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INTRODUCTION

Sequedtration of CO, by injection into deep geologica formations is a method to
reduce CO, emissons into the atmosphere. However, when CO; is injected underground, it
forms fingers extending into the rock pores saturated with brine or petroleum. This flow
ingability phenomenon, known as viscous fingering, is sgnificant for CO, sequestration because
it will govern the avalable volume for CO, storage in the degp formation. Thus a gresater
understanding of viscous fingering could ultimately lead to increased capecities for CO,
sequestration.

In our study, an experimental method is developed for providing a fundamenta
understanding of geologica sequestration (Ogunsola, et d., 2000). In this experiment, a flow
cdl, which is an atificid porous medium made by etching channds of random width into glass
plates, is used to smulate the CO, displacement of brine insde the opague rock pores. Since
the flow cdll is transparent, the viscous fingering can be observed during the gas digplacement of
water through the flowcell. Images of the flow can be recorded and used to anayze the flow
patterns and calculate saturations of water and gas. The pressure drop through the flow cell can

aso be measured and the relative permesbility can be caculated.

To provide predictions and an explanation of the experimental results, a numerica
smulation of this experiment is dso conducted with FLUENT™ (a computer code for fluid
flow). Here a “flow cdl” with square-lattice grids of square cross-section flow channdls is
sudied numericaly. The geometry of the “flow cdll” and the width of the channds are close to
those of the physicd flow cell. The boundary conditions, such as the inlet flow rate and the
outlet pressure are chosen to be smilar to the experimenta conditions. The VOF free surface
mode of FLUENT™ Code is used in the analysis. This modd is appropriate for studying two
or more immiscible fluids with or without surface tenson (Fluent User Guide, 1994). In this
sudy, the smulations are performed for different fluid viscosity ratios with zero surface tenson.
Therefore the andyss is gpplicable to miscible fluids and/or the cases that the surface tension

between the two immiscible fluidsis very small.



The advantage of the computationd modd is that it provides the magnitudes of
pressure, velocity, saturation and other properties of the fluid phases a each grid of the
“flowcdl.” The data may then be used for evaduating the rdaive permegbility of different
phases in the flow cdl. The study shows that the rdative permesbility is a strong function of
saturation.  Furthermore, the relative permesbility dso varies with the flow pattern and the
viscosty ratio of the fluid phases.

OBJECTIVE

The objective of this project is to improve the efficiency of CO, geologica sequestration
in oil fields and brine saturated fields, to provide a more accurate description of two-phase flow
in sequedtration, and to develop a better understanding of the displacement of oil or brine by
CO..

APPROACH

In this project, first a laboratory experiment is conducted. A flow cell, which is an
atificid trangparent porous medium, is used in the experiment. Pressure and flow rate of
injected gas and digplaced water are measured. The images of viscous fingering in the flow cdl
are recorded and andyzed to obtain resdual saturations of gas and relative permeabilities of
water and gas. Variations of flow pattern and relative permeability with the fluid properties, such

as viscosty and dendity, and injection conditions, such as gas flow rate, are studied.

A numericdl smulation of the experiment is dso conducted with the FLUENT™
computational code. The multiphase flow modd for two immiscible fluids is used to Smulate the
experimental conditions in the flow cdl. The numerical results are to be compared with the
experimenta results and those obtained from other numerical models, such as pore-level mode

of CO, sequedtration in ail fidlds and brine fidds (Bromhdl, et a., 2001; Ferer, et a., 2001).



PROJECT DESCRIPTION
EXPERIMENTAL SECTION

The experimenta flow system, which is shown in Figure 1, conssts of aflow cdl, which
smulates the porous medium, a syringe pump, which provides a congtant-volume-rate injection
of gasinto the flow cell, a pressure transducer for measuring the pressure drop across the flow

cdl, and a baance for measuring the mass of displaced liquid.

The flow cell ismade by etching channds of random width into a glass plate and fusing a
second, flat plate to it, thereby creating a network of enclosed channels connected to inlet and
outlet manifolds. Two flow cdls having different channe widths were used in this sudy: Cdl #1,
with channd width uniformly digtributed from 175-575mm, and Cdl #2, with channd widths
from 260-1305mm.
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Figure 1. Experimentd flow system

COMPUTATIONAL SECTION

A computational mode for the “flow cdl” is developed, where atotd of 3 206" 206
grids were used. The square-lattice channels with an average width of 200 microns are
digributed uniformly in the computationd cdll, with the top and bottom layers being “seded” as
boundaries. At the initid time the “flow cdl” is flooded with fluid 1. Then fluid 2 is injected from
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the inlet on the left Sde into the flow cell with a congtant flow rate and the fluid 1 is displaced out
of the flow cdl from the outlet on the right hand sde.

RESULTS

This section presents results from experiments and numericd sSmulations with
FLUENT™ . Pictures of the flow patternsin experimental and numerical smulations are shown,
the phase permesbilities of fluid 1 and 2 are computed, and the relation between phase
permesabilities and saturation is presented.

Figure 2 shows the flow pattern formed by injection of gas into a water-saturated cell.
The flow cdl is horizontd; and the cell inlet is on the left and the outlet is on the right. The ar
injection rate is roughly 0.5ml/min and the picture is taken a 10s after gas began to flow into the
cdl. In thisfigure, the bright areais occupied by gas and the water isin the dark area. It is seen

that the gas penetrated into the flow cell and forms an irregular fractd interface with water.

Figure 2. Picture of flow pattern in flow cell for agasinjection rate of 0.5ml/min at 10s.

Figure 3 shows a sample smulation result of the saturation condition in the “flow cdl”
after fluid 2 isinjected into the “flow cdll” for 10.5s. Here the viscosity ratio of fluid 1 to 2is 58,
the dendty retio is 1000, and the surface tenson is zero. The injection rate of fluid 2 is
0.5ml/min. Inthisfigure, saturation of fluid 2 increases form O to 1 asthe color of the channd



varies from dark blue to red. Itisaso |
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CO, sequestration. Figure 3. Vaiaions of volume fraction of fluid 2 in

the smulated flow cell.

To andyze the amulation data, a “moving average’ method is used. Here a moving
“window” of 206" 16 grids is condgdered and moving averages across the “flow cdl” are
evauated. Average saturation, pressure drop across the window, and velocities of fluid 1 and 2
in each block are computed. In Figure 4, the average saturation of fluid 1 and fluid 2 are shown
for each block. Here the average saturation is evaluated using
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saturation of fluid 2 decreases greciually from Figure 4. Average saturation of fluid 1 and 2 a

the left dde to the right sde of the “flow each block.

cdl,” while the saturation of fluid 1 increases



with an oppodte trend. Variations of computed saturation in Figure 4 are Smilar to those seenin

Figure 3.

Smilarly, the average velocities of fluid 1 and 2 across the cdl are evduated by a
moving averaged defined as
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To compute the pressure drop variations across the cell, first the average pressure at the

inlet and outlet of each block are evduated. That is
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The pressure drop of each block is given by

DPi = RI - PiO (4)



where P, refers to the average pressure a inlet or
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Figure 6 presents the pressure drop across
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pressure difference between the inlet and outlet of
each block increases gradudly across the “flow

cdl”

According to Darcy’ s law, the phase permesbilities of fluid 1 and 2 are defined as
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where Kk, is the phase permesbility, m is the o
viscodty and L is the width of each block. 8t
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BENEFITS

The present experimentd approach provides a visble image of the flow pattern during
the displacement of one fluid by another. The process can be observed and recorded to provide
detailed information of the nature of multiphase flows in porous media. The laboratory data can
then be used to test a variety of different computationd modes. The computationd modd dso
solves the exact dynamica equations for aviscous flow in smal channels. Therefore, the modd
can accurately account for the viscous effects of the multiphase fluids flows in porous media
Extensons of the present study could aso be used for assessing the limitations of the Darcy flow
mode for sequestration of CO, in formations saturated with oil and/or brine.

FUTURE ACTIVITIES

The future experimenta study includes the further development of experimental methods
to improve the accuracy of measurement of pressure and flow rate. Another important aspect is
to conduct the experiment with different orientations of the flow cell. The plan is to repeet the
experiment with the flow cdll set horizontdly or verticaly to measure the effect of gravity on the
flow pattern.

Development of more detailed computer smulations is dso an important part of the
future sudy. We plan to study effects of the flow cell geometry and properties of different fluid
phases, aswell asinjection conditions. We aso plan to use the FLUENT™ code to develop a
refined computational modd of the flow cdl and account for the surface tenson and capillary
effects as well as contact angle in addition to the viscous effects. The god is to provide a better
understanding of the effects flow patterns and residud saturation on the relative permesbility

under various conditions.
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