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CP1

Analyzing Multiphase Flows with An Eye Toward
Enhanced Oil Recovery

In this talk, we will provide results of our stability stud-
ies on multi-layer multiphase flows which are relevant at
fundamental level for ehancing oil recovery. We will also
discuss an interplay between heterogeneiity effects and vis-
cosity driven instability effects by using an approximate
model to quantify their relative importance.

Prabir Daripa

Texas A&M University
Department of Mathematics
prabir.daripa@math.tamu.edu

CP1

Variable Relaxation Schemes
Multi-Component Flows

for Two-Phase,

We present a new relaxation scheme for the simulation of
two-phase, multi-component flows in porous media. The
governing equations are weakly hyperbolic and strongly
nonlinear. We reformulate the problem as a linear strictly
hyperbolic system with a nonlinear source term that is
effectively dealt with using operator splitting. The dis-
sipative error introduced by this reformulation is effec-
tively reduced by locally adapting the relaxation matrix.
The scheme is a computationally attractive alternative to
Riemann-based solvers.

Margot Gerritsen

Dept of Petroleum Engineering
Stanford University
margot.gerritsen@stanford.edu

Shalini B. Krishnamurthy

Institute for Computational and Mathematical
Engineering

shalinik@stanford.edu

CP1

The Structure of Conservation Laws Modeling
Four-Component Three-Phase Flow

Modeling carbon dioxide sequestration in water-flooded oil
reservoirs requires four components in three phases, to al-
low components to partition between the phases. We study
the characteristic equations for the system of three conser-
vation laws that model compositional flow in this system
in one dimension. We discuss the loss of strict hyperbolic-
ity in the three-phase region, as well as shock constraints.
Finally we demonstrate several analytical solutions for car-
bon dioxide injection into an oil reservoir.

Tara Laforce
University of Wyoming
tlaforce@Quwyo.edu

CP1

A Level Set Method for Determining Critical Cur-
vatures for Drainage and Imbibition

An accurate description of pore level immiscible displace-
ment mechanics could significantly improve macroscopic
parameter predictions in real porous media. We present
a simple but robust model based on the level set method
for determining critical events for drainage and imbibition.
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The method arrives at geometrically and topologically cor-
rect interfaces and is independent of the pore space com-
plexity. We describe its extension to nonzero fluid-fluid-
solid contact angles.

Steven Bryant

Department of Petroleum and Geosystems Engineering
Institute for Computational and Engineering Sciences
steven_bryant@mail.utexas.edu

Masa Prodanovic

University of Texas at Austin

Institute for Computational Engineering and Sciences
masha@ices.utexas.edu

CcP2

Scaling Up of Sources Terms with Random Behav-
ior

We study the transport and migration of contaminants in
aquifers from a ”sources site” made of a large number of
”local sources”. The ”local sources” f€ are periodically
repeated and lying on a plan. Moreover the release starting
time and the release time evolution, of each local source,
are both random. Our aim is to give a mathematical model
describing the global evolution of such a system, with only
one ”global source” F'. Numerical simulations of a long-
lived nuclear waste underground repository, are presented,
demonstrating the accuracy of the theoretical results .

Alain Bourgeat

Université Lyonl

UMR CNRS 5208
bourgeat@mcs.univ-lyonl.fr

CP2

Couplex Test Cases Calculations
Element-Finite Volume Code

Using Finite

We present the results of Couplex benchmarks for the sim-
ulation of radionuclide transport around a nuclear waste
repository. They are obtained with a finite-element-finite
volume code where the diffusive terms (flow and transport)
are discretised with finite element method and the convec-
tive term with the Godunov type FV method. Calcula-
tions are made on structured meshes that fulfil Delaunay
and cotangents criteria. Some comparisons between mono-
and multi-domain calculations are also included.

Marc Bourgeois, Jovan Gusa
Institut de Radioprotection

et de Sureté Nucléaire
marc.bourgeois@Qirsn.fr, jovan.gusa

Magdalena Dymitrowska
Institut de Radioprotection et de Sreté Nucléaire
magdalena.dymitrowska@irsn.fr

CcP2

Approximation of Compressible Two Phase Flows
in Porous Media Combining Mixed Finite Element
and Finite Volume Methods

We solve a system of coupled parabolic equation and non-
linear convection-diffusion equation. The MFE method is
employed for the parabolic equation. A Godunov-type FV
method is applied for the convective term and a conforming
FE method with piecewise linear elements is used for the
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dispersion term. The results of convergence as well as L™
and BV estimates are shown. Numerical simulations are
given for a 2D problem related to nuclear waste repository.

Mustapha El Ossmani
Institut de Radioprotection et de Sureté Nucléaire
mustapha.elossmani@Quniv-pau.fr

Christophe Serres

Institut de Radioprotection et de Surete Nucleaire
Institute of radioprotection and nuclear safety
christophe.serres@irsn.fr

Brahim Amaziane
Universite de Pau
brahim.amaziane@univ-pau.fr

Magdalena Dymitrowska
Institut de Radioprotection et de Sreté Nucléaire
magdalena.dymitrowska@irsn.fr

CP2

Modeling of Solute Transport In Randomly Het-
erogeneous Porous Media Via Exact Simulation Of
Diffusions

It is well known that a advection-dispersion equation
(ADE) can be interpreted as forward-Kolmogorov equa-
tion, also called Fokker-Planck equation, of a diffusion
process given by a stochastic differential equation. Such
solute transport can be simulated by generating paths
of this process. We use a new method (A. Beskos and
G.0. Roberts, Exact simulation of diffusions, The Annals
of Applied Probability 2005, vol. 15(4), 2422-2444) to ob-
tain a ’particle solution’ of the ADE. We compare the re-
sults with those obtained by the forward reverse method
of Milstein et al. (Bernoulli 2004, vol. 10(2), 281- 312) for
transition density estimation. Finally we adress the prob-
lem of sensivity analysis of exceedance probabilities with
respect to variations of the transmissivity field, porosity
and dispersivity.

Franz Konecny

BOKU-University of Natural Resources and Applied
Life Sciences, Vienna

franz.konecny@boku.ac.at

CP2

Mimetic Finite Difference Methods on Polyhedral
Meshes

A mimetic finite difference (MFD) method preserves es-
sential properties of the continuum differential operators,
such as conservation laws, solution symmetries, and the
fundamental indentities and theorems of vector and ten-
sor calculus. In the talk, I present the MFD method for
solving the diffusion problem with tensor coefficients on
unstructured polyhedral meshes consisting of arbitrary ele-
ments: tetrahedrons, pyramids, hexahedrons, degenerated
and non-convex polyhedrons, generalized polyhedrons, etc.
The MFD method uses simple geometric characteristics
like normals and areas of mesh faces; therefore, it can be
applied to AMR meshes with hanging nodes in exactly the
same manner as to tetrahedral meshes.

Valeria Simoncini
Univeristy of Bologna
and IMATI-CNR, Pavia
valeria@dm.unibo.it
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Konstantin Lipnikov
Los Alamos National Laboratory
lipnikov@lanl.gov

Franco Brezzi

University of Pavia
Department of Mathematics
brezzi@imati.cnr.it

Mikhail Shashkov
Los Alamos National Laboratory
shashkov@lanl.gov

CP2

Improvement of Chemical-Transport Coupling
Code: From Parallelism to Non Linear Gradient
Algorithm

In the context of the software platform Alliances, ANDRA
and CEA have developed a code coupling approach for re-
active transport simulation. In order to improve the per-
formance of the method different approaches have been in-
vestigating: parallel distribution of the chemical computa-
tions, implementation of a non linear gradient algorithm
instead of the classical sequential iterative approach, ini-
tialization of the coupling algorithm via linear projection.

Nicolas Bouillard

CEA

France
nicolas.bouillard@cea.fr

Alain Dimier
Andra, France
alain.dimier@andra.fr

Estelle Deville
CEA
estelle.devilleQcea.fr

Philippe Montarnal

CEA Saclay

France
Philippe.MontarnalQcea.fr

CP3
Optimizing History Matching in Oil Reservoir Us-
ing Kullback Leibler Distance in Bayesian Frame-
work

In oil reservoir engineering, integrating dynamic data into
the geomodel is a major issue. Due to the cost of data ac-
quisition, it is essential to optimize the design of field exper-
iments, so to quantify the value of data. Using a Bayesian
framework, we build an objective function, which relies on
both the Fisher information matrix and the Kllback-Leibler
distance. Its minimization permits to quantify the value of
the information brought by new observations and thus en-
ables to characterize the optimal sampling for a reliable
production forecast. This quantification significantly en-
hances the decision making process within an uncertain
framework.

Alexandre Abellan
Institut Francais du Petrole
alexandre.abellan@ifp.fr
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CP3
Deconvolution Using B-Splines

In this work we develop a methodology based on B-splines
and least-squares for the solution of the Volterra equation
of first kind. We utilize B-splines for representing the un-
known function under the convolution integral. We use ei-
ther constant piecewise or Laplace transformable functions
for the kernel function. For dealing with noisy sets of data
we implement a regularization algorithm in our method-
ology. We apply the new algorithm on a deconvolution
problem arising in petroleum engineering.

Peter Valko, Tom Blasingame, Dilhan Ilk
Texas A&M University
valko@pe.tamu.edu,
dilhan@tamu.edu

t-blasingame@tamu.edu,

CP3

Deterministic Sensitivity Analysis for a Model for
Flow in Porous Media

Uncertainties can be obtained by probabilistic methods,
which give good results and are relatively easy to imple-
ment. The deterministic method investigated here is much
less demanding in computing time but gives only a local
information. It is based on the singular value decompo-
sition of the Jacobian matrix of the mathematical model
of the problem. The 3D flow follows Darcy’s law. The
Jacobian matrix is computed through analytical formulas,
following the adjoint state method. We will compare per-
formances and results obtained through probabilistic and
deterministic methods.

Jean E. Roberts
INRIA-Rocquencourt
France
jean.roberts@inria.fr

Estelle Marchand
INRIA Rocquencourt
estelle.marchand@Inria.fr

Francois Clement
INRIA-Rocquencourt
Francois.Clement@inria.fr

CP3

Parameter Estimation: A New Approach to
Weighting a Priori Information

We propose a new approach to weighting initial parame-
ter misfits in a least squares optimization problem for lin-
ear parameter estimation. Parameter misfit weights are
found by solving an optimization problem which ensures
the penalty function has the properties of a x? random
variable with n degrees of freedom, where n is the number
of data. This approach differs from others in that weights
found by the proposed algorithm vary along a diagonal ma-
trix rather than remain constant. In addition, it is assumed
that data and parameters are random, but not necessarily
normally distributed.

Jodi Mead

Department of Mathematics
Boise State University
mead@math.boisestate.edu
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CP3
Simulation and Optimal Design in Bioventing

Bioventing is a subsoil cleanup technology. Bacteria biode-
grade the contaminant and the needed oxygen is provided
by air injection wells. A mathematical model based on
theory of fluid dynamics in porous media and on bacteria
population dynamics will be used for the simulation of the
physical phenomenon. The optimal design problem con-
sists of determining the number, the positioning and the
pumping rates of the air injection wells so to maximize the
biodegradation rate.

Filippo Notarnicola
Istituto Applicazioni Calcolo, I.A.C. - CNR Sez. Bari
f.notarnicola@ba.iac.cnr.it

CP3

Wavelet Analysis and Filtering to Identify Princi-
pal Directions of Permeability Anisotropy

An accurate representation of permeability anisotropy is
needed to correctly model the rate and direction of ground-
water flow. Wavelet analysis can be used to characterize
principal directions of permeability anisotropy; however, if
the permeability field contains regions with different princi-
pal directions, wavelet analysis may only identify the prin-
cipal directions of the primary region. We present a com-
bined wavelet analysis and filtering method to characterize
primary and secondary principal directions of permeability
anisotropy.

Loring P. Watkins, Roseanna Neupauer
University of Colorado
lorew66@yahoo.com, neupauer@colorado.edu

CP4
Modelling of Near-Wellbore Formation Damage

Drilling induced formation damage has a huge impact on
well productivities. In this paper, we present a numerical
approach to study the impact of formation damage on well
performance. In this approach, a small scale two-phase flow
model taking into account near-wellbore formation dam-
age is first developed, then the degree of formation dam-
age is characterized by skin factors using an optimization
method, and finally large scale reservoir simulations are
used with the specific skin factors to calculate oil produc-
tions. Some examples are given to illustrate this approach.
Using this approach allows to limit the risks of formation
damage and to maximize well productivities.

Gerard Renard, Benjamin Herzhaft
Institut Francais du Petrole
gerard.renard@ifp.fr, benjamin.herzhaft@ifp.fr

Yu Ding
Institut francais du petrole
d-yu.ding@ifp.fr

CP4

The Mathematical Theory of Thermal Oil Recov-
ery

In this work, we review ongoing progress on the Riemann
solution for thermal problems in multiphase flow in porous
media extending the classical Buckley-Leverett theory, so
we can study heavy oil recovery. There are non classical
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waves, some to be expected such as combustion and con-
densation waves, other unexpected, such as evaporation
waves. We present a general framework to study the sys-
tems of balance equations arising in such problems, and
discuss open problems.

Wanderson Lambert

Instituto de Matematica Pura e Aplicada-IMPA

Estrada Dona Castorina, 110, CEP 22460-320, RJ , Brasil
lambert@fluid.impa.br

Dan Marchesin
Instituto Nacional de Matematica Pura e Aplicada
marchesi@fluid.impa.br

CP4

Analysis of Finite Element Methods for Coupled
Hydro-Mechanical Problems

This work is concerned with the finite element approxi-
mation of non-stationary Hydro-Mechanical models. An a
posteriori error analysis is performed, leading to space-time
error indicators from which time and space discretization
errors can be estimated separately. The reliability and the
optimality of the error indicators are investigated. Numer-
ical experiments using the industrial finite element soft-
ware Code_Aster (developed at Electricité de France, freely
available at www.code-aster.org) are exposed.

Gérald Nicolas, Olivier Boiteau
EDF R&D
gerald.nicolas@edf.fr, olivier.boiteau@edf.fr

Alexandre Ern

CERMICS

Ecole des Ponts, ParisTech
ern@cermics.enpc.fr

Sébastien Meunier
EDF R&D

meunier@cermics.enpc.fr

CP4

Modeling the Early Evolution of Hypogene Karst
Systems by Dissolution and Fracture Growth in
Hydrothermal Systems

Fracture dissolution in the early stages of karstification un-
der hypogene conditions is investigated using a coupled
model of fluid flow, heat transfer and reactive transport
in the multi-component H2O-CO2-CaCO3 system with
temperature-dependent solutbility and kinetics. The be-
havior of aperture growth at early time can be described
by an ODE whose solution predicts the occurrence of a
”"maturation time” at which there is a dramatic increase
in fracture transmissivity. In variable-aperture fractures, a
stochastic analysis is used to predict fracture transmissiv-
ity growth. We discuss the relevance of this model to the
evolution of hot spring and thermal cave systems in karst
formations.

Benjamin Andre
University of Colorado, Boulder CO 80309-0428
benjamin.andre@colorado.edu

Harihar Rajaram
University of Colorado, Boulder
hari@thaneer.colorado.edu
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CP4

Well Modeling Incorporating Non-Isothermal Ef-
fects and Asphaltene Precipitation

A comprehensive flow model which incorporates compo-
sitional and non-isothermal effects to predict asphaltene
precipitation in advanced well completions is proposed. An
available asphaltene model is incorporated into a two-phase
multi-segment network model. The network model is used
to compute the overall pressure and temperature profiles
in the well. The compositional asphaltene model is then
used where asphaltene precipitation is most likely to occur
to calculate temperature and predict asphaltene precipi-
tation using an isenthalpic-flash, three-phase equilibrium
model.

Thormod Johansen, Kelly Hawboldt,

Worakanok Thanyamanta

Faculty of Engineering and Applied Science

Memorial University of Newfoundland
thormod@engr.mun.ca, hawboldt@engr.mun.ca,
woraka@engr.mun.ca

CP5
Sensitivity Analysis for Shallow Water Equations

Adjoint sensitivity methods have been successfully applied
in a variety of fields. In the field of meteorology, its use has
been extensive, including data assimilation techniques, pa-
rameter estimation, stability analysis and synoptic studies.
The shallow water equations, being simple statements for
mass and momentum, exhibit many of the properties asso-
ciated with the horizontal dynamical component of atmo-
spheric models. We consider linear shallow water equations
and its adjoint. These equations are solved numerically us-
ing high-order methods and the adjoint variables are ana-
lyzed to understand the sensitivity of the perturbation of
the main variables.

Joseph J. Tribbia

Nat’l Center for Atmospheric
Research
tribbia@ncar.ucar.edu

Vani Cheruvu
National Center for Atmospheric Research
vaniQucar.edu

CP5

Matrix-Free Interpolation and Scattered Data Ap-
proximations on the Sphere

We construct interpolation nodes and a minimal quadra-
ture rule and corresponding interpolation bases for a space
that allow two fast Fourier transform type matrix-free for-
mulas for interpolating functions on the sphere. We also
construct a quasi-interpolatory approximation for a large
dataset in the latitudinal and longitudinal directions, with
a longitudinal symmetry condition. We prove and demon-
strate that the quality the operators are same as that of
the classical two dimensional spectral interpolation. This
is a joint work with H.N. Mhaskar.

Mahadevan Ganesh
Colorado School of Mines
m.ganesh@unsw.edu.au
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CP5

Assimilation of Time-Averaged Observations for
Paleoclimate Reconstruction

Paleoclimate observations are typically available only with
very limited temporal resolution, such as accumulated pre-
cipitation. Here we explore a technique for assimilating
time-averaged observations with the goal of constraining
low-frequency climate variability. Our method is an ex-
tension of the ensemble Kalman filter, applied to a quasi-
geostrophic atmospheric jet model. Accurate analyses are
produced, with errors smaller than observation error, es-
pecially in the time-averaged quantities.

Greg Hakim, Helga Huntley
University of Washington
hakim@atmos.washington.edu,
helga@amath.washington.edu

CP5

Qudrilateral Grids and Finite Volume Methods for
the Sphere

A logically rectangular computational grid is mapped to
the sphere in such a way that the ratio of largest to small-
est cell sizes is bounded by 2. The use of this grid makes
it easy to apply the high-resolution finite volume methods
implemented in CLAWPACK, including adaptive mesh re-
finement, to problems such as shallow water equations on
the sphere. Anologous three-dimensional hexahedral grids
will also be presented for studying problems in a spheri-
cal shell (e.g. the atmosphere) or in a solid sphere (e.g.
geodynamics).

Christiane Helzel

University of Bonn

Department of Applied Mathematics
helzel@iam.uni-bonn.de

Randall J. LeVeque

Applied Mathematics

University of Washington (Seattle)
rjl@amath.washington.edu

Donna Calhoun
CEA, Paris
calhoun@amath.washington.edu

CP5

Introduction of the Reduced Spectral Transforma-
tion into Jma-Gsm

JMA-GSM is a hydrostatic global spectral atmospheric
model. It is used for operational weather forecasts at Japan
Meteorological Agency. In the conventional JMA-GSM,
there are a lot of redundant grid-points and insignificant
wavenumber components especially in the high-latitudes.
This redundancy leads to large wastage of computational
resources. In order to improve the computational efficiency
of IMA-GSM, we introduce the reduced spectral transfor-
mation into the model. We will present the computational
performance of the model.

Kengo Miyamoto

Advanced Earth Science & Technology Organization /
Numerical Prediction Division, Japan Meteorological
Agency

miyamoto@naps.kishou.go.jp
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CP5

Numerical Modeling of Atmospheric Pollutant
Transport with Spatial Reduction Algorithm

Atmospheric chemical dynamics computational modeling
presents an enormous challenge associated with its mul-
tiscale (ten orders) nature and large number of chemical
compounds used. We offer a dynamically adaptive spa-
tial reduction numerical method for atmospheric chemi-
cal evolution equations which diagnoses chemical dynam-
ics on-line, and partitions the region into different domains
where, a properly reduced chemical model is used. This
allows reducing computational cost by at least an order of
magnitude for typical atmospheric chemical kinetics.

Michael Brenner

Division of Engineering and Applied Science
Harvard University
brenner@deas.harvard.edu

Yevgenii Rastigejev, Daniel Jacob
Harvard University
yrast@deas.harvard.edu, djacob@fas.harvard.edu

CP6
Frechet Kernels for Multiscale Seismic Inversion

Waveform inversion for subsurface seismic velocities is of-
ten studied from the perspective of PDE constrained op-
timization. A multiscale approach is essential to stabilise
the inversion. We compare sensitivity functions for itera-
tive optimization from different forward modeling engines.
Classical discretization of the full wave equation is com-
pared with ray theoretic modeling based on the Maslov
asymptotic approximation to distinguish contributions of
refracted and scattered energy within the inversion. This
approach makes 3D seismic waveform inversion feasible.

Zhongmin Song, Phil Kitchenside
WesternGeco
zsong@gatwick.westerngeco.slb.com,
pkitchenside@gatwick.westerngeco.slb.com

Colin Thomson, Henk Keers, Paul N. Childs
Schlumberger Cambridge Research
cthomson@cambridge.oilfield.slb.com,
hkeers@cambridge.oilfield.slb.com,
pchilds@cambridge.oilfield.slb.com

CP6

Grid Dispersion and Stability Analysis of the Nu-
merical Methods for Seismic Wave Propagation

We will present the grid dispersion and stability analysis
for the Finite Differences (FD) and Finite Elements (FE)
methods that have become the most popular for seismic
wave propagation, including staggered-grid FD and Spec-
tral FE. We derive an approach based on a generalized
eigenvalue formulation to analyze the dispersive behavior
of FE acoustic and elastic wave propagation that overcomes
the difficulties due to irregular node spacing and high order
polynomials, as used in Spectral FE.

Jonas D. De Basabe

The University of Texas at Austin

Institute for Computational Engineering and Sciences
debasabe@mail.utexas.edu

Mrinal Sen
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Institute of Geophysics
University of Texas
mrinal@ig.utexas.edu

CP6

Intel Mkl-Based Trust-Region Solvers:
mance and Applications in Geosciences

Perfor-

Trust-Region (TR) algorithms are relatively new itera-
tive algorithms for solving nonlinear optimization prob-
lems. High efficiency of TR methods was demon-
strated in a number of recent papers and books [A. R.
Conn, N. I.LM. Gould, P. L. Toint. Trust-Region Meth-
ods. SIAM Society for Industrial and Applied Math-
ematics, Englewood Cliffs, New Jersey, 2000.]. They
have better local super convergence, when compared to
Newton-type methods, commonly used for solving Inverse
Problems [M.M.Lavrentiev, A.V.Avdeev, M.M.Lavrentiev,
Jr., V.I.Priimenko. Inverse Problems of Mathematical
Physics. VSP Publ., The Netherlands, 2003]. TR
techniques are used in a number of well-known SW li-
braries such as IMSL, TAO, GALAHAD, LANCELOT,
etc. Highly-optimized Trust-Region solvers developed for
Intel Math Kernel Library [Intel Math Kernel Library -
http://www.intel.com/cd/software/products/asmo-
na/eng/perflib/mkl/index.htm | allow to solve: mnonlin-
ear least squares problem (without and with bound con-
straints) system of nonlinear equations (without and with
bound constraints) problem of functionals minimization
(without constraints) The auxiliary routines provide calcu-
lation of Jacoby and Hessian matrices as well as gradient
vector. TR solvers are implemented with OpenMP sup-
port and can be used in multiprocessing mode. They show
excellent performance vs. competitors (VNI IMSL Fortran
library v5.0 and TAO v1.8.1) - on benchmark tests TR give
average 10 times speed-ups vs. IMSL and 5 times average
speed-ups vs. TAO. TR effective usage in a number of
applied geophysical problems will be presented.

Nikolay I. Gorbenko, Alexander Avdeev, Nikita Shustrov
Intel Corporation

nikolay.i.gorbenko@intel.com, alexan-
der.v.avdeev@intel.com, nikita.a.shustrov@intel.com

CP6

A Mixed Unsplit-Field PML-Based Scheme for To-
tal Wavefield Inversion in the Time-Domain

We discuss the inverse problem of PDE-parameter identi-
fication in PML-truncated semi-infinite heterogeneous do-
mains, when given partial information. We use total wave-
fields in the time-domain, under a PDE-constrained opti-
mization framework: to satisfy the ensuing first-order op-
timality conditions, we solve initial-value state, final-value
adjoint, and a time-independent control problem to itera-
tively update the unknown PDE parameters. We report on
a mixed finite element implementation of the inverse prob-
lem based on new unsplit-field PMLs, and present results
in one and two dimensions.

Jun Won Kang, Loukas Kallivokas
University of Texas, Austin
1jwkang@mail.utexas.edu, loukas@mail.utexas.edu

CP6
An Iterative Approach to Seismic Moment Tensor
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Inversion

We present a new approach to seismic moment tensor in-
version. This approach uses properties of Toeplitz matrices
which give the ability to work on large data sets through
the implicit storage of the Green’s functions. Iterative in-
verse techniques, such as the Conjugate Gradient Least
Squares method, are easily adapted to use Toeplitz multi-
plication, and explicit regularization is introduced for ex-
tra stability. This method is demonstrated on volcano data
from Mount Erebus, Antarctica.

Richard Aster

Department of Earth and Environmental Science
New Mexico Tech

aster@ees.nmt.edu

Christian Lucero

New Mexico Tech
Mathematics Department
xian98@nmt.edu

Brian Borchers

Department of Mathematics
New Mexico Tech
borchers@nmt.edu

CP6

Refraction Travel-Time Tomography Based on Ad-
joint State Techniques

Standard refraction travel-time tomography based on ray
tracing techniques has difficulties to handle large datasets
that come from current seismic acquisition surveys. To
overcome this problem we suggest a refraction tomography
method based on adjoint state techniques to derive the gra-
dient of the travel-time misfit function. We use the eikonal
equation for the forward modeling, and iterate with a con-
jugate gradient method. Numerical examples demonstrate
the efficiency of the method.

Cedric Taillandier, Mark Noble, Herve Chauris, Pascal
Podvin

Ecole des Mines de Paris

Centre de Geosciences/Geophysique
cedric.taillandier@ensmp.fr, mark.noble@ensmp.fr,
herve.chauris@ensmp.fr, pascal.podvin@ensmp.fr

Henri Calandra

Total

CSTJF, Geophysical Operations & Technology, R&D
Team

henri.calandra@total.com

cP7

A Stochastic Differential Equation Model Of Mul-
tiphase Flow In Heterogeneous Porous Media

This research explores the use of stochastic differential
equations(SDEs) in modeling multiphase flow in heteroge-
neous aquifers, specifically the flow of NAPL in saturated
soils. The proposed method results in a nonlinear stochas-
tic differential equation describing the position of the non-
wetting phase fluid particle. In this presentation six as-
pects of the model are covered, each of which addsesses
a different component of the SDE model deemed impor-
tant either by experimental tank results or on theoretical
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considerations.

David Dean

Dept. of Mathematics
University of Colorado at Denver
ddean@math.cudenver.edu

CcP7

Scaling Behavior of Stochastic, Multiphase Flow in
Porous Media

Subsurface formations are heterogeneous at all length
scales, and even fine scale heterogeneities, particularly in
the permeability field, can have a significant impact on
large scale flow. Due to the difficulty in complete and
certain characterization of these heterogeneities, stochastic
representations of subsurface geologic properties have be-
come commonplace. As a result, the flow equations have
stochastic coefficients, and must also have stochastic so-
lutions. Thus predictions of flow outcomes are inherently
stochastic. We examine multiphase flow in stochastically
described heterogeneous porous media. The study centers
on the interplay between nonlinearity and heterogeneity in
determining fluid mixing dynamics. Monte Carlo simula-
tions are used for a quantitative analysis of this mixing.
Different flow regimes, identified by the large time scaling
behavior of the mixing dynamics, are characterized. This
characterization provides significant guidance for uncover-
ing effective methods (and their limits) for the scaling-up
of multiphase flow systems to scales suitable for computa-
tionally inexpensive yet accurate fluid flow simulations.

Felipe Pereira

Instituto Politecnico-VERJ

Dept of Computational Modeling
pereira@iprj.uerj.br

Frederico C. Furtado
University of Wyoming
Dept of Mathematics
furtado@Quwyo.edu

CP7
Three-Phase Flows in Heterogeneous Formations

We are concerned with the accurate numerical simulation
of three-phase flows in heterogeneous, multiscale porous
media. An operator splitting technique combines a second
order central scheme for the approximation of a hyperbolic
system with mixed finite elements for the numerical solu-
tion of elliptic and parabolic problems. The new scheme is
validated against semi-analytic results. Moreover, our sim-
ulator is used to show that transitional waves, which have
been identified in one-dimensional problems, also appear
in heterogenous two-dimensional formations.

Felipe Pereira

Instituto Politecnico-UER.J

Dept of Computational Modeling
felipe-pereira@uol.com.br

CcP7

Approximation of the Richards Equation by Dis-
continuous Galerkin Methods

We investigate Discontinuous Galerkin methods to approx-
imate the Richards equation which describes unsaturated
flow in porous media. We compare an approach based on
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the mixed form with local flux reconstruction to another
approach based on the primal form. We present differ-
ent methods in one and two space dimensions to discretize
time-derivative and to treat non-linearities. Several test
cases for unsaturated and unsaturated-saturated flows will
be exposed.

Serge Piperno

Cermics

Ecole des Ponts, ParisTech
piperno@cermics.enpc.fr
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CP7

Stochastic Analysis of the Displacement Front in
Three-Dimensional Heterogeneous Porous Media

The problem of two-phase flow of immiscible fluids in
randomly heterogeneous porous media is studied. Using
improved perturbation theory we consider the effects of
medium heterogeneity and nonlinearity together. This en-
ables us to obtain the expression governing the front shape
during the propagation and this shape is related to the
permeability distribution and the frontal mobility ratio.
Performing the averaging we obtain the mean saturation
distribution near the front as well as the saturation vari-
ance.

Pavel E. Spesivtsev
Institut Francais du Petrole
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cP7

Compositional Space Parameterization for Flow in
Porous Media

Phase behavior is the most time consuming kernel of mod-
eling multiphase multi-component flow in porous media.
We present methods based on parameterization of the com-
positional space where the tie-lines and their geometry are
the key parameters. A table look-up or a CSAT (Composi-
tional Space Adaptive Tabulation) approach may be used
to take advantage of this special parameterization. Us-
ing a variety of challenging test cases with large numbers
of components, we demonstrate that the parameterization
approach results in significant gains (e.g., at least an or-
der of magnitude) in computational efficiency compared to
existing methods.

Denis Voskov
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CP8

Adaptive Discontinuous Galerkin
Modeling Transition Flows

Methods for

We consider time-dependent advection-diffusion equations
with a spatially varying diffusion tensor modeling highly
heterogeneous media. The mathematical behavior of the
model imposes certain interface conditions between regions
of advection or diffusion dominated flow. Such transition
regions can be difficult to accurately model and may pro-
duce erroneous numerical solutions. We propose several
variants of a discontinuous Galerkin method in an effort
to adaptively capture the solution behavior in a stable and
accurate manner. A priori error estimates are derived for
each variant and are validated by numerical results. Our
results also address the behavior of each variant with par-
ticular attention paid to the transition regions.

Jennifer Proft
University of Texas at Austin
proft@arlut.utexas.edu

Beatrice Riviere
University of Pittsburgh
riviere@euler.math.pitt.edu

CPS8

New Decomposition Method for Solving Multi-
Species Reactive Transport Problems Coupled
with First-Order Kinetics

A new method for decomposing of multiple solute transport
equations, coupled by first-order reactions, is developed.
The approach is based on the semigroup theory and reduces
the multi-species problem to single-species equations with
various initial and boundary conditions. Analytical formu-
las are derived for all reactants. This new method over-
comes some of the limitations that were implicit in previ-
ously published algorithms. The proposed approach is flex-
ible for solving one-, two- or three dimensional advection-
dispersion systems. The methodology is demonstrated on
the reductive biodegradation of chlorinated solvents, such
as tetrachloroethylene(PCE) and trichloroethylene(TCE).

Marian Slodicka

Ghent University
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CP8

A Posteriori Error Analysis of Discontinuous
Galerkin Schemes for Reactive Transport in Porous
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Media

The Discontinuous Galerkin scheme is particularly use-
ful to simulate pollutant transport in groundwater flows.
Reliable and efficient calculations often require adaptive
meshes. We develop a residual-type a posteriori error anal-
ysis yielding two error components - the actual residual
and a conforming error measuring the distance to continu-
ous functions. Numerical results and adaptive meshes are
presented to show the performance of the error indicators.

Alexandre Ern
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CP8

Inertial Influence on Pore-scale
Porous Media

Dispersion in

Although it has been recognized for some time that inertial
effects can influence the observed conductivity (or, equiva-
lently, friction factor) for fluid flow through porous media,
the influence that inertial flows have on dispersion has not
been as widely realized. We report on the prediction of the
effective dispersion tensor for a simple 3D unit cell, and
focus on the influence inertial effects (at large values of the
particle Reynolds number) have on the predicted disper-
sion tensor. Our results indicate that inertial effects have
a small effect on the longitudinal component of the disper-
sion tensor, but the transverse component is dramatically
affected.

Brian D. Wood

Oregon State University
Environmental Engineering
brian.wood@oregonstate.edu

CP8

Multidimensional, Locally Conservative, Eulerian-
Lagrangian Finite Element Methods for a Semilin-
ear Parabolic Equation

Several locally conservative Eulerian-Lagrangian mixed fi-
nite elements of a two-dimensional convection-dominated
diffusive process governed by a semilinear parabolic equa-
tion will be described. The simplest, low-order method is
based on RTy finite element method and post-processing
procedures utilize the approximate flux variable to improve
the approximation to the scalar variable. In addition, we
discuss higher-order methods based on the BDF M finite
element method. We present convergence proofs and ex-
perimental results.

Son-Young Yi
Oregon State University
yis@math.oregonstate.edu
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CP9

Dispersion Minimizing Stencil for the Wave Equa-
tion

We have developed a new 41-point diamond-shaped sten-
cil for the acoustic wave equation in 2D. The numerical
error in the group velocity is minimized to get a stencil
that works down to four gridpoints per wavelength. The
elements in the stencil are polynomials in the cfl-number
and is stable for cfl-numbers up to 0.707. Computations
have been made up to 1000 wavelength with good results.
A similar 129-point diamond-shaped stencil has also been
derived in 3D.

Andreas O. Atle, Ralph P. Bording
Memorial University of Newfoundland
Department of Earth Sciences
aoatle@mun.ca, pbording@mun.ca

CcP9

Elastic and Acoustic - The Absorbing Boundary
Condition

The elastic and acoustic wave equations are computed in
finite regions. To control spurious reflections at the model
boundaries we consider the Cerjan sponge as a method
of choice and compare to the widely popular perfectly
matched layer method. The sponge method is considered
to be a numerical method, but new analysis shows that it
has a suitable analytical basis.

Ralph P. Bording, Andreas O. Atle
Memorial University of Newfoundland
Department of Earth Sciences
pbording@mun.ca, aoatle@mun.ca

CP9

Nonlinear Uncertainty Analysis in Reservoir Seis-
mic Modeling and Inverse Problems

Forward modeling and inverse problems in reservoir seis-
mic can be enhanced by nonlinear uncertainty analysis to
quantify the range of expected outcomes. This requires
capturing the a priori uncertainties in the model, parame-
ter and data domains, and nonlinear sampling to produce
realizations of each quantity. Application of the forward
modeling or inverse operators to the realizations generates
a posteriori uncertainty distributions, from which statisti-
cal measures of uncertainty can be calculated.

David Lumley
4th Wave Imaging
david@4thwaveimaging.com

CP9

Incomplete Block Factorization for the Complex
Helmholtz Equation

The lecture deals with a system of linear equations
(A+iB)x=f where A is a symmetrical positive definite ma-
trix and B is a diagonal matrix with elements of fixed sign.
Method correctness is proved and spectre estimates are
provided.

Vadim O. Pirogov
Intel Corp.
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CP9
Elastic and Acoustic Wave Phenomena

This paper presents two and three-dimensional finite dif-
ference modeling of elastic and acoustic waves to identify
different modes of elastic waves. The numerical formula-
tion for the wave equation uses velocity-stress components
in the modeling code. We review criteria necessary to gen-
erate Rayleigh waves in 2-D and 3-D for application to shal-
low surface-wave data imaging and analysis. The results
of modeling study for the propagation of Rayleigh waves
affected by heterogeneity of the medium are also presented.
Examples of wave propagation and surface waves will be
in illustrated in movie loops.

Swastika Sharma, Phillip Bording
Memorial Univeristy of Newfoundland
Department of Earth Sciences
sssharma@dal.ca, pbording@mun.ca
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CP10
Geological Pattern Recognition

The purpose of this paper is to determine the maximum
volume in which a uniform upscaling can be performed.
Any high change in geology occuring within a sufficiently
large area, prevents to use only one single volume of aver-
aging; the homogenized tensor is “non uniform”. One way
to discriminate the different regions is to group the “flux
classes”. The guess is then that the change of “flux class”
corresponds to the change of region.

Anca Badea
3MI, ENSM-SE, FRANCE
badea@emse.fr

CP10

Comparison of Dominant Scales of Subsurface Flow
and Transport Using Wavelet Analysis

Wavelet analysis is an integral transform method that can
be used to extract local information about dominant scales
of a spatial data set. We perform wavelet analysis on sim-
ulated data sets of aquifer properties (e.g., permeability)
and on the head and concentration distributions resulting
from flow and transport simulations in these aquifers. The
results are used to identify relationships between dominant
scales of aquifer properties and the dominant scales of flow
and transport.

Xing Qi, Zachary Wengrovius, Roseanna Neupauer
University of Colorado
xq6v@colorado.edu,
neupauer@colorado.edu

wengroviQcolorado.edu,
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CP10
Multiscale Basis Optimization for Darcy Flow

Simulation of flow through a heterogeneous porous medium
with fine-scale features can be computationally expensive
if the flow is fully resolved. Coarsening the problem gives
a faster approximation of the flow but at a cost of some
detail. We propose an algorithm that obtains the fully
resolved approximation but only iterates on a sequence of
coarsened problems. The sequence is chosen by optimizing
the shapes of the coarse finite element basis, and converges
superlinearly.

James M. Rath
University of Texas at Austin
ratjamm@alum.mit.edu

Todd Arbogast

University of Texas
Department of Mathematics
arbogast@ices.utexas.edu

CP10

Numerical Solution of Porous Flow and Transport
in Fractal Media

Soils and rock are generally very heterogeneous, and con-
tain structure over many scales. In order to capture the
effect of this multiple scale structure in numerical models
of flow and transport through permeable media, an inte-
gration of the governing partial differential equations with
fractal coefficients has been developed. Statistics of the
porous medium guide selection of the fractal coefficients.
Examples are given for two and three dimensional applica-
tions.

Bryan J. Travis
Los Alamos National Laboratory
bjtravis@lanl.gov

CP10

A Tall-Block Model for Miscible Displacement in
Fractured Media

The effects of turbulent mechanical mixing of non-
stationary, incompressible, two-component, miscible dis-
placement in a fractured medium with tall blocks is stud-
ied. In that medium, there is an interconnected system of
fracture planes dividing the porous rock into a collection
of tall blocks. The fracture planes form paths of high per-
meability. Most of the fluids reside in tall blocks, where
they move very slow. Let € denote the horizontal to the
vertical size ratio of the tall blocks and let permeability,
gravity and width ratios of tall blocks to fracture planes
be of the orders €2, €® and € respectively. The equations
for the two-component, miscible displacement in fractured
media converge to a dual-porosity model as € tends to 0.
In this talk, we shall explain the dual-porosity model.

Li-Ming Yeh

Department of Applied Mathematics
National Chiao Tung University, Taiwan
liming@math.nctu.edu.tw

CP11
Wave Propagation Algorithms and Adaptive Re-
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finement for Tsunami Modeling

Modeling global tsunami propagation as well as local in-
undation requires resolving diverse flow regimes and spa-
tial scales. The shallow water equations, a commonly
accepted governing system, are hyperbolic conservation
laws—a class of PDEs which ideally should be treated with
specialized numerical methods. I will describe the exten-
sion of a type of finite volume method and adaptive refine-
ment algorithms developed for such systems to the appli-
cation of tsunami modeling. Together these methods allow
transoceanic propagation modeling and local inundation
modeling in single global-scale computations.

Randall J. LeVeque

Applied Mathematics

University of Washington (Seattle)
rjl@amath.washington.edu
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Department of Mathematics
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CP11
Perturbation Dynamics of a Planktonic Ecosystem

Planktonic ecosystems provide a key mechanism for the
transfer of COz from the atmosphere to the deep ocean.
Linear theory is used to predict how an ecosystem in a
steady state will respond to a small perturbation and to
solve for the perturbation that will result in an optimal
response at a fixed time under some norm, such as carbon
export. Results will be discussed.

Katie M. Healey, Adam Monahan
School of Earth and Ocean Sciences
University of Victoria
khealey@shaw.ca, monahana@uvic.ca
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Institute of Ocean Sciences
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CP11

Large Eddy Simulation of Stratified Mixing in a
Dam-Break Problem

Mixing in both coastal and deep ocean is an important
process for the transport of pollutants, sediments, and bio-
logical species, as well as for the global thermohaline circu-
lation. The oceanic observations and most coastal and gen-
eral circulation models can only provide partial information
about oceanic mixing processes. A new class of physically-
based large eddy simulation (LES) models is proposed as an
investigation tool to complement observational and large-
scale modeling efforts.

Paul F. Fischer
Argonne National Laboratory
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CP11

Towards Understanding Coastal Ocean Internal
Tides Via SUNTANS

Monterey Bay (MB) experiences large internal tides
and unexplained elevated dissipation. To understand
what causes these phenomena, we developed Stanford
Unstructured Nonhydrostatic Terrain-following Adaptive
Navier-Stokes Simulator (SUNTANS) with the ultimate
goal towards understanding connections between internal
tides and enhanced dissipation. High resolution simula-
tions of MB identify the main source region of the internal
tides, and show the three-dimensional nature of the inter-
nal tidal field. These unique results improve our under-
standing the internal tide evolution.
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CP11

Generalized Quasi-Geostrophy
for Spatially Anisotropic Rotationally Constrained
Flows: Non-Hydrostatic Flows

Large-scale geophysical flows often exhibit balanced mo-
tions that reflect an underlying reduced dynamic contained
within the primitive equations. In this talk closed re-
duced equations analogous to the quasi-geostrophic equa-
tions are derived in the extratropics for small Rossby num-
bers and vertical scales that are comparable to or much
larger than horizontal scales. On these scales, significant
vertical motions are permitted and found to couple to bal-
anced geostrophic dynamics. These equations are derived
by a systematic exploration of different aspect ratios, and
Froude and buoyancy numbers, and offer advantages sim-
ilar to the standard quasi-geostrophic equations but for
studies of smaller-scale rotationally constrained processes.
Their potential relevance to open ocean deep convection
will be discussed.
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CP11

Numerical Simulation of An Asymptotically Re-
duced System for Rotationally Constrained Con-
vection

Numerical simulation of Navier-Stokes equations for rota-
tionally constrained convection is severely limited by thin
Ekman boundary layers and fast inertial waves. To inves-
tigate convection in this regime, we employ numerical sim-
ulation of an asymptotically reduced system of nonlinear
PDEs valid in the limit of small convective Rossby num-
ber. Simulations exhibit strong qualitative agreement with
physical experiments. Such simulations have potential to
provide insight into ocean deep convection, and pathways
to improved mixing parameterizations.
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CP12

An Information-Theoretic Observation Targeting
Algorithm for An Ensemble Forecast System

This work presents an efficient multiple targeting algorithm
incorporated with an ensemble forecast system. The im-
pact of each additional observation on the verification site
is computed by that of a fictitious observation taken at
the verification site back on the search space, which sig-
nificantly reduces the number of times that the computa-
tionally expensive ensemble updates must be performed.
Numerical simulations using an idealized chaos model are
presented to validate the advantage of the proposed algo-
rithm.

Jonathan P. How
Massachusetts Institute of Technology
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CP12

Toward an Optimal Reduced Order Control Strat-
egy in 4D-Var Data Assimilation

Order reduction in atmospheric four dimensional varia-
tional data assimilation is implemented using the proper
orthogonal decomposition (POD) method. A reduced sec-
ond order adjoint model provides Hessian matrix informa-
tion and is used to assess the efficiency of the POD-based
optimization. Optimal data collection and development of
a reduced order control strategy that accounts for the char-
acteristics of the data assimilation system are discussed.
Numerical experiments are presented with a finite volume
global shallow-water model.
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CP12

A Kalman Filter Methodology for Non-Gaussian
Errors

Kalman filtering is an assimilative technique for correcting
predictions of linear models using data related to the model
states. Kalman techniques assume white noise distribu-
tions for model and measurement errors. A distribution-
free Kalman filtering exists but its predictions are affected
by outliers. In addition, normality of the errors is lost
when extending by linearization Kalman methodology to
nonlinear models. We present a Kalman filter methodology
for dispersion exponential family distributions that avoids
these problems.

Miguel Dumett
University of Southern California
dumett@usc.edu

CP12

The Impact of the Numerical Discretization on Tar-
geted Observations

The problem of targeted observations in numerical weather
prediction is considered in the context of 4D-Var data as-
similation. Adjoint sensitivity and singular vectors meth-
ods are implemented for the Lin-Rood flux-form semi-
Lagrangian shallow-water model on the sphere. Identifi-
cation of the target area is shown to depend on the speci-
fication of the subgrid distribution in the 1D finite-volume
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transport operators. Results are presented for the piece-
wise linear and piecewise parabolic schemes.

Humberto C. Godinez
Portland State University
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CP12
Path Integral Approach to Data Assimilation

I describe a path integral approach, based on a hybrid
Monte Carlo method, for data assimilation. The method
can be used for such tasks as computing a smoother so-
lution, parameter estimation, data/model initialization.
Since it makes no assumptions on linearity in the dynam-
ics, or on Gaussianity in the statistics, it permits consider-
ation of very general estimation problems. This estimation
method exploits gradient-following sampling and nonlocal
decorrelation strategies to achieve a significant reduction
in computational costs, as compared to basic Monte Carlo
sampling. An application to Lagrangian data assimilation
in fluid flow and an application to hydrology will be used
to illustrate the method’s capabilities.
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CP12

A Weighted Total Least-Squares (wtls) Approach
to Geophysical Time-Series Regression Analysis

Standard regression allows for measurement noise only in
the response variable whereas random errors in the re-
gressors are neglected. We present an approach based
on the Weighted Total Least-Squares principle that prop-
erly handles such errors in all variables. This approach is
highly beneficial, as we demonstrate using data from a re-
cent article (EOS, 87/24) by M.E.Mann and K.A.Emanuel
where they tried to link atlantic hurricane trends to climate
change. (Joint work with Andreas Wieser).

Burkhard Schaffrin

Geodetic Institute
University of Karlsruhe (TH)
schaffrin@gik.uka.de

MS1

Modeling Flow and Deformation Processes in
Porous Media

Bio-tissue, highly-interacting soils such as clay, and
swelling polymers such as what are used for drug delivery
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systems are all examples of swelling porous materials for
which the coupling of flow and deformation may be of in-
terest. Here we examine the assumptions of the traditional
formulation (Darcy’s law and the Terzaghi stress principle)
and develop a themodynamically admissible generalization
of these two equations for swelling porous media.

Lynn S. Bennethum

University of Colorado at Denver and Health Sciences
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MS1

Strong Ellipticity for Anisotropic, Nonlinear Elas-
tic Material Bodies

Nonlinear hyperelasticity is an appropriate setting in which
to model the large deformation behavior of many materials
of geological relevance. The stability of such deformations
to small perturbations is a central issue from the physical,
computational and mathematical perspectives. Various no-
tions of convexity of the strain energy function (e.g. poly-
convexity, quasiconvexity and strong ellipticity) play key
roles in studying these stability issues. There are good ar-
guments that strong ellipticity is the physically most com-
pelling condition to consider.This talk presents a survey
of results concerning both necessary and sufficient condi-
tions for strong ellipticity to hold for strain energy func-
tions of certain novel sets of strain invariants characterizing
isotropic or orthotropic constitutive behavior recently in-
troduce by Criscione et al that are particularly well-suited
to fitting real material data.
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MS1

Iterative Coupling of Multiphase Flow and Me-
chanics in Porous Media

The modeling of coupled flow simulation and mechani-
cal deformations is important in addressing the response
of reservoirs located in structurally weak geologic forma-
tions.In this presentation we present an iterative coupling
algorithm of poroelasticity.In treating the multiphase flow
we use a discretization which involves a fully implicit mixed
finite method for multiphase flow and a Galerkin method,
either discontinuous or conforming, for elasticity. Theoret-
ical convergence results and computational examples are
presented.
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MS1

Estimating the Elastic Moduli and Permeablity
of Porous Materials from Two-Dimensional Pore
Space Images

Physical properties of porous media are estimated from
two-dimensional pore images. The permeability prediction
uses the hydraulic radius approximation to estimate the
individual pore conductances, and Kirkpatrick’s effective
medium approximation to upscale to the core-scale per-
meability. The elastic moduli prediction uses a scaling law
based on the perimeter and area to estimate individual pore
compressibilities, and then uses the differential effective
medium theory to upscale to the core-scale elastic moduli.
Good agreement is obtained with permeability and moduli
measurements on various sedimentary rocks and ceramics.

Robert Zimmerman

Royal Institute of Technology (KTH)
Stockholm 100 44, Sweden
r.w.zimmerman@imperial.ac.uk

MS2

Beyond Homogenization - New Scaling Approaches
for Stable and Unstable Density Dependent Flows
through Heterogeneous Media

A practicable solution of density-dependent problems for
field application requires consideration of the influence
of natural heterogeneity and thus up-scaling. Generic
aquifers with different geostatistical properties of the per-
meability distributions are looked at, following the con-
cepts developed in Held et al. [2005]. First, a stability
analysis combined with a generalized two-scale expansion
is proposed to investigate the stability of density dependent
flows on geological scales. So far only stability criteria for
density dependent flows in homogeneous media exist. Our
new approach, however , allows to predict the onset of in-
stabilities of density driven flows in heterogeneous media.
Second, to determine effective parameters for density de-
pendent flows in heterogeneous aquifers, a systematic anal-
ysis of heterogeneity impacts is carried out here based on
a new approach which homogenization combined with a
filter method called Coarse Graining. The new approach
allows to overcome the limitation of standard homogeniza-
tion which is the assumption of scale separation. We will
present explicit results for scale dependent effective param-
eters in the case of stable as well as unstable flow configu-
rations.

Sabine Attinger

Computational Environmental Sy
UFZ Leipzig
sabine.attinger@ufz.de

MS2

pH-Dependent Transport of Zinc at Cape Cod,
Massachusetts

Land disposal of sewage effluent at Cape Cod, Mas-
sachusetts resulted in contamination of the aquifer with
zinc (Zn). Adsorption of zinc was apparently correlated
with ph-values of the groundwater. A correlation between
the pH-value and a referring Kd-value could be derived
from sorption experiments with zinc and sediment mate-
rial from Cape Cod. 2-D and 3-D models have been set-up
using the transport code r3t. It was possible to reproduce
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the essential features of the measured zinc distribution.

Eckhard Fein
Gesellschaft fiir Reaktorsicherheit, GRS
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MS2

Advanced Numerical Methods for Transport and
Reaction in Porous Media

Precise numerical solutions for systems of partial differen-
tial equations modeling the flow, transport and reaction
in porous media have to overcome several nontrivial dif-
ficulties - complex geometries that imply applications of
unstructured grids, the different scales of the advection,
diffusion-dispersion and reaction models that require very
general algorithms, and the sensitivity of computations
to unphysical oscillations that demands robust numerical
schemes. In this talk, some advanced numerical methods
that fulfill such challenging requirements will be presented.
Additionally, new applications of level set methods in prob-
lems of flow and transport in porous media will be pre-
sented.
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MS2

Effect of Single-Species Reactive Solute Transport
on Thermohaline Groundwater Flow in Fractured
Porous Media

A three-dimensional numerical model has been developed
to solve coupled fluid flow, heat and single-species reactive
mass transport with variable fluid density and viscosity.
The focus was put on a single reaction between quartz and
its aqueous form silica. Results of a long-term (100 years)
simulation indicate that coexistence of dissolution and pre-
cipitation leads to self-sealing of fractures. Salt mass fluxes
through fractures decrease significantly due to major frac-
ture aperture reduction in the precipitation zone.

Thomas Graf
Université Laval, Quebec, Canada
thomas.graf.1@ulaval.ca

MS3

Estimation Theory and Data Assimilation for
Transport Processes

A brief overview of some recently developed estimation and
data assimilation methods will be given. Specific applica-
tions to transport processes will be presented.

Francis Alexander

CCS Division

Los Alamos National Laboratory
fja@lanl.gov

MS3
Upscaling Reactive Transport Processes From the

Pore- to Continuum-Scale Using the Lattice Boltz-
man Method

Reactive transport processes with different reactions in var-
ious synthetic structured and real porous medium geome-
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tries obtained with computed microtomography (CT) are
simulated at the pore scale using the lattice Boltzmann
(LB) method. The results are volume averaged over a REV
(representative elemental volume) and fit to multiscale con-
tinuum models. It is shown that the LB model enables
the computation of macroscopic parameters needed in the
continuum formulation, and the determination of the most
appropriate continuum formulationsingle, dual, or multiple
continua. It is noted that the detailed pore-scale informa-
tion obtained from the LB simulation may help explain
the observed discrepancy between laboratory and field de-
rived reaction rates by accounting for multiscale process at
the continuum scale with explicit representation of distinct
transport domains through separate interacting continua.

Peter Lichtner, Qinjun Kang
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MS3

Hybrid Models for Multiscale Simulation of Sub-
surface Biogeochemical Processes

Many subsurface flow and transport problems involve cou-
pled flow, transport, and reactions in heterogeneous me-
dia. Experimental research has revealed details about the
physical, chemical, and biological mechanisms involved in
these processes at a variety of scales ranging from molecu-
lar to laboratory scales. However, integration of quantita-
tive process models across these scales remains a significant
challenge. We will present examples illustrating these chal-
lenges and outline a hybrid multiscale approach as applied
to this problem.

Timothy D. Scheibe

Hydrology Technical Group

Pacific Northwest National Laboratory
tim.scheibe@pnl.gov

Alexandre Tartakovsky
Pacific Northwest National Laboratory
alexandre.tartakovsky@pnl.gov

George Redden
Idaho National Laboratory
george.redden@inl.gov

Daniel Tartakovsky

Department of Mechanical and Aerospace Engineering
University of California, San Diego

dmtQucsd.edu

MS3

Efficient Numerical Methods for Uncertainty Anal-
ysis with Multiscales

Many physical systems, such as natural porous media, are
highly heterogeneous and characterized by parameters that
are uncertain due to the lack of sufficient data. This un-
certainty (randomness) occurs on a multiplicity of scales.
In this talk we will investigate numerical solvers to deal
with such kind of problems. The focus is on the efficiency
and accuracy of the algorithms and their applicability to
practical applications.

Dongbin Xiu
Department of Mathematics
Purdue University
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MS4

Upscaling DNAPL Dissolution Mass Transfer in
Porous Media

Dissolution of NAPL takes place at the pore scale while re-
mediation technologies are applied at the field scale. Build-
ing models that effectively represent the pore scale pro-
cesses requires developing techniques for quantifying these
processes and their impact on large-scale mass transfer
rates. We present an integrated experimental and com-
putational approach to quantitatively investigate the role
of pore structure, entrapped NAPL distribution and hy-
drodynamic conditions on pore scale mass transfer rates.
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MS4

Comparison of Particle, Grid- Based and Lattice
Boltzmann Methods for Multiphase Fluid Flow in
Fractured and Porous Media

Particle (smoothed particle hydrodynamics and dissipa-
tive particle dynamics) grid based (Navier Stokes equa-
tion solvers with volume of fluid and level set interface
tracking) and lattice Boltzmann models have been devel-
oped and applied to multiphase fluid flow in porous media,
fractured porous media and fractured impermeable media.
The results of simulations of multiphase fluid flow in frac-
tured and porous media will be presented, and the relative
strengths and weaknesses of the models investigated will
be discussed.
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MS4

Smoothed Particle Hydrodynamics Model of
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NAPL Flow and Dissolution

A smoothed particle hydrodynamics model was developed
to simulate the flow of mixtures of aqueous and non-
aqueous phase liquids in porous media and the dissolu-
tion of the non-aqueous phase in the aqueous phase. The
model was used to study the effects of pore-scale hetero-
geneity and anisotropy on the steady state dense non-
aqueous phase liquid (DNAPL) saturation when gravity
driven DNAPL displaces water from initially water satu-
rated porous media.
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MS4
Simulation of Particulate Flow at the Pore Scale

using Embedded Boundary Volume of Fluid Meth-
ods

We present a simulation capability for transport of
colloidal-sized particles at the pore scale. Particulate is
represented by a bead-rod polymer model and is fully-
coupled to a Newtonian solvent. Finite differences are used
to discretize the interior of the domain; a Cartesian grid
embedded boundary / volume-of-fluid method is used near
boundaries and interfaces. Electrochemical interactions are
included in the particle model. We demonstrate this capa-
bility on particulate flow in a spatially-resolved packed bed
column.
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MS5

New Approaches for Model Reduction for Reser-
voir Flow Simulation

Adjoint-based optimal control techniques are well suited
for optimizing the performance of oil reservoirs, though
these methods require that numerous simulation runs be
performed, which can be very expensive with large reser-
voir models. The goal of this work is to investigate the
use of model reduction procedures for this problem. Our
approach uses a large set of ”snapshots,” generated from
detailed reservoir simulations, and then applies a hybrid
technique that combines Centroidal Voronoi Tessellation
and Proper Orthogonal Decomposition to efficiently gener-
ate low-order models. We show that these low-order mod-
els are able to capture the behavior of the detailed model
with a reasonable degree of accuracy even in the case of
varying well rates and pressures, which indicates that this
approach is indeed suitable for use in well control optimiza-
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tion.
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MS5

Low-Order Approximation Methods for Oil Reser-
voir Simulation and Control

Great effort has been devoted to constructing high-order
reservoir models for improved oil recovery. Several mod-
els of varying complexity have already been tested and
understood. Additionally, the use of novel multivariable
optimization techniques, optimal control, and sensor tech-
nology in the oil industry has increased the potential for
greater oil recovery, and therefore, enhanced reservoir man-
agement and profitability. However, these models entail
large amounts of computational effort in order to obtain
accurate solutions in a reasonable time. This work com-
pares several linear and nonlinear model order reduction
techniques for the simulation and design of low-dimensional
optimal controllers for flow in porous media.
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MS5

Kernel Principal Component Analysis for a Re-
duced Order Differentiable Parameterization of
Multi-Point Geostatistics

This work describes a novel approach for creating an ef-
ficient, reduced differentiable parameterization of large-
scale non-Gaussian, non-stationary random fields (repre-
sented by multi-point geostatistics) that are capable of
reproducing complex geological structures such as chan-
nels. Such parameterizations are appropriate for use
with gradient-based algorithms applied, for example, for
history-matching or uncertainty propagation. In earlier
work we showed that the standard Karhunen-Loeve (K-L)
expansion (also called linear principal component analysis,
PCA) could be used as a differentiable parameterization
of input random fields defining the geological model. The
standard K-L model is, however, limited in two respects.
Specifically, it requires an eigen-decomposition of the co-
variance matrix of the random field, which is prohibitively
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expensive for large models. In addition, it preserves only
the two-point statistics of a random field, which is insuf-
ficient for reproducing complex structures. In this work,
we apply kernel PCA to address the limitations associ-
ated with the standard K-L expansion. Kernel PCA is
widely used in machine learning applications but does not
appear to have found much if any application for geologi-
cal model parameterization. With kernel PCA, an eigen-
decomposition of a small matrix called the kernel matrix
is performed instead of the full covariance matrix. The
method is thus much more efficient than the standard K-L
procedure. Through use of higher order polynomial ker-
nels, which implicitly define a high-dimensionality feature
space, kernel PCA further enables the preservation of ar-
bitrarily high-order statistics of the random field, instead
of just two-point statistics as in the K-L method. The
kernel PCA eigen-decomposition proceeds using a set of
realizations created by geostatistical simulation (honoring
two-point or multi-point statistics) rather than the analyt-
ical covariance function. We demonstrate that kernel PCA
is capable of generating differentiable parameterizations in
terms of a small number of random variables that repro-
duce the essential features of complex geological structures
represented by multi-point geostatistics. The kernel PCA
representation is then applied to history match a water-
flooding problem. This example demonstrates that kernel
PCA can be used with gradient-based history matching to
provide models that match production history while main-
taining multi-point geostatistics consistent with the under-
lying training image.
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MS5

Enablers for Low Dimensional Galerkin Models for
Control and Observation in Fluid Dynamics

The proper orthogonal decomposition (POD, and close
variants) method is extremely efficient in compressing em-
pirical flow data, such as from an attractor, but is notorious
for the fragility of resulting models when transient dynam-
ics are of interest. We shall review a suit of enablers for
maintaining the efficiency of the Galerkin approximation,
which is essential in applications such as feedback control
or real time estimation, while expanding the dynamic range
of the model and improving its effective use. A key enabler,
reported earlier, is the inclusion of a generalized mean field
model. We shall demonstrate that, indeed, base flow dy-
namics are locally represented by a single flow mode, which
varies slowly along natural and actuated transients. This
mode can be extracted empirically, or from linearized flow
equations. Geometrical methods will be used to capture by
interpolation the continuous deformation of dominant flow
modes along transients. Thus, dynamic representation of
transients is achieved at the cost of an added nonlinear-
ity (due to mode interpolation) but without an increase in
dimension, when compared with a model obtained from a
single operating point or orbit. Interpolation methods in-
clude the use of both a posteriori empirical data (e.g., POD
modes) or a priori linear stability analysis. They are es-
tablished as viable tools also for accommodating changing
geometries (e.g., an airfoil angle of attack) and flow condi-
tions (e.g., the Reynolds number). The flow space geome-
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try is a critical component in POD mode extraction. We
shall present variations based extensions of the observabil-
ity Grammian, to extract the most observable (or relevant)
modes.
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MS6

Optimizing Tetrahedral Element Quality Through
the Use of Mesh Smoothing Techniques for Study-
ing Near Surface Phenomena

An algorithm for rapid, large-scale mesh generation will be
presented in the context of studying near-surface phenom-
ena. The output of black-box mesh generation software is
post-processed with a mesh-smoothing technique to ensure
quality tetrahedral elements in the final mesh. The result
is an optimization problem with more than 100k degrees
of freedom. The entire procedure will be presented with a
specific focus on the smoothing algorithm, the optimization
problem, and the treatment of buried objects.
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MS6

Some Derivative-Free Approaches to a Hydraulic
Capture Benchmarking Problem

We discuss some derivative-free optimization techniques
applied to a hydraulic capture problem proposed in the lit-
erature for benchmarking purposes. This application is an
example of simulation-based optimization. We discuss sev-
eral aspects of the problem which effect the minimization
including the capture constraint formulation and inclusion
of fixed costs which leads to a mixed-integer problem. We
include results obtained with several sampling methods and
also consider a multi-model approach and the use of sur-
rogate models to help with the expensive simulations in-
volved.
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MSe6

Application of Optimization Techniques to Large-
scale Groundwater Problems for Model Calibration

The Engineer Research and Development Center models
groundwater flow and transport for monitoring and reme-
diation purposes. Physics based models for some of these
sites are very large and require parallel computer resources.
Data provided for these sites such as borehole data, head
values, and concentration values are spatially sparse. Op-
timization techniques have been applied to these parallel
numerical models that utilize the sparse data to provide
the best estimates of the model input parameters.
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MSé6
POD Methods for Model Calibration

Abstract not available at time of publication.
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MS7
Dispersion in Deformable Media

Swelling porous media such as clays and many polymers
are ubiquitous and consequently a proper understanding
of how chemicals are transported within such systems is
critically import. Here we review several of our attempts
to model anomalous dispersion in these systems over a hi-
erachy of scales.

John H. Cushman
Department of Mathematics
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MS7

Modeling Leakage of Carbon Dioxide from Under-
ground Storage Sites

Reduction of atmospheric greenhouse gas is of great cur-
rent interest. One mechanism for reducing carbon diox-
ide emissions is to capture and reinject these gases into
abandoned reservoirs. Regulators must then be able to de-
termine whether these buried gases will leak back out into
the atmosphere or into underground ”assets” such as active
hydrocarbon reservoirs or aquifers with unusable drinking
water. We will discuss a simple modeling study to begin
to answer questions of CO2 leakage.
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MS7

Theoretical Investigation of the Effects of Consol-
idation on Contaminant Transport in Composite
Contaminant Barriers

Consolidation of clayey contaminant barriers such as land-
fill liners has been advocated as a cause of early break-
through of contaminants. This paper theoretically inves-
tigates this proposition. We propose a sophisticated one-
dimensional, large deformation model of coupled mechani-
cal consolidation and solute transport. This new model is a
generalization of existing coupled consolidation and solute
transport models described in the literature taking into ac-
count both nonlinearities of the geometric relations as well
as of the constitutive relations.
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MS7

Advective Transport in Porous Media: A Calibra-
tion of Computational

The calibration of computational approaches to modelling
of the advective transport in a fluid saturated porous me-
dia invariably use a classical one-dimensional solution with
constant flow velocity, where the front has a discontinuous
profile, resulting in a restrictive criterion for unconditional
stability. This paper calibrates the computational perfor-
mance of the stabilized schemes through several recently
developed analytical solutions, which take into consider-
ation time-dependent velocities and the influence of pro-
cesses resulting from natural attenuation.
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MS8
Title Not Available at Time of Publication

Abstract not available at time of publication.
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MS8

On the Role of Transversal Dispersion in Density
Dependent Flow and Transport in Heterogeneous
Porous Media

Abstract not available at time of publication.
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Title Not Available at Time of Publication

Abstract not available at time of publication.
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MS9

A Globally Coupled Method for Reactive Trans-
port in Porous Media

Reactive transport with equilibrium reactions leads to a
system of advection-diffusion PDEs, coupled with algebraic
equations. We investigate a global solution method, formu-
lated in terms of total mobile and total immobile concen-
trations, and we propose to solve the nonlinear problem
with a Newton-Krylov method. In contrast with the more
traditional direct substitution approach, we keep chemistry
distinct from the transport equations, leading to a formula-
tion with a smaller number of unknowns, where evaluating
nonlinear function requires solving a chemical problem at
each grid point.
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MS9

Reformulation of Multicomponent Transport-
Reaction Equations for the Reduction of the Prob-
lem Size, and Treatment of Mineral Reactions as a
Complementarity Problem

The talk is about a reformulation of multicomponent
transport-reaction equations which can be used to reduce
the size of the corresponding nonlinear system of equations.
This leads to a reduction of cpu time, while the system of
PDEs, ODEs and algebraic equations is still treated fully
implicitly without splitting. Special emphasis will be laid
on the handling of equilibrium mineral reactions. They
are formulated as a Complementarity Problem. Hence, the
full nonlinear problem can be solved by the Semismooth
Newton method.
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MS9

Dissolution and Precipitation in Porous Media:
Analytical and Numerical Results

We consider a pore scale model for dissolution and precipi-
tation in porous media. Ions transported by a fluid flowing
through the pores may react and form a precipitate layer
that is attached to the surface of the grains. Conversely,
dissolution is also possible, leading to a possible change
in the geometry of the pores. We present some analyti-
cal and numerical results, and focus on the occurrence of
dissolution and precipitation fronts.
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MS9

Modeling Mixing-Controlled Biogeochemical Reac-
tions from the Pore to Continuum Scale

Several studies have demonstrated the important role
played by transverse mixing and dispersion along the
fringes of chemical plumes in porous media. These studies
have also demonstrated that the length scale of transverse
mixing zones can be very small, often on the order of cen-
timeters or less. In order to study dispersion, mixing and
reaction at this scale we are using pore-scale numerical
modeling and micro-model laboratory experiments. The
numerical modeling framework consists of the following;:
(a) geometric construction of a packed bed of grains; (b)
solution for the steady flow field by the lattice-Boltzmann
method; and (c) solution for the steady-state distribution
of reactive chemicals using a finite-volume code. For the
case with microbially-mediated reactions, there is an ad-
ditional step that uses a rules-based approach to simu-
late biofilm growth. The simulation results show good
agreement with the experimental data. The numerical
model also shows how the overall reaction rate depends
upon pore-scale geometry. Comparing the pore-scale re-
sults with continuum models shows that transverse mixing
is adequately quantified using classical hydrodynamic dis-
persion coefficients. This is contrary to other results in
the literature for longitudinal mixing. Extension to field
scales will also be discussed. In this case, macro-dispersion
coefficients that model spreading due to sub-grid scale het-
erogeneity cannot be used to model reactant mixing.

Albert J. Valocchi
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MS10

Particle Suspension Transport in Porous Media:
Einstein-Smoluhowskii and Boltzmann Models

Suspension transport in porous media is accompanied by
particle capture, mainly by size exclusion and attachment.
The conventional mathematical model assumes that parti-
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cles move with the carrier water velocity. Nevertheless, size
exclusion remove particles mostly from thin pores, caus-
ing increase of particle speed. On the contrary, attach-
ment is proportional to free surface area, particles are re-
moved mostly from large pores, causing particle speed de-
crease. We take two different approaches - that of Einstein-
Smoluhowskii (population balance models resulting in con-
tinuous Markov chains) and that of Boltzmann - to resolve
the paradox. Unknowns for both models are particle and
pore size distributions. Several exact solutions allow for av-
eraging of both micro scale models. The averaged models
significantly differ from the conventional model. Particle
averaged speed is different from water velocity.
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MS10

Lattice Boltzmann
Simulations of Multi-Component Reactive Trans-
port in Porous and Fractured Media at the Pore
Scale

A lattice Boltzmann (LB) pore-scale model for simulating
multi-component reactive transport process in porous and
fractured media is presented. The model takes into account
advection, diffusion, homogeneous reactions among multi-
ple aqueous species, heterogeneous reactions between the
aqueous solution and minerals, ion exchange and surface
complexation reactions at the fluid-solid interface, as well
as the resulting geometrical changes in pore space. Simu-
lation results with different reactions in various synthetic
structured and real porous and fractured media are pre-
sented.
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MS10

Residual Fluid Blobs and Contact Angle Measure-
ments from X-Ray Images of Fluid Displacement

We consider the measurement of fluid-fluid and fluid-solid
surfaces in X-ray computed tomographic images of two
phase (oil-water) displacement at residual fluid conditions
in a Berea sandstone sample. 3D reconstructions of the
residual fluid blobs show qualitative behaviour which is
in agreeement with conventional wisdom. We consider
the measurement of fluid-solid contact angle via such im-
ages and elucidate the challenge in identifying triple points
(points with three phases in contact). We develop an algo-
rithm for contact angle measurement. Results from appli-
cation of the contact angle algorithm indicate the ability
to distinguish wetting and non-wetting fluid blobs and re-
veal satisfactory agreement with experimental wettability
measurements.

W. Brent Lindquist
State University of New York, Stony Brook
lindquis@ams.sunysb.edu

Masha Prodanovic

Institute for Computational Engineering and Sciences
University of Texas, Austin

masha@ices.utexas.edu



GS07 Abstracts

Randy Seright
New Mexico Institute of Mining and Technology
randy@prrc.nmt.edu

MS10

Computational Rock Physics: Pore Scale Simula-
tions in Realistic Granular Microstructures

Pore-scale process simulation is moving towards more com-
plex geometries. The construction of physics-based, realis-
tic rock microstructure is needed to better understand geo-
logic processes. We are working on granular media simula-
tions to create rock geometries and couple them with sim-
ulations of various transport processes. Rock microstruc-
ture created from physics-based modeling using Discrete
Element Method serves as an input to Lattice Boltzmann
flow simulation.
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MS11

Model Reduction from Input/Output Measure-
ments

In many applications no explicit model of a given pro-
cess is available. Instead input/output measurments of
the process exist. The problem therefore consists in com-
puting an appropriate approximate (reduced-order) model
directly from these measurements. In this talk we will pro-
pose a method for achieving this objective. The main tool
is the Loewner matrix. We will also show that this method
can be extended to deal with passivity preserving model re-
duction. Numerical experiments verifying the theoretical
considerations will also be provided.
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MS11

Robust Model Reduction for Contaminant Trans-
port Applications

Robust reduced-order models, i.e. those able to approxi-
mate full-scale outputs over a wide range of parameters,
have an important role to play in making tractable large-
scale optimal design, optimal control, and inverse problem
applications. We pose the task of determining appropriate
training sets for reduced-basis construction as a sequence
of optimization problems and show that these problems
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have a closed-form solution under certain assumptions.
We present an efficient model-construction algorithm that
scales well to systems with a large number of parameters.
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MS11

The Use of Reduced Order Models to Accelerate
the Iterative Solution of Systems of Equations

We developed a method to use reduced-order models for so-
lution acceleration of systems of equations using iterative
solvers in time stepping schemes for reservoir simulation.
We assessed the efficiency of this technique for large-scale
linear and nonlinear systems. The acceleration is achieved
by determining an improved initial guess for the iterative
process based on information in the solution vectors from
previous time steps, through the use of proper orthogo-
nal decomposition (also known as Karhunen-Love decom-
positon, principal component analysis or the method of
empirical orthogonal functions). The algorithm basically
consists of two projection steps: 1) projecting the govern-
ing equations onto a subspace spanned by a low number
of global empirical basis functions extracted from previous
time step solutions, and 2) solving the governing equations
in this reduced space and projecting the solution back on
the original, high dimensional one. We applied the algo-
rithm to implicit-pressure explicit-saturation schemes and
fully implicit schemes using Newton and Picard iteration.
We achieved a substantial reduction in the number of iter-
ations and an associated acceleration of the solution. Our
largest test problem involved 93,500 variables, in which
case we obtained a maximum reduction in computing time
of 67%. The method is particularly attractive for problems
with time-varying parameters or source terms.

Renato Markovinovic, Jan Dirk Jansen

Department of Geotechnology

Delft University of Technology
r.markovinovic@citg.tudelft.nl, j.d.jansen@citg.tudelft.nl

MS11

Balanced Reduction with a Parameter Free ADI-
like Method

Balanced reduction provides a means to approximate a lin-
ear time invariant dynamical system with a reduced or-
der system that has excellent approximation properties in-
cluding a global a priori error bound and preservation of
asymptotic stability. To construct the transformations re-
quired to obtain balanced reduction, large scale Lyapunov
equations must be approximately solved in low rank fac-
tored form. We have developed a new method for solving
Lyapunov equations that is essentially a synthesis of the
approximate power method (APM) and the alternating di-
rection implicit (ADI) algorithm. Problems on the order of
1 million state variables can be solved on a high end work-
station. The new algorithm is provably convergent and
does not require the selection of parameters (as in the ADI
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method). It is, therefore, a promising candidate for devel-
oping into reliable mathematical software. An extension of
this approach has been developed that will simultaneously
solve the two Lyapunov controllability and observability
equations to obtain the balancing transformation. This
can be a considerable improvement when only one of the
two equations admits a very low rank approximate solu-
tion.

Danny C. Sorensen
Rice University
sorensen@rice.edu

MS12

Small-scale Computational Modeling of Vuggy
Porous Media

We discuss computational techniques for small-scale sim-
ulation of flow and transport in interconnected vugs, i.e.,
cavities. Flow is governed by Darcy’s law in the rock ma-
trix and Stokes’ equations in the vugs, with the Beavers-
Joseph condition on the interface. We develop a code
for simulating the 3-D Darcy-Stokes flow with a multi-
grid method and modified Uzawa smoother to solve the
ill-conditioned linear system. We compare our computa-
tional predictions to field and laboratory experiments.

Todd Arbogast

University of Texas
Department of Mathematics
arbogast@ices.utexas.edu

MS12

Discontinuous Finite Elements for Ground Wa-
ter/Surface Water Coupling

We discuss mathematical and numerical issues related to
the modeling of low and transport in coupled ground water
and surface water domains. Particular issues which arise
include the appropriate choice of models within each do-
main, and the determination of boundary conditions at the
coupling interface. Numerically, ground and surface water
flows often occur at very disparate spatial and temporal
scales. We will present recent results on the application of
discontinuous Galerkin methods for these models.

Clint Dawson

Institute for Computational Engineering and Sciences
University of Texas at Austin

clint@ices.utexas.edu

MS12

High Resolution Multi-Scale Storm Surge Model-
ing for Southern Louisiana

Coastal Louisiana is characterized by low-lying topography
and a network of sounds, estuaries, bays, marshes, lakes,
rivers and inlets that permit widespread inundation during
hurricanes. A basin to channel scale implementation of the
ADCIRC unstructured grid hydrodynamic model simulates
hurricane storm surge, tides, river flow and wave-radiation-
stress setup in this complex region. This is accomplished by
defining a domain and computational resolution appropri-
ate for the relevant processes, and implementing accurate,
robust, and highly parallel algorithms.

Joannes Westerink
Dept. of Civil Engineering and Geological Sciences
University of Notre Dame
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MS12

Coupling of Flow and Transport for Surface Water-
Groundwater Systems

We discuss a mathematical and numerical model for con-
taminant transport in surface water-groundwater systems.
The Stokes-Darcy flow system is coupled with a transport
equation. Beavers-Joseph-Saffman interface conditions are
imposed. Stability and error estimates are established for
a finite element discretization based on conforming or dis-
continuous elements for Stokes flow, mixed finite elements
for Darcy flow, and local discontinuous Galerkin elements
for transport. The formulation utilizes a Lagrange multi-
plier to impose the interface conditions. A non-overlapping
domain decomposition algorithm is developed for the flow
equations which reduces the coupled algebraic system to an
interface problem for the normal stress. Each interface it-
eration requires solving Stokes and Darcy subdomain prob-
lems. The properties of the interface operator are analyzed.
Numerical results are presented.

Ivan P. Yotov

Univeristy of Pittsburgh
Department of Mathematics
yotov@math.pitt.edu

Danail Vassilev
University of Pittsburgh
dhv1@pitt.edu

MS13
Geomechanics of Fractured Reservoirs

Most rocks in the crust are fractured, and both their fluid
flow characteristics and their geomechanical behavior are
strongly affected by the fractures. A semi-analytical model
for random polycrystals of porous laminates permits de-
tailed calculations of both geomechanical and transport
coefficients for model reservoirs. This approach also en-
ables the use of rigorous error estimates (or bounds) of the
Voigt, Reuss, and Hashin-Shtrikman types. The result-
ing comparisons provide insights into expected behavior of
fractured reservoirs.

James G. Berryman

Lawrence Berkeley National Lab
Earth Sciences Division
JGBerryman@LBL.GOV

MS13

Advanced Constitutive Model for Unsaturated
Soils Including Double-Sided Hydro-Mechanical
Coupling

An advanced constitutive model for unsaturated soils, in-
cluding a double-sided hydro-mechanical coupling is pre-
sented. It answers the need for a complete behavioural
model, adaptable to a large panel of geomaterials with
a reasonable number of parameters. It offers a unified
modelling solution for several engineering problems such
as dimensioning of earth dams. The model formulation de-
rives directly from the understanding of mechanisms of be-
haviour of partially saturated material submitted to com-
binations of mechanical and hydraulic loading in labora-
tory. A performing saturated model based on two plastic
mechanisms has been extended to deal with partially sat-
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urated states, leading to the so-called ACMEG-S model.
The adopted stress framework is a Bishop-type effective
stress for the mechanical part and the matric suction for the
hydraulic part. The many simplifications brought by the
effective stress representation versus traditional net stress
and suction representation are exposed and related to the
definition and multiple use of the loading collapse curve.
One pre-eminent contribution of the study lies in the mod-
elling of the hydraulic response, termed soil water reten-
tion curve, by the means of a simple elastoplastic isotropic
model rendering both the hydraulic hysteresis and the de-
pendency of the soil water retention curve on void ratio.
The coupled effects of mechanical history on the hydraulic
response are quantified experimentally with an unsaturated
oedometer. By integration via a custom numerical tool,
several experimental hydro-mechanical test paths from the
literature are successfully simulated with the ACMEG-S
model, highlighting the major implications of the compre-
hensive hydro-mechanical framework.

Lyesse Laloui

Ecole Polytechnique Fédérale de Lausanne
EPFL, Lausanne, Switzerland
Lyesse.Laloui@epfl.ch

Mathieu Nuth

Ecole Polytechnique Fédérale de Lausanne
EPFL Switzerland

mathieu.nuth@epfl.ch

MS13
Brinkman-Darcy Models of Porous Media

Single-phase flow through fissured porous media is de-
scribed by a system of partial differential equations with
components of Brinkman and Darcy types. These are
suited to the simulation of flow in fissures and pore struc-
ture, respectively, and we study the solution regularity
properties of these systems.

Ralph Showalter
Department of Mathematics
Oregon State University
show@math.oregonstate.edu

MS13

Two-Scale Modeling of Deformable Porous Media
with Applications to Clays

A two-scale asymptotic analysis for flow in an elastic
porous media is considered. The influence of the microscale
interfacial phenomena on the effective behavior of clays is
studied.

Bogdan M. Vernescu

Dept of Mathematical Sciences
Worcester Polytechnic Inst
vernescu@wpi.edu

MS14

Carbon Dioxide Storage Capacity in Deep Saline
Formations: Concepts and Optimization

Saline formations are expected to have a very large capac-
ity to store carbon dioxide in a dense super-critical phase.
This paper explores the underlying physical concepts that
influence storage capacity, including hysteretic relative per-
meability curves, formation heterogeneity, and buoyancy

o7

driven flow. In light of these fundamental processes, op-
tions for optimizing storage capacity are evaluated, includ-
ing injection depths, well configuration, number of injec-
tion wells and formation properties. These studies are car-
ried using properties of the Frio Formation in Texas, but
general conclusions for a variety of storage sites are pro-
vided.

Sally Benson

Earth Sciences
Lawrence Berkeley Labs
SMBenson@Ibl.gov

MS14
Residual Trapping in Sloping Aquifers

An estimate of the area invaded by the COgz-plume is of
interest for site selection. During plume migration, CO2
is trapped as residual gas in the wake of the plume. We
present a simple model of a plume spreading in a horizon-
tal a sloping aquifer with residual trapping. In a sloping
aquifer the vertical sweep efficiency of the COs-plume in-
creases, this leads to a decrease of the maximum up-dip
migration distance with increasing aquifer slope.

Hamdi Tchelepi

Petroleum Engineering Department
Stanford University
tchelepi@stanford.edu

Franklin Orr Jr.
Stanford University
fmorr@pangea.stanford.edu

Marc Hesse

Dept. of Energy Resources Eng.
Stanford University
mhesse@pangea.stanford.edu

MS14

Application of a Locally Conservative Variational
Multiscale Method for the Simulation of Geological
CO2 Storage in Highly Heterogeneous Formations

We present a variational multiscale mixed finite element
method for flow in porous media. The method enables
inexpensive simulations that capture the fine-scale het-
erogeneities that control buoyancy-driven flow. We sim-
ulate CO2 migration with an IMPES multiscale strategy,
in which the pressure equation is solved implicitly on a
coarse grid, and the saturation equation is solved explic-
itly on the fine grid. We illustrate the formulation with
synthetic and realistic cases, and discuss ongoing work to
account for compressibility and hysteresis in relative per-
meability and capillary pressure.

Ruben Juanes

Civil and Environmental Engineering
MIT

juanes@mit.edu

Francois-Xavier Dub
Mechanical Engineering
MIT

fxdub@mit.edu
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Institute for Computational and Engineering Sciences
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MS14

Onset of Convection in a Gravitationally Unstable
Diffusive Boundary Layer, in a Porous Medium

We present a linear stability analysis of density driven, mis-
cible flow in porous media in the context of CO2 seques-
tration in saline aquifers. CO2 dissolution into the under-
lying brine leads to a local density increase that results
in a gravitational instability. The physical phenomenon is
analogous to the thermal convective instability in a semi-
infinite domain due to step change in temperature at the
boundary. We present a solution, based on the dominant
mode of the self-similar diffusion operator, which can accu-
rately predict the critical time and the associated unstable
wavenumber. This approach is used to explain the instabil-
ity mechanisms of the critical time and the longwave cutoff
in a semi-infinite domain. For large times, both the max-
imum growth rate and the most dangerous mode decay
as tV/* . The instability problem is also analyzed in the
nonlinear regime by high accuracy direct numerical sim-
ulations. The nonlinear simulations at short times show
good agreement with the linear stability predictions. A
dimensional analysis for typical aquifers shows that for a
permeability variation of 1 - 3000mD, the critical time can
vary from 2000 yrs to about 10 days while the critical wave-
length can be between 200m and 0.3 m.

Hamdi Tchelepi

Dep Petroleum Engineering
Stanford University
tchelepi@pangea.stanford.edu

MS15

Dynamics of 3D Atmospheric Mountain Gravity
Waves

Abstract not available at time of publication.

Triantaphyllos R. Akylas
Mechanical Engineering
M.IT.
trakylas@QMIT.EDU

MS15
Urban Atmospheric Boundary Layer Dynamics

Abstract not available at time of publication.

Joe Fernando

Mechanical Engineering, Environmental Fluid Dynamics
Program

Arizona State University, Tempe, AZ 85287
j-fernando@asu.edu

MS15

High Resolution Simulations of Statospheric Clear
Air Turbulence

Abstract not available at time of publication.

Mohamed Moustaoui

dept. of mathematics and statistics
Arizona State University, Tempe, AZ 85287
mousta66@pearson.la.asu.edu
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MS15

Lagrangian Coherent Structures and Clear Air
Turbulence

Abstract not available at time of publication.

George Haller

Massachusetts Institute of Technology
Department of Mechanical Engineering
ghaller@mit.edu

Wenbo Tang
Massachusetts Institute of Technology
wetang@mit.edu

MS16

A Fully Mass and Volume Conserving Implemen-
tation of a Characteristic Method for Transport
Problems

The characteristics-mixed method transports mass along
the characteristic curves of the hyperbolic part of the equa-
tion, and thereby produces little numerical dispersion, con-
serves mass locally, and can use long time steps. Since the
shape of a trace-back region is approximate, its volume
may be incorrect, giving inaccurate concentration densi-
ties. We present a simple modification that conserves both
mass and volume of the transported fluid regions. Theo-
retical convergence results and several numerical examples
are given.

Chieh-Sen Huang

ational Sun Yat-sen University
Kaohsiung, Taiwan
huangcs@math.nsysu.edu.tw

Todd Arbogast

University of Texas
Department of Mathematics
arbogast@ices.utexas.edu

MS16

Upscaling of Two-Phase Flow Transport in Hetero-
geneous Porous Media

I will discuss a multiscale technique for simulation of
porous media flows in a flow-based coordinate system.
Flow based coordinate system allows us to simplify the
scale interaction and derive the upscaled equations for
purely hyperbolic transport equations. We discuss the
applications of the method to two-phase flows in hetero-
geneous porous media. For two-phase flow simulations,
the use of flow based coordinate system requires a lim-
ited global information, such as the solution of single-phase
flow. Numerical results show that one can achieve accurate
upscaling results using flow-based coordinate system. This
is a joint work with T. Hou and T. Strinopoulos.

Yalchin Efendiev

Dept of Mathematics
Texas A&M University
efendiev@math.tamu.edu

MS16

Iterative Coupling for Multiscale Methods for Mul-
tiphase Flow in Porous Media

We discuss a multiscale mortar mixed finite element
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method (MMFE) for multiphase flow that employs an it-
erative coupling scheme at each time step. Iterative cou-
pling is an operator splitting technique that decouples the
multiphase flow system into pressure and saturation equa-
tions. At each time step a series of iterations are computed
that involve solving both pressure and a linearized satura-
tion equation using specific tolerances that are iteration
dependent. Concentrations are updated using mass bal-
ance equations. This approach is locally conservative and
computationally more efficient than fully implicit.

Mary F. Wheeler

Center for Subsurface Modeling
University of Texas at Austin
mfw@ticam.utexas.edu

MS16

Multiscale Mortar Domain Decomposition for Flow
in Porous Media

We develop multiscale mortar mixed finite element dis-
cretizations for second order elliptic equations. The conti-
nuity of flux is imposed via a mortar finite element space
on a coarse grid scale, while the equations in the coarse
elements (or subdomains) are discretized on a fine grid
scale. The polynomial degree of the mortar and subdo-
main approximation spaces may differ; in fact, the mortar
space achieves approximation comparable to the fine scale
on its coarse grid by using higher order polynomials. Our
formulation is related to, but more flexible than, existing
multiscale finite element and variational multiscale meth-
ods. We derive a priori error estimates and show, with
appropriate choice of the mortar space, optimal order con-
vergence and some superconvergence on the fine scale for
both the solution and its flux. We also derive efficient and
reliable a posteriori error estimators, which are used in an
adaptive mesh refinement algorithm to obtain appropriate
subdomain and mortar grids. Numerical experiments are
presented in confirmation of the theory.

Gergina Pencheva
University of Pittsburgh
gepst12@pitt.edu

Ivan P. Yotov

Univeristy of Pittsburgh
Department of Mathematics
yotov@math.pitt.edu
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MS17

Physics-Based Deflation Preconditioners for Flow
in Porous Media

This work describes a physics-based deflation precondi-
tioner approach for solving porous media flow problems
characterized by high permeability contrasts. The ap-
proach relies on rearranging the linear system coefficients
in high- and low-permeability blocks. The procedure is
labeled as physics-based 2-Stage deflation preconditioner
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(2S-DP). Numerical experiments reveal that the P2DP is
a powerful alternative to solve non-symmetric pressure sys-
tems arising in fully-implicit formulations.

Mary F. Wheeler

Center for Subsurface Modeling
University of Texas at Austin
mfw@ticam.utexas.edu
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Louisiana State University, CCT and dept of mathematics
Baton Rouge, USA

burak@cct.lsu.edu

Hector Klie
Center for Subsurface Modeling, UT Austin
klie@ices.utexas.edu

MS17

Domain Decomposition Methods for Multiscale El-
liptic PDEs

In this talk we will discuss domain decomposition pre-
conditioning for linear systems arising from finite element
approximation of symmetric elliptic problems with highly
variable coefficients. The work is motivated by problems
arising in the computation of flow through heterogeneous
media. We will give condition number bounds which
demonstrate how the subdomains and coarse space basis
functions should be designed in order for the methods to
be robust to both the heterogeneity of the media and the
mesh parameters. In particular, we give a rigorous con-
nection between low energy basis functions and robustness
to heterogeneity. The results are illustrated by examples
showing the benefits of using multiscale finite element in-
terpolation as a coarsener.

Ivan G. Graham
University of Bath
I.G.Graham@bath.ac.uk

Robert Scheichl

Department of Mathematical Sciences
University of Bath
masrs@maths.bath.ac.uk

MS17

Flexible GMRES with Deflated Restarting with
Application for the Solution of the Helmoltz Equa-
tions

In this talk we will describe a flexible Krylov subspace
method that enables the preconditioner to change from one
iteration to the next. It is referred to Flexible GMRES-DR
due to its close ressemblance with the GMRES-DR method
by R. Morgan in the way it recycles some spectral informa-
tion at each restart. Numerical experiments for the solu-
tion of the Helmotz equations using the multigrid scheme
by Riyanti et al as preconditioner will be reported.

Xavier Pinel
CERFACS

France
xavier.pinel@cerfacs.fr

Xavier Vasseur
CER
xavier.vasseur@cerfacs.fr



60

Luc Giraud
ENSEEIHT-IRIT
Toulouse, France
giraud@n7.fr

Serge Gratton
CERFACS

Toulouse, France
serge.gratton@Qcerfacs.fr

MS17

Deflation Acceleration of ICCG for Porous Media
Flow

In this paper it is proven that the number of small eigenval-
ues of the IC preconditioned matrix is equal to the number
of high permeable domains, which are not connected to a
Dirichlet boundary. It appears that the Deflated ICCG
method annihilates the effect of these small eigenvalues. A
method is given to construct the corresponding projection
vectors in an efficient way. It appears that the implemen-
tation of the deflation acceleration is important. The ef-
ficiency of the DICCG method is illustrated by numerical
experiments.

Jok Tang
Delft University of Technology
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Berlin, Germany
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MS18

Elucidating Model Inadequacies in Parameteriza-
tions by Use of An Ensemble-Based Calibration
Framework

Every parameterization contains structural model errors,
but the sources of these errors are difficult to pin-
point because of complicated nonlinearities and feedbacks.
Ensemble-based parameter estimation is proposed as a
method to elucidate model inadequacies. Rather than
striving to find the single best set of parameter values,
the output is instead an ensemble of parameter sets. The
resulting ensemble can help uncover model deficiencies and
structural errors that might not otherwise be easily re-
vealed.

Jim Hansen

Naval Research Laboratory
Marine Meteorology Division
jim.hansen@nrlmry.navy.mil

MS18
Data Assimilation and Ensemble Forecasting

Abstract not available at time of publication.
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MS18

Ensemble Kalman Filtering for Severe-Weather
Prediction

While global numerical weather prediction has seen steady
progress over the last 40 years, forecasting for smaller scales
(below, say, 100 km) remains difficult. Small scale phenom-
ena, such as hurricanes and thunderstorms, unfortunately
also account for much of severe and damaging weather.
Data assimilation, or estimating the atmospheric state at
small scales given observations, is a key obstacle to use-
ful numerical prediction of severe weather, since accurate
forecasts require accurate initial conditions. The ensemble
Kalman filter addresses many of the difficulties of small-
scale atmospheric state estimation. It employs a general,
Monte-Carlo-based covariance model that can spread in-
formation from limited observations spatially, temporally
and to unobserved variables. It does not require lineariza-
tion or adjoints of complex and strongly nonlinear physi-
cal processes such as those surrounding the formation and
evolution of cloud and rain. It also facilitates subsquent
probabilistic forecasts, which are necessary at small scales
because of the very short predictability times, by producing
an ensemble (or sample) of initial conditions. I will review
recent progress in employing the ensemble Kalman filter at
small scales in the atmosphere, with emphasis on the as-
similation of Doppler radar observations of severe thunder-
storms and the initialization of hurricance forecasts. Mul-
tiple spatial scales and dynamics, typically involving the
small-scale weather elements and a larger-scale environ-
ment, is a key open issue.

Chris Snyder

Mesoscale and Microscale Meteorology Division
NCAR

chriss@ucar.edu

MS18
Title Not Available at Time of Publication

Abstract not available at time of publication.
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MS19

Biphasic Poroelastic Models for Deformation in the
Cellular Microenvironment of Articular Cartilage

Articular cartilage can be idealized as a biphasic poroelas-
tic mixture that is comprised of a solid extracellular matrix
saturated by interstitial fluid. Cartilage extracellular ma-
trix is maintained by a sparse population of cells whose
metabolic activity is highly dependent upon mechanical
characteristics of the pericellular environment. We present
computational models for poroelastic deformation at the
cellular scale in a cartilage layer subjected to dynamic load-
ing. Implications for modeling osteoarthritis and tissue en-
gineering are discussed.

Mansoor A. Haider
North Carolina State University
Department of Mathematics
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MS19

Mechanisms of Coupling of Deformation, Contam-
ination, Dissolution and Precipitation in Porous
Media

The ways deformation and chemical mass change influence
one another are addressed. We investigate mechanisms
and identify key variables at different scales that control
the rate and the amount of mechanical changes induced
by chemical processes. The focus of this paper is on irre-
versible changes in porous media as expressed via chemo-
plasticity. A primary role of so called compensatory mode
of chemical softening plays in producing plastic strain due
exclusively to chemical processes at constant stress.

Tomasz Hueckel
Duke University, Civil and Environmental Engineering
hueckel@duke.edu

MS19

A Hybrid Mixture Theoretic Approach to Mod-
eling Two Time-Scale Multiphase Flow in a De-
formable Medium

A two time-scale model for flow in a swelling porous
medium developed via hybrid mixture theory will be pre-
sented. The theory defines connected and unconnected
bulk phases of liquid and vapor phases at the mesoscale to
create a dual porosity model at the macroscale. One exam-
ple application is the modeling of an unsaturated swelling
system. The results will be compared with previous mod-
els; implications and measurement issues associated with
the model will be discussed.

Natalie Kleinfelter Domelle
Brown University
nkleinfe@dam.brown.edu

MS19

Three Regime Model for Drug Delivery Systems:
Flow and Transport Models

Darcy’s law and Fick’s law are combined with conserva-
tion of mass equations to obtain flow and transport models
for a swelling drug delivery system. The model identifies
three distinct regimes based on experimental evidence and
makes the appropriate simplifying assumptions for each
regime, resulting in a set of highly non-linear, coupled, par-
tial integro-differential equations. The model accounts for
polymer swelling and dissolution and drug dissolution and
diffusion even in the case of low-solubility drugs.

Tessa Weinstein

Department of Applied Mathematics, EAS
Purdue University

tweinste@purdue.edu
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MS20

Field-scale Optimization of WAG Injection for
Coupled CO2-EOR and Sequestration

The effect of relative permeability hysteresis on both
CO2 storage and oil recovery for the water-alternating-gas
(WAG) injection process has been studied for heteroge-
neous 2-D cross sectional and 3-D field-scale models. Com-
positional simulations were performed to study the effect
of WAG ratio, CO2 slug size and reservoir heterogeneity
with hysteresis modeled to optimize the CO2 storage and
oil recovery. The relative permeability and capillary pres-
sure models were selected for three representative sand-
stone rock types. The parameters in the hysteresis model
are based upon experimental data from the literature. The
EOS model and fluid characterization were based upon ex-
perimental PVT data for a West Texas crude oil so that
multiple-contact miscibility could be predicted accurately.
A grid refinement study was performed to evaluate the
convergence behavior of simulation model with the hys-
teresis option included. Physical dispersion was modeled
with small grid blocks and a second order finite-difference
method in an attempt to capture the mixing phenomena
as accurately as possible. The trapped gas saturation has
a very large effect on the amount of gas that can be se-
questered in the reservoir. Experimental design was ap-
plied as a tool to perform a comprehensive study of this
and other important parameters. Statistical analysis was
performed to determine the most influential factors on both
oil recovery and CO2 storage. Optimization was carried
out and response surfaces were constructed to quantify the
effect of each parameter.
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MS20

Performance Assessment of CO2 Storage in Saline
Aquifer

Long-term CO2 storage in aquifer may well be an interest-
ing option to mitigate atmospheric CO2. However, detail
site characterisation must be carried out prior to any long-
term storage. Key to performance assessment of such stor-
age are the multiphase fluid flow simulators. Such simula-
tors must account for permeability (intrinsic and relative)
heterogeneities but also the pressure temperature effect on
CO2 as a free or trapped phase (supercritical or gaseous) or
dissolved within the aquifer. Given the time-scale of CO2
storages in aquifer (over a 1000 years), several additional
driving forces must be modeled, i.e., diffusion and disper-
sion within the aquifer and its geosphere (cap-rock and
overburden), but also the role of pressure and temperature
gradients both natural and induced during the injection
process (short-term). Coupled to these hydrodynamical
forces, geochemical and geomechanical influence should be
carefully modeled to assess the long-term behavior of the
CO2 plume. A sequential approach coupling two reaction-
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transport sub-models with a prediction-correction scheme
is implemented in COORES, the research code from IFP.
The code is used to model the performance of a CO2 stor-
age in a saline aquifer.

Yann Le Gallo

Reservoir Engineering Dept
Institut Franais du Pétrole
Yann.LE-GALLOQifp.fr

MS20

Seismic Monitoring of CO2 Sequestration: Imaging
and Inversion Issues

Seismic is useful for monitoring subsurface CO2 injection
and storage. The physical properties of CO2-saturated
rocks can vary significantly, so the resulting seismic wave-
fields can be rich and complex, posing challenges to obtain
accurate images and inversion results. We discuss the rock
and fluid properties of CO2-saturated rocks, the effects of
CO2 injection in realistic models on FD seismic data, and
compare to real seismic images and inversion results at op-
erational CO2 sequestration sites.

David Lumley
4th Wave Imaging
david.lumley@4thwaveimaging.com

MS20

Multi-Scale Processes
Greenhouse Gases

in Geologic Storage of

Injection of CO2 and other greenhouse gases underground
induces coupled processes of fluid flow, heat transfer, and
chemical and mechanical interactions between rocks and
fluids. The long-term fate of stored CO2 is affected by
processes that involve positive as well as negative feedbacks
on a broad range of space and time scales. We present re-
sults of numerical simulations aimed at developing effective
descriptions and parameters for large-scale field studies of
CO2 storage systems.

Karsten Pruess

Earth Sciences Division
Lawrence Berkeley Labs
k_pruess@Ibl.gov

MS21

Application of the ECCO-MITgcm Adjoint Model-
ing Framework for Global Ocean State Estimation
and Sensitivity Analysis

Since the end of the 1990’s the ECCO (Estimating the
Circulation and Climate of the Ocean) Consortium has
embarked on applying mathematically rigorous methods
of state estimation and optimal control in the context of
the global ocean circulation at decadal time scales. As
formulated, an automatic differentiation (AD) tool is used
to derive the adjoint code of the MIT general circulation
model (MITgem) with respect to a 10% dimensional con-
trol space comprising initial conditions and time-varying
surface boundary fluxes, and the method of Lagrange mul-
tipliers is used to render the problem one of unconstrained
least-squares minimization. At the present time the solu-
tion represents a misfit to about 410 million separate obser-
vational constraints covering the period of the World Ocean
Circulation Experiment (WOCE), and including among
other data, satellite altimetry from TOPEX/POSEIDON,
Jason-1, ERS-1/2, ENVISAT, and GFO, a global array of
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profiling foats from the Argo program, and satellite gravity
data from the GRACE mission. Major problems today lie
less with the numerical algorithms than with interpreting
the residual model/data misfits in terms of remaining data,
model and representation errors. Besides the OSE prob-
lem, example applications of adjoint sensitivity studies are
given in the MITgem framework, covering subgrid scale
mixing processes, coupled ocean sea-ice modeling, and bio-
chemical studies. An outlook on AD tool requirements and
model development is given.

Patrick Heimbach
MIT
heimbach@mit.edu

MS21

Newton-Krylov Methods for Fast Dynamical
Spinup of Ocean General Circulation Models

Numerical models of the climate system play an impor-
tant role in efforts to understand climatic variability on
centennial to millennial timescales. In many studies, cli-
mate models are driven by forcings that are either time-
independent or that vary periodically (seasonally) and it
is often highly desirable to obtain equilibrium solutions of
the model. Due to the long timescale for dynamical adjust-
ment of the ocean, the conventional method of comput-
ing an equilibrium solution by direct forward integration
is prohibitively expensive. Here, we present a novel solu-
tion technique based on transforming this time-dependent
“spinup” problem into a nonlinear algebraic equation that
can be solved using matrix-free Newton-Krylov (MFNK).
This approach can be applied to any dynamical system
defined via a (legacy) time-stepper. Preliminary results
from a sector configuration of the MIT ocean model show
that the MFNK method is both robust and competetive in
comparison to conventional methods. However, due to its
matrix-free nature, preconditioning of the linear Newton
equation is nontrivial, and remains an outstanding chal-
lenge.

Samar Khatiwala

Columbia University
Lamont-Doherty Earth Observatory
spk@ldeo.columbia.edu

MS21

Adjoint Sensitivity Analysis of the California Cur-
rent Circulation and Ecosystem Using the Regional
Ocean Modelling System (ROMS)

The adjoint of the Regional Ocean Modeling System
(ROMS) coupled to a four component nitrogen-based
trophic model has been used to explore the sensitivity of
various physical and biological aspects of the California
Current to linear variations in different attributes of the
system. Those aspects of particular interest are character-
ized by suitably defined indices of variability, and include
measures of coastal upwelling, eddy kinetic energy, baro-
clinic instability and biological activity.

Bruce Cornuelle

Scripps Institution of Oceanography

University of California at San Diego, La Jolla, CA 92093
bdc@ucsd.edu

Arthur Miller
Scripps Institute of Oceanography
ajmiller@Qucsd.edu
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Emanuele Di Lorenzo
Georgia Institute of Technology
edl@eas.gatech.edu

Hernan Arango
Rutgers University of NJ
arango@marine.rutgers.edu

Andrew M. Moore
Univ. of California at Santa Cruz
ammoore@ucsc.edu

MS21

Fully-Implicit Techniques for Ocean Circulation
Problems

Recent advances in methods for solving sparse linear sys-
tems bring fully-implicit ocean models within reach. This
class of models can be used to address a variety of problems
that cannot be solved using conventional time-stepping
codes. In this talk I will present results of fully-implicit
model calculations applied to problems of the stability of
the Meridional Overturning Circulation (MOC). The equi-
librium structure of the MOC will be examined using bifur-
cation analysis, while its linear stability will be addressed
using an eigenvalue analysis. In addition, initial results will
be presented of fully-implicit adjoint calculations

Henk A. Dijkstra
IMAU, Utrecht University, Utrecht, the Netherlands
h.a.dijkstra@phys.uu.nl

Wilbert Weijer
Los Alamos National Laboratory
wilbert@lanl.gov

MS22

Multiscale Mixed/Mimetic Methods — Generic
Tools for Reservoir Modeling and Simulation

The combination of multiscale mixed finite element meth-
ods and mimetic finite difference methods is a particularly
versatile tool for modeling subsurface flow. The method
is based on a hierarchical grid approach, where basis func-
tions with subgrid resolution are computed numerically to
correctly account for subscale features from an underlying
(fine-scale) geomodel when solving the global flow equa-
tions on a coarse grid. The coarse grid can in principle
be any partition of the subgrid, where each coarse block
is a connected collection of subgrid cells. This feature al-
lows the method to naturally adapt the grid in regions of
particular importance, such as near-well regions (to avoid
near-well upscaling) and regions with large pressure gradi-
ents to accurately account for compressibility effects.

Stein Krogstad
Dept. of Applied Mathematics
SINTEF ICT
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MS22
Anomalous Dispersion: Angstroms to Kilometers

Super-diffusion in the atmosphere, oceans, and the sub-
surface, or the super-diffusive behavior of motile microbes
under a microscope, and the sub-diffusive behavior of
molecules in confined nano-films can all be modeled within
the same basic framework. The Fokker-Planck equations
are always of the same integro partial-differential form,
only the kernels change. We present the basic form of
the Fokker-Planck equation for all the above processes and
compare its solution with experimental data.

John H. Cushman
Department of Mathematics
Purdue University
jecushman@purdue.edu

MS22

A Multiscale Finite Volume Method for Multi-
Phase Flow in Porous Media: Black Oil Formu-
lation for Compressible, Three-Phase Flow with
Gravity and Capillary Pressure

The multiscale finite volume (MSFV) method has been es-
tablished as an efficient and accurate way to solve coupled
flow/transport problems in reservoir flow simulation. In
this paper the MSFV method has been extended to stan-
dard black oil formulation (i.e., three phase, compressible
flow with solution gas and gravity/capillarity). An opera-
tor splitting is employed to decompose the pressure equa-
tion into elliptic part, buoyancy/capillary force dominant
part, and inhomogeneous part with source/sink (wells) and
accumulation. Flow and transport equations are decoupled
and solved sequentially. An accurate coarse grid operator
is derived for the flow equation (pressure and velocity) and
a local fine grid solution is reconstructed via basis func-
tions. In addition, adaptive computation is extensively
implemented for numerical efficiency. The MSFV method
of black oil formulation allows us to study a large class of
practical problems. We analyze the numerical efficiency of
MSFV and demonstrate the robustness and computational
efficiency of the MSFV, using large heterogeneous reservoir
models.

Hamdi Tchelepi

Dep Petroleum Engineering
Stanford University
tchelepi@pangea.stanford.edu

Soeng H. Lee, Christian Wolfsteiner
Chevron ETC
soen@chevron.com, cwlf@chevron.com
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MS22
Title Not Available at Time of Publication

Abstract not available at time of publication.

Daniel Tartakovsky

Department of Mechanical and Aerospace Engineering
University of California, San Diego

dmt@ucsd.edu

MS23

Deflation in Two-Phase Flow Through Multilevel
Upscaling

The operator hierarchy defined by a robust variational
multigrid method implicitly defines an operator-induced
deflation process that accurately captures the low-energy
modes of the solution. We extend our earlier work on a
multilevel upscaling framework for single-phase flow, to
provide a deflation process for two-phase flows. We focus
on the accuracy and mass conservation of the hierarchical
velocity field. Comparisons with multiscale finite element
approaches demonstrate the effectiveness of this method.

J. David Moulton
Mathematical Modeling and Analysis,
moulton@lanl.gov

Ethan T. Coon
Columbia University
USA
etc2103@columbia.edu

Scott P. MacLachlan

Delft University of Technology
The Netherlands
s.p.maclachlan@ewi.tudelft.nl

MS23
Recycling Krylov Basis Methods

Abstract not available at time of publication.

Eric De Sturler
Virginia Tech
sturler@vt.edu

MS23

Domain Decomposition Methods and Deflated
Krylov

The balancing Neumann-Neumann (BNN) and the addi-
tive coarse grid correction (BPS) preconditioner are fast
and successful preconditioners within domain decomposi-
tion methods for solving partial differential equations. For
certain elliptic problems these preconditioners lead to con-
dition numbers which are independent of the mesh sizes
and are independent of jumps in the coefficients (BNN).
Here we give an algebraic formulation of these precondi-
tioner. This formulation allows a comparison with another
solution or preconditioning technique - the deflation tech-
nique. By giving a detailed introduction into the deflation
technique we establish analogies between the balancing,
the additive coarse grid correction and the deflation tech-
nique. We prove that the effective condition number of the
deflated preconditioned system is always, i.e. for all de-
flation vectors and all restrictions and prolongations, be-
low the condition number of the system preconditioned by
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the balancing preconditioner and the coarse grid correc-
tion preconditoner. This implies that the conjugate gra-
dient method applied to the deflated preconditioned sys-
tem is expected to converge always faster than the con-
jugate gradient method applied to the system precondi-
tioned by the coarse grid correction or balancing. More-
over, we prove that the A-norm of the errors of the iterates
built by the deflation preconditioner is always below the
A-norm of the errors of the iterates built by the balancing
preconditioner. We also compare different implementation
techniques of deflation based preconditioners. Numerical
results for porous media flows emphasize the theoretical
results.

Reinhard Nabben
Institute fur Mathematik
Berlin, Germany
nabben@math.tu-berlin.de

Cornelius Vuik

Delft University of Technology
The Netherlands
c.vuik@tudelft.nl

MS23
Robust Coarsening for Multiscale PDEs

We consider two-level overlapping domain decomposition
preconditioners for piecewise linear finite element approx-
imations of elliptic PDEs with highly variable coefficients,
as they arise in practice, for example, in the computation
of flows in heterogeneous porous media, in both the de-
terministic and (Monte-Carlo simulated) stochastic cases.
We propose and analyse new robust coarsening strategies
for these problems, e.g. based on smoothed aggregation
and multiscale finite elements, and study different ways of
combining the coarse solve with the local solves (i.e. addi-
tive, multiplicative and deflation). We will use and extend
a recently developed general framework for analysing the
resulting preconditioners to show their robustness for a va-
riety of model situations, but we will also focus in this talk
on linear algebra and parallelisation aspects. Numerical
experiments will be used to illustrate the robustness and
efficiency of the proposed methods and the sharpness of
our theoretical results.

Robert Scheichl

Department of Mathematical Sciences
University of Bath
masrs@maths.bath.ac.uk

Ivan G. Graham
University of Bath
UK
igg@maths.bath.ac.uk

J. Van Lent

University of bath

UK
vanlent@maths.bath.ac.uk

E. Vainikko

University of Tartu
Estonia
masev@maths.bath.ac.uk.

MS24
Solving the Nonlinear Shallow Water Equations on
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the Sphere Using Radial Basis Functions

Three test cases are conducted to assess the RBF method-
ology for solving the shallow water wave equations in spher-
ical geometry: 1) global steady-state flow, where the initial
velocity and height fields are also the solution for all time,
2) a zonal flow over an idealized mountain that generates a
downstream wave train, shedding vortices in its wake, and
3) Rossby-Haurwitz waves - these solutions move from west
to east, resembling the horizontal structure of large-scale
weather systems.

Natasha Flyer

National Center for Atmospheric Research
Division of Scientific Computing
flyer@ucar.edu

MS24

Divergence-Free Radial Basis Functions on the
Sphere

This talk presents a new tool for fitting a divergence-free
vector field tangent to a two dimensional orientable surface
in R® (e.g. a sphere) to samples of such a field taken at
scattered sites on the surface. This method, which involves
a kernel constructed from radial basis functions, has appli-
cations to problems in geophysics, and has the advantage of
avoiding problems with poles. Numerical examples testing
the method on the sphere are included.

Francis Narcowich
Department of Mathematics
Texas A&M University
fnarc@math.tamu.edu

MS24
Multi-Domain Radial Basis Functions

Instead of considering the global operator obtained using
a direct RBF discretization of a PDE, or system of PDEs,
on a domain {2, we consider the case of a partitioning into
sub-domains £2; such that Q = U;$;. The problem consist
now into finding boundary conditions making the individ-
ual subproblems compatible with the global PDE. For ellip-
tic problems, this is the Steklov-Poincaré operator while,
for hyperbolic PDEs, this is the usual characteristic de-
composition at the cell interfaces. In this talk, exploratory
work will be presented.

Amik St-Cyr
National Center for Atmospheric Research
amik@ucar.edu

MS24

Transport Schemes on the Sphere Using Radial Ba-
sis Functions

The RBF implementation for modeling transport (pure ad-
vection) on the sphere is discussed. We show that the RBF
formulation of the advective operator in spherical coordi-
nates is completely singularity-free. We then present re-
sults for two classical test cases: linear advection and defor-
mational flow. Compared to other commonly used spectral
methods, we find that RBFs require a much lower spatial
resolution to achieve the same accuracy, while being able
to take unusually large time-steps.

Grady B. Wright
University of Utah
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MS25

Computational Methods for CO2 Leakage Estima-
tion

One of the most likely pathways for leakage of injected CO2
is abandoned wells, especially in North America, where mil-
lions of wells have been drilled over the past century. The
large disparity in length scales between overall CO2 plume
size and localized leakage along wells, and the high uncer-
tainty about materials within old wells, make the problem
of leakage estimation very challenging. In this presenta-
tion, a range of computational methods will be explored to
estimate CO2 leakage.

Mike Celia

Civil & Environ. Engineering
Princeton University
celia@princeton.edu

MS25

Analytical Modeling and Experimental Investiga-
tion of Physical Mechanisms

Of the candidates for geological sequestration, the physics
of transport and sequestration in coal is the least well un-
derstood. We investigated the physics involved in flow in
coalbeds through a combination of experiments and analyt-
ical modelling. We will discuss experimental investigation
of adsorption and desorption paths, as well as1-D displace-
ment experiments for a variety of gas injection mixtures,
and analytical solutions for multicomponent, multiphase,
convective transport with adsorption using the method of
characteristics.

Margot Gerritsen

Dept of Petroleum Engineering
Stanford University
margot.gerritsen@stanford.edu

MS25

The Influence of Interfaces and Instabilities on
Multiphase, Multicomponent Flows in Porous Me-
dia

Please enter your abstract here. Seventy-five (75) word
maximum. Do not include self defined TeX commands.
We present a model concept that is capable of describing
the flow and transport processes of CO2 sequestration in
aquifer systems due to advection and diffusion in the reser-
voirs. We further consider the mutual solubilities of CO2
and water /brine as well as the influence of phase composi-
tion on the fluid properties in the CO2-water system. The
influence of the heterogeneities and instabilities of the front
propagation will be discussed.

Rainer Helmig

IWS, University of Stuttgart, Germany
Institut fur Wasserbau
rainer.helmig@iws.uni-stuttgart.de

Holger Class

Universitaet Stuttgart

Scientist
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MS25

Application of Semi-Analytical Methods for Leak-
age Estimation and Risk

Estimation of the flow and migration of CO2 during the in-
jection phases of a CO2 storage operation is greatly compli-
cated by the presence of large numbers of abandoned wells.
These wells act as potential conduits for leakage. This pre-
sentation covers the development of fast semi-analytical so-
lutions to CO2 migration in systems of several aquifers con-
nected by abandoned wells, and uses this semi-analytical
framework to analyse a sample injection operation from a
risk assessment perspective.

Dmitri Kavetski
Princeton
kavetski@princeton.edu

Micahel Celia

Department of Civil and Environmental Engineering
Princeton University

celia@princeton.edu
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MS26
Flow and Transport at WIPP

The geology and hydrogeology at the Waste Isolation Pi-
lot Plant in New Mexico has been extensively studied.
The main transmissive feature in the area is a continu-
ous thin layer of Culebra Dolomite rock. Measurements of
the transmissivity and hydraulic head are available at ap-
proximately 40 locations. The talk will discuss the problem
of estimating the time for a tracer released at a borehole
in the middle of the site to travel to the boundary of the
region, given the available data.

Andrew Cliffe

School of Mathematical Sciences
University of Nottingham
andrew.cliffe@nottingham.ac.uk

MS26

Efficient Linear Solvers for Stochastic Groundwater
Simulations

We consider groundwater flow governed by Darcy’s law
with uncertain conductivity data. The resulting stochastic
saddlepoint problem is discretized by the stochastic finite
element (SFEM) method, employing Raviart-Thomas ele-
ments for the deterministic part of the problem and poly-
nomial spaces in random variables for the stochastic part.
The uncertain conductivity data is modelled as a random
field and expanded in a Karhunen-Loeve series in indepen-
dent random variables, which is truncated after sufficiently
many terms for discretization. Using a suitable basis for
the stochastic degrees of freedom, the stochastic variables
may be uncoupled, resulting in a large block diagonal sys-
tem, in which each block is a parametrized saddlepoint
problem. We solve each block system using a precondi-
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tioned Krylov subspace method, in which a precondition-
ing scheme for the deterministic groundwater flow problem
due to Powell and Silvester is incorporated. In the talk
we report on our experiences using Krylov subspace re-
cycling techniques, which attempt to reuse approximation
subspaces across several of the block systems.

Catherine Powell, David Silvester
University of Manchester
mcbijcp3@sekhmet.umist.ac.uk,
mcbssds@sekhmet.umist.ac.uk
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MS26

Stochastic Krylov Methods for Flow in Random
Porous Media

Generally, the porous media is highly heterogeneous with
contrasts defined by different geological arrangements and
intrinsic rock properties. Hence, uncertainty assessment
under non-stationarity assumptions is emerging as a sub-
ject of intensive research. This work combines Krylov
subspace methods with Karhunen-Loeve moment equation
methods to provide an efficient characterization of fluid
flow on non-stationary random porous media. Numeri-
cal comparisons are established with other Krylov-based
stochastic methods to assess uncertainty on porous media.

Hector Klie
Center for Subsurface Modeling, UT Austin
klie@ices.utexas.edu

MS26

Stochastic Simulation of Flow and Solute Transport
in Heterogeneous Porous Media

Abstract not available at time of publication.

Dongxiao Zhang

Mewbourne School of Petroleum and Geological
University of Oklahoma

donzhang@ou.edu

MS27

Smooth Division and Rough Division in Wave-
Equation Imaging Conditions

Recovering seismic reflectivity in the process of seismic re-
flection imaging calls for taking a ratio of the reflected and
incident wave fields. Division of oscillatory wavefields is a
particular form of inversion and can be greatly improved
by employing the method of regularization. I show how
different forms of regularization can serve different tasks in
seismic imaging: increasing the image resolution, reducing
imaging artifacts, and compensating for uneven reflector
illumination.

Sergey Fomel
University of Texas at Austin
sergey.fomel@beg.utexas.edu
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MS27

Optimal Illumination for Array Imaging in Ran-
dom Media

I will introduce the problem of optimal illumination for ar-
ray imaging and propose a number of algorithms for doing
the optimization while dealing with the random inhomo-
geneities in the background. In addition to showing results
of numerical simulations I will outline a mathematical the-
ory for analyzing the optimization problem. This is joint
work with L. Borcea and C. Tsogka.

George Papanicolaou
Department of Mathematics
Stanford University
papanico@math.stanford.edu

MS27
Deterministic Imaging in a Random World

This talk will overview the mathematical basis of contem-
porary seismic imaging algorithms in the harmonic analyis
of partial differential equations. Partly because of data
bandlimits, the images produced by these algorithms are
limited in resolution. The Earth structure at nonresolved
scales may usefully be viewed as random. Despite nonlin-
ear coupling between scales, in at least some cases large
scale structure may be estimated deterministically in the
presence of randomness in small scale structure.

William Symes
Rice University
symes@caam.rice.edu

MS27
Adaptive Coherent Interferometric Imaging

I present a coherent interferometric approach for array
imaging in cluttered media, in regimes where the recorded
traces have long and noisy codas due to the multiple scat-
tering of the waves by the inhomogeneities. Coherent in-
terferometry is an efficient statistical smoothing technique
exploiting the spatio-temporal data coherence to obtain
stable images. The delicate balance between having sta-
ble images and achieving the optimal resolution depends
on two clutter-dependent parameters that are estimated
during image formation. The robustness of the method is
illustrated with several results.

Chrysoula Tsogka
University of Chicago
tsogka@math.uchicago.edu

MS28

Pore to Continuum Upscaling and Coupling Using
Mortars

In this work pore-scale network models are coupled to adja-
cent media using mortars. While mortars have been used in
the past to couple subdomains of different models, physics,
and meshes, they are extended here for the first time to
pore-scale models. The approach is demonstrated by mod-
eling single-phase flow in coupled pore-scale models, but
the methodology can be utilized in the future to model
dynamic processes and perform multiscale modeling in 3D
continuum simulators.

Mary F. Wheeler
Center for Subsurface Modeling
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MS28

On the Heterogeneous Multiscale Method with
Various Macroscopic Solvers for Linear and Non-
linear Problems

The heterogeneous multiscale method (HMM) is a gen-
eral method for efficient numerical solution of problems
with multiscales. It consists of two components: an over-
all macroscopic solver for macro variables on a macro grid
and an estimation of the missing macroscopic data from
the microscopic model. In this talk the speaker presents a
state-the-art review of the HMM with various macroscopic
solvers, including finite differences, finite elements, discon-
tinuous Galerkin, mixed finite elements, control volume fi-
nite elements, nonconforming finite elements, and mixed
covolumes. Tthe HMM with these macroscopic solvers
for nonlinear and random homogenization problems is also
presented.

Zhangxin Chen
Southern Methodist University
zchen@mail.smu.edu

MS28

Time-Decomposition Methods as Multiscale and
Physics-Preserving Algorithms for Applications in
Transport-Reaction Processes in Porous Media

Abstract not available at time of publication.

Juergen Geiser
Germany
juergen.geiser@email.de

MS28

An Component-Based Formulation for Composi-
tional Flow and Transport

Compositional models describe the simultaneous trans-
port of multiple components flowing in coexisting phases
through porous media. Because each component can trans-
fer between different phases, the mass of each phase or
a component within a particular phase is no longer con-
served. Instead, the total mass of each component among
all the phases must be conserved, leading to very large,
strongly coupled systems of transient nonlinear advection-
diffusion equations. These equations are closely coupled
to a very large set of constraining equations, which are
strongly nonlinear, implicit functions of phase pressure,
phase temperature, and mole fractions. We present a
componet-based formulation for compositional flow and
transport and corresponding computational results with
traditional simulators.

Hong Wang
University of South Carolina
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MS29

High Performance Flow Simulation in Discrete
Fracture Networks

Natural fractured media are highly unpredictable because
of existing complex structures at the fracture and at the
network levels. Fractures are by themselves heterogeneous
objects of broadly-distributed sizes, shapes and orienta-
tions that are interconnected in large correlated networks.
We generate stochastic discrete fracture networks and run
numerical flow simulations, using a mixed finite element
method. We achieve large scale simulations by using ap-
propriate numerical libraries and parallel computing.

Jocelyne Erhel
INRIA-RENNES, France
Campus Universitaire de Beauli
jocelyne.erhel@irisa.fr

Jean-Raynald de Dreuzy

Département de Géosciences
Université de Rennes 1
jean-raynald.de-dreuzy@univ-rennesl.fr

MS29

Simulation of Water-Gas
Fractured-Porous Systems

Flow Processes in

Water-gas flow processes in fractured-porous media occur
in number of environmental and engineering applications.
Special difficulties have to be dealt with if the fractures are
highly permeable. One example is given by rainfall induced
surface-runoff which fast infiltrates via macropores into the
subsurface. Another example is given by tube-like failures
in dikes caused by animals or dead roots where water can
fast infiltrate or exfiltrate. It will be investigated to which
extend the ’classical’ combined model approach (discrete
fracture as 1D-element embedded into a 2D matrix) for
two-phase flow in fractured-porous media which amongst
others assumes the validity of the Darcy law is suitable for
modeling the above-mentioned processes or whether other
model concepts should be preferred. The simulations will
be compared to laboratory experiments.

Leopold Stadler, Song Pham Van
TU Berlin, Germany
leopold.stadler@wahyd.tu-berlin.de,
song.phamvan@wahyd.tu-berlin.de

Reinhard Hinkelmann
TU Berlin
reinhard.hinkelmann@wahyd.tu-berlin.de

MS29

A 3D Discrete Fracture Network Flow and Trans-
port Simulator for the Characterization of Frac-
tured Reservoirs

The presence of fractures at various scales affects the
flow dynamics within a reservoir, thus casting uncertainty
on the assessment of the field productivity and reserves.
Methodologies and tools are now available (i) to construct
geologically-realistic models of the fault/fracture network
(ii) to turn these models into simplified conceptual mod-
els usable for field-scale simulations of multi-phase produc-
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tion methods. However a critical intermediate step re-
mains that of validating the geometry of the geological
fault/fracture network and characterizing it in terms of
flow properties. This paper presents an original and multi-
purpose 3D Discrete Fracture Network simulator enabling
one to fulfil this hydraulic characterization step.

Arnaud Lange
Institut Francais du Petrole
arnaud.lange@ifp.fr

MS29

Continuum Transport Parameters from Discrete
Fracture Networks

Traditional approaches to modeling flow in fractured
porous media can be subdivided into discrete and contin-
uum method. Due to the fact that commercial simulators
only work at the continuum scale, it is important to be able
to predict effective flow parameters from discrete informa-
tion. In this paper we show two procedures for obtaining
full tensor parameters. The first method requires solution
of transport equation on the network; the second relies on
the effective medium theory.

Hector Klie
Center for Subsurface Modeling, UT Austin
klieQices.utexas.edu
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MS30
A High-Order Conservative Climate Model

A high-order conservative dynamical core for climate mod-
eling has been developed. This is a conservative option
for NCAR’s climate modeling HOMME framework. The
horizontal aspects of the model is based on high-order in-
herently conservative discontinuous Galerkin method. The
vertical discretization rely on a 1-D Lagrangian method
and associated vertical remapping is done by a conserva-
tive cell-integrated semi-Lagrangian method. Preliminary
results with idealized baroclinic tests are encouraging and
we hope to present more recent and advanced test results
in the seminar.

Ram Nair

NCAR

Scientific Computing Division
rnairQucar.edu

MS30
Time-Stepping for High-Order
Models

Nonhydrostatic

In this talk, efforts are directed towards a general and effi-
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cient linearly semi-implicit time-stepping technique adapt-
able to a large class of problems. Using Rosenbrock-
W methods an efficient time-stepping procedure is con-
structed. Simple approaches for preconditioning the re-
sulting linear system are discussed and an application
to a high-order discontinuous Galerkin nonhydrostatic
mesoscale model is presented.

Amik St-Cyr
National Center for Atmospheric Research
amik@ucar.edu

MS30

A Comparison of Dissipation Mechanisms (Filter-
ing, Viscosity and Hyper)

Not available at time of publication.

Mark A. Taylor
Sandia National Laboratories, Albuquerque, NM
mataylo@sandia.gov

MS30

Aquaplanet Simulations with the NCAR Spectral
Element Dycore

Abstract not available at time of publication.

Stephen Thomas

Scientific Computing Division

National Center for Atmospheric Research
thomas@ucar.edu

MS31

Lattice Boltzmann Modeling and Image Analysis
for Multiphase Porous Medium Systems

Multiphase lattice Boltzmann (LB) techniques provide an
opportunity to quantitatively study pore-scale processes in
realistic, three-dimensional porous media. We use high-
resolution three-dimensional LB simulations to evaluate
the behavior of disconnected non-wetting phases in water
wet systems. Equilibrium conditions are evaluated at the
microscale and macroscale and image analysis tools devel-
oped to study such systems are described and applied to
the resultant LB simulation data. The simulation results
are interpreted in light of recently derived averaging results
for two-fluid-phase multiphase systems.

Cass T. Miller
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MS31

Porous Micro-Models:
facial Energy Density

Local Versus Global Inter-

In a porous medium containing two immiscible fluids, prior
to breakthrough, there are strong local variations and gra-
dients in saturation and interfacial area per volume (IAV)
within a sample. Yet traditional approaches to measuring
saturation mainly obtain global averaged values over the
porous medium sample. We observed that the interfacial
energy density function of local averages at a single capil-
lary pressure is identical to the function of global averages
over many different capillary pressures.

Laura J. Pyrak-Nolte
Department of Physics
Purdue University
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MS31

Thermodynamically Constrained Averaging The-
ory Formulation of Two-Phase Flow in Porous
Medium Systems

Classical macroscale models of fluid flow and transport in
porous media lack rigorous connection to the microscale
physics. Using averaging procedures, one can systemati-
cally integrate from the miscroscale to produce macroscale
quantities and equations with explict relations to mi-
croscale counterparts. Averaging carries the overhead bur-
den of requiring closure relations for the derived conserva-
tion equations. Building upon the general thermodynami-
cally constrained averaging theory (TCAT), we present the
approach, complicating issues, and governing equations for
a two-fluid-phase system.

Cass Miller
UNC-Chapel Hill
casey_miller@unc.edu
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MS31

Potential and Limitations for Using X-Ray-Based
Micro-Imaging to Characterize Multi-Phase Flow
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in Porous Media

A remaining hurdle in using x-ray microtomography to de-
scribe fluid flow in porous media is adequate quantifica-
tion of the results. Many highly quantitative studies are
made difficult by the complexities in processing the result-
ing grey-scale data into information such as pore network
geometry, phase saturations, and interfacial areas. The
potential and limitation in applying microtomography to
fluid flow problems are partially controlled by our ability
to improve image processing techniques for segmentation
of grey-scale tomographic images.

Dorthe Wildenschild

Department of Civil, Constr. and Environmental
Engineering

Oregon State University

dorthe@engr.orst.edu

MS32

Incorporation of Global Effects in Upscaling of
Two-Phase Flow and Transport in Heterogeneous
Formations

We present a methodology that efficiently incorporates
large-scale global flow in two-phase upscaling. The method
integrates two basic quasi-global approaches. The upscaled
single-phase transmissibility, computed using an adaptive
local-global procedure, accounts explicitly for a specific
global flow; while the subgrid models for two-phase param-
eters, determined using effective flux boundary conditions,
accounts approximately for the global effects (via generic
global flows). The accuracy of the overall method is demon-
strated for several examples involving flow and transport.

Louis J. Durlofsky

Department of Energy Resources Engineering
Stanford University

lou@stanford.edu
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MS32

Multiscale Finite Element Methods Using Limited
Global Information for Subsurface Flows

In this talk, I will describe multiscale finite element meth-
ods for flows in heterogeneous porous media. The main
idea of multiscale finite element method is to construct
finite element basis functions that can capture the small
scale information. I will present an extension of multi-
scale finite element method that uses some type of limited
global information to take into account the connectivity of
the media. I will also briefly mention the extension of the
method to nonlinear partial differential equation (pseudo-
monotone operators). This is a joint work with T. Hou, V.
Ginting and R. Ewing.

Yalchin Efendiev

Dept of Mathematics
Texas A&M University
efendiev@math.tamu.edu

MS32

From Homogenization with a Continuum of Scales
to Electrical Impedance Tomography with Incom-
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plete Boundary Measurements

We show how homogenization theory (upscaling) for diver-
gence form elliptic operators can be rigorously extended
to situations where the medium is not stationary at small
scales and characterized by a continuum of scales. Next we
consider inverse homogenization (downscaling); although
this problem is ill posed and highly non linear we deduce
that it can be reduced to the search for an optimal solution
within a linear space. We show how these results can be
applied electrical tomography with incomplete boundary
data. Parts of this talk are joint works with Lei Zhang,
Roger Donaldson, Mathieu Desbrun and Yiying Tong.

Houman Owhadi
Applied Mathematics
Caltech
owhadi@caltech.edu

MS32
Reservoir Modeling with Global Scaleup

Global scale-up uses global fine-scale flow solutions to
scale-up effective permeabilities for a coarse reservoir
model. It has been recognized in various studies that global
scale-up leads to more accurate coarse models than com-
monly used local scale-up methods. Various ways of in-
corporating global flow information into the scale-up pro-
cess has been studied in recent years. In this presenta-
tion, we review a global scale-up method that was first
proposed about two decades ago and analyzed recently by
Wu, Efendiev, and Hou. Then, we discuss the advantages
and challenges in applying this method to practical prob-
lems. Numerical examples will be given.

Steve Lyons, Matt Stone, Xiao-Hui Wu, Dave Stern,
Rossen Parashkevov

ExxonMobil Upstream Research Company
steve.lyons@exxonmobil.com,
matt.t.stone.exxonmobil.com, xiao-
hui.wu@exxonmobil.com, dave.stern@exxonmobil.com,
rossen.parashkevov@exxonmobil.com

MS33
Coherent Imaging in a Random Medium

In this presentation, we consider a problem of imaging
a point reflector in a random medium. We introduce a
new coherent imaging functional, which is a generalization
of the previously proposed coherent interferometric func-
tional. We show that in right scale regimes, it yields a
statistically stable image of the reflector. The performance
of this functional is checked for a variety of settings ranging
from a single receiver to a collection of apertures.

Oleg Poliannikov
University of Colorado at Denver
Oleg.Poliannikov@math.cudenver.edu

MS33
Extended Imaging Conditions for Seismic Data

The imaging condition commonly used for seismic imag-
ing uses simple cross-correlation of two wavefields recon-
structed from the sources and receivers. Although robust,
this imaging condition ignores spatial and temporal co-
herency of reconstructed wavefields and, therefore, can lead
to artifacts in migrated images. This presentation outlines
an imaging condition extension that alleviates this problem
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and enables other applications that have not been conven-
tionally designed for the imaging step.

Paul C. Sava
Colorado School of Mines
psava@mines.edu

MS33

Extracting the Green’s Function from Ambient
Fluctuations for General Linear Systems

It is known for several years that for acoustic or elas-
tic waves the Green’s function can be extracted from the
recordings of ambient fluctuations. This principe can be
extended to a much larger class of linear systems that in-
clude the diffusion equation and the advection equation.
These equations are not invariant for time-reversal, this
indicates that time-reversal invariance is not needed for
the extraction of the Green’s function.

Roel Snieder
Colorado School of Mines
rsnieder@mines.edu
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Abstract not available at time of publication.
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MS34

Kuznetsov-Repin Hexahedral Mixed Finite Ele-
ments and Their Application to the 3-D Andra
Benchmark

We first present the 3-D Andra benchmark, and then dis-
cuss our numerical methods. We consider general hexahe-
dral meshes since many engineers prefer to use them in-
stead of tetrahedral meshes. However standard Raviart-
Thomas-Nédélec mixed finite elements do not converge on
general hexahedral grids for second order elleiptic problem.
So we present the Kuznetsov-Repin hexahedral mixed finite
element and show its convergence theoretically and numer-
ically. This method is used for calculating Darcy flow as
well as for diffusion-dispersion in transport calculations.
Numerical results are shown for the benchmark.

Amel Sboui
INRIA Rocquencourt
amel.sboui@inria.fr
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MS34

Numerical Zoom and Applications to
‘Waste Repository Sites

Nuclear

Nuclear waste repository site assessment requires multi-
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scale simulations with scales ranging from kilometers to
centimeters. Every engineer zoom in a detail and redo the
simulation in the restricted domain, but what is the er-
ror associated with such procedure? We shall answer this
question by relating it to Rappaz’s numerical patches and
Schwarz’ domain decomposition method. Error estimates
will be given for Darcy’s problem and the linear convection
diffusion parabolic problem of nucleide concentration.

Jean-Baptiste Apoung Kamga
University of Paris VI, France
apoung@ann.jussieu.fr

Olivier Pironneau
Universite Paris VI
pironneau@ann.jussieu.fr

MS34

Aitken-Schwarz Domain Decomposition for Darcy
Flow

The potentiality of the adaptative Aitken-Schwarz domain
decomposition method to simulate the transport of fluids
in heterogeneous underground mediums even with a ran-
domly distributed hydraulic conductivity is shown. The
slow linear convergence of the Schwarz on this non separa-
ble problem, can be accelerated adaptively with aposteri-
ori estimates by Aitken acceleration of convergence. Hence
the difficult computing of optimal parameters for the trans-
mission conditions at interfaces is avoided. Performances
comparisons with other solvers will be provided

Damien Tromeur-Dervout
ICJ UMRA5208 université Lyon 1-CNRS / CDCSP
Damien.Tromeur-Dervout@cdcsp.univ-lyonl.fr

MS35
Meshing Fractured Porous Media

In order to perform detailed numerical studies of fluid flow
in geometrical complex geological systems, flexible meshes
are nessecary. Recently, an algorithm was presented by
Persson and Strang for generating high quality meshes it-
eratively. We present extensions to this algorithm that
enables mesh adaption to internal boundaries such like frc-
tures. The results of applying the extended algorithms to
benchmark examples are given.

Magne S. Espedal
University of Bergen
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MS35

Flow in Porous Media with Fractures:
Forchheimer Fractures as Interfaces

Modeling

In this article we consider the case of a fractured porous
medium in which flow in the matrix is governed by Darcy’s
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law but flow in the fractures is more accurately described
by Forchheimer’s law. A model in which the fractures
are represented by interfaces, n-1 dimensional surfaces, be-
tween subdomains of porous medium, is presented. In this
model exchange between the fractures and the surrounding
medium is taken into account. Numerical results will be
shown.

Jean E. Roberts
INRIA-Rocquencourt
France
jean.roberts@inria.fr
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MS35

Modelling Fractured Systems: Geo-Statistical
Analysis and Deterministic-Stochastic Fracture
Generation

We will present a concept for the modelling of single-
and multi-phase flow processes in a fracture-matrix sys-
tem. Following a discussion of the generation of frac-
tures and the matrix, we will then describe a new inter-
face condition which allows us to include in the matrix
a lower-dimensional fracture with a locally conservative
finite-volume scheme.

Rainer Helmig
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MS35

Analytical and Numerical Study of a Precondi-
tioner for Fractured Porous Media

Fractures in a porous medium may be modelled as inter-
faces between neighboring subdomains. Then a domain
decomposition method, in which the transmission condi-
tions are continuity of the pressure and Darcy flow along
the fracture, is formulated. We study a precondtioner for
the resulting interface problem, that is a combination of
the Neumann-Neumann preconditoner, widely used when
the fractures are passive, and of the inverse of the flow op-
erator along the fracture. We carry out an analytical study
in a simple geometry, and show numerical results in more
complex situations.
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France
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MS36

Dynamically Adaptive High-Order Simulation of
Decaying 2D Navier-Stokes Flow

GASpAR is a spectral-element solver that employs dynam-
ically adaptive mesh refinement (AMR; Rosenberg et al.
2006, J. Comp. Phys.). Turbulence at high Reynolds num-
ber (ratio of nonlinear to viscous accelerations) is charac-
terized by strongly spatiotemporally localized features that
may be amenable to high-order AMR simulation. We will
present an application of GASpAR to 2D Navier-Stokes
decaying fluid dynamics, including exact solutions, few-
vortex interaction tests and turbulence initialized by a
given power spectrum with random mode-phases.
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MS36

Spectral Element and Discontinuous Galerkin
Semi-Implicit Nonhydrostatic Atmospheric Models

Spectral element and discontinuous Galerkin methods con-
tinue to prove their worth in all fields of fluid dynamics.
Recently, however, they have begun to emerge as a viable
technology for constructing atmospheric and ocean mod-
els. The attractive features of these methods is that they
offer high-order accuracy, geometric flexibility to use un-
structured adaptive grids, and unparalleled scalability on
distributed-memory computers. However, without semi-
implicit time-integrators, it makes very little sense to pro-
pose these methods for operational-type models (such as
those used in numerical weather prediction). In this talk we
shall show results for our high-order models using thermal
bubbles, hydrostatic and nonhydrostatic mountain waves,
and density current problems. The solutions obtained with
these new models compare favorably with existing state-of-
the-art mesoscale models while using extremely large time-
steps. We shall comment on the future direction of this
research.
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MS36

Towards an Adaptive Discontinuous
Method for Mesoscale Modeling

Galerkin

Current mesoscale models have successfully simulated lo-
cal as well as national weather systems. However, increases
in resolution are limited to global decrease in spacing. Se-
vere events such as tornadoes and squall lines are on much
smaller scales than the current 4km spacing. In order to
accurately capture them, adaptive gridding and high-order
discretization are desirable. This presentation will concen-
trate on building blocks for a new adaptive high-order dis-
continuous Galerkin method for the non-hydrostatic equa-
tion set based on past experience with the adaptive spectral
element method.
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MS36

EULAG: A High-Resolution Computational Model
for Research

EULAG is a computational model for simulating thermo-
fluid flows across wide ranges of scales and physical scenar-
ios. It is noteworthy for its non-oscillatory semi-implicit
integration algorithms, robust elliptic solver, and general-
ized coordinate formulation enabling grid adaptivity tech-
nology. Here we summarize the mathematical and numer-
ical model design and illustrate its capabilities for high
Reynolds number flows: canonical decaying turbulence in
a triply-periodic box, breaking of internal gravity waves in
the Earth’s atmosphere and turbulent solar convection.
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MS37

Preferential Growth of Biofilms in Heterogeneous
Porous Media

A Pseudomonas aeruginosa culture was inoculated into
columns of glass beads. Growth substrate utilization and
permeability changes were used to track growth, and post-
experiment in situ staining of biomass provided visual ev-
idence of colonization and growth. Permeability was re-
duced noticeably in each experiment. In an analogous ex-
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periment in a heterogeneous bead pack, biofilm was prolific
in the high permeability layer, but surprisingly sparse in
the lower permeability layer. A history match of the tracer
effluent histories indicated a four-fold reduction in poros-
ity in the coarse beads. We speculate that a form of quo-
rum sensing may become active as microbe communities
become established within the bead pack. This conjecture
raises interesting challenges for modeling reactive transport
in biologically active soils and sediments.
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MS37

Reactive Transport and Aperture Alteration in
Single Fractures and Discrete Fracture Networks

We have developed a parallel computational model of re-
active fluid flow through variable aperture fractures in
which the small-scale variability of the fracture aperture
is represented explicitly. Direct comparison to dissolu-
tion experiments demonstrates that this model effectively
simulates the experimentally observed behavior over a
range of the dimensionless Peclet and Damkohler num-
bers (Pe=advective/diffusive transport Da=surface reac-
tion rate/advective transport). A series of fracture disso-
lution simulations in which we varied Pe, Da and fracture
size demonstrate that the length scale required for devel-
opment of distinct dissolution channels increases for larger
Pe and smaller Da. Furthermore, the spacing of distinct
dissolution channels scales with the length of the longest
channels. These results suggest the potential for the de-
velopment of generalized scaling relationships to quantify
the channeling induced by reactive fluid flow in variable
aperture fractures.
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MS37

Evolution of the Mechanical and Transport Prop-
erties of Fractures: Interactive Feedbacks of Stress
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and Chemistry

The mechanical and transport properties of fractures are
strongly nonlinear, with important feedbacks between me-
chanical and reactive chemical processes. Mechanical pro-
cesses include fracture closure and dilation with applied
shear and normal loads, the extension of micro-cracks,
and augmentation of reactive surface area and activity by
stress-corrosion and other mechanisms of micro-cracking.
Chemical processes include precipitation, dissolution, re-
action and transformation some of which take advantage
of the modified mechanical state, and may be augmented
and accelerated by stress effects. These observations have
been made on fractures in novaculite, limestone, diorite
and tuff, and illustrate a broad range of behaviors under
differing mechanical and chemical regimes. We illustrate
the interaction of these processes and demonstrate a va-
riety of different behaviors: regimes where permeabilities
increase with net dissolution, then enigmatically switch
with no apparent change in experimental conditions; and
regimes where wear products from deformation dominate
the response. We examine these behaviors using models
for the interaction of two rough surfaces in contact, as both
lumped parameter systems, and as distributed parameter
systems using Lagrangian-Eulerian models for dissolution-
precipitation and transport. Observed and modeled re-
sponses are upscaled into constitutive models to represent
the interaction of stress and chemistry in the evolution of
transport properties at the continuum scale, and with ap-
propriate feedbacks. These are accomplished through the
application of both weakly-coupled and strongly-coupled
models to represent these responses, and to follow behav-
ior. Applications of these models are to contemporary is-
sues of reservoir engineering in geothermal systems, and in
the safe isolation of high-level radioactive wastes.

Derek Elsworth
Penn State University
elsworth@psu.edu

MS37

Lagrangian Particle Model for Reactive Transport
and Mineral Precipitation in Porous Media

Lagrangian particle methods such as Smoothed Particle
Hydrodynamics have several advantages for modeling pore-
scale flow and transport as they allow complex physical and
chemical processes such as reactions and phase transitions
to be simulated through simple interparticle interactions.
SPH reactive transport model was used to study the ef-
fect of porosity, pore scale heterogeneity and Damkohler
and Peclet numbers on transport and precipitation and to
estimate effective transport properties of porous media.
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MS38
A Multiscale Well Model for Reservoir Simulation

We present a variational multiscale mixed finite element
method for the solution of Darcy flow in porous media, in
which the permeability field displays a multiscale charac-
ter. The formulation is based on a multiscale split that
leads to a rigorous definition of a (global) coarse problem
and a set of (local) subgrid problems. One of the key issues
for the success of the method is the proper definition of the
local boundary conditions for the subgrid problems. The
main contribution of the present paper is the development
of a well model, which accounts for subgrid heterogene-
ity and radial flow regime in a consistent fashion, without
compromising the local mass conservation property.

Ruben Juanes
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MS38

Analytical Upscaled Permeability and First Order
Homogenized Approximation for Flow in Porous
Media

Please enter your abstract here. SeventWe present a closed
analytic form for the upscaled permeability, and for the
first order homogenized approximation to linear and non-
linear flow equations defined in bounded subdomain of
Q C R", and such that the permeability coefficients are
periodic and rapidly oscillating and can be defined as step
functions describing inclusions in a main matrix. We il-
lustrate the procedure by considering permeability ratios
between the matrix and the inclusion of 1:10, 1:100 and
1:1000, respectively. The new contribution comes from de-
riving an analytical approximation in LP(Q2) for the so-
lution of the periodic cell problem, obtained by a two-
scale asymptotic expansion of the respective heterogeneous
equations. In this way, an analytical upscaled permeabil-
ity rendering the zero'" in W'?(Q) and first order approx-
imations in LP(Q) are readily obtained. The zero'™ or-
der approximation gives the macroscopic behavior of the
flow whereas the first order approximation describes the
macroscopic plus microscopic features. The known results
of harmonic average in 1-D, and harmonic and arithmetic
averages for layered media are obtained as particular cases.
We demonstrate numerically the convergence properties in
L?—norm of these approximations as the scale parameter,
€, goes to zero, by applying the results to problems of in-
terest in flow in porous media.

Rosangela Sviercoski

Earth Environmental Science -EES-2
Los Alamos National Laboratory
rsvier@lanl.gov

MS38

Operator-Based Multiscale Method for Compress-
ible Flow

A scalable and extendible Operator Based Multiscale
Method (OBMM) will be discussed in this talk. OBMM
is cast as a general algebraic framework of the multiscale
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method. It is very natural and convenient to incorporate
more physics in OBMM for multiscale computation. In
OBMM, two multiscale operators are constructed: prolon-
gation and restriction. The prolongation operator can be
constructed by assembling basis functions, and the specific
form of the restriction operator depends on the coarse-
scale discretization formulation (e.g., finite volume or fi-
nite element). The coarse-scale pressure equation is ob-
tained algebraically by applying the prolongation and re-
striction operators on the fine-scale flow equations. Solving
the coarse-scale equation results in a high quality coarse-
scale pressure. The fine-scale pressure can be reconstructed
by applying the prolongation operator to the coarse-scale
pressure. A conservative fine-scale velocity field is then
reconstructed to solve the transport equation. As an ap-
plication example, we study multiscale modeling of com-
pressible flow. We show that the extension of modeling
from incompressible to compressible flow is straightforward
for OBMM. No special treatment for compressibility is re-
quired. The efficiency of multiscale methods over standard
fine-scale methods is retained by OBMM. The accuracy of
OBMM is demonstrated by several challenging cases in-
cluding highly compressible multiphase flow in a strongly
heterogeneous permeability field (SPE 10). This is a joint
work with H. Zhou.

Hamdi Tchelepi
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MS38

A Parallel Multiscale Mixed Method for Multi-
phase Flow and Reactive Transport in Porous Me-
dia

We will focus on the mortar mixed finite element method
for multiphase flow. The effects of chemical reaction, ad-
vection and diffusion-dispersion are implemented using a
time-split algorithm, We solve the reaction system using
ODE theory, the advection using a higher order Guodonov
approximation and the diffusion-dispersion using a mixed
finite element approximation, with a full tensor for physical
dispersion. For non-matching grids, suitable projections
are defined to account for the different grids in adjacent
sub-domains. We present theoretical a priori and a poste-
riori estimates and computational results.
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MS39

On Building Parallel Algorithms and Software for
Hydraulic Tomography

Future basin-scale hydraulic tomography inevitably in-
volves millions of degrees of freedom, making parallel
computing the only viable approach. We advocate a
subdomain-based approach for building both parallel nu-
merical algorithms and the resulting software. More specif-
ically, each subdomain is a relatively independent comput-
ing unit, making use of existing serial algorithms and soft-
ware. To enforce the needed inter-subdomain collabora-
tion, a global controller and related communications can
be implemented as reusable parallel libraries.
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MS39

Informed Sampling Strategies for Hydraulic To-
mography

Measurements used in hydrogeologic imaging are usually
collected without a governing purpose or design and with
incomplete record of ambient conditions. Background noise
makes it difficult to extract the information that could have
been conveyed in the measurements. E.g., pressure mea-
surements may have been affected by unknown recharge or
boundary conditions. We argue for protocols for the collec-
tion of measurements that convey maximum information,
through proper sampling and noise elimination.

Peter K. Kitanidis

Dept. of Civil and Environmental Engineering
Stanford University

peterk@stanford.edu

MS39

Trajectory-Based Methods for Estimating Hy-
draulic Conductivity

Given the increasing data flow associated with character-
izing and modeling natural hydrological systems there is a
need for efficient data analysis tools. In this talk I discuss
trajectory-based methods for integrating transient head,
tracer, and multi-phase flow data. The techniques, which
are similar to ray methods in geophysics, may be motivated
by the method of multiple scales. Several examples are
used to illustrate the methodology and to highlight the ad-
vantages and limitations of the trajectory-based approach.
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MS39
CAT-Scanning Groundwater Basins

The theme of this talk is to promote the idea of collecting
data intelligently and analyzing data smartly for charac-
terization of the subsurface at high resolutions beyond the
capabilities of current technology. Specifically, fusion of
passive basin-scale tomographys are suggested that exploit
recurrent natural stimuli as sources of excitations, along
with implementation of sensor networks that provide long-
term and spatially distributed monitoring of signals on the
land surface and in the subsurface.

Jim Yeh

Dept. of Hydrology and Water Resources
University of Arizona
yeh@hwr.arizona.edu

MS40
Fluid and Electrical Transport in Sea Ice

Brine flow through sea ice, which carries salt, heat, and
nutrients and facilitates key geophysical and biological pro-
cesses, is controlled by the vertical permeability k. Mea-
surements of k are sparse, as are theoretical works. Here
we present a multifaceted theory for k, based on rigorous
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bounds, continuum percolation theory, hierarchical mod-
els, network simulation, and microstructural analysis. The
results agree closely with laboratory and Arctic field data.

Kenneth Golden
University of Utah
golden@math.utah.edu

MS40

Ice Sheet Modeling with a Remapping Transport
Scheme

Most ice sheet models use the shallow-ice approximation, in
which velocity is diagnosed from thickness, and thickness is
prognosed using an advection scheme. Advection schemes
in current models can promote numerical noise and are not
monotonic. To alleviate these problems, a 2D incremen-
tal remapping advection scheme is applied in Glimmer, a
state-of-the-art ice sheet model. The remapping scheme
gives improved fields of thickness, temperature, and ice
age.

William Lipscomb
Los Alamos National Laboratory
lipscomb@lanl.gov

MS40
Modeling Arctic Sea Ice

Arctic pack ice moves and deforms in response to winds and
currents because of concentrated deformations at leads. An
elastic-decohesive constitutive model for pack ice has been
developed that explicitly accounts for leads. The constitu-
tive model is based on elasticity combined with a cohesive
crack law that predicts initiation, orientation, and opening
of leads. A numerical technique called the material-point
method (MPM) shows promise for treating problems with
explicit leads.

Deborah Sulsky
Department of Mathematics
University of New Mexico
sulsky@math.unm.edu

MS40
Stochastic Aspects of Glacier Sliding

Glacier flow is sensitive to properties of the basal interface.
When the driving force is large enough, the finite strength
of asperities at the interface is exceeded, and the ice begins
to slide. This behavior, which is similar to yielding in ma-
terials, is explored using a 2D plasticity model. The model
is used to describe the dependence of the yield point on the
asperity distribution function and to explore the possibility
of self-organizing critical behavior.

Robb Thomson
National Institute of Standards and Technology (retired)
robbm@toast.net

MS41

Convergence and Monotonicity Properties
MPFA Methods

of

Convergence and monotonicity properties are discussed
for the MPFA O-methods and L-method on quadrilateral
grids. Only physical space discretizations show the de-
sired convergence behavior on rough grids, but symmetry
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is then lost on general grids. The L-method has optimal
monotonicity properties, but at the cost of a directional
sensitivity.

Ivar Aavatsmark

Center for Integrated Petroleum Research
University of Bergen
ivar.aavatsmark@cipr.uib.no

Runhild Aae Klausen

Center of Mathematics for Applications
University of Oslo

runhildk@ifi.uio.no

Geir Terje Eigestad

Center for Integrated Petroleum Research
University of Bergen
geir.eigestad@cipr.uib.no

Jan Martin Nordbotten
Department of Mathematics
University of Bergen
jan.nordbotten@mi.uib.no

MS41

A Node Reconnection Algorithm for Mimetic Fi-
nite Difference Discretizations of Elliptic Equations
on Triangular Meshes

Despite its simplicity, node reconnection methods (we call
them c-adaption methods) are seldom analyzed apart from
other adaptation methods, even in applications where se-
vere limitations are imposed on topological operations with
a mesh. In this talk, we demonstrate that c-adaption alone
can significantly reduce the discretization error. We de-
velop and numerically analyze a new c-adaption algorithm
for mimetic finite difference discretizations of elliptic equa-
tions on triangular meshes.

Pavel Vachal
Czech Technical University in Prague
vachal@galileo.fjfi.cvut.cz

Konstantin Lipnikov, Markus Berndt, Mikhail Shashkov
Los Alamos National Laboratory
lipnikov@lanl.gov, berndt@lanl.gov, shashkov@lanl.gov

MS41
Enriched Multipoint Flux Approximation

This talk will present the enriched multi-point flux approx-
imation (EMPFA), which is able to reduce or eliminate nu-
merical oscillations in the pressure solutions. The key step
in this approach is to improve the consistency and accu-
racy in local flux calculations through the introduction of
new temporary unknowns and better pressure interpolation
techniques. EMPFA can be used for modeling general mul-
tiphase flows in 2-dimensional or 3-dimensional reservoir
models, and the grid can be Cartesian, Voronoi, or even
arbitrary. Simulation results will demonstrate the differ-
ence among EMPFA, MPFA, TPFA and other locally con-
servative schemes, e.g., the classical mixed finite element
method.

Yahan Yang, Rick Mifflin

ExxonMobil Upstream Research Company
yahan.yang@exxonmobil.com,
rick.t.mifflin@exxonmobil.com
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Jing Wan
ExxonMobil Upstream Research Co.
jing.wan@exxonmobil.com

Qian-Yong Chen

Department of Mathematics & Statistics
U. of Massachusetts at Amherst
qchen@math.umass.edu

MS41

Grid Generation for Improved Monotonicity of
MPFA on Unstructured Grids

The inverse of the linear operators resulting from MPFA
discretization on unstructured grids can suffer from loss of
monotonicity at medium to high permeability anisotropy
ratios leading to oscillatory pressure solutions. This be-
havior can be linked to the interplay of permeability and
grid geometry. In this talk we develop the mesh criteria for
monotonicity and present an approach for optimal grid gen-
eration and parameterization in 2 and 3D which attempts
to eliminate spurious oscillations.

Martin J. Mlacnik

ConocoPhillips Company

Reservoir Simulation Development
martin.mlacnik@conocophillips.com

Louis J. Durlofsky

Stanford University

Dept of Petroleum Engineering
lou@stanford.edu

MS42

A Stability Analysis of Finite-Volume Advection
Schemes Permitting Long Time Steps

A Von Neumann stability analysis of Eulerian flux-form
and cell-integrated semi-Lagrangian advection schemes de-
veloped in the meteorological community is given. The
main finding is that the dissipation and dispersion prop-
erties of Eulerian flux-form schemes are sensitive to the
choice of inner and outer operators applied in the schemes
that can lead to increased numerical damping for large
Courant numbers. To explain these properties a concep-
tual interpretation of the flux-based Eulerian schemes is
provided.

Peter H. Lauritzen
NCAR

CGD
pelQucar.edu

MS42

Using Spherical Centroidal Voronoi Tessellations in
Climate System Modeling

Spherical Centroidal Voronoi Tessellations (SCVTs) offer
great potential to improve climate system model simu-
lations. The powerful aspect of centroidal Voronoi points-
sets is their ability to produce variable-resolution grids
that maintain a high degree of local uniformity. Often
the important length scale of interest varies substantially
throughout the domain. Examples will be provided to
demonstrate that SCVTs do an exceptional job in allowing
us to place resolution where we need it, while producing a
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locally-uniform grid.

Todd Ringler
Los Alamos National Laboratory
ringler@lanl.gov

MS42

Accuracy and Efficiency Considerations for Euler
Equations Solvers Applied to the Atmosphere

Large-scale atmospheric models often filter horizontally-
divergent modes. This filtering, while appropriate at large
scales, is detrimental to resolving meso-scale dynamics un-
til very high resolutions are reached (Ah < O(10) km). We
examine some existing formulations with respect to this is-
sue. Additionally, meso-scale and cloud-scale structures
that appear as resolution is increased are crucial to im-
proved simulations. These features are at the margins of
resolution, hence the marginal resolving power of a model
is a more important model property than order of accuracy
or convergence rate, and it is the accuracy measure that
should be used in an efficiency (accuracy/cost) measure.

William C. Skamarock
National Center for Atmospheric Research
skamaroc@ucar.edu

MS42

Measuring the Characteristic Length Scale of Basis
Functions

The spatial resolution of eigenfunctions of Sturm-Liouville
equations in one dimension is frequently measured by ex-
amining the minimum distance between their roots. This
technique does not work well for eigenfunctions in higher
dimensions that are not tensor products of one-dimensional
eigenfunctions. In this talk we propose an alternative mea-
sure of estimating the characteristic length scale that does
not requiring knowing collocation or optimal interpolation
points and show it does well in one and two dimensions.

Beth Wingate

Los Alamos National Laboratory

Computer And Computational Sciences Division
wingate@lanl.gov

Mark Taylor
LANL
mt@lanl.gov

MS43
Using Lie Groups to Construct Similarity Solutions

The presentation will begin with a brief review of the basic
method of symmetry analysis. The method can be used
to find the symmetries of almost any system of differential
equations and the knowledge of these symmetries can be
used to construct similarity variables and corresponding
similarity solutions. Several illustrative examples will be
described.

Brian Cantwell
Stanford University
cantwell@stanford.edu
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MS43
Lock-Exchange Flows in Horizontal Porous Media

We present a family of similarity solutions to lock-exchange
flows in two-dimensional horizontal porous media of finite
depth. We consider the evolution of two homogeneous flu-
ids of different density and viscosity. New similarity solu-
tions are presented for the case where the step in the in-
terface does not extend over the entire depth of the porous
layer. We discuss the effects of the viscosity ratio and a
simple model of residual trapping on the solutions.

Hamdi Tchelepi

Petroleum Engineering Department
Stanford University
tchelepi@stanford.edu

Brian Cantwell
Stanford University
cantwell@stanford.edu

Marc Hesse

Dept. of Energy Resources Eng.
Stanford University
mhesse@pangea.stanford.edu

MS43

Injection of Fluids into Confined Aquifers - Stabil-
ity Analysis and Application

We consider injection of partially miscible fluid (in our ap-
plication CO2) into an initially water-filled aquifer. Using
sharp interface assumptions we are able to derive ordinary
differential equations in a similarity variable for the CO2-
water front, as well as a second front associated with evap-
oration of the residual saturation of the water behind the
invading CO2 front. This secondary front therefore sepa-
rates 'wet’ CO2 from ’dry’ CO2, and is referred to as the
drying front. We show stability of the fluid fronts, thereby
validating the use of the similarity solution for a range of
parameters. Applications to carbon dioxide storage for the
purpose of climate-change mitigation are discussed.

Michael Celia

Princeton University
Dept of Civil Engineering
celia@princeton.edu

Jan M. Nordbotten
Department of Mathematics
University of Bergen
janmn@mi.uib.no

MS43

CO2 Dispersal in Confined Aquifers - Analytical
Models

Abstract not available at time of publication.

Andy Woods

BP Institute for Multiphase Flow
University of Cambridge
woods@bpi.cam.ac.uk

MS44
Coarsening of Three-Dimensional Structured and
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Unstructured Grids for Subsurface Flow

We present a generic, semi-automated algorithm for gen-
erating non-uniform coarse grids for modeling subsurface
flow. The algorithm is applicable to arbitrary grids and
does not impose smoothness constraints. The approach
should therefore allow users to specify the simulation grid
dynamically to fit available computer resources, and, e.g.,
use the original geomodel as input for flow simulations.
This is of great importance since coarse grid-generation is
normally the most time-consuming part of an upscaling
phase, and therefore the main obstacle that has prevented
simulation workflows with user-defined resolution. We ap-
ply the coarsening algorithm to a series of two-phase flow
problems on both structured (Cartesian) and unstructured
grids. The numerical results demonstrate that one con-
sistently obtains significantly more accurate results using
the proposed non-uniform coarsening strategy than with
corresponding uniform coarse grids with roughly the same
number of cells.

Jorg Aarnes
SINTEF
Jorg.Aarnes@sintef.no

Yalchin Efendiev

Dept of Mathematics
Texas A&M University
efendiev@math.tamu.edu

Vera Louise Hauge
SINTEF
vera.louise.hauge@sintef.no

MS44

Correction Functions for a General Multiscale
Modeling Framework

Abstract not available at time of publication.

Patric Jenny
Institute of Fluid Dynamics
ETH-Zentrum
jenny@ifd.mavt.ethz.ch

MS44
Transmissibility Upscaling with Compact,
tially Varying Multi-Point Flux Stencils

Spa-

In this talk, we describe a new single-phase transmissibility
upscaling method, called VCMP, that uses spatially vary-
ing and compact multi-point flux stencils. In this method,
fluxes are approximated by multi-point stencils that are
adaptively chosen from neighboring pressure values to max-
imize compactness and ensure monotonicity. The accu-
racy of this approach is demonstrated for two-dimensional
Cartesian cell-based anisotropically refined (CCAR) grids
with challenging fine-scale permeability distributions. We
also show that VCMP is consistent.

Bradley Mallison
Chevron
btmb@chevron.com

Margot Gerritsen

Dept of Petroleum Engineering
Stanford University
margot.gerritsen@stanford.edu
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James V. Lambers

Stanford University

Department of Energy Resources Engineering
lambers@stanford.edu

MS44

Improving the Robustness of the Multiscale Finite
Volume Method

The multiscale finite volume method (MSFV) is a promis-
ing approach for efficiently simulating porous media flows.
The success of the method is due, in part, to its ability to
accommodate full-tensor anisotropy in a coarse-scale pres-
sure equation. Unfortunately, in cases with challenging
fine-scale permeability heterogeneity and/or high aspect
ratio grids the computed pressure fields may lack mono-
tonicity. We will analyze monotonicity issues and develop
a new compact MSFV method with improved robustness.

Marc Hesse

Dept. of Energy Resources Eng.
Stanford University
mhesse@pangea.stanford.edu

Bradley Mallison
Chevron
btmb@chevron.com

MS45

Hydraulic Tomography at the Boise Hydrogeo-
physical Research Site

Hydraulic tomography field and modeling methods are be-
ing developed to provide three-dimensional distributed-
parameter estimates of permeability (k) for heterogeneous
aquifers such as the fluvial aquifer at the Boise Hydro-
geophysical Research Site (BHRS). We conduct a series of
pumping tests from intervals in one well while measuring
pressure changes with time in multiple intervals in nearby
observation wells, and then we use these transient obser-
vations as the basis for tomographic inversion to estimate
the k distribution.

Bwalya Malama, Warren Barrash, Tom Clemo, Timothy
Johnson

Dept. of Geosciences

Boise State University

bmalama@cgiss.boisestate.edu,
wbarrash@cgiss.boisestate.edu,
tomc@Qcgiss.boisestate.edu, tcjQcgiss.boisestate.edu

Carsten Leven

Dept. of Monitoring and Exploration Technologies
UFZ-Centre for Environmental Research Leipzig-Halle
carsten.leven@ufz.de

Gregory Nelson

Dept. of Geosciences

Boise State University
gregorynelson1@mail.boisestate.edu

MS45

Analysis of Tomographic Pumping Tests with Reg-
ularized Inversion

I present the analysis of a set of tomographic pumping tests
in an alluvial aquifer using regularized inversion. This ap-
proach allows the data to determine the amount of detail
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required in the estimated hydraulic conductivity (K) field,
subject to imposed smoothness constraints. Regularization
techniques explored include truncated singular value de-
composition inversion and Tikhonov regularization. I also
discuss the associated model resolution matrices, which de-
scribe the inherent blurring of K variation induced by the
inversion.

Geoffrey C. Bohling
Kansas Geological Survey
University of Kansas
geoff@kgs.ku.edu

MS45

Multi-Method and Multiscale Validation of Hy-
draulic Tomography in a Laboratory Aquifer with
Deterministic Heterogeneity

Hydraulic tomography potentially is a viable technology
that facilitates subsurface imaging of hydraulic heterogene-
ity. To date, a comprehensive validation of the hydraulic
tomography has not been done either at the laboratory or
field scales. The main objective of this study is to examine
the accuracy of the hydraulic conductivity (K) and specific
storage tomograms (Ss) obtained from various hydraulic
tomography algorithms developed by Yeh and Liu [2000]
and Zhu and Yeh [2005, 2006]. We first obtain reference
tomograms through the inversion of synthetic cross-hole
test data generated through numerical simulations to ex-
amine the ability of the algorithm to image the heterogene-
ity pattern under optimal conditions without experimental
errors and with full control of forcing functions (initial and
boundary conditions as well as source/sink terms). Parallel
to the generation of synthetic data, we conduct hydraulic
tests at multiple scales in a laboratory aquifer with de-
terministic heterogeneity to generate data that are used
to validate the K and Ss tomograms from hydraulic to-
mography. Generated data consisted of multiple K esti-
mates from core, slug, single-hole and cross-hole tests as
well as several steady-state flow-through experiments ob-
tained within the sandbox. Estimates of Ss were obtained
from single- and cross-hole tests. Validation of the tomo-
grams involved a multi-method and multiscale approach
proposed by Illman et al. [in review] and Liu et al. [in
review]| which included: 1) visual comparisons of K tomo-
grams to the true sand distributions and the reference K
tomogram; 2) testing the ability of the K and Ss tomo-
grams to predict the hydraulic head distribution of an in-
dependent cross-hole test not used in the computation of
the K and Ss tomograms; 3) comparison of the mean and
variance of local K and Ss from the tomograms to the sam-
ple mean and variance of results from other measurements;
4) comparison of local K values in K tomograms to those
from the reference tomogram; 5) cross-comparisons of K
and Ss values in the tomograms obtained from steady and
transient hydraulic tomography and 6) comparison of local
K and Ss values in the tomograms to those obtained from
other data including cores and single-hole tests. We re-
cently also attempted to compare the flow rate through the
entire sandbox from forward simulations using the K and Ss
tomograms and measured rates from the flow through ex-
periments and evaluated the tomograms also with available
tracer tests. The multi-method and multiscale validation
approach proposed herein further illustrates the robustness
of steady-state and transient hydraulic tomography in sub-
surface heterogeneity delineation.

Xijaoyi Liu, Danting Yin
Department of Geoscience, University of lowa
xiaoyi-liuQuiowa.edu, danting-yin@Quiowa.edu
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Andrew Craig
ITHR-Hydroscience & Engineering
ajcraig@engineering.uiowa.edu

Walter A. lllman

Depts. of Geoscience and Civil & Environmental
Engineering

walter-illman@uiowa.edu

MS45

Hydraulic Conductivity Distributions from Pulsed
Signals

Hydraulic conductivity (K) is a measure of how easily water
moves in an aquifer. We have been using pulsed signals (a
sine wave) and measure the change in phase and amplitude
between the source and receiver well. If the area between
the source and receiver locations is assumed to consist of
blocks of material with a constant K, a system of linear
equations to be solved for the block K values can be formed.

Carl McElwee
Department of Geology
University of Kansas
cmcelwee@ku.edu

MS46

Iterative Methods for Solving a Boundary Inverse
Problem in Glaciology

The problem is to find the basal velocity of a glacier us-
ing the over-determined boundary conditions on the sur-
face. We consider two-dimensional flow, described by a
non-linear Poisson equation. This equation treats a first-
order approximation to flow in a longitudinal cross section
or full-order flow through a transverse cross section of a
glacier. We solve the inverse problem using several iter-
ative methods such a Kozlov—Maz’ya method, Landweber
iterations and other modifications of gradient methods.

Sergei Avdonin

Dept. of Mathematics and Statistics
University of Alaska, Fairbanks
ffsaa@uaf.edu

Vasil Godabrelidze, David Maxwell
Dept of Mathematics and Statistics
University of Alaska, Fairbanks
ffsaa@uaf.edu, ffdam@uaf.edu

Martin Truffer

Dept of Physics

University of Alaska, Fairbanks
truffer@gi.alaska.edu

Vladimir Kozlov

Dept of Mathematics
Link6ping University, Sweden
vlkoz@mai.liu.se

MS46

‘Well-Posedness and Instability in an Equilibrium
Model of Temperature-Dependent Ice Sheets

The problem of the shape of a steady shallow ice sheet
flowing under its own weight, given an accumulation map,
has a variational inequality formulation similar to the p-
Laplacian obstacle problem. Numerical experiments sug-
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gest that adding a coupled conservation of energy model
produces strong instabilities (“spokes”). I will address well-
posedness (especially existence and continuity) of solutions
when there is a nonconstant temperature field within the
ice, and then speculate on the spokes.

Ed Bueler

Dept. of Mathematics and Statistics
University of Alaska Fairbanks
ffelb@uaf.edu

MS46
Models for Ice Streams from Coulomb Slip

Ice sheets exhibit localization of ice flow into ice streams,
or well-defined narrow bands of fast flow. This rapid flow
occurs due to slip at the base of the ice. Modern empirical
and theoretical evidence points to Coulomb friction laws
as parameterizations of basal slip. We analyze a family
of ice-flow models capable of incorporating Coulomb slip,
with particular emphasis on the effect of regularizing the
strict Coulomb friction law.

Christian Schoof

Dept. of Earth and Ocean Sciences
University of British Columbia
cschoof@eos.ubc.ca

MS46
What is the Minimum Mathematical Model of Ice
Sheet Dynamics?

The central problem of glaciology and its impact on the
earth system is understanding the mass balance of polar
ice sheets. Time series analysis of modeled ice volume in-
dicates that the nature of the forcing can impact the cyclic
behavior of mass balance. We use various novel forcings
of accumulation fields on traditional and newly formulated
simple ice sheet models to investigate the minimal math-
ematics necessary to capture the essential dynamics of ice
sheets.

Ryan Woodard
British Antarctic Survey
Cambridge, UK
rywo@bas.ac.uk

Jesse Johnson

Dept of Computer Science
University of Montana
johnson@cs.umt.edu

Mervyn Freeman
British Antarctic Survey
mpf@bas.ac.uk

MS47

Lagrangian Averaged Turbulence Model for Ocean
Circulation

Lagrangian averaging is an alternative to the LES and
RANS approaches to modeling turbulence, not a subset.
We discuss the derivation and some test results for the La-
grangian averaged fluid equations with stratification and
rotation. Being derived from Lagrangian averages, these
“alpha-model equations possess a Bjerknes theorem for
their total circulation, which allows buoyancy to be a
source of subgrid-scale turbulence. Taylor’s hypothesis
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provides the closure.

Darryl Holm

Imperial College London and
Los Alamos National Laboratory
d.holm@jic.ac.uk

MS47

A Study of the NS-a Model for Two-Dimensional
Turbulence

For spatial scales smaller than «, there are three possible
power laws for the NS-a model stemming from the three
possible dynamical eddy turnover time scales of the model
equations: one from the smoothed velocity field, the second
from the rough field, and the third from the combination of
the two. Our numerical simulation of two-dimensional NS-
a model shows that the energy spectrum of the smoothed
velocity field follows a power law corresponding to the time
scale of the rough velocity field.

Evelyn M. Lunasin

UC Irvine Department of Mathematics
Graduate Student
emanalo@math.uci.edu

Edriss S. Titi

University of California, Irvine and

Weizmann Institute, Israel

etiti@math.uci.edu, edriss@wisdom.weizmann.ac.il

Susan Kurien

Theoretical Division T-7 Los Alamos National
Laboratory, NM

skurien@lanl.gov

Mark A. Taylor
Sandia National Laboratories, Albuquerque, NM
mataylo@sandia.gov

MS47

The Effect of Small-Scale Regularization on Large-
Scale Dynamics

Regularization of small scales is considered as an adhoc ap-
proach to modeling the effects of unresolved mesoscale eddy
activity in the context of geostrophic turbulence. Numer-
ical simulations show that not all such regularizations are
equally effective. Analysis of cases where such regulariza-
tion is effective suggests that the small-scale regularization
leads to a change in stability characteristics, allowing for
an enhanced inverse cascade of energy (compared to the
unregularized case) and thus modifying the larger scales.

Balu Nadiga
Los Alamos
balu@Ilanl.gov

MS47

The LANS-Alpha Model of Sub-Grid Scale Turbu-
lence in the POP Ocean Model

We introduce a new implementation of the POP ocean
model that uses the LANS-alpha model. Results from an
idealized ACC test case which invokes the baroclinic in-
stability shows that POP-alpha improves measures which
depend on the resolution of meso-scale eddies, such as ver-
tical temperature profile, kinetic energy, and eddy kinetic
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energy. In some cases these improvements are comparable
to a doubling of horizontal resolution.

Mark R. Petersen

Los Alamos National Laboratory
Computational and Computer Science Division
mpetersen@lanl.gov

Beth Wingate

Los Alamos National Laboratory

Computer And Computational Sciences Division
wingate@lanl.gov

Darryl Holm

Imperial College London and
Los Alamos National Laboratory
d.holm@jic.ac.uk

Matthew Hecht
Los Alamos National Laboratory
mhecht@lanl.gov

MS47

Fluid and Numerical Stability in the LANS-Alpha
Model

In this talk we present two stability results for the LANS-
alpha model. The first result shows that the LANS-alpha
model’s regularization moves the baroclinic instability to
lower wave numbers while preserving all the classical baro-
clinic intability theorems. The second result shows that
the LANS-alpha model, for the fastest waves in climate
models, can take a larger maximum allowable time step.

Beth Wingate

Los Alamos National Laboratory

Computer And Computational Sciences Division
wingate@lanl.gov

Darryl Holm

Imperial College London and
Los Alamos National Laboratory
d.holm@jic.ac.uk

PPO

Krylov Subspace Methods in Geophysical Tem
Simulation

Transient electromagnetic (TEM) fields have become a
widely used geoelectric prospecting technique. The simu-
lation of subsurface TEM phenomena requires the solution
of an initial value problem for the quasistatic Maxwell’s
equations. Difficulties arising here include the stability
constraints on the time-step for explicit methods and the
expensive solution of the large indefinite linear systems
of equations which arise in each time step of an implicit
method. We discuss two alternative solution schemes, both
based on Krylov subspace methods. The first, also known
as the Lanczos Spectral Decomposition Method, approx-
imates the matrix exponential multiplied with the initial
data vector by a Krylov projection method. The second is
based on the frequency domain formulation, resulting in a
time-harmonic Maxwell equation for the range of frequen-
cies present in the solution. We employ a model reduction
technique based on a Krylov subspace generated by one or
more full problems, solving the remaining time-harmonic
problems in this reduced form. We present numerical re-
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sults for and comparisons between both approaches.

Oliver G. Ernst

TU Bergakademie Freiberg

Fakultaet Mathematik und Informatik
ernst@math.tu-freiberg.de

Ralf-Uwe Borner

Institut fiir Geophysik

TU Bergakademie Freiberg
rub@geophysik.tu-freiberg.de

PPO

On Linear Model Uncertainty Computation in
Electrical Imaging

Image appraisal is of increasing importance in quantitative
electrical imaging. We here compare two widely used lin-
ear expressions of model uncertainty based on error prop-
agation and a posteriori model covariance calculation. Al-
though often overlooked, the two variants yield spatial dis-
tributions of parameter variance with inverse qualitative
behavior. However, this actually is in agreement with their
original definitions. Independent Monte-Carlo simulations,
accounting for the non-linearity of the problem, indicate
the limitations of a linear approach.

Andreas Kemna

Institute of Chemistry and Dynamics of the Geosphere
Agrosphere, Germany

a.kemna@fz-juelich.de

Frederic Nguyen, Sandra Gossen

Agrosphere (ICG 1V), Forschungszentrum Julich,
Germany

f.nguyen@fz-juelich.de, san.gossen@fz-juelich.de

PPO

Numerical Models for the Interaction of Volcanic
Flows with Water

Modeling a pyroclastic surge interacting with a body of
water requires a coupling of compressible gas dynamics for
a hot dusty gas with fluid equations for the liquid, ideally
including heat transfer and phase change as well as pen-
etration of the water by the solid phase. An approach to
this problem well be presented based on high resolution
wave propagation algorithms for a dusty gas developed by
Pelanti and LeVeque and previously used to model volcanic
jets and plumes.

Randy LeVeque
Department of Mathematics
University of Washington
rjl@amath.washington.edu

Marica Pelanti
ENS, France
Marica.Pelanti@ens.fr

Kyle T. Mandli

University of Washington
Dept. of Applied Mathematics
mandli@amath.washington.edu

PPO
Hydropower Plant Reservoir Flow Simulations:
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Preconditioners Comparison

Norberto Mangiavacchi
UERJ, Brazil
norberto.mangiavacchi@gmail.com

PPO

Darcy Multi-Domain Approach For Integrated Sur-
face/Subsurface Hydrologic Models

The main processes governing hydrological cycle at the
catchment scale may be divided in surface and subsurface
processes, two kind of processes strongly coupled. Until
recently, hydrologic models assumed a weak coupling, es-
sentially for numerical reasons. We present in this work
a global model based on a Darcy multi-domain approach
where the water dynamics on ground surface and in va-
dose and saturated zones, is described through a single
Darcy nonlinear equation with domain-dependent parame-
ters. We show how this equation is solved numerically and
applied to different catchment hydrologic situations.
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Parameter Estimation in Spatially Varying and
Heterogeneous Soils

Soil hydraulic properties are commonly modeled with the
Van Genuchten equation which contains fitting parame-
ters. These parameters and their corresponding statistics
are well understood for specific soil types. However, param-
eter estimates will vary spatially across a watershed with
heterogeneous soils. One way to account for this variabil-
ity is through parameter uncertainty. In our approach we
use known parameter values and uncertainties for homo-
geneous soils as initial estimates and combine them with
soil moisture measurements from pits in the Dry Creek
Watershed. We combine them by minimizing data and ini-
tial parameter estimates in a weighted least squares sense.
Data weights are chosen to be the inverse of the variance
of measurement errors, but do not assume normally dis-
tributed data. To account for heterogeneous soils, the pa-
rameter misfit weights are found by solving an optimiza-
tion problem which ensures the penalty function has the
properties of a chi-square random variable. The result is
a dense weighting matrix which does not smooth param-
eter estimates. This approach gives consistent parameter
estimates, and their corresponding uncertainties, which ac-
count for spatially varying and heterogeneous soils.
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The Problem of the Separation of the Information
and the Construction of Models from Seismological
Time Series

We study the problem of separating the stochastic and
deterministic information and the construction of models
from seismological time series, working with concepts and
methods arising from nonlinear and stochastic dynamics.
We construct a weave of interwoven methods with the aim
of pre-processing, characterizing and modelling data from
time series. The relations between methods depend on dy-
namical and static criteria, which allow for an evolution to
an optimal analysis state of the available information.
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