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Benefit to the Program

* Program goal:

o ‘Develop technologies that will support industries’ ability to predict
CO, storage capacity in geologic formations to within £30 percent.’

 Benefits statement:

o The research project is focused on performing reservoir conditions
experiments to measure steady-state relative permeabillities,
residual saturations, interfacial tensions, and contact angles to
Inform models at pore, core, and reservoir scales. These can then
be used to develop improved understanding of displacement
mechanisms leading to design of strategies to maximize trapping.
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Project Overview:
Goals and Objectives

e Goal:

o The overall goal of this project is to provide information that will assist in maximizing the
permanent trapping of supercritical CO, (scCO,), and co-contaminants (referred to as ‘'mixed
scCO,") in deep saline aquifers.

* Objectives:

o Measurement of reservoir conditions drainage and imbibition relative permeabilities, irreducible
brine and residual mixed scCO, saturations and relative permeability scanning curves
(hysteresis).

o Characterization of wettability through measurements of contact angles and interfacial tensions
under reservoir conditions.

Development of physically-based dynamic core-scale pore network model.

Development of new, improved high-performance modules for the UW-team simulator to provide
new capabilities to the existing model in order to include hysteresis in the relative permeability
functions, geomechanical deformation and an equilibrium calculation (for mixed scCO,).

o Validation of the compositional reservoir model against well-characterized unsteady-state core-
flooding experiments.

o Numerical study of long term permanent trapping of mixed scCO,, through high-resolution
numerical experiments taking into account reservoir heterogeneity, saturation history, dissolution,
capillary trapping and geomechanical deformation.
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Technical Status

Project includes two major groups of tasks (6 UW faculty members):

1. Experimentation and Modeling: Pore and Core Scales

« Task 2: Relative permeability measurements at reservoir conditions
« Task 3: IFT and CA measurements at reservoir conditions

« Task 4: Dynamic pore-scale modeling to predict k. and P functions

2. Modeling and Simulation: Core and Field Scales

 Task 5: Reservoir modeling activities

« Task 6: Development of the UW-team compositional simulator
 Task 7: Geomechanics model development

« Task 8: Field-scale numerical experiment
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Experimentation and Modeling
Pore and Core Scales

 Measurement of relative permeability functions

* Development pore-scale network models
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Measurement of scCO,/brine steady-state
drainage & imbibition relative permeabillities (rask2)

§ CT scanner in vertical and
horizontal orientations
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Measurement of scCO,/brine steady-state
drainage & imbibition relative permeabillities (rask2)

Vertical positioning
system
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Measurement of scCO,/brine steady-state
drainage & imbibition relative permeabilities (rask2)
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Measurement of scCO,/brine steady-state
drainage & imbibition relative permeabilities (rask2)
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Measurement of scCO,/brine steady-state
drainage & imbibition relative permeabilities (rask2)
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Measurement of scCO,/brine steady-state
drainage & imbibition relative permeabilities (rask2)
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Development of physically-based dynamic
pore-scale network model (rask 4

Millions of pores and throats. They represent the size,
distribution and connectivity of micro pores.
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Development of physically-based dynamic
pore-scale network model (rask 4

Equivalent pore network
constructed for
Bentheimer Sandstone
using high-resolution
microtomography images.
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Development of physically-based dynamic

pore-scale network model (rask 4
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Development of physically-based dynamic
pore-scale network model (rask 4
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Modeling and Simulation
Core and Field Scales

* Reservoir Modeling Activities

« Development of the UW-team Simulator

University of Wyoming
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Reservoir Modeling Activities s«s

* Relative permeability hysteresis

o Construction of a mathematical model of two-phase relative
permeability hysteresis measured experimentally at deep
reservoir conditions

o Analysis of its wave structure, by solving the associated
Riemann problem, and development of an appropriate
numerical procedure for its simulation

o Code verification

University of Wyoming
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Reservoir Modeling Activities
Relative Permeability Hysteresis

Two-phase relative permeability functions constructed to fit the
experimental data
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Reservoir Modeling Activities

Relative Permeability Hysteresis

« Mathematical analysis (Riemann solutions) vs.

numerical solutions

o Fully nonlinear system describing mass conservation and hysteresis effects

o Example:

 Gravity points to the left

« Solution: Stationary discontinuity
and a right-propagating shock

o Naive numerical schemes: incorrect
answer

University of Wyoming
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Development of the UW-team simulator

(Tasks 6 and 7)

« Multi-phase, multi-component, compositional model for
CO, injection development

o To be used both at the core scale (model validation) and
field scale (prediction of injected CO, location)

o Educational tool: code development (graduate course
developed and taught), HPC
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Development of the UW-team simulator
Strategy for discretization

* Operator splitting:

o The problem is decomposed into components
representing relatively simple physics

o Accuracy:. adequate numerical methods for distinct PDEs

o Computational efficiency: distinct time steps for distinct
physical processes

Example: 2-phase flows
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Development of the UW-team simulator
Numerical methods

 Locally conservative procedures:

o Hyperbolic systems: Explicit, high-resolution Central
Schemes
o Riemann solvers not needed
o Naturally parallelizable in CPU-GPU machines
o Correct solutions: hysteresis

o Elliptic and parabolic problems: Mixed finite elements

o Accurate velocity fields in the presence of rapidly varying
coefficients

o Parallelization through multiscale mixed methods in CPU-GPU
machines
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Development of the UW-team simulator
Model validation: Bayesian framework

e Context
o Characterization at the mm scale
o Prediction at the core scale

o Goal: validation of the compositional model at the Darcy scale
against experimental data

* The framework for UQ: MCMC/MC

o Static data: porosity field at the mm scale (perm. field unknown)

o Dynamic data: saturation fields at the mm scale, pressure drop,
production curve
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Development of the UW-team simulator
Model validation: Bayesian framework

Reservoir-conditions drainage experiment




Accomplishments to Date

1. Milestones 1-4 were completed:

©)

©)

©)

(@]

o b~ W DN

Update Project Management Plan - Hold kickoff meeting of Pls with govt. partners
Acquisition of rock samples and micro-CT images for pore-level network model
Measurement of unsteady-state core-flooding experimental data required for code validation
Measurement of steady-state relative permeabilities for code validation

. A new state-of-the-art IFT and contact angle apparatus was built from scratch and validated
. Development of fully parallel dynamic pore-scale network model is nearing completion

. Development of hysteresis model was completed

. Development of phase equilibrium calculation module for scCO,, SO,, and

brine is nearing completion

o

. Development of compositional simulator was completed

7. Code validation for the UW-Team simulator (Milestones 5) is on track for completion in
September

8. Active dissemination of findings through publications and presentations in scientific meetings

University of Wyoming
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Summary

+ Key findings

o Significant fractions of initial CO, in place can be stored through residual trapping
o Lower initial CO, saturation leads to higher trapping efficiency (R:SCOZr/S?g)Z()

o Trapping efficiency between 49 to 83% of CO, in place
O

Accurate numerical approximation of transport problems with hysteresis

* Future Plans

o Perform additional relative permeability and residual saturation measurement
experiments at reservoir conditions

Develop a fully parallel version of the phase equilibrium module

Dynamic pore-scale modeling of imbibition in large networks

Completion of geomechanics module

Compositional reservoir simulations on large computer clusters, UQ studies

O O O O

University of Wyoming 27



Thank you
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Appendix-
Organization Chart

Structural,
Stratigraphic, &

Geophysical Data

from UW-SCP

Fluid
Composition

Core Samples &
Fluid Compos.

from UW-SCP

from UW-SCP

Validation

UW-SCP = UW's Site Characterization Project (Rock Spring Uplift)
UW-CIP = UW's CO2 Injection Project (Rock Spring Uplift)
SER = School of Energy Resources (UW)
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Appendix - Gantt Chart

BP1 -Year 1 BP2 - Year 2 BP3 - Year 3
Task | Description

Q1[Qz[qQ3[qQ4|Q1[Qz[Q3[Q4[Q1[qQz[ Q3| Q4

1 Project Management and Planning 8 17 | 25 [ 33 | 42 [ 50 | 58

Measurement of mixed scCOz/brine steady-state drainage 15 |25 138 |50 | 60 |65 |70
2 and imbibition relative permeabilities in samples from RSU
at reservoir conditions

Measurement of mixed scCO;/brine interfacial tension and

3
contact angles at reservoir conditions
4 Development of physically-based dynamic parallel core- 15 26 | 32| 38 [ 45 | 51 | 60
scale pore network model for samples from RSU
5 Reservoir modeling activities 17 |34 [ 40 | 52 [ 63 | 70 | 85
6 Development of the UW-team simulator 5 10 [ 25 [ 33 [ 50 [ 65 [ 75
7 Development of a computational module for geomechanical | 0 0 0 10 | 18 | 30 | 60
deformation

8 Field-scale numerical experiments 5 10 | 17 | 25 | 30 | 40 | 50
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