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Requirements on Modelling Tools for CO,, Storage

Complex processes: Different time scales:
100
° hyd raUIIC E tsrtar:;:a;al EDG IS E T
- compositional = apping
; increasing storage security
e thermal s solubility
£ rapping o ineral
* geomechanical o trapeia |

1 10 100 1,000 10,000

P time after stop of CO,—injection (years)

» geochemical
IPCC, 2007

Different length scales

F. Schéafer
& L. Walter, 2011
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Outline

e Motivation

e Overview of DuUMuX

e Applications

e Setting up an application
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DuMu*: DUNE for Multi-{Phase, Component, Scale,
Physics, ...} Flow and Transport in Porous Media

DuMu*
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Some Example Applications

water saturation
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Modular Design of DuMuX

DuMuX

Applications Simulation

Control

*\\ Model Concepts / il
. for e
= Flow and Transport .
\ in Porous Media /

Material Numerical

System Scheme

Property
System
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DUNE: Distributed and Unified Numerics Environment

Distributed and Unified Numerics Environment

Core Modules
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DUNE: Distributed and Unified Numerics Environment

dune-1i1stl: iterative solver template library

Direct solvers:

— SuperLU
— Pardiso

lterative solvers:

— BICGSTAB
— AMG
— and many more see dune-project.org
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Modular Design of DuMuX

DuMuX

Simulation

Applications Control

Material
System

Numerical
Scheme

Property
System

DUNE
[ ]
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Available Models

fully-implicit semi-implicit
Stable Stable
1p, 1p2c, 2p, 2pni, 2p2c, 1p, 2p, 2p2c
2p2cni, 3p3c, 3p3cni, MpNc,
Richards, (2cni)Stokes, co2,
co2ni, 2pDFM, geomechanics

Developer Developer

geochemistry, 2p2cni, 3p3c
MpNc-nonequilibrium, 2pMINC,

coupling: temporal, multi-process, multi-scale, multi-dim., multi-compartment

p = phase, ¢ = component, ni = non-isothermal
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Mathematical Model co2 and co2ni
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Modular Design of DuMuX

DuMut

o Simulation
Applications Control
\r\\ Model Concepts //{
\\ for /f
N Flow and Transport 5
\ in Porous Media /
Material
System

Property
System

DUNE
[ ]
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Numerical scheme for fully implicit models
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Modular Design of DuMuX

DuMut

Applications Slgﬂol:‘l::;clnn
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Simulation Control

]
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Modular Design of DuMuX

DuMu¥X

Applications > Icmol:::::lm
\r\\ Model Concepts / /
\\ for //
N Flow and Transport A
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Material Numerical
System Scheme

Property
System
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Material System

Application Model
Concept

Material System

Fluid System Fluid State Spatial
Interface for Container for Parameters

COMpPONEMES primary and e.g. Porosity,
Constraint secondary permeability etc

variables
Solver

Calculates phase
composition

Comp Fluid — Matrix

N Interactions
Relative perm., cap.
Pressure etc.

Comp
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Material System

Application Model
Concept

Materlal System

- _ _
E id System Fluid State Spatial

Interface for Container for Parameters

P e primary and e.g. Porosity,
Constraint secondary permeability etc

variables
Solver

Calculates phase
composition

Comp Fluid — Matrix

N Interactions
Relative perm., cap.
Pressure etc.

Comp
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The Material System: Fluid System

Selected Available Implementations
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The CO, — Brine Fluid System
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Material System

Application Model
Concept

Material System

Fluid System Fluid State Spatial
Interface for Container for Parameters

COMpPONEnts primary and e.g. Porosity,
Constraint secondary permeability etc

variables
Solver

Calculates phase
composition

Comp Il Fluid — Matrix

Interactions
Relative perm., cap.
Pressure etc.

R
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The Material System: Component

Selected Available Implementations
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The Component CO,
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The Component Brine
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Material System

Application

Material System

Fluid System
Interface for
components

Constr

Solver
ﬁaéméaﬂ:gz phase
mposition

primary and e.g. Porosity,

Model
Concept

Fluid State Spatial
Container for Parameters

permeability etc

Fluid — Matrix

interactions

Relative perm., cap.
Pressure etc.
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The Material System: Constraint Solver

Selected Available Implementations

[ =05 ({20}, Tas Pa)Pah
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Material System

Application Model
Concept

Material System

=
Fluid System ’ Spatial
Interface for ntal Parameters
components P DrIMAr g. Porosity,

Constraint ermeability etc

Solver
Calculates phase
composition

Fluid — Matrix

interactions

Relative perm., cap.
Pressure etc.
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The Material System: Fluid State

Selected Available Implementations
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Material System

Application Model
Concept

Material System

Fluid System Fluid State Spatial
Interface for Container for Parameters

COMpPONEnts primary and e.g. Porosity,
Constraint secondary permeability etc

variables
Solver

Calculates phase
composition

Comp Comp

n eractions

|| Relative perm., cap.
|| Pressure etc.

A R AR
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The Material System: Fluid-Matrix Interaction

Selected Available Implementations
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Material System

Application Model
Concept

Material System

Fluid System Fluid State
Interface for Container for

components primary and

; secondary
Constraint variables

Solver
Calculates phase
composition

Fluid — Matrix

Interactions
Relative perm., cap.
Pressure etc.

Comp Comp
n
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The Material System: Spatial Parameters

Collects all parameters that may vary depending on the location within the
porous medium

Local assignment of intrinsic properties like porosity, permeability, heat
capacity, or material law parameters
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Outline

e Motivation

e Overview of DuMuX

e Applications

e Setting up an application
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Problem Oriented Benchmarks

1. Injection into saline formations including well leakage and
large-scale computation in a heterogeneous formation
Nordbotten et al., 2005, Class et al., 2009

2. 3D, reservoir-scale problems
Class et al., 2009

3. Long term problem: furthest updip extent of CO, plume
Nordbotten et al., 2012
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Problem 1

- —-:f’k
aquifer 30 m
" " " /
injection well leaky well
l I a(Kard\ 100 m
CO2 plume - ||~ aquiter 30 m
= || 100 m

\ Leakage scenario as described in J.M. Nordbotten et al., 2005
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Problem 1: Comparison
0.25

0.2

o
O
()

COORES (IFP Rueil-Malmaison)
DuMux (Uni Stuttgart)

= = = ECLIPSE (Schlumberger Paris) &
= = = FEHM (Los Alamos NL) —
. |PARS-C 02 (Uni Texas/Austin)
—e  MUFTE (Uni Stuttgart)
————— RockFlow (BGR Hannover)
= Semi-anal. sol., ELSA (Uni Bergen/Princeton Uni) -
= = = TOUGH2 (BRGM Orleans) |
e TOUGH2 (RWTH Aachen)

= = = TOUGH2 (CO2CRC/CSIRO Melbourne)

s TOUGH2 (CO2CRC/CSIRO Melbourne), fine grid variation
VESA (Princeton Uni) -~
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0 200 400 600 800 1000

time [days]
Results of Simulator comparison, given in Class et al., 2009

leakage value [%]
=
I
[
I

0.05
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10N

Setup Johansen Format

Problem 3

~ -2600

Porosity: 0.17 0.19 0.21 0.23

* Injection of CO,
at 15 kg/s for 25

years

10N

lat
o0 years

e Total simu

8000

time
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Problem 3: Solution Snapshot

| IR

LTI

ANINN

Plume shape after 50 years as given in Class et al., 2009
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Geomechanics and CO2 storage

CO, injection causes large
overpressures resulting in:

» deformations of rock matrix

» change of effective
parameters (porosity,
permeability)

W2E1m”

» feedback on pressure
build-up

NZY'E"

 enlargement of faults,
generation of fractures

- Need for geomechanical

d I 2008/5/31 due to CO, injection at In Salah, Algeria
moae (Onuma and Ohkawa, Energy Procedia, 2008).
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First Application Example: Wagrien Formation

Outer subdomain Subdomain of linear-elastic,
representing hydraulic fully coupled geomechanical
model is restricted to_ model includes over- and
reservoir layer -_underburden

Injection rate: 1 Mtly
Vertical extent inner
subdomain: 1 km
Vertical extent
reservoir: 30 m
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Results: Application Example

Results after 1.5 years of CO, injection, shown are vertical
cuts through the injection well:

Pressure
disribution
p_brine (Pa)
iy 2000000}] |, 24000000 i 2'800000.0 : 352[;.00[_100
| lS_C(%2|[-]| | COZ saturation 17623400 32596000
X S (isribution
L] |'2500§Geu”0_5.ig|zz|“3?)| | ? o0 | uyé]mj s
-4180000 . | -5 : .I% -0.0126 - 0.0125
Changes in effective stress o, Solid displacement u,,
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Outline

Motivation

Overview of DuMu*
Applications

Setting up an application
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Setting up an application: Prerequisites
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Setting up an application: Prerequisites
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Setting up an Application

DuMu*
Applications Slgﬂol:‘l::;n
] /
"\ \ Model Concepts A
2 for S
So Flow and Transport ,/
\ in Porous Media /
SV Numerical
System Scheme

Property
System

DUNE
[ ]
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Setting up an Application

The most important files in your application folder are:
yourproblem.hh

— Choose the model you use
— Choose the FluidSystem and components

— Set global properties (e.g. gravity, Newton thresholds,
2d/3d, linear solver to use, etc.)

— Set Iinitial and boundary conditions
— Set output file frequency
— eftc.

SEEEE Universitat Stuttgart Department of Hydromechanics and Modelling of Hydrosystems




Setting up an Application

yourspatialparameters.hh

— Set the spatial distribution of permeability and porosity

— For multi-phase flow set fluid-matrix interaction relationship
like Van Genuchten or Brooks and Corey relationship

yourparameterfile.input

— Set run-time parameters like start and end time, the grid file
to use, the name of your output files

— You can make most parameters used in yourproblem.hh
or in yourspatialparameters.hh into a run-time parameter

— Advantage: changing run-time parameters does not require
recompilation of your problem!
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Setting up an Application
yourgrid.dgf

— Grids for Dumux require the DUNE Grid Format (*.dgf), see
dune-project.org

— For simple grids (structured) the cubegridcreator.hh or
simplexgridcreator.hh can be used which do not require
an extra grid file (see tutorial)

— For complex geological models node- or element-specific
parameters can be imported from the dgf gridfile

— Cornerpoint grids can be imported but they require the
Installation of additional modules and without manual effort
they will fail if the grid is non-conforming

- No “easy” interface, best to convert grid into dgf format
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Output

e Qutput files are binary or Ascii in the *.vtu format

 vtu-files can be visualised using Paraview, see
http://www.paraview.org/

 Number of output files and parameters therein can be
specified in yourproblemfile.nh or yourinputfile.input

3 Universitat Stuttgart Department of Hydromechanics and Modelling of Hydrosystems




T e NUPUS SimTech
I N e =
Cluster of Excellence

Thank you
for your attention!

DuMu”

dumux.orq
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