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I. STATEMENT OF THE PROBLEMS STUDIED

-
-3 Complex physical phenomena involving chemically reacting systems or the

transport of heat or fluids are-often modeled by ecoupled systems of time-depen-
dent, nonlinear partial differential equations. The difficulties in understanding
the stability of the differential equation systems and in designing efficient, ac-
curate numerical methods for their solution are widely recognized and were the
focus of this research. We have worked on four general aspects of the analysis and
numerical approximation of systems of partial differential equations. These areas
of research are: (1) modeling aspects and stability analysis for nonlinear time-
dependent partial differential equations; (2) use and analysis of finite element or
finite difference methods to'discretize coupled systems of nonlinear differential
equations; (3) development of adaptive or local grid refinement capabilities to
resolve local phenomena in large-scale applications; and (4) development of data
structures, preconditioners, and efficient solution algorithms for large-scale prob-
lems on new computer architectures. Emphasis has been placed upon multiphase
or multicomponent, transport-dominated flow processes with dynamic local phe-
nomena. The research also involved a mix of analysis, algorithm development,

and large-scale computation using newer computer architectures.
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II. SUMMARY OF KEY RESULTS

The advent of orders-of-magnitude better computing capabilities has allowed
the modeling of more complicated physical phenomena. The incorporation of
more detailed physics in our models has necessitated the use of more sophisti-
cated mathematics and numerics in the modeling process. In this way, a broader
range of mathematics is needed for applications. The mathematical techniques
which are used to model the transport of multicomponent or multiphase flows are
representative of those needed for many other applications, such as chemically
reacting or thermally driven flows, and have been studied as typical models to
develop our understanding and capabilities. The equations which have been con-
sidered are strongly convection-dominated equations that have transport aspects
of hyperbolic partial differential equations but which have thin moving regions

with viscous effects where the modeling of diffusion is critical.

In order to treat the transport-dominated aspect of convection-diffusion type
equations, we have developed [2,6,29,30,31,37| a “modified method of character-
istics” temporal technique which can be combined with either finite difference or
finite element spatial discretization. The computational aspects of this technique
are much simpler than a true method of characteristics and can be extended to
higher space dimensions with relative ease. In [30,37], we extended these ideas
to transport problems with nonlinear and nonconvex flux functions. There are
strong correlations with these and front tracking methods, but these techniques
can incorporate the important diffusion phenomena much more readily. Ideas de-
rived from characteristics-based methods have also been studied {35] to stabilize
the transport-dominated problems, replacing the standard upstream weighting

techniques which can cause serious problems for coupled nonlinear systems {2,3].

Ewing and co-workers have been successful in applying finite element tech-
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3

niques to fluid flow simulation problems. Mixed finite element methods for accu-
rate fluid velocities are described in [1,2,5-7,11,13,18,24,25,29,31,42]. Asymptotic
error estimates for these procedures are described in {6,14,39-43]. Petrov-Galerkin
variational methods and operator-splitting techniques have also been analyzed
in [30,37] to treat the transport-dominated model problems. Applications to var-
ious engineering applications are described in [3,16,18,21,24,29,35]. Codes have
been developed by Ewing, Russell, and graduate student Joe Koebbe, and with

coworkers in Norway [35,37].

A major effort has also been concentrated upon adaptive and local grid refine-
ment techniques for resolution of local behavior. References [4,8,10,12,17,18,20,
22,23,34,35| survey various aspects of local and adaptive grid refinement. A truly
local refinement requiring a complex data structure for efficient implementation
is described in [4,8,12,17,22]. Work is under way to implement these algorithms
on a new Alliant parallel architecture computer recently acquired by Ewing’s
research group at the University of Wyoming using, in part, a DoD equipment
grant. Patch types of local refinement which can be done more easily incorporated
in large existing codes are described in [10,28,30,34,36-38]. Codes for implement-
ing these concepts are being developed by graduate student Paul Jacobs and are

almost complete.

Codes for modeling applications require the input of physical parameters
that often cannot be measured directly. Various new methods for parameter
determination are presented in [15,32,33,34]. Graduate students James Sochacki
and Tao Lin have worked with Ewing on this analysis and corresponding code

development.

Efficiency of computation is critical for the large-scale modeling applica-

tions. Applications of preconditioned conjugate-gradient methods were described

in [26]. A variety of preconditioners and conjugate-gradient-like methods have
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been coded and are currently being vectorized by graduate student Mark Oliver.
Research is beginning on parallelization of these algorithms. Other precondition-
ers which allow a type of local refinement via domain decomposition are described
in [28,30]. We are working on incorporation of these methods in large existing
codes. Graduate students Joe Koebbe and Peng Lu and postdoc Uma Prasad [38]

have been working on multiphase, multicomponent fluid flow codes with Ewing.

Finally, we have been looking at stability analyses for certain nonlinear, time-
dependent partial differential equations [9,27,C1,C2|. Professor Brian Straughan
from the University of Glasgow visited the University with partial support from
this grant and to work with Professors Ewing and George on these problems. A
joint paper [27] numerically considered a form of Burger’s equation with various
powers of the nonlinearity to understand the effect of initial conditions on these
nonlinearities. Professor Straughan has extended this work to other convection-

diffusion applications in [C1,C2].
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Mathematical Sciences Institute, Ithaca, New York, August 12, 1986.

“Adaptive grid refis ement methods for time dependent flow problems,” First
World Congress on Computational Mechanics, University of Texas, Austin,
Texas, September 25, 1986.

“Velocity weighting techniques for fluid displacement problems,” First World
Congress on Computational Mechanics, University of Texas, Austin, Texas,
September 25, 1986.

“Optimization techniques in reservoir simulation,” Special Session on Opti-
mization and Inverse Problems in Reservoir Aquifer Modeling, Operations
Research Society of America ORSA/TIMS National Meeting, Miami Beach,
Florida, October 28, 1986.

“Large-scale computing in fluid flow problems,” Special Session on Mathe-
matics for Large-Scale Computing, 830th Meeting of the American Mathe-
matical Society, Denton, Texas, October 31, 1986.

“Techniques for treating heterogeneities and dispersion in reservoir simula-
tion,” Symposium on Numerical Simulation in Oil Recovery, Institute for
Mathematics and Its Applications, University of Minnesota, Minneapolis,
Minnesota, December 1-12, 1986.

“The use of mixed finite element methods for accurate fluid velocities,”
Workshop on Recent Developments in Leaky Aquifer Mechanics, Instituto
de Geofisica, Universidad Nacional de Mexico, Mexico City, Mexico, Jan-
uary 20-21, 1987.

“Simulation techniques for multiphase and multicomponent flows,” Invited

Lecture Series, IBM Bergen Scientific Center, Bergen, Norway, March 23-24,
1987.

“Parallel computation in operator splitting and self adaptive local grid re-
finement,” Workshop on Special Topics in Computational Mechanics, Dallas,
Texas, April 13-14, 1987.

“Status of the Enhanced Oil Recovery Institute,” Third Wyoming Enhanced
Oil Recovery Symposium, Casper, Wyoming, May 13-14, 1987.

“Reservoir Simulation at the University of Wyoming,” Third Wyoming En-
hanced Oil Recovery Symposium, Casper, Wyoming, May 13-14, 1987.

“Mathematics and Mathematical Modeling in Interdisciplinary Research and
Large Scale Computation,” Address to National Science Foundation, Wash-
ington, D.C., May 27, 1987.

“Analysis and Computation for a Model for Possible Contamination by Nu-
clear Waste-Disposal in Porous Media,” 12th Biennial Conference on Nu-
merical Analysis, University of Dundee, Scotland, June 23-24, 1987.
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42.
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“Parameter Estimation Problems for Parabolic Problems,” Workshop on Ap-
plications and Algorithms for Optimal Control and Parameter Identification,
Universitat Trier, Trier, West Germany, June 25-26, 1987.

“A Survey of Reservoir Simulation,” Minisymposium on Simulation of Petro-
leum Reservoirs, First International Conference on Industrial and Applied
Mathematics, Paris, France, June 29 — July 3, 1987.

INVITED COLLOQUIA AND SPECIAL SEMINARS

. Katholieke University, Nijmegen, The Netherlands, June 7, 1984.

Institut National des Sciences Appliquees de Lyon, Lyon, France, June 12,
1084.

INRIA, Paris, France, June 15, 1984.

Albert-Ludwegs Universitat, Freiburg, Germany, June 26, 1984,

Istituto di Analisi Numerica, Pavia, Italy, June 29, 1984.

Istituto per le Applicazioni de Calcolo (IAC), Rome, Italy, July 6, 1984.
Chevron Oil Field Research Co., La Habra, California, February 1, 1985.
University of Colorado, Boulder, February 8, 1985.

Denelcor Corporation, Denver, Colorado, February 27, 1985.

University of Houston, April 16, 1985.

. Colorado State University, April 18, 1985.

. University of Colorado, Boulder, May 2, 1985.

. Pacific Power and Light Corp., Portland, Oregon, September 10, 1985.

. Chevron Oil Field Research Co., La Habra, California, December 17, 1985.
. University of Minnesota, Minneapolis, Minnesota, December 19, 1985.

. University of Wyoming Foundation, Houston, Texas, February 11, 1986.

. University of Wyoming, Laramie, Wyoming, February 17, 1986.

. Chevron Oil Field Research Co., La Habra, California, March 27, 1986.

. INRIA, Le Chesnay, France, June 24, 1986.

University of Colorado, Denver, Colorado, September 10, 1986.

. National University of Mexico, Mexico City, Mexico, September 29, 1986.

. Tulsa University, Tulsa, Oklahoma, October 29, 1986.

. University of Minnesota, Minneapolis, Minnesota, December 4, 1986.

. University of Wyoming, Laramie, Wyoming, February 10, 1987.

. Utah State University, Logan, Utah, February 12, 1987.

. University of Wyoming, Laramie, Wyoming, February 17, 1987.

. Koninklijke/Shell Exploratie en Produktie Laboratorium, Rijswijk, The Net-

herlands, March 9, 1987.

Norsk Hydro Petroleum Research Centre, Bergen, Norway, March 20, 1987.
Universitetet Bergen, Bergen, Norway, March 23, 1987.

IBM, Bergen Scientific Centre, Bergen, Norway, March 24, 1987.

Christian Michelson Institute, Bergen, Norway, March 27, 1987.

Uppsala University, Uppsala, Sweden, March 31, 1987.

Chalmers University of Technology and The University of Géteborg, Gote-
borg, Sweden, April 1, 1987.
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34. University of California at Berkeley, Berkeley, California, April 29, 1987. 5
35. Arizona State University, Tempe, Arizona, April 30, 1987.

36. Montana State University, Bozeman, Montana, May 21, 1987.
37. Montana State University, Bozeman, Montana, May 22, 1987.
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V. PARTICIPATING SCIENTIFIC PERSONNEL
A. STUDENTS

James S. Sochacki - Ph.D., 1985
Upal R.B. Obeysekare — M.S., 1985
Joseph V. Koebbe

D. Lowell Smylie

Paul Jacobs

Mark Oliver

Tao Lin

Peng Lu

PN RN

w

FACULTY

Brian Straughan
John H. George
Robert Sharpley
Uma Prasad
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