), using higher
domain scale than the one in this work, report values up to 2 x 10° Pa s at the start of
displacement of water by air in air-water system. However, lower value of t (less than 5 x
103 Pa s) is reported around the start of a drainage cycle by Das and Mirzaei (2012) for
high viscosity silicone oil (200cSt) and water system.

In Figure 4, the values of 1 at low values of water saturation appear in the range of 1.3 x
10° to 8 x 10%°Pa s. This seems to be in agreement with values reported by the above
authors. For example, at low water saturation and close to irreducible saturation, Goel and
O’Carroll (2011) report values in the range 1 x 108Pa s for air-water system, 2 x 10 and 3
x108 Pa s for 0.65 and 5cSt silicone oil, respectively, in silicone oil-water system drainage
experiments. Similarly, Das and Mirzaei (2012) report values close to 1 x 10° Pa s around
irreducible saturation. In Figure 4, the t-S relationship in the same coarse sand samples
are shown for conditions at 40°C, 50°C as well as 1-S relationship in coarse sand
saturated with 0.1% surfactant solution at 40°C. The influence of temperature is visible
from the t-S relationship for coarse sand at 50°C which lies higher than at 40°C. This
shows that 1t increases with temperature. This finding is in conformity with the conclusion
of Hanspal and Das (2012). The influence of surfactant on t-S relationship is not very
discernible in the figure as the curve seems to overlie the 1-S curve in coarse sand at
40°C.
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Figure 4: Dynamic coefficients in coarse sand at 40°C, coarse sand at 50°C, and coarse
sand saturated with 0.1% surfactant at 40°C. All dynamic experiments conducted at 80.5

bar.

3.1.4 Effect of porous media permeability on t

It is known that the porous domains in actual sequestration aquifers are characterised with
heterogeneity in their properties (e.g., permeability, etc) (Yang et al. 2013; Das et al. 2006;
Aggelopoulos andTsakiroglou 2008). Two-phase flow experiments on soils with different
properties (e.g., permeabilities, etc.) result in different P°~S—K: relationships, i.e., causing
non-uniqueness in these curves (Das et al. 2006). Therefore, this section looks into the
impact of porous media property, namely, permeability, on t for scCO2-water system,
using finer silica sand (CH30) and the coarser sand (DA14/25). Properties of the two
porous media are listed in Table 1.

The P°-S curves for scCOz2-water system in fine silica sand are shown in Figure 5(A).
Similar to the behaviour of P°-S curves shown in Figure 2, the P°-S relationships remain
higher under the dynamic condition as compared to the equilibrium curves. This is an
indication of dynamic P¢ effect (Das et al. 2014; Khudaida and Das 2014; Abidoye et
al.2014; Hassanizadeh and Gray 1990). Comparison of the behaviour of the dynamic P°-S
curves for coarse (DA14/25) and fine (CH30) silica sand is given in Figure 5(B). The figure
shows that the P°¢-S curve is higher in fine sand than the coarse type. This can be
attributed to the increased pore pressure as a result of reduced pore space in the fine

sand domain. Similar finding was reported by Das and Mirzaei (2013). They found the P°-S
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curve higher in fine sand than the coarse sand. The entry pressure is noticeably higher in
fine sand. This can be attributed to the lower permeability of the fine sand sample as
shown in Table 1.

Low permeability has earlier been identified as one of the factors responsible for higher
dynamic effect in porous media (Tian et al. 2012; Das et al. 2007). Figure 5(C) compares
the desaturation rate of the water in the porous domains made of finer and coarse silica
sand. The figure shows that the desaturation rate (absolute value) is higher in coarse sand
than in the fine sand domain. As stated before, this can be attributed to reduced pore
space in the fine sand medium, leading to slow movement of fluids. Furthermore, the
increase in surface area as a result of the finer grains in the fine sand domain might
contribute to the slowing down of the displacement process. The curve follows similar
pattern as in the coarse sand sample with short rise in the desaturation rate followed by an
almost uniform desaturation rate till saturation value of around 0.3. In the fine sand
sample, the average peak in 9S/ot value (absolute) is 2.6 x 10“ (s™') while the
corresponding value in the coarse sand sample is above 6.75 x 10 (s™"). This shows that
displacement of water in the coarse sand sample is faster than in the fine sand. Figure
5(D) shows the t-S relationship in coarse and finer silica sand at 40°C. The figure clearly
indicates that the t-S curve is higher in lower-permeability medium, i.e., higher in fine
sand. Thus, going by the interpretation of 1, as explained by Das et al. (2007), it takes

longer in fine sand medium to reach the equilibrium than in coarse sand domain.
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Figure 5: (A) P°-S relationships for scCOz2-water system under dynamic and quasi static
conditions in fine sand (CH30) at 40°C, (B) Comparison of dynamic P¢-S relationships for
scCO2-water system in coarse and fine silica sand at 40°C, (C) Comparison of
desaturation rates in coarse and fine silica sand at 40°C,(D) Comparison of dynamic
coefficients in coarse and fine silica sand at 40°C. All dynamic experiments are conducted
at 80.5 bar

3.2 Numerical analyses

Numerical simulation was conducted to provide further basis for the results of the
experimental investigations discussed in sub-section 3.1 using the simulator STOMP as
discussed in sub-section 2.4. This will also affirm how well the experimental
measurements discussed above can be placed in the context of known approaches for

numerical simulations. However, the simulation does not investigate the influence of
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surfactant on the scCOz2-water system. Figure6 shows the numerically derived P¢-S curves
for material property equivalent tothat of coarse sand (DA 14/25) at different conditions
(quasi static and dynamic conditions) and temperatures of 40 and 50°C, respectively. For
most of the water saturation, the P°-S curves in the figure show that the dynamic P°-S

curves lie higher than the P¢-S curve under equilibrium conditions.

The curves in Figure 7 compare numerical simulation results of t-S relationship with the
experimental results in coarse sand at 40 and 50°C. In the figure, it can be appreciated
that the numerical t-S relationship compares well with the corresponding experimental
results for wide range of water saturation. Departure of the numerical results from the
experimental values only become noticeable at low water saturation values. Comparison
of numerical results of t-S relationships in coarse sand at 40 and 50°C is shown in Figure
7C. The plot shows that the 1-S curve at 50°C lies slightly above the curve at 40°C. This
corroborates the experimental findings above which show that the magnitude of z

increases with temperature.

To depict effect of porous media property on 1 -S relationships using numerical simulation,
the properties of the fine sand (CH30) were used and compared to that of the coarse sand
(DA 14/25) that was described earlier (Figures 6 and 7). Figure 8 shows the numerical P°-
S curves in fine sand (CH30) and the comparison of t-S relationships for fine and coarse
sand media. Figure 8B compares numerically simulated and the experimentally
determined t-S relationship in fine sand medium. The plots show that there is a good
match between the numerical simulation and experimental results. This confirms the
reliability of the experimental findings shown in Figure 5D. Figure 8C shows that the t-S
relationship is higher in fine sand than the coarse type. Hence, with appropriate material
characteristics, the 7t-S relationship can be successfully investigated with both

experiments and numerical simulations.
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The profiles of water saturation with time are shown in Figure 9 for the quasi static and
dynamic experiments in coarse sand at 50°C.

3.3. Dynamic P¢ effects in scCO2-water system and the impacts on the estimation of
relative fluid-fluid distribution in porous medium

Capillary pressure and saturation relationship (P°¢-S) is useful in the estimation of fluid
(e.g., oil and water) distribution in the reservoir (Pini et al. 2012; Benson and Cole 2008;
Tokunaga et al. 2013). Since the P°¢varies with the change in water saturation, the value of
measured P° gives an indication of the fractional space occupied by the oil/gas and water.
In the case of carbon geological sequestration, the measured P° offers information about

the aquifer content of CO2 and brine/water.

As discussed earlier, traditionally, the P°-S relationship is determined under equilibrium

conditions. With dynamic P¢ effect, difference/error is introduced into the relationship if
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applied to two-phase system under flow conditions, i.e., non-equilibrium conditions. In
order to illustrate this point further let us consider the equilibrium P°-S relationship for
scCO2-water system in coarse silica sand at 40°C, shown in Figure 2A. Under equilibrium
condition, when the P¢ of around 0.69 kPa is measured, the domain is about 70% water-
saturated. If the scCO2-water is under non-equilibrium condition, a measure of similar
magnitude of P° indicates the domain is about 90% water-saturated. Therefore, if
equilibrium P¢-S relationship is applied to the two-phase system, under flow conditions, the
porous domain water saturation can be considerably underestimated. This is an
implication of the dynamic P¢ effect. This difference can affect the judgement of the gas
migration in the aquifer as well as the aquifer storage capacity. The difference in the
calculation is further magnified by increased temperature. For example, at 50°C (Figure
2B), applying the equilibrium P°.S relationship for measurement at 70% water saturation to
the scCO2-water under flow condition introduces higher error to the estimation of the
domain water saturation. Furthermore, the effect of permeability raises the

underestimation of the domain water saturation at around the same saturation as above.

Thus, by using equation (2), the above errors can be eliminated with the knowledge of
dynamic coefficient, T, which correlates the error in the measured P° to the desaturation
rate data. The relation in equation (2) can be used to estimate the expected error under
the prevailing desaturation rate value. This can then be applied to quantify the true
equilibrium P°, which can then be used to estimate the actual saturation value of the

porous domain.

The above results bring to light the fundamental disparity that can be encountered in the
application of P°-S relationship in the study, monitoring, and control of scCOz-water
system in the porous media under the dynamic and quasi static conditions. The results are
important in the context of geological carbon sequestration. The dynamic effect has been
observed in the P°-S relationship for oil-water and gas-water system (see, references cited
above), but little has been reported about the phenomenon for scCO2-water system.
Recently, numerical investigations by Khudaida and Das (2014), and Das et al. (2014)
show that there is significant dynamic effect in the scCO2-water system. Thus, this work
serves as good complimentary experimental confirmation of the phenomenon of dynamic

Pe¢ effect and its consequences in the scCO2-water system.
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4, Conclusion

The significance of dynamic effects in scCO2-water flow system was investigated by using
novel experimental measurement technique together with numerical investigations. For the
scCO2z-water flow system, the magnitude of saturation rate dependencies of the capillary
pressure-saturation (P°-S) relationship, known as dynamic capillary pressure effect was
quantified by dynamic coefficient, *. Results show that the P°-S curve under dynamic
condition (drainage cycle) lies above the P°-S curve for the quasi static condition.

Tranges from 2 x10° to 6 x10° Pa s at high water saturation and 1.3 x 10° to 8 x10%pg4
saround the irreducible saturation. Tincreases with rising temperature but decreases with

increase in porous medium permeability. Numerically determined 1-S relationships
compare well with the corresponding experimental results for wide range of water

saturation.

Finally, the errors inherent in the estimation of porous media water saturation as a result of
ignoring dynamic P¢ effects were evaluated. By ignoring the dynamic capillary pressure
effect, the porous media water saturation is underestimated under normal condition. With
increased temperature, the error in the estimation of the water saturation increases. With
decrease in sample permeability, the degree of underestimation became more
pronounced. Clearly, this work shows the importance of accurate determination of fluid
distribution in porous media. This can be applicable to geological carbon sequestration,
especially during the period of fluid redistribution in the storage aquifer, following the

injection of supercritical COx.
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