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EXECUTIVE SUMMARY

A distinguishing feature of multiphase subsied fbw in comparison to single phasewil is the
existence of flid-fluid interfaces.These intekices defie phase boundaries at the pore scale and
influence werall system bel@r in mary important vays. or example, fuid-fluid interaces
support non-zero stresses, waliog for different flid phase pressures across each etetfin
problems of intephase mass transfeuch aseaporation in adose zone (e.g., aiater) systems

or dissolution in MPL- or hydrocarbon--vater systems, all mass ischanged across the inter
facesWhile interfaces are central to multiphasaiflphysics and associated contaminant transport,
their treatment in traditional porous-media theories has been lijitle attentionTheoretical vark
developed in this project puides a general fram@rk within which interfcial area is incorpo-
rated eplicitly into volume-aeraged equations for consation of mass, momentum, and eqer
This has led to anxpanded set of continuum-scale equations that carrywirbead brden of an
associated set ofxpanded constitute relationshipsTo male these equations a sciemiily
useful tool for the study ofdld flows in vadose zone or APL-contaminated edronments,
parameterization of these constietrelationships must occdihis parameterization requires that
the equations be studied in light of the actual tehaf porous media systemBo perform the
early stages of thisavk efectively, the porous media must be controlled, well-understood systems
that lend themsebs to careful scientdianalysis.This project has contrilted to the impreed
understanding and preciseygital description of multiphase subsaé fow by combining theo-
retical dernvation of equations, lattice Boltzmann modeling péitodynamics to identify charac-
teristics and parameters, and simpéfion to feld-scale equations to assess theaathges and
disadwantages of the complete theofpis approach includes both fundamental scieniifguiry

and a path for inclusion of the scierttifiesults in a technical tool that will imwe assessment

3 report.final.jan25.01



January 29, 2001 9:57 pm

capabilities and predictability for multiphasewl situations (e.g.,adose zone contamination or

due to spills of aganic materials in the natural\eronment).
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RESEARCH OBJECTIVES

The mathematical study obfl in porous media is typically based on the 1856 empirical result of
Henri Darg. This result, knwn as Darg's Law, states that theelocity of a single phaseofl/
through a porous medium is proportional to tlyeraulic gradientThe publication of Darcs
work has been referred to as “the birth of grouaigwtydrology as a quantita science”ffreeze

and Cherry 1979].Although Darg’s original equation &as found to bealid for slav, steadyone-
dimensional, single-phasel through a homogeneous and isotropic sand, it has been applied in
the succeeding twedvdozen years to compléansient hws involving multiple phases in hetero-
geneous medido attain this generalify modifcation has been made to the original formula such
that the constant of proportionality betweemvfand tydraulic gradient is allwed to be a spatially
varying function of the system properti&be extended ersion of Darg’s Law is expressed in the
form:

qa - _KCV.JCY (1)

whereq” is the \ector olumetric fow rate per unit area of the-phase flid, K is the tydraulic
conductvity tensor of thex-phase and is a function of the viscosity and saturation af {please,
andJ“ is the \ector tydraulic gradient that accounts for pressureyitational, and interphase
effects.Although this generalization is occasionally criticized for its shortcomings, equajisn
considered today to be a fundamental principle in analysis of porous noadigeflg.McWhorter
and Sunadal977].

If, indeed, Darg’'s experimental result is the birth of quantitetihydrology, a need still
remains for quantitate analysis of porous mediawl to progress tward maturity on a strong
theoretical foundatiorilhe problem of unsaturateawt of water has been attastk using eperi-
mental and theoretical tools since the early part of the twentieth ce®pasito[1986] attrilutes
the bginnings of the study of soilater fow as a subdiscipline of ghics to the fundamentalosk
of Buckingham1907] which uses a saturation-dependgmiraulic conductiity and a capillary
potential for the fdraulic gradientScheideggef1974], havever, notes thatx@ension of Darg’'s
law to multiple phasedlv is only theoretical speculatioHillel [1971] warns aginst aerlooking
the limitations of present multiphase theories in considering sgsigdproblems:

In applying to the soilwersimplified concepts and theories baves from simpler or “pur
er” systems, we must be careful not toetakir models too seriously or literalRresent-day
theories of soil pysics should therefore be &k with a grain or tw of salt, as thewere
developed by entirelydllible (though courageous) soil y#icists desperately attempting to
malke their system manageable by simplifyinghg.the science delops, havever, its tools
are becoming more sophisticated and capable of handling some of thexitesphehich
previous soil plysicists disrgarded.

Indeed, it has been the goal of this project to continue te msd of sophisticated theoretical and
computational tools to handle some of those daaed completies of multiphase @ws.

Placement of the quantiteéi understanding of unsaturated and multiphase porous media
flow on firm footing requires that the problem be atetKrom a wariety of complementary
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perspecties.The conseration principles of mass, momentum, and gpenust be obtained at a
macroscale, a scale consistent with the scale of analysis of the problem, i.e. much greater than t
scale of a single por&.hese principles must consider phases, iate$ between phases, and
common lines where intextes come togethdfundamental tools to dee macroscale equations
include aeraging theorems that relate thege of a devative to the deviative of the aerage

thus allaving a rigorous change in scale from microscopic to macrosa@pcopriate theorems

for phases, inteaices, and contact linesveabeen collected iGray et al.[1993]. This technique

does indeed produce equations for tretewy soil, air and oganic phases;ui it also leads to
complications in that constitue relations are needed for treiables that arise due teesiaging.

A theoretical tool rists for deeloping constitutie functions in a systematic manner that
is based on the seconeMaf thermodynamicshis method follavs the procedure @olemanand
Noll [1963] and assures that the secomd td thermodynamics is not violated by constitati
approximationsTo use this method, the dependence of ggnen independentaviables (e.g.
density temperature, etc.) mustdi be lypothesized. Based on thesgbtheses, arious thermo-
dynamic properties of the system may be determined anerélded.These relations must then
be subjected toxperimental scrutiynto determine if thggare appropriate for the particular system
of interest. If found to be inappropriate or lacking in generalig typotheses must be modeifi
and the constitute relations reformulated’hus a frameork is pravided in which assumptions
can be consistently empled to simplify the problem description and to help identify areas where
parameters must be determined frotpeximental or computational considerations.

Babcock and Overstet[1955, 1957] succinctly describedwuidelines for a correct appli-
cation of thermodynamics to a heterogeneous system:

First, the number of properties that must ediin order to defie the state of agn sys-

tem must be establishedperimentally ... Thus, the number of ddrential terms required

to specify the total diérential in some gen property can be kam only from eperimen-

tal obseration of the system. ... Second, ... it is essential that all thermodynamic formula-
tions be written only in terms of macroscopic properties of the system, that is, in terms of
state wariables.

Thus to deelop a thermodynamic theory for multiphass\flit is important to preide a correct
dependence of the macroscale ggeon macroscaleaviables only Point quantities such as
contact angle and intexée curature that can be obsexVat the pore scale cannot be statebles
for a macroscopic thearyet their efects must be accounted f@n the other hand, saturation and
interfacial area per unitolume are macroscaleawables that should conttite to the proper
description of the thermodynamic state of a multiphase system. Insmhtedgrom applying
microscale-based thermodynamics to multiphase systemsHelefsen andAnderson 1943;
Morrow, 1970;Moecke] 1975;Miller and Neogj 1985] are etremely \aluable in formulating a
macroscale theoyyut do not replace the need for that theory

In recent years, a systematieeaging procedure has beerveleped that transforms the
conseration equations and the thermodynamic equations from the microscale to the macroscal
[Hassanizadeh and Grag979a, 1979b, 1980This procedure prades a consistent framerk
for the study of multiphasediivs. Subsequent enhancements of that theory include the theorems
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for averaging of interdcial conseration equationsGray and Hassanizadell989].The use of
these theorems in a general fravoek allowing for dependence of free eggron saturations and
areas leads to a completef somplex set of equations that require kvledge of a huge number
of parametersHassanizadeh and Gray990; Gray and Hassanizadel991a, 1998]. DOE
support for the present project has led to a theoretical description tidegran adequate descrip-
tion of the phenomena of interest while requiring a minimumwfparametersGray, 1999, 2000;
Gray et al.,1999 2000].

Besides conseation equations and a thermodynamic freumek, experimental studies are
needed to ensure that real multiphase systems®elsaording to the theory and to yide a basis
for measuring pysical parameters or cdigiients.These gperiments can be laboratory studies,
computer studies, did studies, or some mix of these, and can encompdssedif spatial or
temporal scales. Bhical experiments at both the laboratory and tteddfiscale preide funda-
mental data to which grtheory must conformilraditional plysical experiments usually prade
measured alues for indridual phase pressures and for phase saturations. Combination of these
data lead to standard relationships such as that between capillary pressure and saturation.

If new theories are to be tested, and these theories introduce additional macrosgeopic v
ables that include measures of inderél areas and perhaps contact-line lengths, therexyeri-
mental techniques must bevatped to measure these quantities and assess their relationship to
macroscopic stateaviables lile pressure, saturation, anelacity. Some progress on these issues
has been recently madgdll et al., 1997].Montemagno and Grgi995] hare developed a method
to experimentally measure the intadial areas betweendmmiscible fuids in a porous medium,
although the approachas complg and limited to a static, nonefring systemRashidi et al.
[1996] were able to analyze dynamic pore scalecity and tracer concentrations in aperi-
mental medium, although their approacaswimited to single-phaseofl. Saripalli et al.[1996]
have pursued methods to measutedfinterfacial areas in lger feld scale systemsubhave met
with limited succes<Coles et al[1998] applied Computed Microemograply (CMT) to investi-
gate flid distritutions and permeabilities. Using this techniqueas\ywossible to obtain the pore
geometry porosity absolute permeabilityand an end-state relai permeability plus the
multiphase flid distrikution in the pore space at this end statené¥er, this approach isxpen-
sive, and limited to a small sample siadsent more general technologies to measure changing
variables such as intadial area per unitolume, some alternag technique must beddoped to
serne as an independent test of the proposed th@wory such alternae is numerical simulation.

Numerical simulators can be implemented dedént scales to pwide support anderifi-
cation of the deeloped theoryfFirst a microscale or pore scale model can be gragltw sole the
continuum conseation equationsThe solutions obtained can then heraged and compared
with solutions of the macroscopic equations in order to determin@jrofugther insight into the
validity of macroscale parameter@rfexample,Celia et al.[1995] andReeves and Celid996]
have successfully empjed idealized capillary netwk models to study the interdependence of
capillary pressure, saturation, and irderél area at diérent equilibrium (non-éwing) confgura-
tions of the pore tiids. Although netvark models are peerful for studying static, equilibrium
systems, theare limited by their use of idealized pore space garditions, and the inability to
directly distinguish sub-pore phenomena, such as atesfand contact lines. In this project, we
utilized lattice Boltzmann techniques to model the pore saaies tf two immiscible fuids. This
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approach is ideal for transient, non-equilibriuowflproblems while also &frding us the opper
tunity to measure me macroscopic ariables such as intadial areas, saturations, and capillary
pressures for comparison with thewvm@acroscale equatioriBhese macroscale equations will then
be used in a discrete numerical model to simulatd &cale phenomen@he synegistic combi-
nation of theorymicroscale modeling, ancefd scale modeling will thus adrce capabilities for
understanding, simulation, and assessment of multiphase sdesaontamination problems.

Lattice Boltzmann models priwle the opportunity to interrage a transient pore scale
simulation to determine the geometric cgafiation of meing fluids and gtract the alues of
important microscopicariables (e.g.,elocity, pressure). In this sense, the/gias that infhlence
microscopic flid beh&ior during a simulation will be appropriately accounted for in tlezaged
measurements of the system hebia Lattice Boltzmann algorithms ¥ been deesloped and
applied to simulating aariety of pore-scaledlv phenomenalhese methods pvale a computa-
tional capability to study the details of multiphassvfln pores (Gunstensen et al1991;Succi et
al., 1993;Chen et al 1992]. Recent simulations of ¢iwphase flid flows hare favorably repre-
sented obseed fluid flow patterns visually and ke provided encouraging qualitag agreement
with obsered experimental resultsdrunay 1993;Hazlett et al. 1998].The simulations from that
two-phase model lwa concentrated on representations of displacememrienents where one
fluid is used to sweep out another that originally occupies the pore $pasethe procedure is
ideal for ¢éamination of thelution of interaices and ggons of flid occupation that can beex
aged for identifiation of macroscale parameters and functions. Recent increases in computing
capability nev male it possible to simulate anety of plysical phenomena in pores using pore-
scale data from samples that ardisidntly lage to preide meaningful resultsJhen et al 1991;
Soll et al, 1994;Hazlett 1995; Hazlett et al.1998,Zhang et al.2000].

The lattice Boltzmann approach is an ideal swategxperimental platform from which

macroscale parameters, equations of state, &adance relationships associated with thevaeki
multiphase fiw equations and a particular porous medium geometry can be en#dir
example,Ladd[1994] has applied the lattice Boltzmann approach to study single phase &
periodic array of sphere&verages of his solutions V&been used to estimate the permeability of
the macroscopic system and, more importaidgynonstrate that permeability is a constant prop-
erty of the system under a range ofatiént fow confgurationsTompson and Grajl1986b] hae
used a similar pore scale modeling technique to measure parameters associated with a macrosco
constitutve model of momentum dispersion in porous media, and demonstrate that these terms at
invariant with respect to changes in tlverage fbws as postulated by theouring this project,
Soll et al.[1998a] hae begun to &amine the correlatedaviations of saturation and intadial
areas in a capillary displacement problem using a lattice Boltzmann rdbdely et al[2000]
have applied the lattice Boltzmann model to demonstrate #helity of the Representat
Elementaryvolume scaling relationship that is used in macroscocaging theories.

In addition to being able to represent a particular porous medium geptinetattice Bolt-
zmann approach pvaes a means of generalizing our understandingayswhat are often not
possible with piisical xperiments. Using the LB model we can run theot same>geriment in
the xact same pysical domain with gry carefully controlled ariations. Ier example, we can
modify only the solid sudce wettability to assesgaxtly hav wettability afects permeability or
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interfacial area - time relationships. Furthermore, we can control the spatialutisiribf wetta-
bility, to gain insight into hw variable wetting décts fuid movement BSoll et al, 1998]

Once parameters andvariance relationships are idergdi for a particular medium, the
may be used within the macroscopic model equations to analyze practical multipivase|f-
lems, much in the sameay hydrologists do ne. This project will tale steps to sob/the param-
eterized macroscopic equations for a simgaiiflaboratory-scale system in order to demonstrate
their applicability identify “chole” points in the application process, and understand more fully
the importance of the meformulation with respect to more traditional methoflsis process is
expected to lead to simpldations or moditiations in the theory and pore scale modelinyiiets
by distinguishing between important and less important features of the equations, as determine
from their contrilotion to the macroscale solutionkhe result is an increased ability to reak
predictions and impre efectiveness of remediation.

METHODS

The goal of impreing the understanding, pbical description, and numerical simulation of
multiphase tbws depends on successful otation of three study techniquedl et al.,1997]:

1. An averaging pscedue coupled with application of the macroscale secowdbfathermody-
namics;

2. Use of the lattice Boltzmann methadssimulate pore scale phenomena; and

3. Implementation of a disete numerical modehat soles the geraged equations making use
of parameters gleaned from the lattice Boltzmann study

Each of these three techniques will be outlined here.

The Averaging Procedure and Resultant Equations

The direct solution of the microscale mass, momentum, angyetnansport equations in theid
space of a multi-phase porous system is theoretically possibf@drctically impossible for gn

real systemThe solution of the equations requires boundary conditions that cannot besdpecifi
without detailed knwledge of the pore geometrfhus, an ®eraging procedure is empied to
affect a change of scale at whichvgming (pore scale) equations are considerb averaging
provides equations for essentiallyeslapping continua.df example, at the microscale, a wetting
phase occupies particular portions of spdcedescribe this phase at the microscale, the bound-
aries between the phase and all other phases must be wadled&fithe macroscale, lgever, the
wetting phase is described in terms of iterage properties within a smafllume.Thus, at each
point, a macroscale phase is characterized as wiogup fraction of the\ailable wlume and,
perhaps, to hee a certain amount of intade per slume with other phases. Each phase in the
system is described in a similashion At the microscale, the intextes sem as particular loca-
tions where boundary owfk conditions must be appliett the macroscale, the sades are within

the wlume and must be accounted for as source terms. Preciséiaiebf the interdce shape is
neither required nor possible to obtain at the macroscale.

9 report.final.jan25.01



January 29, 2001 9:57 pm

Although the macroscale equations remthe tremendousibden of haing to specify the
internal geometry of the multi-phase systemy tthe pravzide a number of challenges that must be
overcome if thg are to be useful. Constituél theory at the macroscale, is required to close the
equations so that the number of unkns is equal to the number of equations obtainddrtdfas
been &pended to fid appropriate parameterization of the source terms that ariagons/situa-
tions [e.g.Whitaker 1967;Tompson and Grayi986a;Rose 1988]; neertheless, the matching of
the approximations todid data remains a challenge. Heterogeneities cdisierat @rious scales
require that the constitwg lavs adapt to account for these non-uniformities &idint rgions in
the domainAn even more fundamental challenge is to select the macroscale equations that are
needed to pnade a consistent theoretical description of the system under. stuggrticulay it
must be determined if adequate system description requires mass, momentum ggriobdanere
equations for the phases and species in the phases or if corresponding equations foattesjnterf
contact lines, andven common points are also necesséfiyen modeling is done at the micros-
cale, these locations of interaction axeleitly accounted for and described by jump conditions
that are treated as auxiliary conditionswéeer, when the phase equations areraged, the jump
conditions tend to be incorporated into the source terms such that the full dynamics of interaction
are not accounted fdror flow of a single lid in a porous medium, gkect of interbice dynamics
is warranted. Havever, for multiple fuid flow, where the intedces between theuftl play an
extremely important role in the system beioa, the interdce equations may be necessary for
providing a consistent system descriptidbréw 1971;Marle, 1982;Hassanizadeh and Gray
1990;Gray and Hassanizadeth991].

One of the more interesting sidefeets of aeraging gwerning equations is that we
geometric parameters appear that were not present in the original microscale syseeample,
porosity the wolume of spacewvailable for fuid flow per unit wlume of the system, is &kquan-
tity at the macroscalét the microscale, the concept of porosity is not elygydip a particular point
is considered to be in one phase or another or on araicge$aturation, the fraction of theid/
space occupied by eachifl, is another parameter that is important at the macrosaat®ées not
exist at the microscale. Because thesg parameters are important to the description of the state
of the porous media system, it is also important to ensure that the complete and correct thermod
namic description of the system incorporates thasables as needetihe description empjed
at the microscale, the standard dependence afgnamicroscale independemriables, may not
still be \alid or complete at the macroscalée entrog inequality the mathematical statement of
the second la of thermodynamics, is an important and essential tool in determining what quanti-
ties need be included as independemtables.This equation may be obtained byeeaging the
microscale statement of the entyagjuation.Then by lypothesizing dependence of free gyer
on independentariables, particular thermodynamic restrictions are obtained.

In light of these considerations, the approach to be adopted here is to obtain a minimum se
of governing equations and thermodynamic relations that is consistentpéhiraental obsep+
tion of multiphase @w in porous media. Besides serving toypde a frameork for the mathe-
matical description of multiphaseW, this set of equations should relate to thekmaicroscale
dependence of free eggrobsered equilibrium states in multiphase systems, and information that
can be obtained from idealized models of porous métie folloving procedure for deeloping
usable equations for the simulation of multiphase suaseifbw will be used:
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1. Derivation of conservation equations for phases, interfaces, and common lines atotle por
media scale, the mamscale, and of the empy inequality for the systemork to do this has
been ongoing for manyears, including the ark supported in ther8t three years of DOE
funding. Initially, the work considered only phases; and balaness Istudied were restricted
to conserdation of mass and momentum [eWhitaker 1967].The papers bylassanizadeh
and Gray[1979a, 1979b, 1980] empled an &eraging theory thatdended this approach to
inclusion of the engy equation and entrgpinequality Subsequent to thisGray and
Hassanizadelfil989] dereloped aeraging theorems for intexes and deloped consep+
tion relations for the inteatce properties as well. Fingllfheorems for \&eraging oer
common lines were deloped byGray et al.[1993] and hee been emplged in papers by
Gray and Hassanizaddii998] andGray [1999a].The latter references, iadt, present sets
of averaged equations of mass, momentum, andggraonseration for phases, intates,
and common lines that form the basis for a general study of multipbaséflpresent, we
have developed a complete set of equations for phases, actsf and common lines.
However, film effects need to be accounted.for

2. Postulation of thermodynamic dependences of theggnen independent variables for
phases, interfaces, and common lines and incorporation of these postulates intodpg entr
inequality This task vas addressed thoroughly in a consistent manner for macroscale thermo-
dynamic systems for the$i time under this projecthere is a need to ensure that the funda-
mental ideas of thermodynamics are nogleeted when making use of the principles of
continuum mechanics. Note that classical thermodynamics deals with equilibrium systems
only, while continuum mechanics deals with both equilibrium states and the transitions when
a system is not at equilibrium. Xertheless, it is important that the continuum mechanical
description reduce to the classical thermodynamic one at steady T$tatenodynamics
requires that consistent and systematic postulates be made concerning the dependence
internal enggy on independentaviablesThe presence of intexfes adds the complication of
excess sudce properties such as mass per unit area andaritdrtension that must be
accounted for in a conceptually and quantiyi consistent manner (sade &cess proper
ties from a microscale Gibbsian perspeetare discussed, fok@mple, inMiller and Neogi
[1985] andGaydos et al[1996]). Then, from the postulated forms, relations amaagables
and insights into system belar can be obtained. One of the most useful approaches for
postulating the thermodynamic dependence of internabgngrthe approach adegated in
Callen[1985] and used to adwutage bysaydos et al[1996] in a study of microscopic capil-
larity, whereby the xdensve enegy is considered to be a function of theemsve variables
of the systemWith this approach, confusion aboutfdiences among Helmholtz potential,
Gibbs potential, grand canonical potential, and enghatp diminished as teare simply
mathematical rearrangements of the original postulated form for internayehesights
gained from applying microscale-based thermodynamic postulates to multiphase system:
[e.g. Edlefsen andh\nderson 1943;Morrow, 1970;Moecke] 1975;Miller and Neogj 1985;

Alts and Hutter1988a, 1988b, 1988c, 1989] artremely \aluable in formulating a macros-
cale theorybut do not replace the need for formulation of that theory in terms of macroscale
variables.To deselop the macroscale thermodynamics, the postelapproach ofallen
[1985] has been empled after gtension to the macroscale perspee@Gray [1999a, 2000].

This same approach will be empéal here to obtain thermodynamic relations that are appro-
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priate for a macroscale description of a porous media system that incloearfd wetting
fluids at ery lowv saturation. One important point is that from the persgecti the macros-
cale, the system is composed ofxdseng phases at a point and not juxtaposed phases, inter
faces, and common lineBhus, in &ct, the engy postulate should be made in terms of all
components. Decomposition of the internal ggefor the total system to the component
parts describing each phase, irded, and common line must be undestalvith caution.

3. Determination of mechanical equilibrium constraints and their incorporation into the
entropy inequalityAlthough the geometricariables including porositygaturation, areas per
volume, and common line length peolvme are independentinables, their dgations
around an equilibrium state are not (e.g., a change in saturation ofuahevduld be
expected to cause a change in the amount of area boundingiititaflthese considerations
give rise to emplpgment of mechanical equilibrium concepts in conjunction widraging
theorems to obtain relations among changes in geometigbles. These closure relations
are useful in deving both thermodynamic equilibrium conditions and dynamic relations
between changes in geometrariables the thermodynamic state of the sys@®nay, 2000;
Gray et al.,2000], lut they present challenges for parameterization that can be addressed
through the lattice Boltzmann simulation.

4. Exploitation of the entipy inequality to obtain equations that describe equilibrium system
behavior The entrog inequality preides a condition that requires a system to be at its
minimum enegy state when at equilibrium. It also prdes some guidance on ailable
dependences of functions on independanibles. Furthermore, it prides guidance on the
positiity or negativity of some codicients by forbidding, for>eample, transfer of heat from
a cold body to a armer one or &w in a direction opposite to a gradient in potenfalheo-
retical tool &ists for deeloping constitutie functions in a systematic manner that is based
on the second Va of thermodynamicsThe procedure oColemanand Noll [1963] was
applied to single phase systems to assure that the secoraf thermodynamics is not
violated by constitutie assumptions. Complementing thigrivare &tensions andariations
that consider multiphase mixtures and irdeés [e.g.Hassanizadeh and Grag980;Gray
and Hassanizadeli991aMiiller, 1993; andSvendsen and Huttdr995]. In the fist years of
the present DOE funding, the correct procedure for postulating macroscopic dependence c
enegy on system independerdnables has been determin@day [1999a] andGray et al.
[2000]. This procedure will also be used in considerifig ffects to ensure that the thermo-
dynamic formulation is consistent, bothygltally and mathematically

5. Linearization of some of the constitutive functions to obtain conservation equations with their
coefftients capable of modeling dynamic systefdhough the localization theory for a
three phase system pides 35 balance equations of mass, momentum, andyefogrthe
phases, inteaices, and common lines, it also contains 150 consgétiunctions that must be
specifed. The dependence of these functions on other system parameters are obtained unde
some assumption#élso, the functional forms of the dependences of the stress tensors are
obtained. Hwever, in general, the actual functional relations between the constitiuitnc-
tions and their independenanables are not kmen except at equilibrium. & example, at
equilibrium the heat conductiorestor is zero; bt the general functional representation of
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this vector in terms of independeranables is not knen at an arbitrary state of disequilib-
rium. Thus a compromise must be emyd whereby functional forms are obtained “near”
equilibrium. Experimental and computational studies must subsequently be uedddak
determine the defition of “nearnes’.By this approach, which is similar to takingraylor
series gpansion of a function and ignoring higher order terms, results such as the heat
conduction ector being proportional to the temperature gradient aredogity proportional

to a potential gradient are obtained. Because multiphase porous roediaaie typically
slow, they also satisfy the conditions of being “near enough” to equilibrium that this-inear
ization procedure pxades relations appropriate for maphysical situations. It is important

to note, hwever, that although the equations are linearized, theficgits that arise still
may hae compla dependence on system parameters (e.g.,velpgrmeability which is
traditionally simplifed to be a function of saturation). Idemwtfiion of those co&tients
remains a challenging taskdditionally, the inclusion of fms will add to the numbers of
equations, &riables, and constitue parameters. It is essential that thesexaenaned with

the intention of obtaining pisically meaningful &lues and not simply cugitting values.
The analysis procedures used in conjunction with the theoretiabgenents seesas stif
tests for the theory and guide therwtoward a minimally sudfcient formulation.

6. Determination of the physical integtation of the coeffients, as possible, using geometric
approximations that mvide insight into equired laboratory measementslt is important
that the theoretical procedure not simply be a prafmagf unknavn coeficients that hee
no chance of being measured wem® understoodTherefore, dbrt must be made to ailo
insightful study of the ne coeficients through laboratory and comput&perimentation.
Thus, although a general formulation is emypld, it is simplifed to a manageable, yet still
challenging and relant, set of equations that can bieetively studiedAs progress is made
in parameterizing these systems, the approximations getplcan be relad so that more
complex systems may be studied. Indeed, in tingt three years of the stydyne correct
formulation of the balance of forces at a common line has forced an alteration in the theory sc
that the wariables will be meaningfuray et al, 2000].

Elements of these steps, representing progress made this projectalfeady been
reported irHassanizadeh and Grg¥%997]; Gray and Hassanizadgh998],Muccino et al[1998];
Gray[1999a,;, Gray and Schref] 1999; Gray2000],Gray and Miller[2000],Gray et al.[2000],
andTompson et all2000].Additional considerations to be addressed in futurekwhe irvesticgp-
tors would like to undertad are discussed b&lo

Subjecting the theoretical results from theraging theory to the scrugirof the lattice
Boltzmann and @&ld-scale simulations will ale for determination of important constitui
parameters, the importance of the additional dependence of capillary pressure aciahteda,
and whether a simpler form of the relatipermeability function is appropriate. Note that the
explicit inclusion of inter&cial area peralume in the formulation may be of particularly signifi
cant\alue in simulating biodgadation reactions, sadtant or steam injection techniques, where
the amount of area between phases is important for mass transfer
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Fundamentals of the Lattice BoltzmannmApproach

Pore scale simulations are based on a lattice Boltzmann (LB) model for the numerical solution o
the Navier-Stokes equations. In this approach, thudflis conceptualized as an mife distritution

of “particles” that are mged across a lattice and “collided” at lattice junctiomsraliscrete time
steps.The method is a generalization of a simpler lattiae gutomata method in which aitie
number particles arexplicitly considered. In the latticeag approach, particles are assigned to
lattice nodes and mred to neighboring nodes in advstep process during each time step. Each
particle is assigned a unit mass and a unit momentum in the direction of one of the lattice links. Ir
the frst part of a time step, particles meato their ngt lattice location (“streaming”) according to

their assigned direction of mement. In the second part of the time stepy theeract with other
particles that arve at the same location (“collision”) such that their directions (momentum) for the
next time step are reassigned. Because particles are not created grediestithis process, mass

is consered. The collision step at each lattice junction is designed to preedbes ensemble
momentum of the incoming particleslithough it is conceptually simple, care must beetakn
choosing the numbers of particles, lattice geometlision operators, and time scaliragfors in

order to realize an ensembleuifl” behavior that satisks the Naier Stoles equations, especially
when incompressible conditions are of interest.

The LBM approach is more general in thaplecit consideration of discrete particles at
lattice points is replaced by the usewi@ge oexpectegbarticle populations.drticle distritution
functions (PDFS) are used to represent thixpected particle mass wiag in discrete lattice direc-
tions. They are updated in time using analogous “streaming” and “collision” steps that anserv
PDF mass, momentum and emneiThe PDF conseation equations are applied to the Boltzmann
equation and the correct choice of ¢méénts ensures that the ensemblaidfl behavior agin
satisfes the Naier-Stokes equations. Using purely local particle interactions on the lattice, this
technique is second order accurate in space and time.

The LBM approach is particularly attragtifor the current application because

» It can effciently be adapted togat immiscible two-iid (or multiphase) systems
[Gunstensen et al991;Grunau,1993;Grunau et al 1993]. In this sense, mo
ing interfacial rggions are generated from a local “particle-to-particle” repulsion
effect which, in turn, generates appropriate drops in pressure that are consistent
with interfacial surce tensions. Competié techniques based upon the full
Navier Stoles equations lva difficulty tracking the inteece and rapidly be-
come computationally intractable.

» It naturally incorporates arbitrary iw domain geometrieAny space can be
modeled equally &tiently, from totally open (no @alls) to nearly all solidThe
ease in handling complgeometries comes from the ease in handling no-slip (or
controlled slip) conditions on irgellar boundariegAnother adantage is its abil-
ity to finely discretize the pore space and the therein, while still incorporat-
ing tens to hundreds of pores. It thereforevfgles a tool to study the inénce
of mary microscale systemaviables on resultingutk scale fbw behaior.

It offers high esolution that can accurately capéusub-poe scale phenomena.
The fnerthan-pore scale discretization means that the LB method caneesolv
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Figure 1.Lattice Boltzmann 5|mulat|on of 2D |mm|SC|bIe displacement in a “fi
tured” synthetic pore spad@&hite fluid is displacing gnefluid. The solid is shwn as
black.The total system size i28x 128 [Soll et al.,1998b]

and quantify sub-pore scale features, such asacesfmuing through pores,
films, and indridual interbice elocities. Other microscale methods that dis-
cretize only to the kel of an indvidual pore must still use empirical relations to
describe sub-single pore phenomena.

* It has a number of inhent computational advantaggShen 1996]. In the LBM
the cowection operator is lineawhere it is non-linear in traditional methods.
The pressure is described by an equation of state, and therefore does not require
solving a Poisson equatiofihus, solution for the pressure distriion is non-it-
eratve, and has better numerical stabilitiie transformation from the micro-
scopic particle distriltion functions to the macroscopic quantities is simple,
requiring only local communication and arithmetic calculatidingrefore, no
matrix irversion is requiredlhe simple local operations makhis methode
tremely parallelizable, and result inast eficient technique on parallel comput-
er systems.

The LB approach is mature enough thdaeasve reviews and dexiations areailable in the liter
ature [for @ample, se€hen et al 1995;Rothman and Zaleski994;Succi et al 1993].The deri-
vation of Grunau et al [1993] pravides good background for understanding axigreling the
LBM.

Lattice Boltzmann models i@ been deeloped and applied to simulate @iety of pore-
scale fbw phenomena associated with grouatly remediation problems and enhanced oll
recovery. Simulations of tw-phase flid flows hare favorably represented obsex fuid flow
patterns visuallyand hae provided \very encouraging qualitatt agreement with obsesst exper
imental resultsfggert et al 1991;Grunay 1993;Grunau et al, 1993b;Soll et al, 1994;Ferreol
and Rothmanl995;Hazlett et al, 1995;Coles et al 1998; andoll et al., 1998b] As an g&ample,
Figure 1 shavs a snapshot of an immisciblaifl displacement in a “fractured” synthetic pore
spaceA two-dimensional system is used for ease in demonstration in black andkeigy/stem
is 128x 128 pixels and the resultinguild and solid locations and intades are highly resad.
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As Figure 1 helps to demonstrate, it is an easy task to quantify thadetetietween the tifent
phasesThe sub-pore scale resolution results in highly accurate measurements of the contact
between phase3he temporally discrete nature of this model also esak simple to compute
changes in contact areageo time. Similarly the pressure on either side of an irsteef can be
calculated from the local lattice pressures, and related to the apparetiiof the integce, on

a pore by pore basis.

The lattice Boltzmann wrk utilized the LosAlamos-deeloped LB multiphasedv code
(LBMFC) which is based on the 3-D, 2 speed, 14-neighbor lattiGheh et & [1992]. Multiple
fluids are implemented based®@unstensen et gl1991] with modifcations described $runau
et al. [1993a] to more étciently model fliid interfaces and tiid seyregation. The LBMFC has the
following capabilities:

» Three-dimensional

» Arbitrarily complex flow domains (pore space geometries)

« More than 16.7 million lattice sites (egalent to 258)

» Spatially variable rock sugce properties (such as wettability)

* One or tw fluids plus the solid

» Arbitrary fluid characteristics (densjtyiscosity interfacial tension)
* No-flow or periodic boundary conditions on the domain sides

* Fixed pressure dropxed flow rate, or Dirichlet conditions for the inlet and out-
let sides

e Film flow
It is currently coded to prade the follaving information:

» Exact fluid distrikutions

* Average flid saturation

» Local and seraged elocities

» Local and seraged pressures

* Interfacial area (flid-fluid and flid-solid)

* Momenta

* Bulk quantities such as permeability and rgpermeability

» Temporal tracking of all parametersariables (time devatives)

Purpose of the lattice Boltzmann simulations

The purpose of the lattice Boltzmann simulations is teigea computationalkperimental plat-
form from which further insights into the impt@d representation of multiphasewlcan be ines-
tigated. From this perspeati, for xample, we can wresticate the alidity of the geometric closure
relationships more carefully [e.g., eq. 7&why, 1999a], especially in cases where corrgieom-
etries &ist and more substantialiftl movzements are of interest/e are also in a position toad-
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uate, or inesticate the gistence of, proposed constittgirelationships that relate, fotample, the
mean (macroscopic) intadial cunature in a multiphase system to the saturation and aciaff
area(s) [e.g., eq. 80 @fray, 1999a]. LB simulations also prie the ability to look at the dédr-
ences among the mean cattwe and mean pressures and mean adtfpressure drops in equi-
librium (static) and nonequilibriumdiv configurations.

It is important to recognize that this approach is fundamentally computational in nature and
offers a slightly diferent perspecte than would a corresponding ghical experiment. Much of
the desired information at the pore scatld be hard to obtain or measure in ggtal sense in
a real apparatu$heoretically the lattice Boltzmann approactiess greater possibilities for inter
rogating flow solutions at the pore scale for meaningauiables. Neertheless, this does not mean
the required manipulations arevtal. Indeed, we imested a considerable amount dbgfover the
four years of this project in deloping n&v tools for the lattice Boltzmann studgspecially as
needed for calculating relaé permeabilities, saturations, ineifal areas, and intedial cura-
tures wer the course of a transient simulatidtof et al.1997;Hazlett et al.,1998;Soll et al.,
1998a, 2000; and tiReseach Accomplishmentsection].We are continuing to delop and erify
new tools for measuring contact line lengths, irderdl pressure drops, and integifal \elocities
that will be needed forxperimental problems focused on thevrmaultiphase fiw equations.

Discrete Numerical Simulation

As defned here, “discrete numerical simulationvatves the deelopment of a &ld-scale numer

ical model for fow based on a set of simpéii and parameterized equations [such as eqs. 76-83 of
Gray, 1999a]. Medium properties (e.g., the porosity or saturatdchblic conductiity) and para-
metric relationships (e.g., for the capillary pressure equation-of-stat&eayii1999a], equation

(80) or for relatve permeability) can be determined from LB simulations or o#lapriori specift
cation. Discrete numerical simulatorsvdmped using traditionalrfite difference or fiite element
techniques [e.gCelia and Gray1992] and applied to one or more multiphase tiest problems
characterized by spedfiauxiliary conditions, geometrical featuregjidl types, and porous
medium properties are important tools ferification of the theoretical admces. Simulations to

be investigated should be chosen to be compatible with the applicable range of the sthggjifa-

tions [such as egs. 76-83®fay, 1999a], medium, geometrical, and process restrictions associated
with the lattice Boltzmann model, and other compegatir “canonical” gperiments analyzed
using more traditioal theoretical approaches. Based on eqs. 76-@3ay[1999a] as anxample,

such an actity will require the solution of a set of nonlinear coupled equations and a focused,
well-planned approach to maintain solution accyracd consistenc|e.g., Celia et al.,1990,

Celia and Binning1992,Tompson and Grayl986b]. Under the funding prialed by this project

we hae developed the background and insights necessary tgrateediscrete numerical simula-
tion into the deelopment of impreed descriptions of multiphasewt in porous media.
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RESULTS

During the years of this grant, we addressed all the research tasksadentibur original
proposalWe hare made progress, irawying dgrees, on all frontdNe hare gained insight into
important processes angpanded our thoughts on the modeling of these procédsesesults of
our analysis hae proided some ng understanding of the phkical mechanisms diing
multiphase fiw. These mechanisms are theoretically more coxniplé physically more simple
than we had anticipateds a result of this, we need to continue owarkvin order to enhance the
theory better demonstrate its utility through applications, andentiois work to a more applicable
state for the research and assessment commQ@nuityproposal &s to perform basic research, and
we used the funding to support basic research. During tsigért of the studywe encountered
several obstacles in the theory that were greater than we had originally anticipagedfort
required in wercoming those obstacles distracted from our implementation of the computational
verifications and macroscale modeVelepment. Havever, the theory deeloped is the fst ther
modynamically consistent approach to the macroscale description of ythiespbf multiphase
flow in porous mediaWe are poised toxéend our computational capability with a clear urder
standing of the pitflls we fice and of the raistness of the theory vkdoped.

The following sections indicate the breadth of issues addressed and the progress made ¢
the main points of aatity.

Development of general macoscale equations based on theveraging framework and ther-
modynamics

This task has led to weral signifcant fndings. First, in theveraging of the equations, questions
existed as to the presence of ggygper mass for the intexde and common lineghe olvious issue
relates to the meaning of such quantities in light of the possibility of masslesscesdrhe need
existed to formulate the ergyr in such adshion that a re-demtion is not required for the case of
massless intestes.This was accomplished by formulating all egyeron a petunit-averaging-
volume basis. Because the equations apply at the macroscale, tlaeimiterfegy per unit wlume

of the system is a meaningful parametéwus by this rather simple (in hindsight vatus) defni-

tion of parameters, it &s possible to obtain a set ovgning equations thatas both easy toavk

with and intuitvely satisfyingWe were thus able to successfully obtain general macroscale equa-
tions from the @eraging frameork for phases, inteates, and common lines.

Once these equations are obtained, the problestsas to hw to exploit them. In the past,
continuum mechanics formulationsviealed to some paradex in that, for xample, results
obtained werking with enegy per unit mass were not consistent with those obtained based on
enegy per unit wlume.Additionally, the reduction of the thermodynamic relations obtained at the
macroscale to microscale thermodynamies wot possiblelhis problem has beewvercome by
borroving the classical microscale approach of positing the dependengten$iee enegy on
extensve \ariables and »d¢ending this to the macroscal€his approach has alled for a
completely consistent set of thermodynamic relations that account for subscale processes in &
appropriate manne©ne \ery useful outcome of the analysis performex\the recognition that
the grand canonical potential plays ey kole in describing the pisics of multiphase div (It
should be emphasized that introduction of this function is @ecoence, not a necessias the set
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of equations remain consistent as long as the thermodynamic potentials red defrectly in
terms of the engy.). In fact, by formulating the entrgpnequality in terms of this function, it is
possible to gin a correct understanding of the “pressure” in multiphase H is ironic that the
definition of a “pressure” at the macroscale has been presentedaaiety wf thermodynamic
forms in the continuum mechanics and multiphaew fiterature. Havever, these theoretical
efforts have not been concerned withwathese pressures might be measw¥slhave discoered
what is, in &ct, being measured (the grand canonical potential) amdHi® can be related to the
phase meement, the intedcial areas, and the common line dynamiibsis, a connection has been
made between the theory and tleédfimeasurements of properties.

One long-standing and persistently undppreciated problem has been thetfthat in
transforming the geerning equations from the microscale to the macroscale, geometric parameters
are introducedThese parameters are th@lume fractions of each of the phases, the iatéaf
areas per unitalume, and the common line length per umtuwne. or example, in a system
composed of tw fluids and a solid, sen such parameters will be introduced (threlewe frac-
tions, three intedcial areas perolume, and the common line length petume). One of these
parameters may be eliminated through the constraint thabbimme fractions must sum to ytb
six parameters remain such that six additional (dynamic) equations are needed to close the syste
In the more traditional approaches of soiygibos, this need is unrecognized altogetlaed is
“accounted” for by imposingysteresis and non-uniqueness in the capillary pressure anderelati
permeability relationships. In the more recent past, this nesdawticulated, Ut has essentially
been lried in the compbe manipulations of the entrggnequality with the result that, am,
inconsistenciesxested. In this contd, two approaches seem tovkabeen pnealent.The frst was
to ignore the issu@his results in a system where the irderél tension and capillary pressure must
be identically zeroThis is equralent to requiring that the dynamics of the irder&l quantities be
unimportantThe second approacha®/to add compiefunctional dependence to the emefunc-
tion and assume that the terms that are obtained account for the missing equatamtstHis f
approach is alsatilty because the added terms can b&/sho be zero orery small based on
physical grounds such that theannot possibly account for the actual phenomena aakerv
Instead, we hze performed a ariational analysis of the macroscale gyefunction so that
mechanical, as well as thermodynamic, equilibrium conditions can be formally establis@éed.
the results of this equilibrium analysisveébeen xtended using the entrginequality to include
the “near equilibrium” equation$hese six additional equation prde, for the fist time, reason-
able conditions on the dynamics of the geometric quantities such that a closure scheme for th
equations is obtained.

Thus, we hee obtained a theoretical approach that is i) internally consistent; ii) consistent
with microscale dynamics; iii) thermodynamically consistentable to yield reasonable closure
relations; v) capable of describing the vement and distriltion of phases, intaates, and
common lines in multiphase subsacé fow; and vi) subject toerification by &perimental and
computational analyses.

Equation Simplification

We hare worked to ensure that we are doing more than generating equations diaerdsf It is
our cowiction that understanding of the dynamics of phase exted is particularly important for
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the modeling of multiphaseofk. To demonstrate this, we V@been deesloping a series of ideal-
ized problems that wolve the study of €flid morements in idealized porous media constructed
from repeated arrays of simple geometric pore spdtesfuid movements are limited to small
displacements that alloinfinitesimal changes in thauftl saturations, inteatial areas, inteatial
curvatures, contact line lengths, and solidlwcontact angles to bevauated analytically and
compared with the dynamic geometry equations citedeabiée are thus able to demonstrate that
our formulation describes these situations and that our geometric closure relations aog, in f
meaningful. These simple problemsvealso preided important insights into the nature of force
balances along contact lines and their role in determining actalfcontact angles along solid
boundaries in the pore spaces.

Inherent in this process is an equation singaifon procedure in which the most simple
aspects of the balance equations (e.g., one-dimensional macroscopiorb&ked porosityrigid
solid) are preseed for the analysid\e are using these equations as a means to identify the most
pertinent aspects of thewmeheory to be tested in the lattice Boltzmann simulations, as well as to
guide our initial macroscopic modehdgopment.

Lattice Boltzmann Parameterizations

The purpose of the lattice Boltzmann method (LBM) simulations is taigga computational
experimental platform from which to testalidate, and, if necessamgfine the impreed macro-
scopic equations of multiphasevil From this perspeet, for xample, we can iresticate the
validity of nev geometric balance relationships that arise in these equations [e.g., eGra§, of
1999a], galuate or imesticate the walidity of proposed constitwme relationships [e.g., eq. 80 of
Gray, 1999a] in plgsically realistic media with compiepore geometries, owven estimate the
magnitude of parameters that are part of these relation3bigkate, the LBM dbrt has lagely
been focussed on

* The completion of seral multi-phase LBM simulations in porous medi@{i
et al.,1997;Hazlett et al. 1998].

» The derelopment of ne “interrogation” tools within the LBM frameork to cal-
culate ner geometric parameters called for in thevmeacroscopic equations
[Soll et al.,2000].

* The derelopment of seeral preliminary test problems for the application and
validation of the interrogfion tools £oll et al.,1998;Zhang et al.2000].

The overall progress in the LBM f&frt is less than anticipated, ¢gly because of ditulties in
developing the ne interrogation tools Although seeral simple problems ka been studied for
testing purposes, we still need to focus additional attentioemiying the measurement tools and
applying them togperimental simulations as described earlier

In order to designxperimental simulations for testing or assessing thelity of the
macroscale @w formulation, it wvas necessary to add capabilities in the LBM to track sded
and common lines in the pore spaces of the medium, measure their areas and lengths per u
volume of the medium, and calculate inéeifl cunatures, intedcial \elocities, and pressure
differences across these inseésThese are in addition txisting capabilities that measuralk
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phase saturations, pressures, agldaities from LBM simulation result3here are tw steps to
obtaining \alues for these terms: dérig the theoretical defitions at the microscale, and compu-
tationally implementing these dettions within the LBM. Br example:

Interfacial area. Interfacial area per unitolume is an important mevariable that appears in
the nev macroscopic formulation [e.g., egs. 78-81Gody, 1999a], and is, as it turns out, one
of the easiest parameters to calculate within the LBNEe information can be dead
directly from the fundamental solutions of the LBM in terms of the digioh of particle
“color” or phase mass. Image analysis techniquewdhlese solutions to be directly interro-
gated for measurement of the intagilal areas betweenyapair of materials (€lid-fluid or
fluid-solid) at ag snapshot in time. Multiphaseuitl displacement in a sinusoidal tubasy
used as a test case for looking at theuarite of wettability on intestial area $oll et al,
1998].This seemingly simpleut mathematically compkeproblem illustrated the strong role
that surlce wetting and Ige \ariations in the pore and throat cgpiiations in actual porous
materials hee on flid movements. Intedcial areas aried signifcantly, depending on the
wettability of the pore walls and the constrictions in the tube, reinforcing our belief that inter
facial area is a critical aspect of the system that mustgdbeidy incorporated at the macros-
cale.

Common line lengtfCommon line length per uniblume [appearing, fonr@mple, in eq. 79

of Gray, 1999a], on the other hand, is much mordialift to implement. Conceptually it is
similar to interfcial area, bt computationally it wuld require gtensve calculations and
tests. Due to the computationalfatitilty and potential second order ughce (behind inter
facial area), we & delayed attempting to implement common line length calculations in
favor of other more important terms l&kinterfcial cunature.

Interfacial curvatue. The mean intedcial cunature per unit ®@lume [appearing, for
example, in egs. 78 and 80 Gfray, 1999a] is another importantwanacroscopic ariable.
Eq. 80 [ofGray, 1999a] suggests that the product of meanature (of the intedces sepa-
rating two immiscible flids) and the suate tension along that intade is related to the
difference in meandld pressures, or “capillary pressuti@d a term proportional to the rate
of change of flid saturationThere are tw important implications of this result:

» At equilibrium the product of mean cuature and intedcial tension is»actly
balanced by the “traditional” capillary pressure. Since the meaatcuevis pos-
tulated to be a function of both saturatard interfacial area [e.g., eq. 83a of
Gray, 1999a], the usual assumption that capillary pressure (at equilibrium) is
only dependent on saturatiorowd appear to be incomplete.

* Away flom equilibriumunder transient,dlving conditions, there appears to be a
dynamic “capillary pressure” that tkfs from the mean cuature by the term
proportional to the rate of change of saturafidms has also been suggested by
Kalaydjian[1992], who vas able to measure a coeent of proportionality in a
simple eperiment.
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Thus, measurement of the catwre has important implications irenfying various
geometric balances as well as\pding further insight into the dynamic capillary pressure
relationship. Havever, its computationahaluation within the LBM fram&ork is turning
out to be a signifiant challenge, equal in marespects to the delopment of the theory
itself. At the microscale, along an intade, thdocal interfacial cunature is defied to be
the divergence of the normalector on the intedce.The corresponding macroscopalwe

is the mean cuature gisting within a unit wlume of porous medium, which can be a
transient and spatiallyaviable quantityInterfacial cunature can bexracted from the
basic LBM information, bt it is som&hat more compbethan calculating inteakcial area.

It is first necessary to locate and operate on the auefietweendids. Within the LBM,
the interfice is defied to be the locus of lattice points where the magnitude of the gradient
in fluid “color” is maximized.Although the “color gradient” ector can be calculated
everywhere in terms of did densities, it is only nonzero at inés where dérent
fluids — in LBM terminology “fliids of diferent color” — come togethdrence, when its
magnitude is maximal, the color gradiemictor (i) lies on an inteate, (ii) isnormal to
the interlice, and (iii) when normalized by its magnitude, is \ejant to the normal
vector on the intedce. Thus, we hee defned hov to get the curature, it are still
engrossed in its implementation within the LBM.

Mean pessue diop acioss the interfacednce the integce betweentids is located, deter
mining the local pressure drop across the iataxfis relatiely straightforvard. Calculating

the pressure drop requires calculating therage pressure drop across all irsteef nodes.

The challenge arises in determining if this quantity can be computed directly as a domain
average or whether it needs to beeimged wver indvidual interfices gisting in discrete
pores. Because computing pressure drops depends on the color gradient, which is a signe
value, it is possible that auvgin system state mayvJeapositve and ngative local quantities,
which would result in an incorrect systemwesage This is a condition that must be addressed

in the work proposed in the methree year term.

Derivation of etraction methods for other parameters and terms called for in the macros-
cale equations, such as intarial \elocity and common line length are thas incomplete. They
remain at the stage of ideas and discussitiese, too, are important to thalidation of the
macroscale approach, and must be addressed in futeresens of this ark.

Macroscopic Model Deelopment

The purpose of the macroscopic modeladepment phase as to liild a “field scale” model of
multiphase thw that is based upon thewmdalance equations and constitatiapproximations
developed in this project. Our initial approach has been to focus on a one-dimensional model
similar to the simplied \ersions cited prgously, and to deelop the iteratie solution process that
would be follaved in a computational solution procedure. Important in this process is a careful
consideration of initial and boundary conditions that will be encountered, from both the mathemat-
ical and feld measurement perspeets. Progress on this topic is strongly dependent on the
completion of the prgous topics. Issues relating to boundary condition formulation, particularly
for the interfcial area properties and the geometric quantities, cannot be addressed until the equi
tions being soled hae been fialized. Based on the results obtained and the understaradiiegi g
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from our analyses of the equations, we beligze are in a strong position to pursue this topic
aggressiely in the eatended funding periodVe vien the application of our theoretical results in
computational models to be axtemely important aspect of thiserall study that ties ouravk
together and establishes that this fundamental research will impact simulation and study o
multiphase tbw problems in the @&ld.

Iterati ve Activities

Our eperience in the years of this study has camdd the crucial importance of iteration among
equation deelopment, lattice Boltzmann information, and the discrete numerical model. By
subjecting the equations\adoped to scrutynbased on what the parameters in the model mean,
how the equations model idealized problemsyho extract information from the lattice Boltz-
mann form, and he field scale models should be constructed, we heen able to impve our
theoretical deelopment and recognize phenomena (suchragliw and contact angle dynamics)
that must be adequately captur@tis particular form of iterate scientifc inquiry for studying
pore scale processeasvthe focus of aevkshop entitled “Porous Media Processes— Linking the
Pore and Continuum Scales througteory Direct Modeling, and Direct Experimentation”, held
at LosAlamos National Laboratory in 199This meeting s co-sponsored by the Pls on this
project as s summarized in a recently published meeting refoit €t al, 1997].

RELEVANCE AND IMPACT
The rel@ance and impact of theonk is identifed as follevs:

(&) The current wrk addresses theery real and fundamental problem oflhwe quantitatiely
describe multiphasedl phenomena (including unsaturateaMj in porous media. Spegcifi
cally, it addresses a number of ackiedged shortcomings of the traditional models that
have been used for decades to forecast thesss,fThis is central to the myriad okisting
and potential contamination problems across the DOE cangole has specifirelesance to
contamination problems in thadose zone.

(b) The current wrk has illuminated the compligy of multiphase fbw processes in porous
media and has sought to better describe the more important features oydios. phese
improvements ultimately should serto imprave the viability of analyses ofuid and
contaminant megement in porous media which are central to fiecéfeness of man if not
all in-situ cleanup technologies and programs.

(c) This work is fundamental research in its entiretygd is not directly central to “applied tech-
nology deelopment”. This work was proposed as such to the original EMSP program
announcement (1996) under which such fundamental reseascbonght.

(d) The results are of interest to nyamcientists and engineers in DOE laboratory system,
academia, and in foreign institutions who study andxge®mental and theoreticalMesti-
gations in the areas of multiphasewflin porous mediaThe rele@ant applications not only
include subsugce contaminant migration and remediation problentsate also germane to
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the fields of petroleum resesir engineering, agricultural engineering, andtev resources
engineering.

(e) The originally proposed researchveioned seeral practical applications which, as
described elsghere, were neer completed due to time constraints.

() The scientift capabilities of the three collaboratorssénamproved, as each brought indi-
vidual specialties to the projedihe project gbrded the three collaborators the opportunity
to become more kndedgeable of these specialties and appreeiatf the interdisciplinary
interactions this project requires.

(g) As mentioned in (a), theavk has led to a number ofwmensights that address shortcomings
in the present-day models of multiphasevfin porous media.

(h) As has been mentioned in Futiverk section, additional adwces need to be made in repre-
sentation of geometric dynamics, selection thermodynamni@hes for inclusion of lin
processes, and assurance that macroscale representations are consistent with microscopic ¢
field obserations.

PRODUCTIVITY

During the four years of this grant,veeal of the proposed research tasks idextihae been
addressed with succesf#le hare cained insight into important processes axgamded our
thoughts on the modeling of these procesBles.results of our analysisveprosided some ng
understanding of the ghical mechanisms dting multiphase tiw. These mechanisms are both
theoretically more compkebut physically more simple than we had anticipatésla result of this,
we are in search of sources of funding to continue ouk tihat will allov us to enhance the thepry
better demonstrate its utility through applications, anglerthis work to a more applicable state
for the research and assessment commubDitying the current stugdwe encountered geral
obstacles in the theory that were greater than we had originally anticiphaéeetort required in
overcoming those obstacles distracted from our implementation of the computagioinghtions
and macroscale model \adopment. Our progressas also hampered by one-year delays in
funding the national laboratory collaborators by DOEwHeer, the theory deeloped is the fst
thermodynamically consistent approach to the macroscale description oysiesmi multiphase
flow in porous mediaWe are poised toxéend our computational capability with a clear under
standing of the pitlls we fice and of the raistness of the theory vidoped.
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INTERACTIONS
Workshop

A workshop entitled, “Porous Media Processes— Linking the Pore and Continuum Scales throug}
Theory Direct Modeling, and Direct Experimentation”asvheld at Loslamos National Labora-

tory in 1997.This meeting \as co-sponsored by the Pls on this project as summarized in a
recently published meeting repo8dll et al, 1997].

Presentations and Lectues

Gray W. G., ‘A Systematidpproach to Modeling Multiphase Floin Porous Medi& Department of Emronmental
Sciences, Unersity ofVirginia (November 1996) 1 hrlecture.

Gray, W. G., “The Challenges of Incorporating Internal Structure into Models of SabsuRlov and Transport,
Symposium orAdvanced Simulation of Subsade Flev and Contaminantransport, sponsored by Cray
Computing at the North Carolina Supercomputing Center (Deceti®@8) 30 minute lecture.

Gray, W. G., “Theoretical Considerations in thev@®pment of Models of Multiphase Ran Porous Medi& First
Ever Workshop on Porous Media Processes - Linking the Pore and Continuum Bualegh Theory
Direct Modeling, and Direct Experimentation, LAsmos (April, 1997) 1 hrecture.

Gray, W. G., “Thermodynamic Considerations in Multiphasewfld-ourth SIAM Conference on Mathematical and
Computational Issues in the Geoscienédisiiquerque (June, 1997) 30 minute lecture.

Gray, W. G., “After Dinner (Fluid) Film Festial,” Dunwalke InternationaWWorkshop on Multiphase Rloin Porous
Media, Princeton Unersity (Octoberl997) 1.5 hrlecture.

Soll, W.E. Intggrating Important Microscale Characteristics into Field Scale Predithioough Upscaling. Interna-
tional Workshop on Characterization and Measurement of the Hydraulic Properties of Unsaturated Porous
Media, Rierside, CA (October 22-24, 1997).

Gray, W. G., “Frameavork for Systematic Description of Multiphase Wié&hysics, Department of Geograghand
Environmental Engineerind;he Johns Hopkins Uversity (November 1997) 1 hrlecture.

Gray, W. G., “Frame&vork for the Systematic Description of theyRBits of Multiphase Flw in Porous Media,
Department of Mathematics, Weirsity of North Carolina (Februagrg998) 2 hrlecture.

Gray, W. G., “TheoreticaAspects for Consideration of Multiphase wlin Porous Medi&,Geoanalysis Group, Los
Alamos National Laboratory (May998) 1.5 hrlecture.

Soll, W. E.,,W. G. Gray andA. F. B. Tompson, “Infuence ofwWettability on Constitutie Relations and its Role in
Upscaling;, XIlI International Conference on Computational MethoddNater Resources, Crete, Greece
(June 15-19, 1998).

Gray, W. G., “Macroscopic and Microscopic Description of Porous Material Flod Transport, Centre Interna-
tional des Sciences Mécaniques (CISM), Udine, Italy (1898) 6 hrs. of lectures.

Gray, W. G.,"On the Denation of Equations for Single PhaseWwlm Porous Medi&,Workshop on Nonlinear Fio
and Transport Processes in Porous Media, Delftveisity of Technology Delft, The Netherlands
(November 1998) 2 hrlecture.

Gray, W. G., “On the Geometric Closure Conditions for MultiphasevFio Porous Medid, Tutorial Lectures on
Nonlinear Flav andTransport Processes in Porous Media, Delftversity of Technology Faculty of Cvil
Engineering and Geosciences, Délfie Netherlands (N@mber 1998) 1 hrlecture.

Gray, W. G., “Incorporation of IntegcialAreas in Models ofwo-phase Flav in Porous Medi& Department of Giil
Engineering and Structures, Hongn¢ Uniersity of Science andlechnology Hong Kong (December
1998) 2.5 hrs. of lectures.

Gray, W. G., “The Importance of Inteatial Areas to Multiphase Fles; Centre forWater Research, Urersity of
WestermAustralia, NedlandsAustralia (Februaryl999) 1 hour lecture.
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CSIRO Land andNater Seminar Series, Perth Laboraténystralia (March, 1999) 1 hlecture.

Gray, W. G., ‘A ContinuumApproach to Multiphase Fw in Porous Medid, Tutorial Lecture Series, Centre for
Water Research, Urersity of WesternAustralia, Nedlandsiustralia (February - March, 1999) 5 hrs. of
lectures.

Gray, W. G., “On Closure of the R Equations fofTwo-Phase Fhv in Porous Medid, Workshop on FLer and
Transport in Porous Media,ganized by Department of Mathematics, Wnmsity of Begen, held in Lindas,
Norway (June, 1999) 1 hiecture.

Gray, W. G.,“On the Need for a Consistefpproach to Modeling Multiphase Rloin Porous Media,Matematisk
Institutt, Universitetet | Begen, Norvay (June, 1999) 1 hiecture.

Gray, W. G., “An Extended Description diwo-Phase Fhy in Porous Medi& Norsk Hydro, Begen, Norvay (June,
1999) 1 hrlecture.

TompsonA. F. B.,W. E. Soll, andV. G. Gray “Lattice Boltzmann simulation of multiphase\l at the pore scale --
Implications for impreing macroscale dw theories”, User's Meeting, Einonmental Molecular Sciences
Laboratory Pacific Northwest National LaboratgriRichland WA, July 21--24, 1999

Gray, W. G., “Elements of Multiphase RloDynamics, Computational andpplied Mathematics Department, Rice
University, Houston,TX (April, 2000), 1 hrlecture.

Gray, W. G., “Scaling Issues in Multiphase ®ldVodeling; Department of MathematicTexasA&M Uni versity,
College StationTX (April, 2000) 1 hr lecture.

TompsonA. F. B.,W. E. Soll, andVN. G. Gray " Lattice Boltzmann simulation of multiphasevil at the pore scale:
Implications for impre@ing macro-scale dwv theories”, U. S. Department of Eggr Ervironmental
Management Science Progralmnual MeetingAtlanta, GA,April, 2000.

FUTURE WORK

Although we belige that we hee exceeded the goals outlined in our proposal for tiveldement

of the aeraging frameork as, we also lva identifed some issues that require further attention
and clarifcation. First among these is the d&ion of capillary pressure in the multiphase system.
Experimental studies designed to generateasunf capillary pressure vs. saturation typically
specify capillary pressure as a pressuregihce between texternal flid reseroeirs.We beliere

that a more consistent approach wiesi the capillary pressure at a point within the system as an
average pressure jump across the iaisgg within an\aeraging wlume. Our intent wuld be to
demonstrate thisyipothesisTo do this will require some additional analysis and the spacdiu-

sion of fuid films in our formulation. Films arexeemely important in multiphaseofl, and the
interfaces betweenlifns and llk fluids must be captured in a complete thermodynamic analysis.
We are contient that the fin effects can be captured within the framoek we hae developed, it
several tasks must be performed includingleation of codfcients that arise in thexganded
dependence of erggr on independentviablesThis task inolves the inclusion of disjoining pres-
sure in the formulatiole hare some preliminary results relating to the solid phassving the
disjoining pressure and thgpectation is that arxéended formulation including theuftls can be
obtained.

Although the three basic scientifprocedures that we are pursuing - thermodynamically
consistent @eraging, LB simulation, andefid scale model delopment - hee merit in their wn
right, it is the intgration of these approaches thdeof the potential for signdant strides in the
development of the ne& generation of pysics-based simulation modeEhe principal inestica-
tors hae worked together on and discussed these approaches among tlesnseltver fifteen
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yearsWe also bring the perspeats of our gperience in academia and in the national laboratories
to this project.These perspeets hae cowinced us of the need to iggete sound scientifi
description of multiphasedlv processes with raist simulation models at multiple scales if the
important problems wolving DNAPL and the adose zone are to be attadlefectively.
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FEEDBACK

We encountered geral problems associated with the DOE management of this project.

This project vas deeloped in response to the original DOE program notice 96-
10 and vas appreed for funding bginning in Octoberl996. Unfortunatelythe
DOE funding for the national laboratory collaboratoeswot put into the labo-
ratory FIN plans, and tigehad to vait a full year before lggnning their portions

of the project. Ultimatelythe project \as etended by one year to accommodate
this mistale.

DOE sponsored twvgatherings of Pls under the EMSP progrdimese gther

ings involved poster presentation obvk done with DOE fundingl'he oganiz-
ers of the wrkshop required that the posters be submitted for posting on the
DOE websiteThis is consistent with a desire to neake program visible ub it

is absolutely inconsistent with good science. Results of research should be made
available to the community through appropriate pegevein scientifc jour
nals.Work “in progress” or less well deloped is certainly suitable for confer
ence presentationsonkshops, and posterbhis generates discussion that helps
the researchers with theiiovk. Hovever, taking such informal presentations and
documenting them on the web inhibits scieat#d\ances by forcing researchers
to present only what tlgehave already put into the literature.

In the Rall of 1999, the PI oft his projectas notifed of the opportunity to sub-
mit a rengval proposal for funding in the FY 2001 time frariibe Pl and the
collaborators undertook preparation of a proposal withxpecatation that based
on the &cellent progress had been made in our basic research (as described in
this report), sudfcient aguments could be made to continue tlogkvAs with

most proposals, a sigraint amount of ébrt was epended in writing the re-
newal proposal, and all kmethat the reiew process wuld, indeed, be competi-
tive. Nevertheless, the remal was submitted id\pril 2000 without ag
acknavledgment of its being “receed” at DOE.The PI and collaborators basi-
cally waited until mid October 2000 to be ndfi that the project @uld not be
renaved for reasons that “itas too fundamental” and not central to the “applied
focus of the EMSP programThis reason for non-remal was surprising in that
the project vas olviously consistent with the prograsfocus in the 1996 call,
and, ironically seemingly consistent with the “Science aaling solutions” slo-
gan on the EMSP web pagkle agree that the projecwilves \ery fundamental
science, bt if, indeed, the basic research focus of the program has been aban-
doned since 1996, this shouldvedbeen madexelicitly clear in the announce-
ment of opportunity for remeal. We belieze that in &iling to pravide the criteria

on which reneals would be based, the DOEagted our time in suggesting a
new proposal. In delaying a response to our waxigoroposal to a date months
after notifying those remeed, the DOE further compromised our opportunities
to seek appropriate funding and sleal a lack of concern for those attempting to
make its mission successful.
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