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http://www.utcfses.org/

Summary statement: Our goal is scientific
understanding of subsurface physical, chemical and
biological processes from the very small scale to the
very large scale so that we can predict the behavior of
CO, and other byproducts of energy production that
may need to be stored in the subsurface.

RESEARCH PLAN AND DIRECTIONS

» Challenges and approaches: Integrate and expand our knowledge of subsurface
phenomena across scientific disciplines using both experimental and modeling approaches
to better understand and quantify behavior far from equilibrium.

» Unique aspects: The uncertainty and complexity of fluids in geologic media from the
molecular scale to the basin scale.

« Outcome: Predict long term behavior of subsurface storage.
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Highly Integrated
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Center for Frontiers of Subsurface

Energy Security (CFSES)

» Multidisciplinary research goals to bridge the physical,
biogeochemical, and geomechanical phenomena
across multiple scales from subpore to field scale

» Interdisciplinary team of biologists, chemists,
computational scientists, engineers, geologists, and
mathematicians

» Integrate theory and computational methods directly
Into laboratory and field studies

» Address grand-challenge carbon sequestration
problem



Coupled Physical and Biogeochemical

Complexity at the Subpore Scale

Research Focus Area 1

Vision and Goals

“*Understand CO,/brine/geo/bio pore scale behavior
= fully flexible CO, molecular dynamics simulations;

= CO, and H,0 interfacial processes through MD modeling
and high PT experiments;

= pore scale CO,+brine fluid flow

= CO, — Mineral microbe reactions and transport
Challenges and Opportunities
“*Developing CT scanned column flow apparatus
“*Deep CO, injection test - SECARB phase 3,

= 180 gas samples analyzed & interpreted to characterize
CO2-water-rock interactions.

Accomplishment and Highlights

“*Characterized microbial survival at high CO, pressures
“*Tested brine/CO./Microbe reactor design.

Path Forward

“*Experimental determination of Ca-brine/CO,/CH, EOS

Molecular dynamic
simulation 512 CO,
molecules

Confocal laser
“*Measurements of metal mobility scanning image of

. . . . ore-space
“*Measurements of microbial survival on minerals b P




Collaborations:

Framework

<* CFSES Is organized around 4 scales of _
observations, coordinated to achieve integration
and synergy across these scales.

<» Each of the focus areas work within their scope
of interest, while passing out critical results to
other focus areas, incorporating results,
Interpretations, and opportunities from others.

< This concatenation of results ensures that data
from one area can be upscaled (or downscaled),
and that results are validated by information or
inv?stigations at other spatial and temporal
scales.

<* The organizational design compels the research
focus areas to interact extensively and to
coordinate their activities



Collaborations: X-ray CT

Fle)

“» The High Resolution X-Ray CT facility at the
university of Texas is a NSF multi-user laboratory
facility that will be a focus of activity across
scales.

< This facility, housed in the Jackson Geosciences
Building, offers ready access to conduct
experiments with resolutions <5um, or object
sizes >30cm

Gas, water, and quartz sand in high pressure
column capable of flowing sc CO2.
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Confocal Pinhole <200

Light from above and
below the Focal Plane
dont pass the aperture

Paired labs using model
materials and organisms

Laser Souree.. with shared experimental

=/ goals allow collaboration
while still taking advantage

lﬁ;::taunn of institutional strengths.
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UT-CT Facility

» Will be used for imaging scCO,/water/minerals/biofilm in static and column
dynamic experiments

« XRadia MicroXCT
— 150 kV Hamamatsu closed source; spot size to 4-7 ym
— Cone beam data collection (up to 2048 slices)
— Voxel size down to 0.2 um, line pair detection to 1.5 um
— Successfully tested with high pressure multi-phase fluids in PEEK column



Mineral Physics

 Phase identification/transitions

e Crystal/Local structures
e Sound velocities

e Local electronic structures

* Dynamic, kinetics of reactions

High P-T Technigues

 Optical Raman/IR

« X-ray Diffraction

* Inelastic X-ray and Brillouin spectroscopies
« Transport properties (i.e., thermal) « Time-resolved laser spectroscopy

« X-ray Raman spectroscopy

 Dynamic diamond cell with fast detectors

Advanced Synchrotron Spectroscopies

Hydrothermal Diamond Cell Raman System at Jackson School
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Research Focus Area 2

Vision and Goals

“» Characterizing perturbed natural systems

“* Modeling across time and length scales

< Imaging flow and deformation

“* Engineering of perturbed multiphase systems
Challenges and Opportunities

% Upscaling and downscaling between pore and
continuum multiphysics

“» Capturing nonlinear coupling, resulting feedbacks
and emergent phenomena

Accomplishments and Highlights

“* New imaging and flow labs

“* Proof of concept of in situ CO2 foam generation

“ Field investigation at Crystal Geyser, Utah

“» Mortar method for pore-to-FEM models

Path Forward

% Testing hypotheses and assumptions about
multiphase flow

“ Integrating field, lab, and model

Sandstone pores unaltered (a) and
altered (b) by exposure to CO2

Using FEM mortars to link pore-level
descriptions

Pore-to continuum upscaling



Coupled mechanics, reactions, flow &

transport at the continuum to field scales
Research Focus Area 3

Vision and Goals
Develop scientific understanding of reactivation and
seepage of fluids along faults/fractures through __Crystal Geyser Natural Analog
experimental and field scale characterization, modeling and
monitoring

Challenges and Opportunities

% Characterization, modeling and monitoring of reactivation
and seepage of fluids along faults } I

< Understanding and analyzing scale up characteristics of - o AL
subsurface processes S

< Seismic monitoring of a sequestration field site, prior, — = |
during and post injection

Accompll_shment and nghllqhts Dickman site, KS — US DOE

< Determined CO, reservoir escape paths at Crystal Geyser funded CO2 sequestration
natural analog using mineralogical analysis project

< Improved reservoir characterization using seismic for the
CO, sequestration project at Dickman, Kansas

“* Mathematical/statistical scale-up analysis of flow processes =
% Path Forward . t

< Analyze pressure and injection data at Cranfield site to
determine signature of faults on the data collected

<+ Develop faster cellular automata model to describe episodic
behavior of faults subject to high-pressure fluid source.

Fossil seep site--travertine
|
|

)
n
|
Ll .f } |

R |
Somflan’
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Simulation of Multiscale, Multiphysics,

Heterogeneous Systems

Research Focus Area 4

Vision and Goals
% Synthesize and build upon first 3 Focus Areas
“» Develop cutting-edge couplings across scales

< Model and simulate the subsurface to make long-
term, reservoir scale predictions

Challenges and Opportunities |
“ What models are needed to assess CO, fate? Modeling fluid flow
“» How do fluids flow in damaged cap rocks? and geomechanics
% How can we be computationally efficient? with fractures

Accomplishment and Highlights

“ Preliminary simulations of field pilot test data _I-

L)

% Multiscale and general gridding methods
< Simulation of flow in pervasive fractures

Path Forward

R/

“ Work with other Tasks for needed models
“ Create novel physics-based simulation tools

CO, leakage
through an
abandoned well




Some Specific Objectives of Focus Area 4

Models and Numerics
Modeling multiphase compositional flow in realistic geometries.
Assessment of numerical accuracy via adaptive error estimators.
Enhance phase behavior and physical property models.
Multiscale modeling of medium heterogeneities.

Modeling geomechanical effects on the medium, including
fractures.

Couplings and Solvers

Coupling of geochemical, geomechanical, and geobiological
multiscale processes with flow and transport.

Implementation of efficient and accurate parallel multiscale and
multiphysics solvers and time-stepping.

Field studies of CO2 demonstration sites that include
parameter estimation (V&V) and uncertainty quantification.




a Gas Flooding Process

Applying Inspectional Analysis

Assumptions:

Total number of unknowns: 21

Total number of Equations: 21
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41 Parameters and 27 Dependent Variables




Peng-Robinson Equation of State
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Peng-Robinson Equation of State
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Phase Diagram for H,O-CO, Mixture
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Key Issues in Storage

What is the likelihood and magnitude of CO,
leakage and what are the environmental
Impacts?

How effective are different CO, trapping
mechanisms?

What physical, geochemical, and geomechanical
processes are important for the next few
centuries and how these processes impact the
storage efficacy and security?

What are the necessary models and
modeling capabilities to assess the fate of
Injected CO,?

- —- drinking-water
What are the computational needs and groundwater s aquifer

capabilities to address these issues? flow
How these tools can be made useful
and accessible to regulators and industry?

deep brine aquifer




Numerical simulation
Characterization (fault, fractures)
Appropriate gridding
Compositional EOS
Parallel computing capability

Key processes
CO.,/brine mass transfer
Multiphase flow

v During injection (pressure driven)
v’ After injection (gravity driven)

Geochemical reactions
Geomechanical modeling
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Hysteresis in Gas Relative Permeability
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Physics Based Solvers
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Convergence Test for MFMFE

on General Hexahedra
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Numerical Simulations of Geological Storage off \ &

Supercritical CO, in Deep Saline Aquifers

CO2 sequestration simulation with IPARS
Injection strategy on sequestration performance.
Geological trapping mechanisms, permanent trapping.
Solver and grid efficiency for IPARS.

CO2 phase behavoir and petrophysical process
Equation of State plays a role in modeling the CO2.
Comparison of CO2/water phase behavior model with measured data.
Model CO2 solubility in water as a function of salinity.
The effect of CO2 phase transition on petrophysical properties.

CO2 dissolution into the formation brine is affected by both P and T, as
well as salinity.

Relative permeability hysteresis and interfacial tension

The impact of interfacial tension and pressure gradient under typical CO2
Injection conditions on relative permeability and capillary pressure.

Critical review of existing hysteresis models of relative permeability and
capillary pressure and comparison with published laboratory data.

Implementation of a hysteretic relative permeability model in IPARS.




Enhanced Velocity Method on Locally

Refined Grids for CO, leakage Problem

Grid: 5 blocks 40K elements. —
11X35X12, 11X37X12, Inj Well I_a.’;-nl,"‘.l'_d.: Aguifer
11x9%x24,11x7x24,20x40x31

Non-matching grid

Constant pressure Dirichlet BC
EOS, CO, immiscible in brine g—
24 processors :

5-block non-matching grid (fine around wells) Processor distribution (dense near wells)




Simulation of CO2 Benchmark Problems
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CO, leakage
through abandoned well

CO, saturation profile for leaky well
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Benchmark Problem 3: Porosity

v Left: Porosity from true geometry given in a prescribed format.

v Right: Approximated porosity after interpolation onto a stair-step grid. Arrow
Indicated injection well location.

True porosity Approx. porosity

POROSITY

Porosity 0.245
0.245 0.240
0.240 0.235
0.235 ] 0.230
0.230 0.225
0.225 0.220
0.220 0.215
0.215 0.210

0.210 0.205
0.200
0.195
0.190
0.185
0.180
0.175
0.170
0.165

0.205
0.200
0.195
0.190
0.185
0.180
0.175
0.170
0.165




Benchmark Problem 3 Results @ 50 yrs

TEMP

221.89
21949
21710
214,70
21231

209.92
207.52
20513
20273
200.34
197.94
195.55
19315
190.76
188.37




Coupled Flow and Fracture

Uimplemented a self-adaptive quasi-static
algorithm into transient dynamic pervasive
fracture code

e added velocity and frequency dependent
critical damping term
» adaptive Rayleigh quotient to get

participating natural frequency Mechanical fracturing results in CO,
* mesh homogenization (uniform CFL) to containment breach

transmit information uniformly throughout

the mesh

Qlinitial assumptions made regarding fracture models

Applied Load

« Assume that fractures are present and initially impermeable
Consider only fractures that run completely through the caprock
Fractures are only allowed to reactivate along specific orientations
Caprock material is modeled as a hyper-elastic material with a Deecten
cohesive zone traction model for separation



Coupled Flow and Fracture

LAnalyses considered to date
*solved single crack, variable orientation problems
eangles O (vertical) to 45 degrees
spressure and/or displacement loading
selastic material response with cohesive zone model for fractures

LDeveloped analytic porous flow solution for flow in fracture
squasi-steady flow initially, moving to transient (under evaluation)
*network model based on lubrication theory
sallows for variable aperture fractures
eacts as pressure loading on crack faces

ULeveraged development to handle multi-sided elements into EXODUS database

ULeveraged development to get a general mesh tool for random Voronoi meshes




Cranfield Stacked Storage Field Test

Phase 3.
2 observation wells, multiple injectors, 1 Mt/yr
Various monitoring tools
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New Approach

*

Dissolved CH4 is typically about 30 SCF/BDbl of brine

Estimates of dissolved CH4 in aquifers along the Gulf Coast
range from 3000 to 46,000 TCF (Griggs, 2005) compared to
238 TCF (US proven reserves) to 1,700 TCF (US total including
unconventional resources)

In the 70s and 80s, researchers investigated geopressured
aquifers saturated with methane (CH4)

Wells were drilled and tested

* The Pleasant Bayou No. 2 well produced 330 MMSCF of natural
gas from 1979 to 1983

= Gladys-McCall No. 1 well produced 675 MMSCF and 27 MMbbls of
water from 1983 to 1987

When CO2 dissolves in brine almost all of the CH4 forms a
separate gas phase



Pliocene
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Key Limitation to Geologic CO, Storage: Contro
Pressure Increase During Injection
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Questions

** What fraction of the methane can be
produced and at what rates

< What is the total volume of CH, that can be
produced and the total volume CO, that can
be stored in geopressured aquifers

< What is the best strategy for injecting CO,
and producing CH,

< What is the economic benefit of producing
CH, and/or geothermal brine saturated with
CH,

< What are the most important problems
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Partial List of Complications

and Uncertainties

% Produced CH, mixed with CO,

< Aquifer heterogeneities, faults, barriers, ...

< Relative permeability hysteresis/gas trapping
< Impurities In injected CO,

< Uncertainties in aquifer size and properties
“* Pipe scaling and plugging by reservoir brine
“* Uncertainties in how to operate wells

< Uncertainties in cost to operate

< Uncertainties in government regulations and
Incentives



CFSES External Activities

A Teacher Workshop on “The Role of
Computation in Protecting the Environment: A
Workshop on Carbon Sequestration Simulation
for High School Mathematics and Science

Teachers.”
June 15-16, 2010
hosted by
M. Wheeler, M. Delshad, T. Arbogast, and 1.
Duncan

Funded by NSF and DOE



Outreach Program

Center for Subsurface Modeling
(CSM), Institute for
Computational Engineering &
Sciences, Bureau of Economic
Geology (BEG) and Institute for
Geophysics

The University of Texas at Austin

The role of Computation in Protecting the Environment:

The Role of Computation in
Protecting the

A workshop on Carbon Sequestration Simulation for

High School Mathematics and Science Teachers

Schedule of Events

TARGETING:
» High school teachers of
mathematics and science

» Advanced high school students
» Undergraduate students withan

interest in high school teaching neaday, Jjne s, S0

ome and Opening Remarks Break
PURPOSE: Tour of the laboratory facilities
Build-up of greenhouse gases in the
atmosphere, such as carbon dioxide
(C02), 15 a senous environmental

Greenhouse gas emissions
> World energy demand »  Institute of Geophysics
» CO, buildup in the atmosphere and ¥  Bureau of Economic Geology

plobal warming > T Advanc:

problem facing the global community
It is considered one of the world's
Grand Challenge problems by the Gedlogic Sequestration
National Academy of Engineering, What it is
" | because to solve it requires both i B Wednesday, June 16, 2010
Exciting and Distneu SRkte g an ore it has been dene
Fascinating Workshop TECHNOLOGY SOLUTIONS 3 dh”""“s"f 945 Break Fieid experiments
for Science and THAT PROTECT OUR INTEREST IN THE OKking togethas e o Clorge f ey s e NN aro idalhg 1 CL Brosesas
Mathematics Educators FUTURE g > Overall chalienges
EDUCATORS WILL RECEIVE AN The worksh aform and challenge There will be discussions on laberatory and preventing greenhouse passes from Injectivity cale CO; simulstion
HONORARIUM FOR ATTENDING. high sch tney can intum field experiments, mathematical modeing entering the atmosphere is geologic o Leakage Parallel processing
> Halsl accommdation wil be provided for S 12 et e i e S b ke el ol We R A Rl i 5 Mentoing
outof lown participants. I T R r':ﬁP! rm“i "“:":::ﬂr:gl fossil (Revniitn UT-Chem, a grouncwater simulator
s e sophisticated ground imulator as mmdagow:;: i&lm'gc.g;lugicnahnc et
omphinantary sasie , - » Roleoic simulation
> Dinner on June 15 wil be sened on & % angage and. pisus e it aquifers or depleted oil fields
Coloratio River stearm boat &nd sclufion of the world’s Grand high school students, perhaps leading Predictive computational simulation LA AL T

One and & half day program

Hosted by CSM and BEG al the University
of Texas, and funded by the National
Science Foundation's Cyber-Enabled
Discovery and Innovation (CDI) program
and the Department of Energy's Center for
Fronbiers of Subsurface Energy Security
(CFSES)

Location:
J.J, Pickle Research Campus

Challe Hlustrated by the e to careers in mathemalics and
anmentally important carbon storage once

problem.

Dino Golgaen ¢

may be the only means to provide an
adequate assessment of the risks to
public health and project failure.

11:45 Lunch (provided)

Numerical approximations
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SciDAC-e Projects

Patrick Knupp : “Mesh generation for modeling and
simulations of carbon sequestration processes”

Michael Heroux: “Algebraic multi-grid methods for
modeling, simulation and uncertainty quantification of
carbon sequestration processes on multi-core architectures”



