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1 Introduction

‘1’his report dcscribcs briefly the work of the Center for Subsurface Modeling (CSM) of The

University ofl’cxasat Austin (ancl R.icc University priorto September 1995) ontl~e Part-
nership in Computational Sciences Consort iurn (PICS) project entitled Grand Ch allcngc
problems in Environmental Modeling and Rmncdiaticm: ~roundwatcr Contaminant ‘~’rans-
port. ‘l’his project was funded by the U.S. J)cpartmcnt of J?ncrgy (DOE) under contracb
No. DE-AC05-!360R22464 (ancl earlier contracts), and administered through the Center for
Computational Sciences, iNdg 4500N, MS 6203, oak Ridge Nalknd Labom~ory, oak Ridge,
TN 37831. ~lher participants and work was performed by Texas A&M lJniversity (Richard
E. Ewing and Michael S. Pilant}, Oak Ridge National Laboratory (ORNL-Kenneth K1iewer),
Brookhavcn National Laboratory (l+NJ,-kmalcl F. Pcicrls mcl JcIscph IJ. J%sciak), the l.Jni-
versit y of South Carolina (N,ohert C. Sharpley), Princeton University (Michael A. Celia), and
SUNY Stony 13rook (Jamm Glimrn and J3umt J,indquist), The entire project is dcscribccl in
tk fuII rcpmt; this report dcscril.ms only the CSM contribution.
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Deliverables

Parssiml: ‘1’hc !?arallcl Subsurface Simulator, Single J?hmc, Singk-phmm flow, multi-
Cornponent tramport, aIld multi-phase geochernistr y, including a full cornpk’mcnt of
hornogcncous and heterogeneous reactions (complexation, adsorl.~i,ion, ion-exchange,
precipitation/ clissolutiorl, biological Monm3, and radionuclidc) of botl~ equilibrium and
kindic type.
(hitp://wu]w.tica?n.?J .tc:ros. cdsu/~roilps~Sub$ur fl~od/sojlware. )~[$tn[)
Eye: 31) visualization tool.
(f,ltp://wwu.iicanz.utcza.v, cdu/Croups/SubSt, rfMod/~ojtware. htrnl)

The University of Texas

Activities iit ‘1’hc University of Texas at Austin were cmkmd within the &ntcr for Sul.Mur-
fam Modeling (CSM) of the Texas Jnst itute for Computational and Applied Mat hcmatics
(’l’JCAM). ‘l%c following members were involved in the project from The University of Texas
at Austin and, prior to September of 1995, at Rice [Jnivcrsit y. Faculty ~mcmbms were Mary
J?. Wheeler (Director of CSM), Todd Arbogast, Clint N. Dawson, and Joseph Warren. Re-
sm.rcl~ scientists and post doctoral rcscarchms include Steve Bryant, J+&ric Cl)i+cnnczc],
Philip T. I<eenan, Robert McJ,~y, Douglas Moore, MM-IIvan Yotov. Graduate studcmts i il.-
cludc Ashokkuln a.r C!hilakapaii, Lawrcncc C. C!owsar, Joseph 1%.ton, J?redrik Sa,af, Carol San
%mcic (Woodward), and lvan Yotov.

These researchers, their work, the development of software conncctcd with this project,
and their publications and profession al presentations were supported only in part by the U.S.
Department of Mmrgy (T)OE) through the Partnership in Computational Science (I?ICS)
Grand Challenge Program administered through the &.ntcr for compui,a~ional $cienccs at
the Oak Ridge Nztional Laboratory. Support came also from other grants from the D(3E,
the {J.S. Natio na.1Science I~ounckttion, and th c State of Texas Governor’s 13ncrgy ofli cc,
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3.1 The Parssiml and GCT sinmlators

Parssiml [U’I’-TR7] is a simulator written by CSM to clevelop and test algorithms and soft-
ware lieeded for the PICS Grounclwatcr Contaminant Transport (GUI?) sjmlllatoc. We first
describe Parssim 1, the Paral Ic1Su hsurfacc Simulator, Shglc Phase. Parsshn 1 is an aquifer or
reservoir sirmdator for the incompressib]c, single pha,sc flow and reactive transport of subsur-
face fluids through a helerogemcous porous medium of somewhat irregular geometry. It is also
cnpablc of simulating the decay of radioactive tracers or crmt amin ants in the subsurface, lin-
ear adsorption, WCJIS,and bioremcdiation [UT–OS, UT-05, UT3, UT8, IJT-017, U’i’-0l9].

A1though the code uscs very simple rectangular data sl.ruclures for e~lciency and accu-
ra,cy, the sub~ urfwe domain can bc of irregular geometry. The subsurface domain is assumed
to be clcscri bcd by a, logical] y rectangular grid. A mapping tcchnic(uc is used to map the

irregular, physical domain (with its hills, valleys, intcrna.1 fzu]ts and strata, etc.) to the
rectangular ! computational domain, without. loss of accuracy or cl%cicncy,

l’hc code can run in serial on a single processor, or on a nmssivcly pmallcl, dktributccl

mm-nory computer or collection of computers (using M P’1or P V M.), Tho code is portable,
and has been run to c1atc on scwxal large parallel machines {Intel Paragon, I HNl S P2, and
CMy T3E) and On various scri al machines (Sun Sparc2, IBM 13S6000, nnd SG1Warm),
Comput atimal, results indicate that the COCIChas very good parallel scaling properties. We
use Jowai?a decomposition to COllIpUte in parallel. The grid is clividcd into subdomeains, one
for each parallel processor. 13mchsllbclomain is given roughly the same number of’cells. Each
pmccssor is responsible for the simulation only in its subdomain. The individual proccssms
send information to each other during the computation,

The flow, aclvection, difIusion/clispersion , imd geoch cm ist ry subp~oblems are SO1ved in-
dependently using’a time splitting technique [2, 3]. Thus, t hc code Is very modular, and
consists of the four main parts; driver, flow,’ lmrwport, and chemistry. The driver routines
arc rcspcnwible for the user intcrfacc (input and output) as well as managing the couplinq
between the flow and transport routines. Chcrnistry is called from within the transport
routi mx.

Flow is simulated with a package callccl Parcel [UT–TR4] It allows for the s;rnulation
of incompressi Mc, single-phase, saturated flow with wcdls on geometrically genmal dom ai rw
(but Iogically rectangular), and it uses a locally mnserva,tivc, cd-ccntcred finite. difference
scheme.

The transport mwt ine F’arTians allows the simulation of multiphasc transport with linear
sorption, radionuclide clcca,y, shnple (specialized) chcmicaI reactions, and we] Is on general
geometry. THmsport is simulatcd using a IocalIy conservative lndlOC~ of characteristics c,a~lcd
the Characteristics-Mixed Finite lUemcnt Method (CMM) or a Clodunov Method.

The gcncra,l chemistry routine handles both equilibrium and ki nctic react ions. For cclui-
libriurn reactions, it ~Lsesan interior-poi [It algorithm for the minimization of the Gibbs frcx
energy, and is therefore rcla.t ively robust, even when minmd phases precipit at c into cxi Stence
or dis,solve away,

We now clcscribe the (NT simulator. Similar to Parssiml, the GCT simulator consists
of four main parts: driver, flow, transport, and chemistry. The tramport ancl chemistry
routines arc essentially identical to those founcl in Parssirnl. The d rivm routiries me very
similar and use much of the same software as found in Pa,rssiml. only the flow routines
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are significantly clifkrent in GCT. These are the rmult of the Tcxa.s A&M, lJnivmsity of
South Carolina,, BNL, and Princeton efforts, m dcscribcd clscwhcrc. Because of the time
splitting approach used, the flow routincx in I?msirnl can be relatively easily replaced by
the PI (2S flow mutincs to form CICT, although substantial changes to the driver routine to

acccvnmodato ncw input and clata structures arc also required. It should be Ilotedj however,
that the most advanced state of development (and debugging) of the driver, transport, and
chemistry routines appears only in Parssirnl; earlier versions were incorporatcxl in CW’1’.

3.1.1 AIgorithm and Software Development for Flow

The Parcel flow package [UT-TR4] was developed at CSM primarily independently of
PIUS as a solver for second order elliptic partial clifferential equations. It u.scs m effi-
cient domain decomposition solution p~oceclure that scales nearly linearly in parallel, the
Glowinski-Wlmeler [5] clomain composition proceclure. This involves solving an interface
problcm [UT5, UT-08], ‘lXc subclomain linear system is sobwcl directly,

Pmcel was interfaced to Pmssiml through routines that set up the physical. pmhlcm of
incompressible saturated flow with various types of boundary conditions and wells, This
sirnplc flow situation allowed for more rapid development of the other routines,

A locally mass conscrvativc, logically rccta~~gul ar cell-centered finite difference proceclure,
devcIopecl primarily through the PICS project , is used to discrctizc the equations, ‘i’his
m cthmi is baxxl on the cxpa,ndec~ mixed finite elernellt method, handles tensor pcrmeabili-
ties accurately [UT1.0], and extends to non-rectan.gulalr geometry by a preprocessing of the
cxmfkicnts by a. lmapping tccbnique [UT13] (see also (UT–06, UT–09, UT–O1O, UT-013,
UT–018]). The efficiency of rectangular ccl l-ccntcrcd finite differences i.s maintained. The
finitm diffcrcncc stencil is a compact, I%point stencil in three dimensions (the 3 x 3 x 3 cube
less the 6 corners), ‘1’hc compactness of the stencil makes the technique e~~cient in parallcI
applications. It was shown rigorously that the discrctc solution to the scheme converges At
the op~ima~ rate to the true solution to the differenti?d equalions; moreover, at nodd points,
there is superconvcrgcncc of the pressure and, on smooth grids, also of the mass flux. This
extra accucacy in the “fluxbet wccn grid cc~k is important for subsurface flow, since Lhe mass
flux is of primary interest in trarlsport problems. Similar rmults were obtained for triangular
and tetrahedral meshes [UT-04, UT13].

At the cIose of the project, extension.s to nlulti-bIocI< domains were being pursued (though
not primariIy by the PICS cflort). These are grids formed by partitioning the ckmla.in into
large “blocks,” a.ncl imposing a grid indcpcndcntly on each block. Since ihc grids may not
klM.tCh across the interface, special care must be taken there, In one approach, a discre~c
“mortar’> space is ckfi ncd on an interface gricl to il17p(Xc?Cotlservation of mass aIKl continuity
of pressure [UT–O 11, ITT–O 16, UT15, UT7]. Jn a second approach, these arc obt ai IIed by
the imposition of opposing Robin type intcrfacc boundary conditions [U’I’11]. ‘1’hcorctical
error an dysis and numerical t cst ing show that the schemes arc opt im all y convergent.

Work was begun on an operator basecl upscaling technique to better handle subgrid
effects, such as heterogeneities in the pcmncability and lhe exact size and location of wells.
Tlm technique is et~cicnt aud shows promise [ufr-021].
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3.1.2 Algorithm and Software Development for fiansport

Three options can be selected for the solution of’the advect!on subpmblcm.
Characteristics-Mixed Method (CMM). An explicit chmactcristics method, a type

of E~llerian-Lzjgral}giari or EL LAM method, called the Ch ara,ctcristics-Mixed Method, was
developed, numerically analyzed, and implemented [UT-01, U’1’4], Mass is adveclxxl in time
by a backward difference a.pproximat ion. Not merely points, but entire grid cells are tracked
‘backwarcl along the characteristics (i.e., streamlines ), and the mass from the previous t i.me
level in this region is given to the grid cell at the cumcnt time lCVCI.A postprocessing of the
previous mass distrihut ion a.chicvcs tllcorctically and numerically increased accuracy. The
scheme has minimid numerical dispersion and is theoretically IocaHy conservative. No CFL
time step constraint is imposed (other than that related to the domain clecomposition), so
relatively large time-steps can be talwn.

‘],’,hccode scalm ncmly limm.rly in paralkl [UT-’1.’1]1]; lmwcvcr, the rncthod sufb from
rfumericdal mass ancl/or volume itrflmlarfccs in hnplcmcntation. It is also relatively conqmta-
tionally cxpcnsivc.

Since adsorption processes change W characteristic speed of some chemical species, when
reactive transport is simu iatcd, it may bc adva,ntagccms to t arkc rclativcl y srn all t imc steps.
This prevents inaccurate approximation of time during wtilch species are in conta.c.t and can
therefore react. I’bus, wc implcmcntcd the other two advcction options Ixlr)w.

IIighcr Order Godunov Method (HOG). An explicit, formally second order Go-
duIMv methocl was acklecl to Parssim 1. for advcct ion [1]. A pmtproccssi n g step improves
the order of accuracy (except near sharp fronts or shocks). ‘1.’hcschcmc hm a Cl+’1,time
stop constraint, so relatively small time-steps must bc taken. The scheme has very Iittlc
rmmcrical dispersion, and is locaIly mass and volun~e conservative. Each time step, though
small, is comput atiomdly rcl ativcl y incxpcmsive.

A direct comparison of the two advec~ion schcmcs was pcrfcmncd on a test case dated
to the Oak IMdge site. 111this case flow is down a hillsicle toward a pit where sl,ront,ium
was stored, We. simulated flow of a tracer for 40 days using a, t wo-dimcmional 40 x 40 grid
and compared scdutions genelated by the HO~ ancl characteristic methods in the absence
of dispersion, The resuIts were very similar. ‘1’IIcchamctcristic method exhibited slightly
less numerical difi’usioil. In this run the time step for the chamctcristic method was 6 times
larger than a (;F1, constraint would allow, but the higher-order ~odunov m.cthod was much
faster pcl time-step, Thus the overall run tj me for the HOG IIALOd was less than that
required for the chars.ctcristic method.

First Order Godunov Method (FoG). The higher order Godunov Method CZU1k
11s(?(1wj thout the postprocessing step, resulting in the first order Goclunov method for a.d-
vcction.

13iffusion/Dispersion. ‘l’his subproblem is solved by the celhcenkmxl finite di fhmcnce
technique LIscd for th c flow problem, as descri bccl above. Note that Dispersion mus 1 be
rcprcscnted as a tensor, with (generally) greater longit.uclinzd mixing in the d ircdion of flow
as opposed to the transverse directions, A simple Jacobi prec.omiitioncci conjugatx grarlicnt
technique is sufficient to SOIVCthe resulting linear system.

Nonlinear Sorption. Studies and nummjcal cornputatiom on especially the hmg time
liIniL profiles of nonlinear sorptivc pul~cs was performed [UT1, UT2, UT6, UT9, UT12,
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U’I’-C)7, UT-012]. These studies showed that the unclcxlying algorithms fo~ transport and
nonlineiir sorption were accnrat e, al lhugh Pars si m 1 uses somewhat difkrcnt r-mmm ical kch -
niques for sorption: cit hcr simple linear aclsorpt ion or sorption computed in the geochemistry
routines as n phase change.

3.1.3 Algorithm and Software Development for Geochemistry

After gaining experience with biorcrneciizkion modeliug [UT3, U’I’-O2, IJT-03, UT-05],
(XM dcvclopcd and testecl a geochemical reaction simulator [UT-015, UT-TR6, UT, 020].

The local governing equations for the geochcmical system are a mixture of diffmcntial and
a.lgcbraic equations, including elemental mass balance equations. 13iscrctizing tlm diflkren-
tia.1/z@ebraic system implicitly in time, which is necessary to Correctly couple reactions ancI
minimize time step restrict ions, results irl a SySteIn of nonlinear ccpmtions. ‘1’his systcm
can be dii%cult to solve numerically. One reason is that the species ~OIl~elltrations and rate
pa.ramdlers can differ by many orders of magnitude, Another is the physical requirement
that species concentrations bc nonnegative. The non-diffcrcntinblc character of the equilibria
for precipitation-dissolution reactions adds a particular complication: the possibility that a
mincml can be present imposes an inequa].it y con,stmint on the species conccntm.ticms, which
becomes an equality only when the mineral is a.c~ually present, To h andlc such constraints
requires iterations through different combinations of minerals. This itcmtiou introduces a
va~icty of problems regarding convergence, efficiency, robustness and stability,

As a first attempt at modeling gcochcmistry, we obhtined the batch chemistry simulator
KEMOD from George Yeh at Penn State University [6] aId into.rporalmd it into our transport

module. In mdcr to improve the rebus lIMSSof the KEMOD rout inc, several eIdlanCelllent5
were made, We incorporated a global Newton 1in,escarch procedure, and i.ntroduccd variable
sc.aljngs /tmnsfo m at ions to h andlc the clifferences in magnit ude bet wccn c.onccnt rations and
rate parameters. We also investigated alternative strartcgics for seIecting correct mhlcral
asscmb 1a,gc, and modified the stopping criteria, ‘llllcsc modifications have made the code

more robust, but they are not sumlcient for all the cases under considcratio~; i~ particu Iar ~
precipitatiorl/dissolution reactions are still problcnm.tic.

As an attempt to crca.tc a more robust and rigorous pmccd i]rc, wc rcca.st the bald
calculation as a free energy minimization problem a,ncl dcvcbpcd the new simulator. This
approach ;s Ofte]l used in calculating plms.c par~i lioning in multi-phase flow SiInl]]ation. ‘~he
result of this formulation is the minimization of an energy fum:tiomd, subject to c]emental
mass balance equations and inequality constraints (concentrations ‘are nonnegative). For
solving this system we use of an interior-poink algorithm, cleveloped by Rich a.rd ‘1’a.pia. et
al., at ltice lJniversit,y [4, UT-O 14, UT–TR3], Calculations for simplified aqueous chemistry
showed i,mprovcd robustncw over the modified KEMOD routine,

Work was begun on load balancing tbe geochemistry work in parallel. In a typical sub-
surface problem, reaction fronts travel through the domain. These fronts a,re as,socia,tcd with
incrcasm{ cornpul,ational eflort, and therefore reqil im a d iffcrcnt distribution of work ~han
for the flow and tra.nspo.rt, which is diviclcd evenly by a domain decomposition that assigns
an equal number of grid cells to each processor. Tniti a.1results show dramatic improvemenlx
after load balancing the reaction compl]tations [U’I’-O22],

6
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3.1.4 Documentation and User Interface Software

A complete, fil Ily indexed user’s manual was developed for

(-’.,

Development

Parssirnl [UT-TR.7]. ‘l?he man-
u al dcscribcs briefly the code’s capa,bi lities and algorithm S, and then provides a detailed

discussion of the iIl~Llt and OlltJXlt files.
The user intcrfacn to Parssiml allows a reasonable amount of flexibility without making

the code dd%cult to use. It is not required that the advanced features he used Lo run the
code. Parallelism is enti rel,y t ranspammt to the user<

Infomnation is provided item-by-item in a free format sLyle (items are separated by any
number and comhin at ion of space, tab, and carriage return , as well as comma, scm icolon,

and colon). Comments are allowed after the pound sign. Thus, data can hc set up hy
the user in a mm.ningful way. The input can bc divided by the user into scparak files if
that is convenient, say either to separate grid information from spccics infcmnat ion from
algoritll m parameters, etc., or to place large data sets in separate data files, F,rrors in the
inpui file(s) are identified by type of error and flk and line nurnbcr of occurrence, SO that
problem specification input errors can be reliably and rapidly corrcctcd.

Physical uniis can be given inconsistently, The user interface allows fo~ automatic units
conversion and checking, Thus onc gram per cc can be given in cgs units M “1)’ or a.s
“1 [g/cc].” The latter is one gram per cc in whatever systcm of units is used, and the
quantity given this value must require the physical units of nm.s.s pcr volmnc (or an error
will be fla,ggecl). See the manual for a compleie description of capabilities,

Parssiml was conncctec! to the W~\t.erways Experiment Station’s GM S front-end at ORNL
aud used successfully. Parssirnl was also successfully connected to the pv~ package to allow
interactive visucdization of data in parallel.

3.1.5 A Scripting Language for GCT

An input specification “scripting language” was dcvclopcd to enable PICS to unify the
input specification to the GCT code. This scripting la.nguago was lmscd locdy on the
“ld%ipt” language of Phil Keenan [UT-TR3], Tl~is ncw input specification allows the user
to specify input data in a u]>iform man~~cr, it will allow us to add featLwes Lo ihe code
without making older data sets obsolete, and it will event lJall y allow us to add code to
perform text-basccl, intcra,ct ivc simulation. In the first phase of this project, a preprocessor
was under development at BN L to translate the new input script into the old data film, so
no inlmractivity is yet powihlc,

All data czm be entered into GCT through data files prepared using the preprocessor by

issuing (XXnHlaIld5 scripted in this highly flexibk?, ‘free format style scripting language. The
input script can hc given interact ivcl.y from the }icybod, it can bc prepared aheacl of time
and rcacl clirectly from onc or more input files, or it can be given in a combination of these
two ways. Most data jtcms have a default valw, w generally only a snl ali amount of data
new-is to be explicitly given to run the code successfully.

Thc input script consists of a series of conlmanc]s, each describing some action to be
taken. A single COllHnLIld may span multiple lines, and multiple commands may bc on the
same line. A command has a comrnancl name and optionally one or more arguments. An

a.rgumcrd may be a subcomrnand name, the name of a data item (such as a. variable, array,

7
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or fun cticm), or the data itself,
‘1’he name of a data itcm is also the n amc of it command to set it to a value. The value

can be spccificcl as an arithmetical cxpressiou of nu mbcrs zmd/or other Variabk names. l?o~
example “2*cm” can bc usec} to declare a length of 2 cm (provirlcd that the unit “cm” has
been defined approprizteIy). Thus, among other things, the language explicitly allows easy
units conversion.

A colmmand can be repeated with di.fkrent argurmmts. I?or example, the user can prepare
a scrjpt file with a different set of defaults than arc provided automatically, read these
dcfaulls, and then modify them for the cam at hand. The latest instance of the commanc!
overrides the effects of all former inst anccs,

Prototypes of this system wmc ctcveloped; howevm, this work on a scripting language for
CJCT was tmt completed by the eIld of the PICS project.

3.2 The Eye Visualization Tool

Eye [UT”-I’R2] is a interactive viewer fcwpolyhedral data. The polyhedral data is produced
by tools that processes some form of scientific dab and proclucc polygons from it. Currml.tly
available tools incl uclc iso-mntour generators, cross-section gcncrat.ors, and steady-state flow-
line generators for clata arranged topologically as cubic grids. Eye is a.ware of these tools,
and the user can invoke them from within Eye. Other tools can be buill and integrated
easily into Eye as needed, such as took for producing k-surfaces from scattered pOillt$, or
tools for generating time-varying flow linm.

Eye displays three-dimcnsicm al data projected onto a fiat smccn; howmwr, it actua,Uy
~epresents data in up to five dimensions, The data that liye receives actually consists of
a collection of simpliccs (points., Segments, tria,nglcs, tctrahtxlra, . . . ), with ca.ch vertex of

the sirnplcx a tup~c of c]ata. COIIVentiOnally~ these tuphx arc displayed as the m, y- and z-
coorclinates of a point, its time, and its va.luc. ‘i’hez-coordinate is projected away according
to where the Nsm places his “eye” with respect to the object vkwcd. ‘l’he t irne coordinate is
intcrscc ted ~wi]y according to where the user sets a clock. The value coordinate is m appcd
onto a color spectrum.

‘1’hc geometric data that Eye receives czm be viewed as filled-in fln.t-shwkd polygons,
as a. wire-frame. model, or as a point cloud. The gcornetry can be viewed from arbitrary
o~lent ations, with lighting from several directions d with parts clipped away to reveal t,hc
most Ielevant parts, ‘Yhc figure can bc moved across the screen, d jstorted to incrcasc or

lessen the appnmn t depth of the figure, or repainted to reflect a shift or stretch in the value
clirmnsion.

Rye is designcrl for portability; with appropriate configuration, Eye can bc instd kc] on
any workst atiol~ that s uppotits version 4 or higher of the X Wimlow Sys.hem, release 11, and
provides a C++ compiler. Versions that exploit spcci alimd graphics 1ibrarics a.ncl hardware
for better performance are under developrnen~. Eye can display its images on paper as WCII;
it can gcncratccl encapsulated Post-Script for an in-iage in a format compatible wi~h t ho
Idraw program distributed with the freely avail a.blc IntcrVicws user-interface library, Thus,
it produces pictures that can be rearranged I1lar~Uallyfor better present at ion.

Eye presents a graphical interface with three m ain components: the menu-bar across the
~Op.Ieft, !he gadgets ml the right, and the viewport that domi tmfxx the application window.

8
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Thevicwport ist}leregion whcretlle object bcirlgviewed isdisplayed. An optionalbounding
box about the object provides inforrnation on the currenl object position.

3.3 Model Applications

The foljowing applications of Parsshnl have been perlornlml to date. These applications were
only partially supported by PICS, but they represent application of the codes supporkd by
I?ICS.

3.3.1 Benchmark Problems

At the PNNL-hosted Workshop on Subsurface React.ive Transport (29 Oct. to 1 Nov., 1997)
a set of beIIChHlark probkms were set up in orckx for the invited par licipants to compare
reactive t ran sport codes. Parssirnl functioned very WCI1on these tests. Examples included
a flow in a 2D parabolic velocity field with a conwwative tracer, providi ug a rigorous test
of the nbiliLy of a code to control numelical dispersion. The method of characteristics
option iu Parssi m 1 handled this problem very WC]],while the high m-order God unov scheme
exhibited larger dispersion. The test problem was particularly vvcll su itccl tO particle tracklrig
txansport schemes. Extensions of the test problem to si mplc kinetics were also hancllcd well
by Parssiml, and it should bc noted that general chcxnical reactions of the sorl incorporated
in Parmi ml arc difficult to implement in particle tracking srhcmes,

Another benchmark involved the transport of mixccl waste (heavy mctd cations with or-
ganic ligancls) t,h rough a Ill medium. The complex chemistry incluclccl mtc limited sorption
and bio dcgradat ion Parssiml replicated the benchmark results., as well as complcxation.
The extension to very fast kinetic reactions introduced some minor numerical difficl~ltics;
converting the fast kinetics to Equilibrium maciion,s gave csscntiall.y the same Concclltm.ticm
profile$ without the nurncrica] problems.

A particularly instructive benchmark involwxl the speciation of a rcclox-sensiti ve solution
with pyrite. This proved to be an cxtrcmcly rigorous test of the ~mass balance of any COCIC.
As a matter of’ fact wc were able to demonstrate djscrcprmcim in the reportccl solutions to
the problem,

Another benchmark involved the migration of’ a square concentration wave in a 213 do-
main. The flow field was transverse to the coordin atc axes, again giving a severe test of a
cock’s capa.bili t y to avoid numerical dispersion. The method of characteristics schanc pre
served the square wave well, though it wa,s cost 1y to com~Juk. The higher-order Godunov
scheme exhibited some dispersion but did run Inore rapidly.

3.3.2 Site Characterization

Partitioning tracers are a novel technology for locating
scssing thcjr saturations. ‘l’his approach ofks significam t

NAIJ Ls in the subs urfa.cc and as-
cmt advantages over other charac-

terization technologies, but it requires very pow~rful forward sirnulati~n II1O(MSin orclcr for
the inversion problem to bc feasible, ‘1,’hcgcneral chemistry capabilities in Parssiml Ind<e
this forward modeling straightforwarcl. Wc have carried out several ticst ca.scs with multiple
W141S,heterogeneous rock propcrt ics and heterogeneous d istri hutions of NAP L pham. These

9
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clwwly demonstrate the clifferent velocities of cxmscrvative an c1partitioning tracers in the
presence of the NAPL phase,

3.3.3 Radionuclide migration

Onc of the most intriguing applications of Parssim] has been the investigation of raclionucliclc
migration on the Oak Ridge Reservation [UT1 4], Waste pits and trenches cm the Reservation
were filled with low-level radioactive waste during the Manhattan Project, The PII of the
waste was increased in order to promote precipitation of radioactive cations as hydroxyl
salts, Simulation of transport of this high pi-i waste showed rcmarkd.de bell avior in form of
a pulse of radionuclide moving at approximately tracer velocity, This result is completely
unexpected from classical ch~omatography theouy, but it has been verified indcpcndcu~ly by

nulmcricml means, More importantly? the prediction explains the field observation of rapid
radhmuclide movement. ArI investigation of the underlying m atthcrnatics of thjs mode of
propagation continues, as well as further simulation of the field situation.

3.3.4 l%np-and-treat llemediation Simulation

The mixed-waste (heavy metal plus organics) bel]chmark problem dcscrilxd above was cx-
tcnclecl to provide a.n cxa.mple of a pump-and-treat remediztion strategy. A waste source
was imposed for 500 dn,ys in a small region of the recharge zone of an aquifer, in which an
cast-to-west flow field prevailed. The aquifer was highly heterogeneous in pcrmeabilit y, but
its sorption propcrt ics were assumed constant with position. Three wells were tUHle,C~ou in
a region downstream of the contaminant plUIIIC after 1250 days of simulated time. This 3D

simulation showed the importance of correctly scaling up laboratory derived conditions. The
naturally occurring microbe population decrm.sccl very ra.pidl y in this simulation, indicating
that the microbe death rate kinetics used in the lab scale benchmark problcm woLdd give a
much more optimist ic prediction of natural att~nualion iIl the 1ab than would be obtained
in the field.

3,3,5 Well Stimulation

The stimulation 0[ wells with acid is an important a,pplicntion of reactive flow. Such treat-
II~eIdxiare carried out in thousands of oi 1and gas wells a.nnually, as well as in nlany inj eciiou
WC]1soperated by waste disposal companies. When conccntra.ted hydmfluoric. and hy(ilocIIlo-
ric acids cent act sedimentary rocks, a Ia.rgc suite of dissol ution rcadicms occurs at a wick
range of rates. High conccnt r at ions of mineral ion: n.rc gener~~led, making many precipitation
reactions possible, along with several import ant smxmdary di,~,sOlutio~lrmctims. O verlajkg
this chemical complcxit y is the near-wellbore flow field. Previous studies of acid stinlula-
tion usually assume a raclial flow ficlcl, but this assumption CaII greatly ovcrsirnpli~y local
va.rird ions due to t.hc gcmnctry of perforations m d the distribution of permeability. ‘l%c
competition bctwccn advection a,,nd rcac~ion is critical for dekrmhing local extents of re-
action, and so variations at this scale can bc imporixmt. The rock itscIf is mineral ogicall.y
hctcxogcncous, further complicating the problem. Thus the q,uestion of what is the optimum
design for wdl stimulation remains open.
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We h avc simulated a variety of scenarios, the first god being to evaluate whethcx crossflow
in the vertical clircction will compromise the effectiveness of z stimulation treatment. Thus
far it appears that shnple Iayerccl formations behave just as predicted from simpler modck.
Work js still underway to cletermine how this conclusion changes when flow is radial rather
than linm.r, wi~h a consequent variation of 13amkohler number (ratio of cbmmteristic reaction
time to cha,ractcristic a.dvection time) along the flow field. We are also investigating the cflect
of heterogcncitkx, both mineralogical and hydraulic, in the near-wellbore region.

3.3.6 Diagenesis

As brines percolate through lm~ied sediments over geologic time, min,cral precipitation and
dissolution can occur. These reactions can alter porosity subst anti zlly and can change per-
meability by orcicrs of magnit u dc. ‘~hus an ability to prdic.t how ancl where such rmctions
omxr can greatly i mprovc the understanding of flow fields in aquifers and reservoirs. Re-
SWMCIMVSin the I)cpa.rkmerlt of’~co]ogicd sciences at U’1’-Austin have procluc.cd a. deta,ikd
clescription of a carbonate rock (the Lower lsmay in Ulah) both in outcrop and at depth.
We are using this data, along with constraints on possible fluic~ compositions derived from
laboratory measurcrncnts, as input to Parssiml for simulation of reactive flow through the
scdin7 cnt. 13ecause the ticld and lab data so t170roughly chara.ctcrizc the rock, this will
prrmidc 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 rarely occur in isolation; t.here is commonly competition between
multiple microorgalnis rns and multiple pathways for reaction, For example, inorganic reac-
tions may consume or produce species involvccl in biodegradation. Biodegradation of twlucnc
using a lrl~llti-co~lll>ollent model iIllustrates how competition bet ween components can affect
lJle cleg.radation rate. l?arssiml allows the mm to select chemical and biological components
for reactive transport modeling including kinetics and accounts for coupling hetwecn biotic
and abio~ic spccics. ‘l’he model quantified the inhi bit,ion of toluenc degradation when either
bcnzcnc or pyrite competes with tolllcnc for electron acceptors, Simplified uIltOUpled Jllodcl~
will not account for this behavior, so it is importa,~lt to collect site-specific data to dctcxmine
whcthm chcmicxdly heterogeneous conditions exist before deciding whether to use simplified
m multi-component models.

3.3.8 Biorenlediation

ParssimI has been usccl to quantify the migration of contaminants in complex flow ge-
ometries with a variety of cb emica~ interactions. h order to compare the effects or different
reaction pathways, wc considered the case of a residual NAPL phase dissolving into a flowing
gmumlwater, with subsequcrit bioclcgrada.tiou of the dissolved Nil PI.. ‘1’he simulations in-
volved f~om t’hrcc to 27 species and two phases (flowing water, immobile NAJ?L), ‘1’hcflow of
approxirnat cly 1(1pore volumes of .grounclwat er was simulakd th~ough a. u1lit cube of porous
mm] ium which contains several regions of residual ILOn-aqUeOtHphase liquid (NAP L). A con-
stant velocity is imposed at the z-faces of the cube; the y and z faces arc no-flow” boundaries.

11.
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A 32 x 32 x 32 grid was used to dismtizc the porous rn.cdium, and isotropic permeabilitics
WCI-Cassigned to the grid blocks from a Gaussian djstri”bution spanning 3 orders of ma.gni-
tucle. The spatial dist rilmtion of pcm-ncability causes a. very heterogeneous flow fkld, despite
the simpic boundary conditions.

The rcsiclual NAPL phase dissolves into the flowing grou ndwzkcr. The rate of dissolution
depends on the clifference between t hc local aqueous NA PL concentration id the maximum
pcmiblc concentration (i.e. the concentration in equilibrium with the residual ph asc, which
is 0.1 mol/1 in this example). In the base case, in which here are no naturally occurril~g
proccsscs to ciegrade the NAP I,, the contaminatiort plume expands downstream of the NAPL
sourcas. ‘l’he groundwater cent sins ciissolved oxygen at typical backgroun d levels. Thus vvhcn
a. uniform distribution, of microbes is placed in the porous mod iurn, the microbm util izc the
oxygen to degrade t hc dissolved NAP J,. Consequently the con tnmination plum c is much
smaller than in the base case.

III nai,u.ral envitonmcnts, the dissolved oxygen may pa.rticipatc in many other reactions.
For cxarnplc, reducing minemls such as pyrite will consumed issolved oxygen until the porous
mcclium reaches Eh equilibrium. Such redox reactions wil 1 delay the propa,gat ion of the in-
jected oxygen concentration through the pou.-ms mcdiurn. In this cxamp{c case, all the
inmrn ing oxygen was consumed by inorganic redox reactions (awu rncd to proceed to ther-
modynamic equilibrium insta,ntanccmsiy) during the first yeas-. This leaves no oxygm for
biodegradation. Consequently the contamination plume is as severe as if no micmbcs were
prcscrk. This illustrates the importa,ncc of considering all tl-tc chemical interactions in a.
system, both biotjc and inorganic.

If the rcclox reactions occur at a finite ra.tc, rather than going to thcnnodynarnic equi-
librium, more oxygen is available for biodegradation. l’hc amount available depends on the
rate of redox reaction. In this case st lldy, the rcdox consumption during the first year of
flow was so fast that little biodcgmda.tion occurred. In this case the contamination plume is
only slightly sm al Icr than in the case of equilibrium rcdox rca.ctions.

After three years of simulated flow, the ba.sc case contamination plume is ,stiJlrpitc large
In the case of biodegradation only, the natural attenuation process h~s greatly rcdllccd the
exler~t of the plume; the cent am in a,tion is limi tcd to the immediate vicinity of t hc residual
NAI’L phase. However, if substantial pyrite is present, the equilibrium rcrlox front will have
propagated ordy a smrLll distance eveIL after three years, consulting ncarhy aIl the incoming
oxygen , If the redox reactions arc rate-limited, enough oxygen is getting into the porous
medium after three years to substantially reduce the conta.min ation plume.

U]tirnatdy the incoming oxygen ckangcs the Rh of the porous medium, so that eVeIltUally
oxygen bccolmcs ava,ilablc for biodegradation, even if large amounts of pyrite arc prmcmt,
(k situations in which microbes are present exhibit smaller contamination p]umcs than
worst case.

3.4 Prospective Model Applications

‘lWe following applications of Panwiml are being investigated in the CSM,

AI1
the

12
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3,4.1 Heavy Metal Transport

Wc have aviillahlc a data set from a small chemical plant, the soil of which is cent mninded
with heavy metals including arsenic and chrorn ium. The data includes the flow fielcl and
extensive chcmicd analysis of sampl es from ~moni~oring WC1lS.A pump-aud-t rcat reined iation
scheme has startcrl on site, and siting of rdditiorml wells is currently being studiccl. ‘1’he
sorption, cation exchange an c1precipitation of hca.vy metals have a drarnalic effect on kir
migration in the subsurface, and a mc&Iing stucly of the site would provide important insight
as alt crna.tive remcclirttion sch clmes are considerecl. 1%.rssiml’s abilit y to 11andle gene.ml
inorganic chemistry zmd detaikxl flow fields, including wells, would be very uscfl~l in this
case.

3,4.2 Coal Ash Leaching

We have a-n extensive data set from expe~imcnts conciuctcd on the Icachiug of cod ash.

I>roccsses have lICCIIdeveloped which improve the combustion of coal so that ma.rty pdutants
which othe rwisc enter the flue gas instead remain in the ash. While these processes hold the
promise of greatly reducing air pollution from coal-firccl power plants, the question arises as
to whether the pollution problem is mere] y being transferred from the atmosphere to the
groundwater. Coal ash from these advanced combustion processes is particularly reactive,
ancl the percolation of rainwater through an ash pile can result in highly alkalin c cflluent with
sign ificrmt met all loading. It would be 01 coJ~siderabIe practical interest to model both the
leaching process and the migration of the lcachate through the subsurface with Parssimi. The
experirncntrd cktla would provide a. useful validation of rwaiktble kinetic and thermodynamic
pa,ramctei-s for heavy mehds.
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Appliecl Mathematics, Wlce Univasity, Houston, T’exas, (1993).

[UT-TR2] P. Cheng, M. WeIIs, D, Moore, Eye: 3D Graphics Visualizer User’s (hide, Rice
University (1994).

[UT-TR3] P,T. Kccnan, kScript Uxx Manual, Version 2, TICAM Tech. Report, The Uni-
versity of ‘1’exas at Austin, Dccclmhcr 1995.

[lJT-TR4] L. C, Cowsar, C!. A. San Soucie, and L Yotov, Parcel vI.04 user guide, Tech,
Rep. TICAM 96-28, Texas Iust itutc for Computational and Applied Mathematics, ’71c
University of Texas at Austin, June 19!16.

[UT-TR5] F. Saaf, A user’s manual for nipsf Nonlinear interior-point SOIWX,fortran, Tech-
Rep., TR96-24, Depmtmcnt of Computational and Applied Mathemat its, Rim Univer-

sity, Houston, ‘1’cxas, 1996,
[T-Jrl’-’R6]6]F. Saaf and S. J3ry~,nt, A USCI-’S manual for the gcoc+cmistry module in pmsirnl

reactive flow am] transport code, tech. rep., Center for Subsurkce Modeling, 11’cxasIn-
stit ute for Compula.i.icd and Appl icd Mathematics, The Univcrsit y of Texas d Austin,
Austin, Texas, Jan. 1997.

[U’1’-’R7]7] T. Arbogast, User’s Guide to Parssiml: The Parallel Svbsurfacc Sirnulalor, Single
I_%asc, The Center for Subsurface Modeli~~g, Texas Institute for Comput zticmal and
Applied Mathematics, The Ullivcrsit y of Texas at Austin, Austin, ‘lkxa.s, (19~S).

3.8 Presentations

1. M.1~. Wheeler, T, Arbogast, A‘3, Bryant, C. Celelltano, C.N. Dawson, I?.T. Keeoau,
H. I(lie, l’. Saa~, C. San Soucic, a,nd 1. Yotov. All work was djscusscd at the Center
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9.

10.

11.

124

13.

14.

for Subsurface Modeling Inclustrial Aflliliatcs Annual Mcxtings from 1!392-1997. ‘l’his
program has attracted the support of .scvcra,l major petroleum companies and a few

computer companies,
M-l?, Wheeler, T. Arbogast, C.N, I)a.wson, D. Moore, and J, Wiirren, video presentation
cm., “A demmistlation of the Rim transport code,” Supcrcomputz’ng ’92, Minneapolis,
Minn&ota, November, 1992,
T. Arbogast, “A characteristics-mixed method for advection dominated transport prob-
lcrns,” at tho Institute for Mathematics and its Applications, University of Minnesota,
sum mcr program on En,uironmentu[ studies: mathe.nzatica!l conzpulaliomd, and .slatis-
tical analysis, organized by M. F. Wheeler, J. Cha.ng, M. Chi], 11. McTigtie, J. Seinfelcl,
and P. Switzer7 July 6–31, 19$2.
‘1’.Arbogast, “A characteristics-mixed mcthmi for advection-domiriatcd tmrisport,” at,
the Texas #’inite l%ment Circus, the ‘1’cxas Institmtc for Computational Mechanics

(TICOM), University of Texas, Austin, Texas, Api!, 19!)2.
~. N. Dawson, “GoduIIov Mixd Methocls for Non.! inear Contaminant Transport,”
Texas Finite Element Circus, Univemity of “1’’cxm,March 1992.
c. 13FLWSO11,“Mixed Finite Element Mdbds on General Geometry for Flow Through
PoroLIs Media,” IJept. of Mathematics and Infornatics, Ilclft ~Jniversity of Tcwhnology,
Netherlands, May 1992.
C. N. Dawson, “krge ‘~ime Behavior of Solutions for Contaminant Transport prob-
lems in one Space 1)imension,” Mathematical Problems in Flow in Porous Mcclia,
oberwolfach, Germany, June 1,99’2.
C. Dawscm, ‘Lhror Estimates for Godunov Mixed Methods Applied to Nonlinear Con-
taminant Transport,” Department of Mat hemat its, ‘tJniversity of Houslon, O~t,Obcr
1992.

M. Wheeler, “A Mixed-Charac.teri,stic Mcthocl for Col~taminwd T~ansport,” Institute
for Mathematics and Its App].ications (IMA) and Mathematics 1)cpartment, the Uni-
versity of Minnesota,, Minneapolis, Minnesota, I?ebrua.ry 28, 1992,

M-F. Wheeler, “Three-J)imensional Biorcmediation Moclcling in Heterogeneous Porous
Media,” “ ‘ “Scmntific Computation on Massively Parallc{ Machines” and ‘[Mixed Cha.r-
a,ctcristic Methods for IJinear Advect ion Problems ,“ Distinguished Visitor Series oIi
Challenges for computational Mathmdics in tk 1990’s, Mathematical %iences Ik-
parhncnt, Clemson University, (Xxnson, South Grolirm, March 9-12, 1992.
M. Wheeler, “A Mixed-Characteristic Method for Contaminant Transport” Plenary
Address, International Ccmfcrcnce cm Di[fercntinl Equations ancl M athematical Physics,
Georgia Tech, Atlanta Georgia, March 22, 28, 1992.
M. Whcclcr, “Parallel Algorithms for Energy and Environ ?mcntal Problems,” Texaco
Research and T)cvclopmemt, Houston, ‘1’exas, April 9, 1.992.
M. I”. Whd~I’, “Characteristic Finite Element Methods for klodcling Transport I%c-
uomeua in l?omus Media,” the 28th Dutch Mathematics Congress, Delft IJnivcrsity,
Nctlmriands, April 2271992.
M. I?. Wheeler, “Modeling Contaminant Transport of Toxic Waste Sites hi Porous Me-
dia,” University of Houston, Environment and Im~munolgy Conference, Invited speaker,
May 1992.
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22,
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29.

30.

31.

32.

M.F. Wheeler, “Tl~re*”Dill~ensional Bioremediation Modeling in Hctcrogcneous Porous
Media,)’ Water Resources IX, International Conference, invilxxl speaker, Denver, JUIN?
1992.
M. Wheeler, “Modeling of Biodegradation of Contaminants in Groundwater,” Instituhc
for Mathematics and its Applications, university of Minnesota, Workshop on Environ-
mental Problems, July 1992.

M. Wheeler, “Modeling Plow in Porous Media,” Intermdion al Coflgrew cm Nonlinear
Analysis, Tallahassc, INorida, Invited Speaker, August 19!32.
M.F, W hcclcr, “IIigh Perfornl ante Computing in Modeling Flow in Porous Media,”
Cra.y ‘~cchncJogy Symposiu rn, Houslon, Texas, invited speaker, October, 1992.
M.k’. Wheeler, “Clmra.ctcristic Methocls for Modeling Transport Dominated Flow l-%ob-
lems,” Batallc Pacific Northwest Laboratory, invited speaker, August, 1992.
Ml?. Wheeler, “Parallel Domain Decomposition Algorithms for Mixccl Finite Element
Melhods,’) University of Kentucky Chtcr for (%mput ationd science, invited speaker,
lkccmbcr 1992.
M. E’. Wheeler, ‘(Three J)i mcnsional Bioremdidim Model for POIOUS Mcclia,” AGU
National Meeting, %,n Francisco, California, 13cccmher 9, 1992, with Kyle Robinson,
Batalle Pacific Noril~wes~ Laboratory.
M.F. Whcwler, “Mathematical Modeling in Porous NTcdia,” Mathematics Amociat ion
of America, State of Texas Meeting, Houston, ‘1’cxas, April 11, 1992.
M.17. Wheeler, “I)aml Icl Algorithms for Modeling Flow in Porous Media,” Supercom-
puter ’92, invited speaker, Minneapolis, Nov. 1992.
M.F. Wheeler, “R.icc Flow in Porous Media,” Tnclustrizd Meeling with tbc Shcl [ lte-
sea,rch Group, Rice “(University, December 8, 1992.
‘1’.Arbogast, “Computational justification of a clua.1-pomsity model for two-phase flow
in fractured media,” Second S (AM Conference on Mathcm atical and Cornput ational
Issues in the Gcoscicnccs, IloustoI~, Texas, April, 1,993.
T, Arbogast, “A cllarz~cierisiics-l~~ixecl method for contaminant transport and misciMe
displacement ,“ SIAM Confcrcncc oT~Mathematical and Cmnpu iaLional Issues in the
Geosciences, Houston, Texas, April, 1993.
T. Arboga.st, “Equations with clual-porosity microstructure for modeling flow in fra,c-
turccl porous media,” Differential Equations Conference, Ohio University, Athens, OH,
August> 1993.
‘1’.Arbogast, “Characteristic and n~ixcd met hock for approximating advection-diffusion
equations,’) Georgia Tech, Atlanta, Georgia, November, 1993,
T, Arbogast, “Mixed mcthocls for flow and transport prohlcms on general geometry”,
Workshop on FiTLile Elewwnl Modeling of lhiromncnt al J%blems, lJniversitiy of Texas,
Austin, Texas, March 4-5, 1994.
C. Dawson, “Numerical Sim ula.t ion of Flow Through Porous Media,” Ocpt. of Mathe-
matics and Jnfomatics, l.)elfL University of Techmlogy, Ilclft, Netherlands, May 1993.
C. Da,wson, “Modeling of Multiphme l%w in Porous MccIia,7’ Dcpt, of )hvinmlnentd
Engineering, Rice University, November 1993,
M. I?. Wheeler, “Parallel Algorithms for Modeling Fiow in Porous Media,,” AMS/MAA
Invited Spealwr, the American Ma,thcma,tjcal Society National Meeting, San Antonio,
January 1993.
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44.

45.

46.

47.

48,

49.
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Ml’. Whcclcr, “Characteristic Mixed Finite Elcrncnt Methods for Modeling ~lausport
Dominated Flow %ublerns,” DOE, Sandia National Ltib, invited spcalcer, February
1.993.
M.F. Wheeler, “Computational Scicncc Programs” & “Parallel Algorithms for PD13’9°

Llcpartment of Mathematics, Trinity University, February 1993.
M. l?. Wh,ccIer, “ParalM Algorithms for Reservoir Engineering ancl Groundwatcr Mocl-
eling,” SIAM, Norfolk Parallel C!omput atiou Meeting, Invited Minis ymposium Speaker,
Norfolk Virginia, March 1993.

M, Wheeler, “Advanced Numerical Algoritlnms for Groundwatm Modeli~g,” Lzwrencc
Livcrmore Laboratory, invited speaker, March 1993.
“M.lT.Whcclcr, “Domain Decomposition for Mixed Finite Element Methocls for Ellip-
tic Equations, ” VI Intern ationa.1 Domain Decomposition Meeting, Cuomo, Jtaly, June.
1993.
M.F. Wheeler, “Parallel Algorithms for Modeling I?low in Porous Media.,” Rice Me-
chanical Engineering l)c,partment, Colloqi urn Speaker, April 1993.

M.F. Wheeler, “A Parallel Numerical Model for Subsurface Contaminant TranspmL
with ‘Biodegradation Iiinetics,’7 MAFEI,AP Conference, I%unel University, invited
spcmker, April 26–29, 1993.
M. I?. Whcc!cr, “Grand Challenge I%okdems in Porous Mcclia,” High Perform ancc Com-
puP(X Meeting, Pittsburgh, PA, May 3-6, 1993.
M.F. Wheeler, “A Parallel Mnlticomponeni Two-phase Simulation with J3iological an d
Chemical Kinetics,” AGU National Meeting, Brdtimore, Ml), May 24-27, 1993.
M. F. Wheeler, “Parallel Algorithms for Modeling Multipha.sc Flow and Trausport ,“
Congress of the American Physical Society, A~buqUerqU~, ,Juue 1-4, 1993.
M..F. Wheeler, “Domain Decomposition Algorithm~ for Partial I)ijfcrcntial Equatiol~s,”
(lmlputcr Science Department COlloqium Prcscutation, University of Illinois, lJrlmna.,
IL, September 1993.

M. I?. Wheeler, “Mixed Characteristic Method Fluids,” Domain Decomposition Meth-
ocls for I?orous Media Meeting, Pennsylvania St a,tc IJniversi ty, [Jnivcrsity Park> Penn-
sylvania, October 1993.
M. E’. Wheelcr, “Mocleling Adsorption a.ncl Bioremcdiaticm in Porous Me(l is,” Depart-
ment of M athernat its, University of Arizon at, ‘l’ucson, A rjzona, November 1993,
T. Artmgast, “Logically rectangular rnixcd methods for groundwater flow and tmmsport
on general g~OIIletl’y,” the Tenth International Ccmferencc on Comput a.tional Methods
in Water Resources, Heidelberg, Germany, July, 1994.
‘1’, Arbo.gast, “Ma.thcmatical, simulation of flow in porous rnedia,n joint American
Mathematical Society & Mathematical Association of America Jnvited Adclrcss, Math-
fest, Minneapolis, Minnesota,, August, 1994.
T. Arlmgast, “Mixed finite element methods as finite dif~cmnce methock on general
geometry,” Sociedade 13rasileira de Matcrmitica Aplicada e computaciomd (SUMAC),
XVII Crongrcsso National de Matemitica Aplicada e Computational CNMAC 94,
Vit6ria, ES, 13rasil, A~lgl~st-Sel>tcn~bcr, 1994.
T. Arbogasl, “S upcrconvergent cc]l-centered finite difIercnce mixed methods for flow
through geometrically hetcrcqyneom porous media.,” Society of Engineering Science
31st Annual ‘.l’ethnical Minting, Texas A&M University, College Station, ‘1’exas, Octo-
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bcr, 1994.
C. Dawson, ‘[Modeling Nonlinear Adsorption in Contaminant Transport ,“ Worksllol>
on Finite Elements in Envimnmcntal Problems, University of ‘1’exas at Anst in, March

1994,
C. Dawscm, “Simulation of Groundwater Rcrncdiation,” RCI Ltd. Symposium on High
Performs.ncc Computing in ltncrgy and the Environment, Houston, ikkrch 1994.
C!, Dawscm, “Domain Decomposition Methods for Elliptic and Parabolic Equations,”
Numerical Analysis Colloquium, University of Chicago, May 1994.
C. Dawwon, “Asymptotic Behavior of Solutions to Nonlin,ca.r Contaminant Transport
P roblcms,” Comput a.tional Methods in Water Resolj rccs ’94, IIeidclbcrg, Germa~y,
.JuIy 1994.
M. F’. Wheeler, “1’arallcl Domain l)eco~mposilion Methods for POIOUSMedia Problems”
and ‘(HPCC Cha.ncl Challenge P mblcms in Reservoir Engineering and Grounclwatm,’7
Center for Research on Pamdlcl Computation Annual Meeting, Glifcwnia Institute of .
Technology, Pasadcma, California, .]a..nuary 19$4.
M.F, Whaler, “Parallel Algorithms for Modeling Now in Porous Media,” I,ouisiarm
%atc University Terraflop Mardi Gras Conference, Baton Rrmgc, Louisiana, Fcl-nwary
1994.
M.??. Wheeler, “Mathematical hfodeli~g in Flow in Porous Mdia,” DAM (3nfermcc,
University of Shcfkld, ShefEeld, England, April 1994.
M.F, Whcclcr, “Mathematical Moclels for PorolJs Media,” 13arklcy Rosscr I,ccture,
University of Wisconsin, Madison, Wisconsin, May 1994.
M.P. Wheeler, ‘Mathcmatica, 1Flow in Porous Media Models,” IBM, T.J. Watson Cen-
ter, Physics Division, May 1!), 1994,
M.F, Whcckx, ‘A NO1dillear Mixed Finite Elen~e~t Method for a Degenerate Parabolic
Equation Arising in Flow in Porous Meclia,” Transport in Porous Media Symposium,
International Conference on Nonlinear Dynamics and Pattern Formation in the Natural
Envircmmcnt, ICP1>’94 Leeuwmhorat. Congress Center, Noordwijkerhout, the Ncthm--
lands, July 4-7, 1994.
M ,F, Whcclcr, “Transport, ~iorcmcdia.thmj lbdionuclick ])ccay iUld Geochemistry,”
130E Review, Washin@on, DC, July 13, 1994.
M.P. Wheeler, “A Parallel Multiphase Numerical Model for Subsurface Cent amirmnt
Transport with Biodcgracb.lion Kinetics,’} X international Confercn.cc orI Computa-
tional Mcthock in Water Resources, Hcidclbcrg, Germany, J U1y 1922, 1994.
M.F. Wheeler, “Logically Rectangular Mixed Methods for Goundwater Flow and
Transport on General Gsornetry,” X International Conference on (%mputational Meih-
ock in Water Resources, Hciclclbcrg, Germany, July 19–22, 1994.
M. F. Whcclcrj “A parallel multiph a.sc numcricd IIMXkl for subsurface contaminant
transport with bioclcgraclation kirletics,” at the Computational Methods in Gcoscicncm-
Porous Medium Symposi[lm, SIAM Annual Meeting, San J)icgo, July 26, 1994,
M,F, Whwlcr, “ltole of Computations in, llncrgy and Euvircmu.Icnt ,“ Mathematical
and Computational Sciences A warenew Workshop, 11.iceIJnivmxity, J u]y 27, “1!394.
M.i~. Wheeler, “Modcli ng Flow in Porom Mecliz on Distributive Memory Ma.chines,”
I’[cnary Lecture, Numerical Modeling in Ckmtinuum Mechanics, T17cory, Algori thrns,
Applications, Pra.gut, Czech Republic, Charles University, August 22-25, 1994.
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M.F, Wheeler, ` F̀low ;~~Porous Media Parallel Coln~~~~tation Project,'' Arctic Region
S~lpmcomputit~g Center and the University of Alaska at Fa.irlmnks, October 1994.
M .17. Wheeler, “Parallel Algorithms for Modeling Flow in Porous Media,” ‘k ~Jnivcr-
sity of Tcxas Computation al and Applied Mathematics $xaker, October 1994.
M.F. Wbcclcr, ‘T. Arbogast, C.N. Dawson, and P.T, Kccnrm, Exhibitor for the Center
for Research on Parallel Computation aIId the Ccnber for Subsurface Modeling at
the Societp of Pet7-okuTn Engin cm Petroleum computer Cor$mnce, Houston, ‘hxas,
J\l(lc, 1995.
T. Arbogast, “A nonliliear mixccl finite element method for a clegenerate parabolic
equation arising in flow in, porous media,” Third SIAM Conference ori Ma,thcmatical
and Computational Issues in the (kxwcicmes, Sau Antonio, Texas, Fcbrumy, 1995,
T. Arbogast, “Mathematical simulation of flow in porous media,” Texas Institmtc
for Computational and Appliml Mathematics (’I’lCAM), University of Texas, Austin,
Texas, March, 1995.
T. Arbogast, “TIIc applicatio~l of m ixcd finite element methods to subsurface simu-
lation,” First GAMM Seminar on Moclclling aIA Con~putation in 13nvircmmcntal Sci-
ences, University of Stuttgart, Stuttgart, Germany, October, 1995.
C. Dawson, ‘TJumcrical Simulation of T.argwTime Behavior of %lutions for Nonlinear
Adsorption iu Contaminant Transport ,“ Third SIAM Conference on Geoscience, San
Antonio, l?ebruary 1995.
C. Dawson, ‘Wumcrical Melhods for Flow Through Porous Media,” TIC AM Seminar,
University of Tcxm at Austin, “March 1995.
C. Dawson, “Modeling of Grounclwa,ter Cleanup,” J}cpt. of Aerospace Engineering and
Engineering Mechanics, Univcrsily of Texas at Austin, April 1995,
C. Dawson, “Upwind Mixecl Methods for Advective Transport with Variahlc Time
Stepping,” Conference on Aclvanccs ancl Trends in Computntiona] and Applied Math-
crnat ics, Uuiversit y of Texas at Austin, April 1995.

C. Dawson, “Problems in Remediation of Contaminated J]orous Media,” I?.ro.gram in
Environmental Fluid Dyna~mics Colloquium, Arizona State University, Scpt. 1995.

MJ7. Wheelerl “Jiogically Rectangular Mixed Methods for J3arcy k’low 011 General
Geometry,” 13th Symposium on kervoir simulation, SaI~ Antonio, ‘.l’cxas, February
1995.
Ml?. Wheeler ‘(A Parallel M ultiph MC Model Ior Subsurface ‘lla,nsport with Biological
ad Chemical’Kinetics,” LJniversi~y of Vwno17t, M axch 1995.
M-F, Whcclcr, “C;ol~~~~utatioxlalMethods for Mulliphase FIOW and Reactive Transport
Problems Arising in, Subsurface Contarnirmnt Remcdia.tion, “ TICAM Symposium on
Aclvanccs and ‘lINAs in Computational and Applied Mat}lmnatics, April 19!35.
M.F. Wheeler, “Parallel Algorithnls for Modeling Multipha,se Flow and Transport in
Porous Media,” Glirmn ’95 Conference, Stony Brook, Ncw York, April 1995.
M, l?. Whcclcr, “Mixed Finite Element Methods for Modeling Flow ancl Transport in
Porous Media,” Mathematical Modeling of Flow thrcmgh Porous Media Collfcrcncc,
St. Etticnnc, France, May l!)%.
M. I?. Wheeler, “New Computational Approaches for Chemically Reactive Transport
in Porous NhYlia.,” Ncw Generzdion lhvirol~ n-rentA Moclcls Computational Methods,
U.S. NPA Sponsors, Bay City Michigan, August 8, 1995.
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Ml?. Wheeler, “Achwmced Numcriml Models for Treating Porous Mcdiz Geology,”
Michigan Institute of Technology, IIobokcn, Michigan, August 10, 1995.
M. F. Wheeler, “New Generation Simulators for Modeling Subsurface and Surface
Flows; Mixed Finite Element Methods for Partial Differential Equations,)’ “Parallel
Algorithms for Permeable Media,” and ‘Lllonticrs in Science, “ Texas A&&f University,

College Station, Texas, November 1995,
Ivan Yotov, “Mixed finite e~ements for elliptic prob]cms with tensor coefficients as ccll-
cent ercd finite cMTerences“, Texas Finite Element Circus, Texas A&M Univcrsi~y, Mar.
19!95.
‘l’. Arbogast, “Mixed finite element methods on rmdti-block domains,” at tlLe Matlm-
matisches )?orschungsinstitut obcrwalfacb meet ing cm porous ~edia, organized by .J.

Douglas, ,Jr., U. IIornu~lg, and P. Knabncr, Oberwalfach, Grmmmy, February-March,
1,996.
‘1’. Arbogast, “Finite difference or volume methods for subs urfacc simulation arising

from mixed finite elements,” Pacific Northwest Natioual I,ahatory, Richland, Wash-
ington, %ptelnber, ] 996.
C. Dawsoo, “A Summary of Results on Asymptotic IkAavior of Solutions 10 Nonlin-
ear Cent aminant Transport Problems,’) Workshop on Mathcm n.timd ProbIems in I“]ow
Through Porous Media, Ob.erwolfa.ch, Germany, February 19!36.
M-F. Whcclcr, “lhnerging New Algorithms for Pzwallcl Computation in Subsurface and
Surface Flows,” Institute for Geophysics, The University of Texas at Austin, Jan. 19,
1996.
M.F. Wheeler, “Parallel Algorithms for Mocleling Mult iphasc k’low and Transport in
Porous Mmlia,m Geology Sclminar, ‘1’he University of ‘1’cxas, January 30, 1996.
M.F. Wheeler, “Moclcling Activities at the Center for Subsurface Mockding,y’ Burcal~
of Economic Geology, Austin, Texas, January 31, 1996.
M. F. Wheeler, “Modeling Multiphase Flow and lla.nspor~ with BioIogica.1 and Chem-
ical ~(inetim,” German Mathematical hstitutc, Oberwolfoch, Gcrmzmy, Pebruary 26-
March 2, 1996.
M. F’. Wheeler, “Impact of Computation on Modeling in Porous Media,,” NSF CISE
Site Visit, Computer Science T)cpartment, March 4, 1996.
M.F. Wheeler, “Jrnpact of Computation on Scicncc iu~d Engineering,’> AAAS Meeting,
‘J%c Univmsity of Texas at Awti n, Austin, March 6, 1996.
M, I?. Wheeler, ‘WUmcrical Algorithms for (lra.nd Ch a.llcnge Problems,” NSF Workshop
on Grand Challenge l%blems, NSF, Arli,n@on, Virginia,, March 21, 1996,
M. Wheeler, “Mathematical Moclcling d Subsurface and Surface IJ1ow,” University of
Maryland Colmputationa-1 Science and 13uginccring Meeting, College Park, MarylaI@
March 23, 1996.
M, F. Whcclcr, “llmergiug Parallel Co~mputational Methodologim,” LJniversiiy of c!en-
tral Florida, Orlando Florida, April 1, 1996.
M. I?. Whaler, “AI.gorithjms for Mocleling Subsurface and Smf’acc Nlows,” lJniversit y
of Central Florida, orlanclo, Florida., April 2, 1%)6.

M. I?. Wheeler, “Para!ld Algorithms for Subsurface Flow,” Ckmputer Science Work-
shop, The Univemily of Texas at Austin, April 22, 1996.
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M.F. Wheeler, “Mathwnatical Modeling of Multiplmsc Flow in Porous Media,” M’od-
cling and Computation for App]icathms in Scicncc rmd Engincming, Northwestern
University, Ihnston, Illinois, May 3-4, 1996,
M. F’. Wheeler, “Subsurface and Surface Modeling at the Center for Subsurface Mod-
eling at The University of Texas ,“ NSF Center for Research in ParaJlcl Computation
Ammal Meeting, Argon nc Nationai J.almratory, Chicago, Illinois, May 16, 1996.
M iF. Wheeler, “Subsurface and Surface Flow Simulation,” 12th Caudian Symposium
of Fluid Dynamics, Winn,ipcg, Manitoba, Canada, May 29–31, 1996.
M. Wheeler, “Modclj ng Multicomporicnt, Multispccjcs, Multiphasc Flow and ‘1’ramport
ill Porous Media,” l,Oth C!onfermcc on Mathematics of 17i~ite INcments and Applica-
tions, Brunei University, Uxbtidgc, Midcllesex, UK, June 25-28, 1996.
M. I?. Whccfcr, “Mixed Finite Element Methods with Nonmatching Grids for Partial
Differential Equation,>’ SIAM Annual Meeting, Kansas City, Missouri, July 23, 1996.
M.F. Wheeler, “Modeling Activiticx at The Center for Subsurface Modeling at ‘1’hc
IJniversity of Texas at Austjn,” (knter for Kcscarch on I%m.llel Cmnput at;cm interim
Site Visit, Rice University, August 1996.
Ivan Yotov, “Logically rect a.ngul a,r mixed methocls for flow io irrcgularj hetcrogcnums
clomains)’, Eleventh Intcmztional Con fcrcncc m Comput ationa.1 Methods in Water
Resources, Cancfin, WKxico,July 1.996,
T. Arbogmt, “A mm-mortar mixed finite elcrncnt method for elliptic problems w
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