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1 Introduction

'This report describes bricfly the work of the Center for Subsurface Modeling (CSM) of The
University of texas at Austin (and Rice University prior Lo September 1995) on the Parct-
nership in Computational Sciences Consortium (PICS) project entitled Grand Challenge
Problems in Environmental Modeling and Remediation: Groundwater Contaminant [rans-
port. ‘T'his project was funded by the U.S. Department of Fnergy (DOE) under contract
No. DE-AC05-960R22164 (and carlier contracts), and administered through the Center for
Computational Sciences, Bldg 4500N, MS 6203, Oak Ridge Nalional Laboralory, Qak Ridge,
TN 37831. Qther participants and work was performed by Texas A&M University (Richard
E. Ewing and Michael S. Pilant}), Oak Ridge National Laboratory (ORNL-Kenneth Kliewer),
Brookhaven National Laboratory (BNI.~-Ronald F. Pelerls and Joseph K. Pasciak), the Uni-
versity of South Carolina (IRobert C. Sharpley), Princeton University (Michael A. Celia}, and
SUNY Stony Brook (James Glimm and Brent Lindquist). The entirc projcct is described in
the full report; this teport describes only the CSM contribution.

2 Deliverables

e Parssinl: The Parallel Subsurface Simulator, Single Phase, Single-phase flow, mnlti-
component transport, and 1aulli-phase geochemistry, including a full complement of
homogencous and hoterogeneous reactions (complexation, adsorplion, ion-exchange,
precipitation/dissolution, biological Monod, and radionuclide) of both cquilibrium and
kinctic type. .
(Atip://www.ticam.utcras.edu/Groups/SubSurfMod/software.himl)

o Dyc: 3D visualization tool.
(hitp://www.ticam.utezas.cdu/Croups/SubSurfMod/software.himl)

3 The University of Texas

Activities at The University of Texas at Austin were centered within the Center for Subsur-
face Modeling (CSM) of the Texas Institute for Computational and Applied Mathematics
(TICAM). The following members were involved in the project from The Universily of Texas
al Austin and, prior to September of 1995, al Rice University. Faculty merubers were Mary
I. Wheeler (Director of CSM), Todd Arbogast, Clint N. Dawson, and Joscph Warren, Re-
search scientists and post doctoral rescarchers include Steve Bryant, Frederic d’Henuezel,
Thilip T. Keenan, Robert McLay, Douglas Moore, and Ivan Yotov. Graduatc students in-
clude Ashokkumar Chilakapati, Lawrence C. Cowsar, Joscph Eaton, Iredrik Saal, Carol San
Soucie (Woodward), and lvan Yotov.

These researchers, their work, the development of software connected with this project,
and their publications and prolessional presentations were supported only in part by the U.S.
Department of Encrgy (DOE) through the Partnership in Computational Science (PICS)
Grand Challenge Program administered through the Center for Computational Sciences at
the Oak Ridge National [.aboratory. Support came also from other grants from the DOL,
the U.S. National Science Foundation, and the State of Texas Governor’s Lnergy Office.
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3.1 The Parssiml and GCT simulators

Parssim1l [UT-TR7] is a simulator written by CSM to develop and test algorithins and soft-
ware needed for the PICS Groundwater Contaminant Transport (GCT) simnlator. We first
describe Parssim1, the Paralicl Subsurface Simulator, Single Phase. Parssiml is an aquifer or
reservoir simulator for the incompressible, single phase flow and reactive transport of subsur-
face fluids through a helerogeneous porous medium of somewhat irregular geometry. It is also
capable of simulating the decay of radioactive tracers or contaminants in the subsurface, lin-
ear adsorption, wclls, and bioremediation [UT-03, UT-05, UT3, UTS, UT-017, Ut-019].

Although the code uses very simple rectangular data structures for efliciency and accu-
racy, the subsurface domain can be of irrcgular gecometry. The subsurface domain is assumed
to be described by a logically rectangular grid. A mapping technique is used to map the
ircegular, physical domain (with its hills, valleys, internal faults and strata, ele.) to the
rectangular, computational domain, withoul loss of accuracy or efficiency.

04

The code can run in serial on a single processor, or on a massively parallel, distributed

memory computer or collection of computers (using MPI or PVM). The code is portable,
and has been run to date on scveral large parallel machines (Intel Paragon, IBM SP2, and
Cray T3E) and on various serial machines (Sun Sparc2, IBM RS6000, and SGI Octanc),

Jomputational results indicate that the code has very good parallel scaling properties. We
use domnain decomposition to compute in parallel. The grid is divided into subdomains, one
for each parallel processor. Each subdomain is given roughly the same number of cells. Each
processor is responsible for the simulation only in its subdomain. The individual processors
send information to cach other during the computation.

The flow, advection, diffusion/dispersion, and geochemistry subproblems are solved in-
dependently using a time splitting technique [2, 3]. Thus, the code is very modular, and
consists of the four main parts: driver, flow, lransport, and chemistry. The driver routines
arc rcspounsible for the user interface (input and output) as well as managing the coupling
between the flow and transport routines. Chemistry is called [rom within the transport
routines.

Flow is simulated with a package called Parcel [UT-TR4] It allows for the simulation
of incompressible, single-phase, salurated flow with wells on geometrically gencral domajns
(but logically rectangular), and it uses a locally conservative, ccll-centered finite difference
scheme.

The transport routine ParTrans allows the simulation of multiphase transport with linear
sorption, radionuclide dccay, simple (specialized) chemical reactions, and wells on general
geomnetry. Transport is simulated using a locally conservative method of characleristics called
the Characteristics-Mixed Finile Llement Method (CMM) or a Godunov Method.

The gencral chemistry routine handles both equilibrium and kinetic reactions. Lor equi-
librium rcactions, it uses an interior-point algorithm for the minimization of the Gibbs free
energy, and is therefore rclatively robust, even when mineral phases precipitate into existence
or dissolve away.

We now describe the GOT simulator. Similar to Parssiml, the GCT simulator consists
of four main parts: driver, flow, transport, and chemistry. The transport and chemistry
routines arc essentially identical to those found in Parssiml. The driver roulines are very
similar and use much of the same soflware as found in Parssiml. Oumnly the flow routines
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are significantly dilferent in GCT. These are the result of the Texas A&M, University of
South Carolina, BNL, and Princeton efforts, as described elsewhere. Because of the time
splitting approach used, the flow routines in Parssiml can be relatively easily replaced by
the PICS flow routines to form GC'T, although subsiantial changes to the driver routine to
accommodate new input and data structures are also required. Il should be noted, however,
that the most advanced state of development (and debugging) of the driver, transport, and
chemistry routines appears only in Parssiml; earlier versions were incorporated in GCT.

3.1.1 Algorithm and Software Development for Flow

The Parcel flow package [UT-TR4] was developed at CSM primarily independently of
PICS as a solver for second order elliptic partial differential equations. It uses an effi-
cient domain decomposition solution procedure that scales nearly linearly in parallel, the
Glowinski-Wheeler {5] domain decomposition procedure. This involves solving an interface
problem [UT5, UT-08]. The subdomain linear system is solved directly.

Parcel was interfaced to Parssiml through routines that set up the physical problem of
incompressible saturated flow with various types of boundary conditions and wells. This
simple flow situation allowed for more rapid development of the other routines.

A locally mass conservative, logically rectangular cell-centered finite difference procedure,
developed primarily through the PICS project, is used to discretize the equations. This
mcthod is based on the cxpanded mixed finite element method, handles tensor permeabili-
ties accurately [UT'10], and extends to non-rectangular geometry by a preprocessing of the
coeflicicnts by a mapping tecbnique [UT13] (see also ([UT-06, UT-09, UT-010, UT-013,
UT-018]). The efficiency of rectangular ccll-centered finite differences is maintained. The
finite difference stencil is a compact, 19-point stencil in three dimensions (the 3 x 3 x 3 cube
less the 6 corners). The compactness of the stencil makes the technique eflicient in parallel
applications. It was shown rigorously that the discrete solution to the scheme converges at
the oplimal rate to the truc solution to the differential equalions; moreover, at nodal points,

~there is superconvergence of the pressure and, on smooth grids, also of the mass flux. This

extra accuracy in the flux beiween grid cclls is important for subsurface flow, since the mass
{lux is of primary interest in transport problems. Similar results were obtained for triangular
and tetrahedral meshes [UT-04, UT13].

At the close of the project, extensions to multi-block domains were being pursucd (though
not primarily by the PICS cflort). These are grids formed by partitioning the domain into
large “blocks,” and imposing a grid independently on each block. Since the grids may not
match across the interface, special care must be taken there, In one approach, a discrete
“mortar” space is defined on an interface grid to impose conservation ol mass and continuity
of pressurc {UT-011, UT-016, UT15, UT7]. In a second approach, these arc obtained by
the imposition of opposing Robin type interface boundary conditions [UT11]. Theoretical
errov analysis and numerical testing show that the schemes arc optimally convergent.

Work was begun on an operator based upscaling technique to betler handle subgrid
effects, such as heterogeneities in the permeability and Lhe exact size and Jocation of wells.
The technique is efficient aud shows promise [UT-021].
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3.1.2 Algorithm and Software Development for Transport

Three options can be selected for the solution of the advection subproblem.

Characteristics-Mixed Method (CMM). An cxplicit characteristics method, a type
of Eulerian-Lagrangian or ELLAM method, called the Characteristics-Mixed Method, was
developed, numerically analyzed, and implemented [UT-01, U'l'1], Mass is advected in time
by a backward difference approximation. Not mcrely points, but entire grid cells are tracked
backward along the characteristics (i.e., streamlines), and the mass from the previous time
level in this region is given to the grid cell at the current time lovel. A postprocessing of the
previous mass distribution achicves theorctically and numerically increased accuracy. The
schemne has miniimnal numerical dispersion and 1s theoretically locally conservative. No CFL
time step constraint is imposed (other than that related to the domain decomposition), so
rclatively large time-steps can be taken.

'The code scales nearly linearly in parallel [UT-TR1]; however, the method suffers from
numerical mass and/or volume imbalances in implementation. It is also relatively computa-
tionally expensive. :

Since adsorption processes change Lhe characteristic speed of some chemical species, when
reactive transport is simulated, it may be advantageous to take relatively small time steps.
This prevents inaccurate approximation of {ime during which species are in contact and can
therefore react. Thus, we implemented the other two advection options below.

ITigher Order Godunov Method (HOG). An explicit, formally sccond order Go-
dunov method was added to Parssiml for advection [1]. A postprocessing step improves
the order of accuracy (except near sharp fronts or shocks). I'he scheme has a CFl. time
step constraint, so relatively small time-steps must be taken. The scheme has very little
numerical dispersion, and is locally mass and volume conservative. Eacl time step, though
small, is computationally relatively inexpensive.

A direct comparison of the two advection schemes was performed on a test case related
to the Oak Ridge site. In this case flow is down a hillside toward a pit where strontium
was storcd, We simulated flow of a tracer for 40 days using a two-dimensional 40 x 40 grid
and compared solutions generated by the IIOG and characteristic mcthods in the absence
of dispersion. The results were very similar. The characteristic method exhibited slightly
less numerical diffusion. In this run the lime step for the characteristic method was 6 times
larger than a CFL constraint would allow, but the higher-order Godunov method was much
faster per time-step. Thus the overall run time for the HOG method was less than that
required for the characteristic method.

First Order Godunov Method (FOG). The higher order Godunov Method can be
used without the postproccssing step, resulling in the first order Godunov method for ad-
vection.

Diffusion/Dispersion. This subproblem is solved by tle cell-cenlered finite difference
technique used for the flow problem, as described above. Note that Dispersion musl be
represented ag a tensor, with (generally) greater longitudinal mixing in the direction of fow
as opposed to the transverse directions, A simple Jacobi preconditioned conjugate gradient
technique is sulficient to solve the resulting linear system.

Nonlinear Sorption. Studies and numerical computations on especially the long time
limit profiles of nonlinear sorptive pulscs was performed [UT1, UT2, UT6, UTY, UTI2,
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UT-07, UT-012]. These studics showed that the underlying algorithms for transport and
nonlinear sorption were accurate, although Parssim1 uses somewhat differcnt numerical tech-
niques for sorption: cither simple linear adsorption or sorption computed in the geochernistry
routines as a phase change.

3.1.3 Algorithm and Software Development for Geochemistry

After gaining experience with biorcmediation modeling [UT3, UT-02, UT-03, UT-05},
CSM developed and tested a geochemical reaction simulator [UT-015, UT-TR6, UT- 020].
The local governing equations for the geochemical system are a mixture of differential and
algebraic cquations, including elemental mass balance equations. Discrctizing the difleren-
tial/algebraic system implicitly in time, which is necessary to correctly couple reactions and
minimize lime step restrictions, results in a system of nonlinecar cquations. This system
can be difficult to solve numerically. One reason is that the species concentrations and rate
paramelers can dilfer by many orders of magnilude. Another is the physical reguiremnent
that species concentrations be nonnegative. The non-diffcrentiable character of the equilibria
for precipitation-dissolution reactions adds a particular complication: the possibility thal a
mincral can be present imposes an inequality constraint on the species concentrations, which
becomes an equality only when the mineral is actually present. To handle such constraints
requires iterations through different combinations of minerals. This iteration introduces a
variety of problems regarding convergence, efficiency, robustness and stability.

As a {irst attempt at modeling geochemistry, we obtained the batch chemistry siinulator
KEMOD from George Yeh at Penn Statc Universily [6] and incorporated it into our transport
module. Tn order to improve the robustiness of the KEMOD routine, several enhancements
were made. We incorporated a global Newton Jine-scarch procedure, and introduced variahle
scalings/transformations to handle the differences in magnitude betwcen concentrations and
ratc paramcters. We also investigated alternative stratcgics for selecting correct mineral
assemblage, and modified the stopping criteria. ‘I'hese modifications have made the code
morc robust, but they are not suflicient for all the cases under consideralion; in particular,
precipiiation/dissolution reactions are still problematic.

As an attempt to crcatc a more robust and rigorous procedure, we recast the batch
calculation as a free energy minimization problem and developed the new simulator. This
approach is often used in calculating phase partitioning in multi-phase flow simulation. The
result of this formulation is the minimizalion of an energy functional, subject to clemental
mass balance equalions and inequality constraints (concentrations are nonnegative). For
solving this systern we use of an intcrior-point algorithm, developed by Richard Tapia ct
al., at Rice University [4, UT-014, UT-TR5]. Calculations for simplified aqueous chemistry
showed improved robustness over the modified KEMOD routine.

Work was begun on load balancing the geochemistry work jn parallel. In a typical sub-
surface problem, reaction fronts travel through the domain. These [ronts are associated with
increased comiputational eflort, and therefore require a different distribution of work than
for the flow and transport, which is divided cvenly by a domnain decomposition that assigns
an equal number of grid cells lo each processot. Initial results show dramatic nnprovements
alter load balancing the reaction computations [U'T-022].
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3.1.4 Documentation and User Interface Software Development

A complete, fully indexed user’s manual was developed for Parssim1 [UT-TR7]. The man-
ual describes brielly the code’s capabilities and algorithms, and then provides a detailed
discussion of the input and output files.

The user interface to Parssiml allows a reasonable amount of lexibility without making
the code difficult to use. It is not requircd that the advanced featurcs be used to run the
code. Parallelism is entirely transparent to the user.

Information is provided item-by-item in a frec format style (items are separated by any
number and combination of space, tab, and carriage return, as well as comma, scinicolon,
and colon). Comments are allowed after the pound sign. Thus, data can be sct up by
the user in a meaningful way. The input can be divided by the user into scparate files if
that is convenient, say either to scparatc grid information from specics information from
algorithm paramecters, ctc., or to place large data sets in separate dala f{iles. Errors in the
input file(s) are identified by type of error and {ile and linc number of occurrence, so that
problem specification input errors can be reliably and rapidly corrected.

Physical units can be given inconsistently, The user interface allows for automatic units
conversion and checking, Thus onc gram per cc can be given in cgs units as “1” or as
“1lg/cc].” The latter is one gram per cc in whatever system of units is used, and the
quantity given this valuc must require the physical units of mass per volume (or an error
will be flagged). Sec the manual for a complete description of capabilities,

Parssiml was connected to the Waterways Experiment Station’s GMS front-end at ORNL
and used successfully. Parssiml was also successfully connecled to the pv3 package to allow
interactive visualization of data in parallel.

3.1.5 A Scripting Language for GCT

An input specification “scripting language” was devcloped to enable PICS to unifly the
input specification to the GCT code. This scripting language was based looscly on the
“kScript” language of Phil Keenan [UT-TR3]. This ncw input specification allows the user
to specify input data in a upniform manncr, it will allow us to add fealures Lo the code
without making older daila sets obsolete, and it will eventually allow us to add code to
perform text-based, intcractive simulation. In the first phase of this project, a preprocessor
was under development at BNL to translale the new input script into the old data files, so
no interactivity is yct possible.

All data can be entered into GCT through data files prepared using the preprocessor by
issuing commands scripted in this highly flexible, free lormnat style scripting language. The
input script can be given intcractively from the keyboard, it can be prepared ahead of time
and read directly from onc or more input files, or it can be given in a combination of these
two ways. Most data jtoms have a default value, so generally only a small amount of data
needs to be explicitly given to run the code successfully.

The inpul scripl consists of a series of commands, each describing somie action to be
taken. A single cornmand may span multiple lincs, and multiple cornmands may be on the
same linc. A command has a command name and optionally one or more arguments. An
arguwneant may be a subcommand name, the name of a data item (such as a variable, array,

08
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or Tunction), or the data itself,

The namne of a data item is also the namc of a comnmand to sct it to a value. The value
can be specified as an arithmetical expression of numbers and/or other variable names. For
cxample “2xcm” can be used to declare a length of 2 cin (provided that the unit “cm” has
been defined appropriately). Thus, among other things, the Janguage explicitly allows easy
units conversion. .

A command can be repeated with diflerent arguments. For example, the user can prepare
a script file with a different set of delfaults than are provided automatically, read these
defaulls, and then modify them for the case at hand. The latest instance of the command
overrides the effects of all former instances.

Prototypes of this system werce developed; however, this work on a scripting language lor
GCT was not complcted by the end of the PICS project.

3.2 The Eye Visualization Tool

Eye [UT-1TR2] is a inleractive viewer for polyhedral data. The polyhedral data is produced
by tools thal processes some form of scientific data and produce polygons from it. Cucrently
available tools include iso-contour generators, cross-section generators, and steady-state flow-
line generators for data arranged topologically as cubic grids. Eye is aware of these tools,
and the user can invoke them from within Eye. Other tools can be buill and infegrated
easily into Eye as needed, such as tools for producing iso-surfaces from scallered points, oc
tools for generating time-varying flow lines.

- Eye displays three-dimensional data projected onto a flat screcn; however, il actually
represents data i up to five dimensions. The data that 1Sye receives actually consists of
a collection of simplices (points, segments, triangles, tetrahedra, ...), with each vertex of
the sirplex a tuple of data. Conventionally, these tuples arc displayed as the z-, y- and z-
coordinales of a point, its time, and its valuc. The z-coordinate is projected away according
to where the user places his “eye” with respect to the object viewed. The time coordinate is
intersected away according to where the uscr scts a clock. The value coordinate is mapped
onto a color spectrum.

‘T'he gecometric data that Lye receives can be viewed as filled-in flat-shaded polygons,
as a wire-frame model, or as a point cloud. The geometry can be viewed from arbitrary
orientations, with lighting from scveral directions and with parts clipped away to reveal the
most relevant parts. The figure can be moved across the screen, distorted to increasc or
lessen the apparent depth of the figure, or repainted to reflect a shift or stretch in the value
dimension.

Eye is designed for portability; with appropriale configuration, Eye can be iustalled on
any workstation that supports version 4 or higher of the X Window System, release 11, and
provides a C++ compiler. Versions that exploit specialized graphics librarics and hardware
for better performance are under development. Lye can display its images on paper as well;
it can gencrated cneapsulated Post-Script for an image in a format compatible with the
Idraw program distributed with the freely available InterViews user-interface library, Thus,
it produces pictures that can be rearranged manually for better presentation.

LEye presents a graphical interface with three main components: the menu-bar across the
lop-left, the gadgets on the right, and the viewport that dominates the application window.

8
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The vicwport is the region where the object being viewed is displayed. An optioual bounding
box about the object provides information on the current object position.

3.3 Model Applications

The following applications of Parssim1 have been performed to date. These applications were
only partially supported by PICS, but they represent application of the codes supporied by
PICS.

3.3.1 Benchmark Problems

At the PNNL-hosted Workshop on Subsurface Reactive Transport (29 Oct. to 1 Nov., 1997)
a sct of benchmark problems were set up in order for the invited participants to compare
reactive transport codes. Parssiml functioned very well on these tests. Examples included
a flow in a 2D parabolic velocity ficld wilh a conservative tracer, providing a rigorous test
of the ability of a code to control numerical dispersion. The method of characteristics
option in Parssiml handled this problem very well, while the higher-order Godunov scheme
exhibited larger dispersion. The test problem was particularly well suited to particle tracking
transport schemes. Extensions of the test problem to simple kinetics were also handled well
by Parssimn], and it should be noted that general chemical reactions of the sorl incorporated
in Parssim1 arc difficult to implement in particle tracking schemes.

Another benchmark involved the transport of mixed waste (heavy mctal calions with or-
ganic ligands) through a 1D medium. The complex chemistry included rate limited sorption
and biodcgradation, as well as complexation. Parssiml replicated the benchmack results.
The cxtension to very [ast kinetic rcactions introduced some minor numerical difficultics;
converting the fast kinetics to cquilibrium reactions gave cssentially the same concentration
proliles without the numerical problems.

A particularly instructive benchmark involved the speciation of a redox-sensitive solution
with pyrite. This proved to be an extremely rigorous test of the mass balance of any code.
As a matter of fact we were able to demonstratc discrepancies in the reported solutions to
the problem.

Another benchmark involved the migration of a square concentration wave in a 21 do-
main. The flow ficld was {ransverse to the coordinate axes, again giving a severe test of a
code’s capability to avoid nurmerical dispersion. The mcthod of characleristics scheme pre-
scrved the square wave well, though it was costly to computle. The higher-order Godunov
scheme exhibited some dispersion but did run more rapidly.

3.3.2 Site Characterization

Partitioning tracers are a novel technology for locating NAPLs in the subsurface and as-
sessing their saturations. This approach offers significant cost advantages over other charac-
terization lechnologies, but it requires very powerful forward simulation models in ordec for
the mnversion problem to be feasible. The general chemistry capabilitics in Parssiinl make
this forward modeling straightforward. We have carried out several test cases with multiple
wells, heterogeneonus rock propertics and heterogeneous distributions of NAPL phase. These

10




HAR-18-1998 THU 03:15 PM UT-AUSTIN SPONSORED PROJ  FAX NO. 5122322458 P. 11

< -

N -

§

clearly demonstrate the different velocities of conservative and partilioning tracers in the
presence of the NAPL phasc,

3.3.3 Radionuclide migration

Onc of the most intriguing applications of Parssim] has been the investigation of radionuclide
migration on the Oak Ridge Reservation [UT14]. Waste pits and trenches on the Reservation
were filled with low-level radioactive waste during the Manhattan Project. The plIl of the
wasle was increasced in order to promote precipitation ol radioactive cations as hydroxyl
salts, Simulation of transport of this high pH waste showed remarkable behavior in form of
a pulse of radiomnclide moving at approximately tracer velocity. This result is completely
unexpected from classical chromatography theory, but it has been verilied independenily by
numerical means. Morc importantly, the prediction explains the ficld observation of rapid
radionuclide movement. Aan investigation of the underlying rnathemalics of this mode of
propagation continues, as well as further simulation of the field situation.

3.3.4 Pump-and-treat Remediation Simulation

The mixed-waste (heavy metal plus organics) benchmark problem described above was ex-
tended lo provide an example of a pump-and-treal remediation strategy. A waste source
was imposed for 500 days in a small region of the recharge zonc of an aquifer, in which an.
cast-to-west flow ficld prevailed. The aquifer was highly heterogeneous in permeability, but
its sorption propertics were assumed constant with position. Three wells were turned on in
a region downstreamn of the contaminant plumec after 1250 days of simulated time. This 3D
simulation showed the importance of correctly scaling up laboratory derived conditions. The
naturally occurring microbe population decreased very rapidly in this simulation, indicating
that the microbe death rate kinetics used in the lab scale benchmark problem would give a

much more optimistic prediction of natural attenuation in the lab than would be obtained
in the ficld.

3.3.5 Well Stimulation

The stimulation of wells with acid is an imporlant application of reactive flow. Such treat-
ments are carried out in thousands of oil and gas wells annually, as well as in many injeciion
wclls operated by waste disposal companies. When concentrated hydrofiuoric and hydrochlo-
ric acids contact scdimentary rocks, a large suite of dissolution rcactions occurs at a wide
range of rales. High concentrations of mineral ions arc generaled, making many precipitation
rcactions possible, along with several important sccondary dissolution veactions. Overlaying
this chemical complexity is the near-wellbore flow ficld. Previous studies of acid stimula-
tion usually assume a radial flow ficld, but this assumption can greatly oversimplily local
variations due to the gcometry of perforations and the distribution of permeability. The
competition between advection and reaction is critical for detennining local extents of re-
action, and so variations at this scale can be important. The rock itsclf is mineralogically
heterogencous, further complicating the problem. Thus the question of what is the optimum
design for well stimulation remnains open.
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We have simulated a varicty of scenarios, the first goal being to evaluate whether crossflow
in the vertical dircction will compromise the effectiveness of a stimulation treatment. Thus
far it appears that simple layered formations bechave just as predicted from simpler models.
Work js still underway to determine how this conclusion changes when flow is radial rather
than lincar, with a consequent variation of Damkohler number (ratio of characteristic reaction
time to charactcristic advection time) along the flow ficld. We are also investigating the ellect
of heterogencitics, both mineralogical and hydraulic, in the ncar-wellbore region.

3.3.6 Dizagenesis

As brines percolate through buried scdiments over geologic time, mincral precipitation and
dissolution can occur. These rcactions can alter porosity substantially and can change per-
meability by orders of magnitude. Thus an ability to predict how and where such rcactions
occur can greatly improve the understanding of flow fields in aquifers and rescrvoirs. Re-
searchers in the Department of Geological Sciences at U'l-Austin have produced a detailed
description of a carbonatc rock (the Lower Tsmay in Utah) both in outcrop and at depth.
We are using this data, along with constraints on possible fluid compositions derived {rom
laboratory measurcments, as input to Parssiml [or simulation of reactive flow through the
scdiment. Because the ficld and lab data so thoroughly characterize the rock, this will
provide an excellent test of the model, providing insight into what chemical and physical
mechanisms must have been at work,

3.3.7 Biotic/Abiotic Competition

Biodegradation reactions rarcly occur in isolation; there is commonly competition belween
multiple microorganisms and multiple pathways for reaction. Tor example, inorganic reac-
{ions may consume or produce species involved in biodegradation. Biodegradation of tolucnc
using a multi-component modcl illustrates how competition belween components can allect
the degradation rate. Parssiml allows the user to select chemical and biological components
for reactive transporl modeling including kinctics and accounts for coupling between biotic
and abiotic species. The model quantified the inhibition of toluenc degradation when either
benzene or pyrite competes with toluene for electron acceptors. Simplified uncoupled modcls
will not account for this behavior, so 1t is important to collect site-specific data to determine
whether chemically heterogeneous conditions exist before deciding whether to use simplified
or multi-component modcls. '

3.8.8 Bioremediation

Parssiml has been uscd to quantily the migration of contaminants in complex flow ge-
ometries with a variety of chemical intcractions. In order to compare the effects of dillerent
reaction pathways, we considered the case of a residual NAPL phase dissolving into a flowing
groundwater, with subsequent biodegradation of tlie dissolved NAPL. The simulations in-
volved from three to 27 species and Lwo phases (flowing water, inmobile NAPL), The flow of
approximately 10 pore volumes of groundwater was simulated through a unit cube of porous
meadium which contains several regions of residual non-aqueous phase liquid (NAPL). A con-
stant velocity is imposcd at the z-faces of the cubce; the y and z faces are no-flow boundaries.

11
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A 32 x 32 x 32 grid was used to discretizc the porous medium, and jsotropic permeabilitics
were assigned to the grid blocks from a Gaussian distribution spanning 3 orders of magni-
tude. The spatial distribution of permcability causes a very heterogencous flow fleld, despite
ihe simple boundary conditions.

The residual NAPL phasc dissolves into the flowing groundwater. The rate of dissolution
depends on the diffcrence between the local aqueous NAPL concentration and the maximum
possible concentration (i.c. the concentration in equilibrium with the residual phase, which
is 0.1 mol/l in this example). In the base case, in which there are no naturally occurring
proccsses to degrade the NAPL, the contamination plume expands downstrearn of the NAPL
sources. The groundwater contains dissolved oxygen at typical background levels. Thus when
a uniform distribution of microbes is placed in the porous medium, the microbes utilize the
oxygen to degrade the dissolved NAPL. Consequently the contamination plume is much
smaller than in the base case.

In natural environments, the dissolved oxygen may participate in many other reactions.
For example, reducing minerals such as pyrite will consume dissolved oxygen until the porous
medium reaches Eh equilibrium. Such redox reactions will delay the propagation of the in-
jected oxygen concentration through the porous medium. In this example case, all the
incoming oxygen was consumed by inorganic redox reactions (assumed to proceed to ther-
modynamic equilibrium instantancously) during the first ycar. This leaves no oxygen for
biodegradation. Consequently the conlamination plume is as severe as if no microbes were
present. This illustrates the iraportance of considering all the chemical interactions in a
system, both biotic and inorganic.

If the redox reactions occur at a finitc rate, rather than going to thermodynamic equi-
librium, more oxygen is available for biodegradation. The amount available depends on the
rate of redox reaction. In this case study, the redox consumption during the first ycar ol -
fow was so fast that little biodegradation occurred. In this case the contamination plume is
only slightly smaller than in the case of equilibrium redox reactions.

After three years of simnulated flow, the basc casc contamination plume is still quite large.
In the case of biodegradation only, the natural attenuation process has greatly reduced the
extenl of the plume; the contarvination is limited to the immediate vicinity of the residual
NAPDL phase. However, if substantial pyrite is present, the equilibrium redox front will have
propagated only a small distance even after three years, consuming nearly all the incoming
oxygen. If the redox reactions arc rate-limited, enough oxygen is getting into the porous
medium alter three years to substantially reduce the contamination plume.

Ultimately the incoming oxygen changes the Eh of the porous mediun, so that eventually
oxygen becomes available for biodegradation, even if large amounts of pyrite are present. All
the situations in which microbes are present exhibit smaller contamination plumes than the
worst case,

3.4 Prospective Model Applications

‘The following applications of Parssim] are being investigated in the CSM.

12
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3.4.1 Heavy Mctal Transport

We have availablc a data sct from a small chemical plant, the soil of which is contaminated
with heavy metals including arsenic and chromium. The data includes the flow field and
extensive chemical analysis of samples from monitoring wells. A pump-and-treat remediation
scheme has started on site, and siting of additional wells is currently being studicd. "The
sorplion, cation exchange and precipitation of heavy metals have a dramalic effect on their
migration in the subsurface, and a modeling study of the sitc would provide important insight
as altcrnalive remediation schemes are considered. Parssiml’s ability to handle general
inorganic chemistry and detailed flow fields, including wells, would be very uscful in this
case.

3.4.2 Coal Ash Leaching

We have an extensive dala set from experiments conducted on the leaching of coal ash.
Proccsses have been developed whick improve the combustion of coal so that many pollutants
which otherwise enter the fluc gas instead reimain in the ash. While these processes hold the
promise of greatly reducing air pollution from coal-fired power plants, the question arises as
to whether the pollution problem is merely being transferred from the atmosphere to the
groundwater. Coal ash [rom these advanced combustion processes is particularly reactive,
and the percolation of rainwater through an ash pile can result in highly alkaline cfluent with
significant metal Joading. It would be of considerable practical interest to model both the
leaching process and the migration of the leachate through the subsurface with Parssimi. The
experimental data would provide a useful validation of available kinctic and thermodynamic
paramcters for heavy melals.
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