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Section 1
Introduction

Pioneering research being conductedts University of Texas at Austin is providing sientific and
engineeringoasis formodeling the enhanced recovery of oil and the enhanced remediatemuitérs
throughthe development and application of compositigualulators. This research hessulted in the
development and application OfTCHEM, a 3-D,multicomponent, multiphase, compositional model of
chemical flooding processes whiclaccountsfor complex phase behaviorchemical andphysical
transformations and heterogene@asous media properties, andisesadvanced concepts in high-order
numerical accuracy and sgiersion control andrector andparallel processing. The simulator was
originally developed by Pope and Nelson in 1978 to simulate the enhanced recaiknsipfg surfactant
and polymer processes. Thtise complexphase behavior ahicellarfluids as a function of surfactant,
alcohol, oil,and agueous componentss developed early antias been extensively verified against
enhanced oil recovery experiments. Generalizations by Bleiyanin 1990have extended the model to
include otherchemicalprocesses and\ariety of geochemical reactions between diaggeous and solid
phases. The nonequilibriundissolution of organic components from a nonaqueous fliase into a
flowing aqueous or microemulsion phasen®deled using alinear mass-transfer model. In this
simulator,the flow and mass-transport equatioa solved for any number of user-specifieldemical
components (waterprganic contaminants, surfactard/cohols, polymer, chloridecalcium, other
electrolytes, microbiologicapeciesglectronacceptors, etc.).These components cdarm up to four
fluid phases (air, water, oignd microemulsion) and any number of solid minerals depending on the
overall composition. The microemulsiorforms only above thecritical micelle concentration of the
surfactant and is a thermodynamically stable mixturevafer, surfactant and one or more organic
components. All of these features taken together, but espebmthansport and flow omultiple phases
with multiple species and multiple chemical and biological reactions make UTCHEM unique.

UTCHEM groundwatemnpplications

* NAPL spill and migration in both saturated and unsaturated zones

» Partitioning interwell test in both saturated and unsaturated zones of aquifers
* Remediation using surfactant/cosolvent/polymer

* Remediation using surfactant/foam

* Remediation using cosolvents

* Bioremediation

* Geochemical reactions (e.g., heavy metals and radionuclides)

UTCHEM oil reservoirapplications

* Waterflooding

» Single well, partitioning interwell, and single well wettability tracer tests
* Polymer flooding

» Profile control using gel

» Surfactant flooding

» High pH alkaline flooding

* Microbial EOR

» Surfactant/foam and ASP/foam EOR

1-1
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UTCHEM features

» 3-dimensional, variable temperature .

* IMPES-type formulation

» Third-order finite difference with a flux .
limiter .

* Four phase (water, oil, microemulsion, and ¢
gas)

» Vertical and horizontal wells .

» Constant pressure boundaries .

» Cartesian, radial, and curvilinear grid .
options .

* Heterogeneous permeability and porosity
* Full tensor dispersion coefficient and

molecular diffusion .
» Adsorption of surfactant, polymer, and
organic species .
» Solubilization and mobilization of oll
» Clay/surfactant cation exchange .
» Water/surfactant (cosolvent)/oil phase
behavior

» Polymer with non-Newtonian rheology
» Tracers (partitioning, reaction, adsorption,
and radioactive decay)

Compositional density and viscosity
functions

Surfactant/foam model

Multiple organic properties

Trapping number including both viscous
and buoyancy forces

Dual porosity model for tracer
Geochemical reactions

Biological reactions

Several polymer/gel kinetics

Equilibrium and rate-limited organic
dissolution

Rock dependent capillary pressure and
relative permeability

Brooks-Corey capillary pressure and
relative permeability functions

Water-wet hysteretic capillary pressure and
relative permeability model of Parker and
Lenhard

Mixed-wet hysteretic two-phase oil/water
capillary pressure and relative permeability
model of Lenhard

1-2



Section 2
UTCHEM Model Formulation

This section is an expanded version of a papemDbighadet al. [1996] which describes #ree-
dimensional, multicomponent, multiphase compositidimite difference simulatofor application to the
analysis ofcontaminanttransport andsurfactantenhancedaquifer remediation $EAR) of noraqueous
phaseliquid (NAPL) pollutants. The simulator can model capillargressures,three-phaserelative
permeabilities (water/gas/organihases or wat/organic/microemulsiophases), dispersion, diffusion,
adsorption, chemical reactions, nonequilibrium mass transferbetween phases andother related
phenomena. The finite-difference method uses second- and third-order approximatadinsf fthre time

and space derivatives and a flux limiter that makes the method total variation diminishing (TVD). Mixtures
of surfactant, alcohol, water and NAPL can form many types of micellar and microemulsion phases with a
complex and important dependence on many variableshath the dilute aqueous solutiortypically
assumed in SEAR models is just one examflbe phase behavior adel is central twur approach and
allows for the full range of the commonlgbservedmicellar and microemulsion behavior pertinent to
SEAR. The other surfactant relat@roperties such as adsorptiamerfacialtension,capillary pressure,
capillary number and microemulsiamscosity are alldependent on an accurgibase behaviomodel.

This has proven to be a highly successfyproachfor surfactant enhanced oil recovanodeling, so it

was adapted to SEAR modeling. However, there are many significant differences hedtrelenm and
environmental applications surfactants, senanynew features have been added to model contaminant
transport and remediation and these are described and illustrated for the first time here.

2.1 Introduction

Many nonaqueous phase liquids (NAPBs¢used inlarge quantities by manypdustries throughout the
world. Due to their wide usage, organic liquids are among the most common type of soil and groundwater
pollutants. Ofthe organicchemical contaminants which have beeetected ingroundwaters, dense
nonaqueous phase liquids (DNAPLs) suchcllerinatedsolventsare among thenost frequently and
serious types encountered. DNAPLSs are heavier than water, typically volatile, and only slightly soluble in
water. Many conventional remediation techniquesh as pump-and-treat, vapor extraction, and in-situ
biorestoration have proven to bhasuccessful or dimited success imemediatingsoil and groundwater
contaminated by DNAPL due tow solubility, highinterfacialtension, andhe sinking tendency below

the water table of most DNAPLs. Surfactant enhanced agsifezdiation is activelynder research and
development as a promising technology that avoids at least satmepsbblems and limitatins of many

other remediation methods.

Surfactants have been studied avdluatedor many years irthe petroleumndustry for ehanced olil
recovery from petroleumeservoirs (Nelson anBope, 1978). Surfactantsare injected to create low
interfacial tension to reduce capillary forces and thus mobilize trappedolubilization and mobilization

are thetwo mechanisms by which surfactammsn enhance the removal NAPLs from saturatedzones.
Surfactantanalso be used tmcrease the solubilitywithout generating ultra-lovinterfacial tension or
mobilizing the trapped oil. Enhanced solubility is thain mechanisnfor recovery of entrapped organic
residuals in surfactant enhanced aquifer remediation (Fountain, 1992; Fount&élodgel 1992; Powers

et al, 1991; West and Harwell, 1992; Wunderlgtal, 1992; Brownet al., 1994; Pennelét al, 1994).

For example, the solubility of perchloroethylene (PCE) is increased 300 fold by the addition of a 4% blend
of sodiumdiamyl and dioctylsulfosuccinates (Abriolaet al, 1993). SEAR canalso be based on
mobilization of the residual DNAPL, which has a greater potential to increase the remediation but is riskier
because of the movement of free-phase DNAPL.

The objective of SEAR modeling is to aid in the scaleup and optimization afefign of SEAR, to
assess the performance of the method at thethaboratory and field scalesth respect to bothisk and
effectiveness, to improveur understanding of process mechanisms, amxtore alternative strategies
and approaches to remediation. To the extaitthese modeling objectives anet, riskwill be reduced
and fewer mistakes will be made, the performance and cost effectivertbesnoéthod will be improved,
and the number of field trials will be minimized. The moslebuld have the capability of modeling

2-1



UTCHEM Technical Documentation
UTCHEM Model Formulation

advection, dispersion, and the mass transfer of species (surfactant, water, organic contaminants, air) in th
aquifer under various pumping and injection strategies. Most multiphase compositional models reported in
the environmental engineering literature (Abriola dfidder, 1985a,bBaehr and Corapcioglu, 1987;
Faustet al, 1989; Letniowski androrsyth, 1990; Sleep and y&es, 1990; Mayer and Miller; 1990;
Kalurachchi and &ker, 1990Sleep and $kes, 1993)are limited in their applicability irone way or
another(1-or 2-dimensional modeling, singlgpecies,equilibrium mass transferinadequate numerical
accuracy, andack of modeling miscibilitywhich occurs during surfactafiboding). The only SEAR

models reported in the literature doe single phase flow andre those of Wilson[1989], Wison and

Clarke [1991] and Abriolet al [1993] with simplified surfactant phase behavior and propertieme of

these models accoufar the effects of surfactant on interfaciahsion(IFT), surfactant phaskehavior,
capillary number, orsurfactantadsorption. Thipaper describethe formulation and application of a
general purpose chemical compositional simulatbg University of TexasChemicalFlooding simulator
(UTCHEM), for use in SEAR studies, that does not have these common limitations.

Enhanced oil recovergrocesses such gmlymer flooding or surfactant/polymer flooding have utilized
polymer to reduce fluid mobility to improve tlsveepefficiency of thereservoir,i.e., toincrease the
volume of the permeable medium contacted at any given (limke, 1989; Sorbiel991). Sweep
efficiency is reduced by streamline patteffects,gravity effects, viscous fingeringshanneling (caused
by contrasts irthe permeability) andlow barriers. Polymergould beused inthe SEARprocess to
improve the sweep efficiency just as they have been in enhanced oil recovery and this may rexhste the
risk andtime required toremediate theaquifer. Under some conditions, polymeean also reduce the
dispersion and adsorption tife surfactant anthis is anothepotential benefit otising them. Polymer
concentrations on the order of 500 mg/L are likely to be adetpra&EAR applications, sthe additional
cost ofthe polymer is small compared to the potential reduction in surfactats assuminghat fewer
pore volumes of surfactant will be needed as a result of the polymer.

UTCHEM can be used to simulate a wide range of displacepneo¢sses at bothe field and laboratory
scales. The model is anultiphase, multicomponent, three-dimensional finite-differesiogulator. The
modelwas originally developed to model surfactant enhanced oil recovery but motbfieapplications
involving the use of surfactant for enhanced remediation of aquifers contaminated by NAPIbslafhbe
equations are thmass conservation equations,arall balance that determines {hkessure for up to
four fluid phases,and an energybalance equation to determine the pemature. The number of
components is variable dependingtbe application, buivould include at leassurfactantoil and water
for SEAR modeling. Wen electrolytesiracers, co-solvents, polymeand other commonly needed
components are included, the number of componeatsbe on therder of twenty or mre. \Ahen the
geochemicabption isused, darge number of additionaqueous components and solid phasey be
used.

A significant portion of the research effort ohemicalflooding simulation af’he University of Texas at
Austin hasbeen directedowardthe development antinplementation of accuragghysical andchemical
property models in UTCHEM. Heterogeneity and variatiorelative permeability and capillagressure
are allowedthroughoutthe porous mediumsince for example eaclgridblock can have a different
permeability and porosity.

Surfactant phase behavior modeling is based in path@idand epresentation of the ternaphase
diagram (Hand, 1939). A pseudophase theory (Pro@t@dt 1984b; Prouvostt al, 1985) reduces the
water, oil, surfactant, ancb-surfactant fluid mixtures to a pseudoternary compos#pace. The major
physical phenomena modeled density, viscosity, vekity-dependentlispersion,moleculardiffusion,
adsorption, interfacial tension, relative permeability, capillary pressure, capillary trapping, cation
exchange, and polymer agel properties such gsermeabilityreduction,inaccessible poreolume, and
non-Newtonian rheology.The phasemobilization is modeledhrough entrapped phase saturation and
relative permeability dependence on trapping number.

The reaction chemistry includesjueouselectrolytechemistry, precipitation/dissolution of minerals, ion
exchange reactions withe matrix (the geochemicaption), reactions ofacidic components ofoil with

2-2



UTCHEM Technical Documentation
UTCHEM Model Formulation

the bases irthe agueous solutio(Bhuyan, 1989; Bhuyast al, 1990 and 1991) angblymer reactions
with crosslinking agents to form gel (Ganetral, 1989; Kim, 1995).

Nonequilibrium mass transfer of awganic component fronthe oleic phase tothe surfactant-rich
microemulsion phase is modeled using a linear mass transtisl similar to that given bifowerset al.
[1991]. Even in the absence of surfactaime, modelallows for a srall dissolution ofoil in the aqueous
phase. Nonequilibrium mass transfer éfacer components is modeled by a generalized Coats-Smith
model (Smithet al, 1988).

The model includesptions for multiple wells completed either horizontally or vertically.  Aquifer
boundaries are modeled as constant-potential surfaces or as closed surfaces.

A dual-porosity formulation to model transport in fractured media has recently been added to the simulator
(Liang, 1997). Wéhave recently incorporated a biodegradation mod&) TICHEM. Multiple organic
compoundsan be degraded hyultiple microbialspecies usingnultiple electron acceptor@e Blanc,

1998; Delshaet al, 1994).

The resultingflow equationsare solved using @lock-centered finite-differencecheme. The solution
method isimplicit in pressure anéxplicit in concentration (IMES type). One- and tw-point upstream
and third-order spatial discretizati@ame available asptions inthe code. Toincrease the stability and
robustness of the second-and third-order methods, dirfiugr that istotal-variation-diminishing TVD)
has been added (Liu, 1993; letial, 1994). The third-order method gives the most accurate solution.

2.2 Model Formulation

2.2.1 General Description

In this section, a brief description tife model formulation igiven. Additional features needeshly for
enhanced oil recovery can be found in Datta Gap#d, [1986], Bhuyaret al.,[1990], andSaad[1989].
The balance equations are as follows:

1. The mass balance equation for each species.

2. The aqueous phase pressure aistained by an overalinass balance on volume-occupying
components (water, oil, surfactant, co-solvent, aind The othemphase pressurese computed
by adding the capillary pressure between phases.

3. The energy balance equation.

Four phasearemodeled. The phasesare a single componegias phase/€4) and up tahree liquid
phases: aqueoug=1), oleic (/=2), and microemulsion/E3), depending on theelative amounts and
effective electrolyte concentration (salinity) of thlease environmentAny number ofwater, oil, or gas
tracers can benodeled. The tracers capartition,adsorb,and decay if they are radioactive. UTCHEM

can model partitioning interwell tracer tests (PITT) for the detection and estimation of contaminants and for
the remediation performance assessment in both saturated and vadose zehak (1995).

The flow equationsallow for compressibility of soil and fluids, dispersion anwlecular diffusion,
chemical reactions, and phase behavior and are complemented by constitutive relations.

2.2.2 Mass Conservation Equations

The assumptions imposed wheateveloping theflow equationsare local thermodynamic equilibrium
except for tracers and dissolution of organic component, immobilewdises slightly compressible soil
and fluids, Fickian dispersion, ideal mixing, and Darcy's lale boundary conditionare noflow and
no dispersive flux across the impermeable boundaries.

The continuity of mass facomponenk in association wittDarcy'slaw is expressed in terms o¥erall
volume of componerx per unit pore volumeQy ) as
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P O

o =1 H (2.1)

wherethe overall volume of componertper unit pore volume ithe sum overall phasesncluding the
adsorbed phases:

O Nev. O

Ce=- Y& SG* & fork =1,..., R (2.2)
U =1 U=

Necy is the total nurber of volume-occupyingomponents.These components are wateil, surfactant,
and air. gis the number of phase€y is theadsorbedconcentration of species andpy is the density

of pure componerk at a reference phageessurePR relative toits density at referencpressure Ro,
usually taken athe surface condition of Jatm. We assuméeal mixingand small and constant

compressibilitiesCy

P =1+C¢(Pr ~Pro) (2.3)
The dispersive flux is assumed to have a Fickian form:

Busx = 05, Ky MG (2.4)
The dispersion tensd?m including molecular diffusion () are calculated as follows (Bear, 1979):

o, —a Uyj Uyj
KKﬁjs—aij+%j|ug|5ij+( Lo ~0re) Y g (2.5)

T 0 ¢S, |ty

= DK( a

wherea| ¢ andoT, are phasé longitudinal and transverse dispersivitiess the tortuosity factowith the
definition of being a value greater than ong;anduyj are thecomponents oDarcy flux of phase/ in

directions i and j; and; is the Kroneckedeltafunction. The magnitude of vectdlux for eachphase is
computed as

2
0| = \/(Uxf)2 + (ny) + (sz)z (2.6)
The phase flux from Darcy's law is

(= -kff (0P~ yH h) (2.7)

(o

where k is the intrinsic permeabilityensor and h ighe verticaldepth. Relative permeability (),
viscosity (1), and specific weightyf) for phase are defined in the following sections.

The source termsfare a combination dll ratetermsfor a particular component and may bepressed
as
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Mp
—(PZSE ke +(1_(9rKS+QK (2.8)

(=1

where Q is the injection/production rater componenk per bulk volume. g, and ks are the reaction
rates for componemtin phase/ and solid phase s respectively.

Analogous equations apply for the fluxes in the y- and z-directions.

2.2.3 Energy Conservation Equation
The energybalance equation is derived lagsumingthat energy is a function of temperatupaly and
energy flux in the aquifer or reservoir occurs by advection and heat conduction only.

a3 O Np 0 Op 0
P L ®)psCys + CPZ F%SECWDHDD%; ACpu T M T% an —QL (2.9)

where T isthe reservoirtemperature; (5 and G are thesoil and phase heat capacities at constant

volume; Gy is the phase/ heat capacity atonstant pressure; ardr is the thermal conductivityall

assumed constant) 4 as the enthalpy source term per bulk volume.isthe heat loss to overburden and
underburden formations or soil computed using the Vinsome and Westerveld [1980] heat loss method.

2.2.4 Pressure Equation
The pressuresquation is developed by summitigg massbalanceequations oveall volume-occupying
components, substituting Darcy's law tbe phase flux terms, usindpe definition of capillarypressure,

Ny

and noting thatz Cy, =1. The pressure equation in terms of the reference phase pressure (phase 1) is
k=1

P - = ~ Mp Mp _

(PCtE“LDmG)\rTQ - Pk ¢ B Dzkmrfc"'Pcfl ZQK (2.10)
K/ Ney

where A /¢ = lir ZpK k¢ and totalrelative mobility with the correctionfor fluid compressibility is

k=1
rTc Z)‘ rec-

The total compressibility, is the volume-weightedum ofthe rock or soilmatrix (G) and component
compressibilities C2):
Ney .
Ci=C, + Zcfg Cy (2.11)
k=1

where @ = g [1+Cr(PR - PRO)] :
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2.2.5 Nonequilibrium Dissolution of Nonaqueous Phase Liquids

Mathematical models of multiphase flowsnbsurface environmenggenerally employ a local equilibrium
assumptionthatis, it is assumedhat the concentration of water leavingegion of residual NAPL has
dissolved concentrations tiie organicphase atthe solubility level. However,field data frequently
indicate that contaminant concentrationsgnoundwaterare lower thantheir correspondingequilibrium
values (Mackayet al 1985; Mercer and Cohen, 1990). Experimental investigationgdicate that the
dissolution process is mass-trandfeited when (1) NAPL is distributed nonuniformly due aguifer
heterogeneity, (2) water velocity is high and (3) NAPL saturation isRawerset al, 1991; Guarnaccia
et al., 1992; Powerset al, 1992). UTCHEM hasthe capability of modeling aon equilibrium mass
transfer relationship between NAPL and water or microemulsih@ses. The NAPL dissolutionrate is
assumed to be represented binear driving force model similar tthe oneproposed byAbriola et al,
[1992], Powerset al, [1991], Mayerand Miller,[1990], and Powerset al,, [1992]. The species mass

transfer rate at the interface between the two ph&é@@ {s modeled as
R, =—MK(CM —cﬁ%) for /=1 o0r3 (2.12)

where N is the mass transfer coefficient for spe@exross the boundary layer angk @nd CS} are the

mass concentrations fin the bulk aqueous solution and at equilibrium, respectively. Equati@hcan
be written in terms of volumetric concentration of organic spek#®) @s

0|S,C ~ =
(—Eat%(p) = D]](c%ug— D24)+ MZ(CE% —C%) for/=1or3 (2.13)

where Gy is the volumetric concentration of orgarspecies inthe aqueous phase anﬁgj is the

equilibrium concentration. The time derivative was discretizedusing a backwardinite difference
approximation.

The equilibrium concentratiofor pure NAPL inwater or aqueous phase with surfactemricentration
below thecritical micelleconcentration (CMC) is an input solubiliiynit which is snall for many of the
NAPLs of interest to contaminanhydrogeologists. Inthe presence ofurfactant, however, the
equilibrium concentrations arealculated for surfactant/NAPL/water phase behaviasing Hand's
equation. The nonequilibrium concentration dIAPL in water and phase saturaticare then computed
using the previous time step saturations and concentrations dhe new time stepequilibrium
concentrations. The mass transfer coefficient is assumed to be a constant alth@ygheata function of
groundwater velocity, composition, saturation, and porous medium properties (Reahell993).

2.2.6 Well Models

Injection and production wells are considered source andesimis in theflow equations. Wells can be
completed vertically in several layers of the aquifer or horizomtatly any length anadan be controlled
according to pressure oate constraints. The well modelsisedarebased on formulations bHyeaceman
[1983] and Babu and Odeh [1989].

2.2.7 Boundary Conditions

The basic boundary condition assumed in UTCHEM is no convective, no dispersive, thedmad flux
through all boundaries. Conductive thermal fluxes through the upper and lower boundtreeadfifer
may be modeled using the method of Vinsome and Westerveld [1980].

Alternatively, the ndlow/no heatflux conditionsmay be replaced on part by specifigebssure on the
boundaries. A flag (IZONE) is added to define whether the saturatez] vadoseone or both saturated
and vadose zones are modeled. If the vadose zone is mdteléol andateralboundary pressures are
set at the atmospheric pressure and all the other sides are closed/no flow boundarigke émyiohase
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entering these boundaries whereas any fluid can exit the boundaries according to its satureglativand
mobility in theboundary gridblocks.The only exception ighat NAPL can notexit thetop boundary to
allow modeling of contamination event in the vadose zone.

If the saturated zone rmodeled the lateraboundariesare theonly sides open with specifiedpressure
gradient. Water is theonly phase enteringhe lateralboundaries ofthe saturatedzone. The water
concentration and its salinity and hardness are also inphé simulator. The agueous concentrations of
biodegradation species entering the boundaries are set to their initial values.

If both vadose and saturated zoaesmodeledthe user needs to specifite depth to the watéable at
two lateral boundaries dhe aquifer model and the potential gradi@etossthe saturatedone. The top
andlateralboundary pressures the vadose zonare at atmospherigressure withair as theonly phase
entering these boundaries.

If temperature variation is modeled, the boundary temperature is set to the initial temperature.

2.2.8 Fluid and Soil Properties

Geologic heterogeneities are probably the key factor which rebeceffectiveness afhemical enhanced
recovery processes becatiseir success depends time delivery of injecte¢hemical andvater into the
subsurface t@ontact the organitbquids. Heterogeneities result in a complex distribution of DNAPL in
residual zones and pools. To capture some of the geologic features, reservoir properties such as formatio
permeability, porosity, residual phase saturation, phelagve permeability, and phasmpillary pressure

are allowed to vary spatially in UTCHEM. Phase trapping functions and adsorption of both surfactant and
polymer are modeled as a function of permeability.

Many of the properties of anionic surfactants and polymers depend etettr®lyte concentrations in the
water. Divalent cationssuch ascalcium and magnesiunons are particularly important and canake
significant differences in adsorption and other properties even kwheoncentrations typicalljound in

ground water. Furthermore, it cannot be assumed that these concentrations do not chapgeesses

such ascation exchange andimeral dissolution occur during surfactant remediation. In pgaper, we
describe these electrolyte effects in terms of salinity or effective salinity (defined below) and these terms as
used in this context refer to aejectrolyte concentrations afterest, buespecially tahose of interest to
surfactant remediation @fquifers containinggroundwater atlow electrolyteconcentrations. The same

term and the same models are used to describe high salinities typical of oil reservoirs, but it should not be
inferred that these electrolyte effects amaly significant at high salinities. Ifact, cation exchange
between the water and clays and between the water and m{egilsanionic surfactant above itsitical

micellar concentration ipresent) is more important law salinities typical of potable water than it is at

high salinities such as sea water or high salinity oil reservoirs.

The description oproperties in this paperssumeshatalcohols, polymer/cross-linker, and components
for high-pH floodingare absent. These property modelsre described irsaad[1989], Bhuyanet al.
[1990], and Kim [1995].

2.2.9 Adsorption

2.2.9.1 Surfactant

Surfactant adsorption can be an important mechafasra SEAR processsince it causegetardation and
consumption of surfactant. The remainadsorbed surfactaiffter flushing with water athe end of the
remediationprocessmay also be important evefor food grade surfactants and even thoubgh mass
concentration in thporousmedia athis time islikely to bevery low onthe order ofthe CMC. Some
additional time will be requiretbr this remaining surfactant to biodegrade and this will depend on the
surfactant concentration among othariables. Surfactant adsorptibas been the subject of extensive
study formany decades and row very well understood especiallyfor the types of surfactants and
porous media of interest to SEAR. Roeseal.[1993] and Adeel and Luthy [1994] are examplessoknt
studies done to compare the adsorption of different types of surfactant on soils. Somasundaran and Hann
[1977] and Scamehoret al. [1982] are examples among theindreds of studies done toatate the
adsorption of surfactants on poronedia in the context afurfactant enhanced aiecovery. These
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studies showthat surfactantdsorption isothermare very complex ingeneral. This iespecially true
whenthe surfactant is not isomericalhure andthe substrate is not a pure mineraHowever, we and
others havdound thatfor many if not most conditions of interest to the general tendency fsr the
surfactant isotherm to reach a plateaus@ine sufficiently large surfactant concentratiofor pure
surfactants, thigsoncentration is in fact theMC, which isoften 100 times or more belowhe injected
surfactant concentrationThus, the complex detailegdhape ofthe isothermbelow the CMC has little
practical impact on theansport and effectiveness thie surfactant antbr this reason it halseenfound
that a Langmuir-type isotherm can bged tocapture the essential features of #lasorption isotherm for
this purpose. Camillegt al. [1987al]illustrate this by simulating aoil recovery experiment anSaadet
al. [1989] by successfullgimulating a surfactant field projeasing this approach. We also used a
Langmuir-type adsorption isotherm for the simulation of the surfactant remediation Bdrdfencell test
illustrated below.

UTCHEM uses d_.angmuir-type isotherm to describe thedsorptionlevel of surfactant which takemito
account thesalinity, surfactant concentration, and spdrmeability (Hirasaki andPope, 1974). The
adsorption is irreversible with concentration and reversible satimity. The adsorbedconcentration of

surfactant§ = 3) is given by
b, aK(E:K - Q() D
K 1 ~ ~
1+by (CK -G )%
The concentrations are normalized by the water concentration in the adsorption calculationsiriine

is taken to guarantee that thdsorption is n@reater than the total surfactarncentration. Adsorption
increases linearly with effective salinity and decreases as the permeability increases as follows:

Cx =min

K=3or4 (2.14)

) Koo 02
ag = (a3 +ag Ceg) DrTD (2.15)

where Gg is the effective salinity describddter. The value of glbs representshe maximum level of
adsorbed surfactant ang dontrolsthe curvature of thesotherm. The adsorption model parameterg; a
ag2, and B3 are found by matching laboratory surfactant adsorption dete. reference permeability (£9
is the permeability at which the input adsorption parameters are specified.

2.2.9.2 Polymer

The retention of polymer molecules in permeable mediuésto both adsorption onto solid surfaces and
trapping within small poresThe polymer retention similar to that of surfactalaws downthe polymer
velocity and depletes the polymsiug. Polymer adsorption isnodeled as a function of permeability,

salinity, and polymer concentration (Eq. 2.14Kcr 4). The parametep & defined as

) Ko (05
ay = (au1 +a42Csep) DrTD (2.16)

The effective salinity for polymer &gp is

_ Cs1+(Bp -1)Ce1

Csep
Cn

(2.17)

where @1, Cs1, and G 1 are the anion, calcium, and water concentratioriediaqueous phase afigh is
measured in the laboratory and is an input parameter taddel. The reference permeability £ is the
permeability at which the input adsorption parameters are specified.
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2.2.9.3 Organic

Organicsorptioncan be an important parameteragsessments diie fateand transport of DNAPLS in
soils. The magnitude of sorbed organics is described in termparfitton coefficientwith respect to the
organic fraction, K¢ (Karickhoff, 1984). The higher d¢, the greater is its tendency gorbinto organic

carbon in the subsurface. A linear sorption isotherm is used to model the organic sorption:

C32 = focKocC21 (2.18)

whereC, is the adsorbed organigcfis the fraction of organic carbon in theil, and G; is the organic
concentration in the wat@hase. Kcis defined as the ratio of the amount of orgasorbed peunit
weight of organic carbon in the soil to the concentration of the organic in solution at equilibrium.

2.2.10 Cation Exchange

Cation exchange occuvghenthere is an incompatibility in the electrolyte compositioninpécted fluids
and theinitial fluids saturatingthe soil. Cation exchange affects thansport of ions in solution and
therefore may have a significant effect on the optimum salinity and the surfslcteset behaviofPopeet
al., 1978; Fountain, 1992)nd surfactanadsorption. The type and concentration of cations involved in
the exchange process can also affect the hydraulic condu¢keitier, 1993). We usecation exchange
model based on Hasaki's nodel [1982]. Cations exist inthe form of freeions, adsorbed omwlay
surfaces, and associated with either surfactant micelles or adsorbed surfabtamiassaction equations

for the exchange of calciumr£6) and sodiumk=12) on clay and surfactant describe cation exchange
model as

s )2 f
(Cé%) =pcy (Céz) (2.19)
cs,)’ chy)’
( C];E) :BCQV( cl:z) (2.20)

wherethe superscripts f, ¢, and denote free catiomdsorbedcation onclay, and adsorbedation on
micelles, respectively. The simulator input parameters gréh@cation exchange capacity of thaeral,

B¢ andps, the ion exchange constants @ay and surfactant, an@5', the concentration of surfactant in

meg/ml. The electrical neutrality and mass balances needed to clasestéra of ion exchange equations
are

Cs =cl, +Ck (2.21)
Cg =CL +CS +C§ (2.22)
C3 =Cg +Cj, (2.23)
Qy =Cg +Cf, (2.24)
Cs5-Cg =Cl, +CS, +C5, (2.25)
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where CfK is the fluid concentration for speciesiormalized by water concentratiofll concentrations in
ion exchange equations are expressed in meqg/ml of water. The molar volume concentration of surfactant is
computed as
m _ 1000C3
C3 =
Ci1M3

(2.26)

where Msis the equivalent weight of the surfactant.

The cation exchange equations agtved for the six unknowns CC,CEZ,C';,CRZ,CS,andCi'Z using
Newton-Raphson method.

2.2.11 Phase Behavior

The surfactant/oil/water phase behavior is based on Wjh86#], Reed and Healj1977], Nelson and

Pope [1978], Prouvostt al. [1985], and ohers. Surfactant phase behavior considers up to five
volumetric components (oil, water, surfactant, and two alcohols) which form three pseudocomponents in a
solution. In the absence of alcohols (the formulation described ipaper), onlythree components are
modeled. The volumetric concentrations of these three componentasaet asthe coordinates on a
ternary diagram. Salinity and divalent cation concentrations have a strong influence on phase behavior. At
low salinity, an excess oil phase that is essentially plirgnd a microemulsiophasethat contains water

plus electrolytes, surfactant, and sosmubilized oilexist. The tielines (distribution curves) at low
salinity have negativslope (Fig. 2.1). This type of phase environment aalled Winsor Type |1, or

alternatively Type IK) in some ofthe literature. If the surfactant concentratiométow CMC,the two
phasesare anaqueous phase containiadj the surfactant, electrolytes, and dissolvet at the water
solubility limit and a pure excess oil phase. For high salinity, an excess water phase and a microemulsion
phase containing most tfe surfactant andil, and some solubilized watexist. Thistype of phase

environment iscalledWinsor Typell, or alternatively Type 1) (Fig. 2.2). Anoverall composition at
intermediate salinityseparates into thrgehases. Thesephasesare excessoil and waterphases and a
microemulsion phase whose composition is represented by an inyariant This phasenvironment is

called Winsor Type Ill, or just Type Il (Fig. 2.3).

Other variablesdbesideselectrolyte concentrationsg.g. alcohol type and concentratiothe equivalent

alkane carbon number of the oil solvent and changes in temperaturepmssure alscause a phase
environment shift from one type of phase behavior to andiis. Three papers by Bararet al
[1994a,b,c] showthat the phase behavior of surfactants with both pure chlorocartsuth as
trichloroethylene (TCE) and mixtures of chlorocarbons such as TCE and carbon tetrachloride is essentially
identical inform to the classical behaviowith hydrocarbons, so ware justified inusing the same
approach for these contaminants as we have used for hydrocarbons.

The surfactant/oil/watephase behaviocan be represented as a function of effective salinity once the
binodal curve andie lines aredescribed. The phase behavior adel in UTCHEM uses Hand's rule
(Hand, 1939) and is based on the work by Pope and Nelson [1978], Preiuab$1984b; 1985]1986],
Satoh [1984], and Camilleet al.[1987a,b,c].

2.2.11.1 Effective Salinity

The effective salinity increases with the divalent catioosnd tomicelles(Glover et al., 1979; Hirasaki,
1982; Camilleri et al, 1987a,b,cland decreases as the temperature incréasesionic surfactants and
increases as the temperature increases for nonionic surfactants.

Cee = Caa[1-Bg 1) [1+Br (T-Teer)] ™ @2.27)
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where G is the aqueous phase anion concentraflgis a positive constanf'g is the fraction otthe total
CS
divalent cations bound to surfactant micellest@s C—r?]; andpr is the temperature coefficient.
3

The effective salinities at which the three equilibrium phases form or disappear are called lower and
upper limits of effective salinity (§g and Ggy).

2.2.11.2 Binodal Curve

The formulation of the binodal curwesing Hand'srule (Hand, 1939) is assumed to tiee same in all
phase environments. add's rule is based orthe empirical observationthat equilibrium phase
concentration ratios are straight lines on a log-log scale. Figutasand 2.4b showhe ternary diagram
for a Type IIE) environment with equilibrium phases numbered 2 and 3 and the correspondinglétand p
The binodal curve is computed from

@:AmSéDB

r=12,0r3 (2.28)
Cos 1

where A and Bare empiricaparameters. For symmetric binodal curvavhere B =-1, which is the
current formulatiorused in UTCHEM ,all phase concentratiorege calculated explicitly iterms of oil
3

concentration & (recalling Z Cyr =1).
K=1

1
Cy = EE‘AC% +\5(AC2/4)2 +4Aczz(1‘C2/4)E

Parameter A is related to the height of the binodal curve as follows

fort =1, 2,0r3 (2.29)

02C3macm O

An= W m=0, 1, and 2 (2.30a)
" _C3max,mE

wherem = 0, 1, and 2 are corresponding to low, optimal, and high salinities. The height of lcunvéal
is specified as a linear function of temperature:

Camaxm = Hene,m *Hent,m(T - Trer) m=0, 1, and 2 (2.30b)
where Hsnc, mand HsnT m are input parameters. ,Ais linearly interpolated as

A =(Ag —Al)é‘ “e E* Ay forCee <Cseop

Cseop
G o (2.31)
A= (A2 —Al)ﬁ—l%'f Al forCSE > CSEOP

SEOP

where Geopis the optimum effective salinity and the arithmetic averagesef @nd Geguy. The heights
of the binodal curve at three reference salinities are input to the simulator and are ebtisededn phase
behavior laboratory experiments.
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2.2.11.3 Tie Lines for Two Phases

For bothType 1I(-) and Typell(+) phase behavioithere areonly two phases belothe binodalcurve.
Tie lines are the lines joining the composition of the equilibrium phases and are given by

Ca _ EDC33§F (2.32)
Cos 13

where/=1 for Typell(+) and /=2 for Type lI(-). In the absence of available d&ta tie lines, F is

calculated from F =1/B. For a symmetric binodal curve (Bb, F is equal to 1. Sindbe plait point is
on both the binodal curve and tie line, we have

Cip _1-Cop-Cgp
Cop Cop

E= (2.33)

Applying the binodal curve equation to the plait point anbstituting @Gp (Eq. 2.29) in Eq. 2.33, we
have

1
1-Cop -, E—Aczp +(ACop)% + 4Aczp(1—czp)g
E=

Cop

(2.34)

where Gpis the oil concentration at the plait point and is an input parameter for Typarid Type I1¢)
phase environments.

2.2.11.4 Tie Lines for Type llI

The phase composition calculatifor the three-phase region of Tyféis simple due to thassumption

that the excess oleic and aqueous phases are pure. The microemulsion phase composition is defined by tt
coordinates of the invariant point. The coordinates of the invariant point (M) are calculated as a function of
effective salinity:

Ce -C
Copy = —SE ~CCsEL (2.35)
Cseu ~CeseL

Cam is computed by substitutingoii in Eq. 2.29 and noting thatifg = 1- Copm —Cam.

The phase compositionalculationsfor lobes 11€) and 1l(#+) are analogous. The plait pointmust vary

from zero to the 1K) vaIue,C;pL or zero to lI€) value, C;pR. Here, weonly considerthe 1I(-) lobe.
The plait point is calculated by interpolation on effective salinity:

P Coe —CorL *
Capr = C2pr +f(1_ Csz) (2.36)
Cseu ~CseL

In order to apply ldnd's equation, we transfornthe concentrations ashown in Fig. 2.5. The
transformed concentrations are

C:'w = CM secO
C3 =Cg3) -Cyytan® for/=2o0r3 (2.37)
Cor =1-Cq -Cj
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The angleéd is
tanb = ~3M
M
s (2.38)
socg = VCIm *+Cau
Cim

Parameter E of thie line equation isnow calculated interms of untransformed coordinatestbé plait
point as

£ Cip _1-(secB-tanB)Copr ~Capr
Cop Copr secB

(2.39)

where GpRris given by Eq. 2.29 and1Gr= 1- Copr— C3pR.

2.2.12 Phase Saturations

The phase saturations itne saturated zone in the presence of surfactantadcelatedfrom the phase
concentrationspverall component concentration, and saturation constraintstbagiase environment

and phase compositions are known. The overall component concentration and saturation constraints are

3
Ck =Y SiC«¢ £=120r3 (2.40)
K=1
3
> S =1 (2.41)
/=1

The phase saturations the vadose zone (phase 3 is abse computedrom the overall component
concentration and the saturation constraint by

_Co-Cx S = C1

S =
27 1-Cy 1-Cpy

,S4 :1—S_|_—82 (242)

where G1is the concentration of dissolved organic species in the water phase.

2.2.13 Interfacial Tension

The two models for calculating microemulsion/aib§) and microemulsion/wateo{3) interfacialtension
(IFT) are based on Healy and Reed [1974] and Huh [19T&E IFTs for water and oil ¢on) and water
and air f5,) are assumed to be known constants.

2.2.13.1 Healy et al
The first IFT model is based on Hirasaki's modification (Hirasaki, 198f)eomodel of Healy and Reed
[1974]. Once thephase compositions have been determingd interfacial tensions between

microemulsion and the excess phasas, (023) are calculated as functions of solubilization parameters:
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Gy
1+ Gf3Rf3

a()glo 0,3 =logigFy +Gyp + forRy3 21

W

0 for/=1,2 (2.43)
50910 03 =l0g19 Fy +(1-R3)10010 Ogu+ Rfsgﬂzz +

Gn
1+ GggE

forRy3<1

where G4, G,,, and G; are inputparameters. R is the solubilization ratio gﬁ). The correction
33

factor introduced by Hirasaki,F ensures that the IFT at the plait point is zero and is

1- g /cony f
Fg — ]-_e——\/i or f - 1, 2 (244)
where
3 2
con; = § (Ces —Cxa) (2.45)
k=1

and in the absence of surfactant or the surfactant concentration below CMC, the IFBggqual
Chun-Huh

The interfacial tension is related to solubilization ratio in Chun-Huh's equation as

O/3 = Lz fore=1or2 (2.46)

R73
where c istypically equal to aboud.3. Weintroduced Hrasaki's correction factor F (Eq. 2.44) and

modified Huh's equation so that iteduces tahe water-oillFT (Ogw) as the surfactant concentration
approaches zero.

_ F ~aR3
Oy3= Oy e 113 +C—2£§—e aRf3§ forc=1or2
R73
(2.47)

where a is a constant equal to about 10.

2.2.14 Density
Phase specific weightg,(= go¢) are modeled as a function of pressure and composition as follows:

Yo = le Y1 +C2£ Yor +CS€ Yar +00253305£ _0001299C6€ +C8€ .Y, forv =1,..., rp (248)

wherey, = ykR[1+CE(Pg —PRO)]. VKR is the componert specific weight at a referenpeessure and

is an input parameter. The numerical constants account for the weight of dissolved ibaseandits of
psi/ft per meg/ml of ions.

We have recently modified the density calculafionthe microemulsiorphase ( = 3) to use ampparent
oil component specific weight in the microemulsjgmase ¥23R) instead of the oil component specific

weight {2R).

2.2.15 Capillary Pressure

Both the Parkeet al.[1987] generalization of the van Genuchten [1980] model an8ribeks and Corey
[1966] model are options used to calculate the capillary pressure. Hystemegidlany pressure igaken
into account in a very simplistitashion discussed belovigut a full hysteretic and trapping number
dependent model that is more complete is also available (DeishhdL994).
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2.2.15.1 Brooks-Corey

Capillary pressure in Brooksind Coreycapillary pressure-saturation relationshiprooks and Corey,

1966) is scaled for interfacial tension, permeability, and porosity (Leverett, 1941). The organic spill event
in the unsaturate(vadose)zone is assumed to be the imbibition direction (total liquid saturation
increasing). The organic spill event in the saturated zone is taken to be ifirgherainage dection
(wetting phase, water, saturation decreasing) for the entirgoepiléss. The waterflushing or surfactant
injection process is assumed to be in the imbibition direction for the entire injection period.

Vadose zone

Implicit assumptions ithe capillarypressurdormulation in thevadose zone where up tbree phases

exist are that the direction descending wettability isater, organicand air andhat the watephase is

always present. The capillary pressure between water and gas (no oil is present) or between water and o
phase is calculated based on the normalized water saturation as

|
DB—Pb ) =1-S,, fort=2o0r4 (2.49)
CU7E

wherethe maximum capillanpressure B is scaled by soipermeability andoorosity and isequal to

Chci gi‘; k (p , which then gives
Ptz = Cpei E 012( ~S) Y (2.50a)

where B= Py +Pc12.

The capillary pressure between water and gas in the absence of the oil phases is calculated as:
— )\
P14 = Cpoi J% 4 (g —gy) YN (2.50b)
012

However, in the presence of the oil phabe, capillarypressurebetweengas andil phases ialculated
as:

- 1\
Pe24 = Cpi %g—i%% o (2.50c)
and then the capillary pressure between gas and water is calculated from
Pa = Pc24 +P2 (2.50d)
Pc14= P4 +P1 (2.50€)

Cpciand EPE= -1/ are positive input parameters. The normalized saturations are defined as
_ Sy = Sr
1-S1r = Sor =Sy

The entrapped organic saturatifmn three-phaséair/organic/waterflow (Syy) is based on a function by
Fayers and Matthews [1982] which uses the two-phase entrapped saturation values:

She (2.51)
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_ g Sy O H Sy H
"2 = SZrlEﬂ- 1-Sy _SZr4E+ SZMEl_Slr _SZr4E (2:52)

where $y1and $rgare the entrapped organic saturations to flowing water and air phases, respectively.

Saturated zone
The capillary pressure in the saturated zone where up to three phases (water, organic, microemulsion) exis
according to the surfactant phase behavior is calculated as follows.

Two-phase organic-water . . )
The drainage capillary pressure is modeled using the Brooks-Corey function:

B0 - Sn1 (2.53)

—

whereAdis a measure of pore size distribution of the medite entrypressure pequalsCpeq \(_If and

the normalized water saturation is defined as

_S Sy
Sn1 = -5, (2.54)

where (g and EP@ = -1Ag are inputparameters. The UTCHEM input parameter Eg@nust be a
negative value.

Two-phase water/microemulsion or organic/microemulsion
The imbibition capillary pressure using a Corey-type function is

E_ =1-S . 2.55
Pcf?, ¢ ( )

For¢ =1,/ =1 whilefor ¢ = 2, /' = 3. Ry equals Coai %\/%. The normalizedsaturations are
012

defined as

St = % (2.56)
Sq = 1—8352; %{%r (2.57)
Three-phf';lse water/organic/microemulsion

E%g' —1-S, (2.58)
0Py, ' _ 1- S2 = Spr (2.59)

HPesd (S -Su) +(Ss - Sar)
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- S_'I. - S_I.I’ C 0-53 6
S%l 1- _ _ pci K
where Sir =S2r ~S3r and Ryequals | 012 VK|

The residual saturations 4$in Brooks and Corey's model are either a constant and inpig t@mulator
or computed as a function of trapping number discussed later.

2.2.15.2 van Genuchten

The three-phase capillary pressure-saturation fundeberminedusingthe generalization dParkeret al
[1987] to the two-phase flow model of van Genuchten [1980] is represented by

% h >0
(2.60)
1 h <0

2l
Il

where S, = S S is theeffective saturation,h” = By Pcyp 1s the scaled capillarpressure;3,, is

T Ar
the scaling coefficientor fluid pair of # and 7'; a (UTCHEM parameter ofCPC) and n(UTCHEM
parameter oEPC)are the modgbarameters, and m =1/n. Asignificant difference between the van

Genuchten and Brooks Corey models is the discontinuity in the slopea#gitiary pressurecurve at the
entry pressure ithe latter model Wereas Eq. 2.60 isoth continuous and has a continusigpe. The

implementation of this model in the simulator includes scalimgth soil permeability and porosity similar
to that described in Brooks-Corey model.

2.2.16 Relative Permeability

Multiphase relative permeabilities are moddbeded oreither Corey-type functions (Brooks ardorey,
1966; Delshad an&ope, 1989) or Parkeat al. [1987] extension ofvan Genuchten two-phase flow
equation to three-phase flow. Hysteresis in the Corey-type relative permeability disodsked below is
accounted for by assumirtge flow in the saturated zone is on the drainage ctowéhe spill event and
the remediation of the saturated zone is an imbibigoocess. However, &l hysteretic relative
permeability model that is trapping number dependent is also available (Detisthadl994).

2.2.16.1 Corey-Type
Multiphase imbibition and drainagelative permeabilities irboth the vadose and saturated zones are
modeled using Corey-type functions that are a function of trapping number.

Vadose zone

The organic phassovement in a three-phaperousmediumconsisting of water/organic/air is assumed

to be in the imbibition direction during the organic spill in the vadose zone. We also assume that water and
air relative permeabilities are unique functionghadir respective saturatiomsly. CQganic phaserelative
permeability, however, is assumed to be a functiotwof saturationgDelshad andPope, 1989).These
assumptionsre consistentvith relative permeability measuremei(@oreyet al., 1956; Saraf anératt,

1967; Schneider an@wens, 1970; Saradt al., 1982; Fayers and Matthews, 1982; Oak, 1990; @8k,

al., 1990).

kep = k& (Se)" for £ =1, 2, or 4 (2.61)
where the normalized saturations are defined as

_ Sy~ Syr
1"Sﬁr"82m T Ay

Sh forv=1,0r4 (2.62)
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= 52 = Sor 2.63
Snz 1_Slr_32r_s4r ( )

where k?é, ny, and $ are the relative permeability endpoint, exponent, and entrapped saturation for phase

(. The trapped organic saturation for three-phase floy &Scalculated fronkEq. 2.52. These equations
reduce to two-phase flow relative permeabilities in the absence of the third phase.

Saturated zone

The organigphasemovementduring the spill event in the saturated zombere up to twdluid phases
(water and organic) exist is assumed to bthéndrainagealirection. The organic movement duag the
remediationprocess, e.g.water flushing or surfactant injectiohowever, is assumed to be in the
imbibition direction for the entire injection period.

Organic spill process . )
The relative permeabilities for water and organic fluid phases are

ke = kP (Sng)™ (2.64)
kra = kP2(1-Sy)"™ (2.65)

where the normalized water saturatiorbjg = S S S”

1-Sy

Remediation process

There are up to three liquid phases present according to the surfactant/water/ organic phase behavior durin
a SEAR process ithe saturatedone. The relative permeabilities aessumed to be unique functions of

their respective saturations only. The latter assumption is supported by experdatntaasured at The
University of Texas at Austin for a mixture of petrolesaifonate, n-decane, isobutyl alcohol, avater
(Delshacet al, 1987; Delshad, 1990). The relative permeability is defined by

kee = k& (Spe)" forr=1,2,0r3 (2.66)
where the normalized saturations are defined as

Sy = Sf'—ssff fort=1,2, or 3 (2.67)

1- 3 Sy
/=1

The relative permeabilities reduce water/organic, water/microemulsion, or organic/microemulsion two
phase flow functions.The residuakaturationsrelative permeabilityendpoints, and exponerdge either
constants and input parameters or functions of trapping number as discussed in the next section.

2.2.16.2 Parker et al.
Parkeret al [1987] extended th@wo-phaserelative permeability-saturatioexpression derived by van
Genuchten to three-phase water/oil/air flow using scaled variables as follows:

Kyq = Slllzé 1/m) g (2.68)
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2 = (& -8) -8 - 1- S“m)mg (2.69)

Kyg = (54)1/2(1—31’”‘)2”1 (2.70)

where St is the total liquidsaturation. The assumptions in derivinghe above relative permeability
functionsare that water ogasrelative permeability is &nction of itsown saturation only whereas oil
relative permeability is a function of both water and oil saturations.

2.2.17 Trapping Number

One of thepossible mechanisnfser SEAR is the mobilization of trapped orgambase due to reduced
interfacial tension resulting from the injection @afrfactants intdhe aquifer (Tuclet al, 1988; Cherryet
al., 1990; Pennekt al, 1994; Brownret al, 1994). Buoyancy forces can alsffect the mobilization of a
trapped organic phase andn beexpressed byhe Bond number (Morrow anddagkran, 1982). The
Bond and capillary numbers for the trapping and mobilization of a nonwetting pteassiallytreated as
two separate dimensionless groups, one to reprgsavity/capillaryforces (Bond number) artie other
to represent viscous/capillary forcEspillary number). One ofseveral classical definitions ahpillary
number (Brownell and &z, 1949; Stegemeier, 197Chatzis and Moow, 1981; Lake, 1989) is as
follows

o |
¢ :O'—- fore =1,..., ) (271)
14

N¢

where/ and /' are the displaced and displaciffigids andthe gradient of thélow potential is given by
Ob,=0 Pr gp; h.

Bond number can be defined as

kglp, = pr
Ng, = % fort=1,..,m (2.72)

where k is the permeability aigds the gravitational force constant.

We have recently developed a new dimensionless nucalied thetrapping number which includes both
gravity andviscous forces.The dependence of residwsturations onnterfacial tension is modeled in
UTCHEM as a function of the trappimgimber. This is a newformulation that wefound necessary to
adequately model the combined effectvidicous and buoyancy forces tinmee dimensions. Buoyancy

forces are much less important under enhanced oil recovery conditions than under typical SEAR conditions
and so had not untitow been carefully considered under three-dimensional surfactant flofididg
conditions as a result.

The trapping number is derived by applying a fdva&ance on the trappedAPL globule. The forces
controlling the movement of the blob are the viscous force due to the hydraulic grdigrapping force
due to capillarypressure andhe gravity force, whichcan act as either driving or trapping force
depending on the direction of tflew. The conditionfor mobilizing a trapped blob of length L is as
follows

Hydraulic force + Buoyancy force Capillary force (2.72a)

Substituting the definition for each of these forces we have
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AL|® , - gAp| = AP, (2.72b)

The trapping number is defined by the left-hand side of Eq. 2.72b as

‘—EDED , —Eﬁﬁg(p(. —pg)ﬁh”
NT( = (272C)

o -
124

For one-dimensional verticdlow, the viscous and buoyancy forces addedily and a trapping number
can be defined aEsITf = ‘NC/ + NBK ‘ For two-dimensional flow a trapping number is defined as

N7, = N2 +2Ne/Np,SnB8+Ng, fore=1,..,1p (2.73)

whereb is the angle between the local flow vector and the horizontal (counter clockwise).derivation
of trapping number for three-dimensional heterogeneous, anisotropic porous media is given by Jin [1995].
Residual saturations are then computed as a function of trapping number as

- Sh|gh 0
S m|n Sh'gh =L o fort=1,., R (2.74)
e T/ N7, B

where T is a positive input parametéased orthe experimentabbservation ofthe relation between

residual saturations and trapping numbSlﬁW and S?igh are the input residuahturations for phaseat

low and high trapping numbers. This correlation was derived based expiemental datéor n-decane
(Delshad, 1990) andave recently beesuccessfullyapplied to residuaPCE as dunction of trapping
number measured by Abriodd al.[1994; 1995].

The endpoints and exponents of both the relative permeability curves and capdksyre curveshange
as the residual saturations change at high trapping numbers because of detrapping (MoGatzsd
1981; Morrowet al, 1985; Fulcheet al., 1985; Delshacatt al, 1986). The endpoints and exponents in
relative permeabilitfunctionsare computed as a linear interpolation (Delsbbdl., 1986)between the

low high
given input values at low and high trapping numt%« K?, o nlow, n?'ghg
olow Slg(?w Sry hlgh 0l [] B
kS =k W o0 fort=1,..,mp (2.75)
_ low Slﬂv - Spr high _ low _
N, =ny +W(ng ny )for =1, 1 (2.76)
r o

The above correlations have successfully been tested against experimental data ¢Dalsh886).

2.2.18 Viscosity
Liquid phase viscosities are modeled in terms of pure component viscosititge @hdse concentrations
of the organic, water and surfactant:

U, =CyHy€ a1(Cas +Car) +Cophge” o2(Cur +Car) +C3ga3e(a4cl€+u5c2€) forc=1,2,0r3 (2.77)
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where the a parameters are determined by matching laboratory microemuwssoosities at several
compositions. Irthe absence of surfactant gmolymer,water and oilphase viscosities reduce to pure

water and oil viscositiesi(y, Ho). When polymer is presenty, is replaced by, defined below.

The following exponential relationship is used to compute viscosities as a function of temperature (T).

O ob 1 . :
Mk =Mk ref EXPLD -—— fork = water, oil, or air (Z/8)
K K,r = K E'I_' T %
wherepk refis the viscosity at a reference temperaturegfdnd ky is an input parameter.

Air viscosity is computed as a linear function of pressure by
M4 =Hao * Has (Pr ~ Pro) (2.79)

wherepag the air viscosity at a reference pressurepgfdPdias the slope ofir viscosityvs. pressure,
are input parameters.

The viscosity of a polymer solution dependstioa concentration of polymer and salinity. The Flory-
Huggins equation (Flory, 1953) was modified to account for variation in salinity as

0_ 2 3 \c> O —
u = HW%+(AD104( +Ap C2 +Ap3c4[) Capy fort=10r3 (2.80)

where Gy is the polymer concentration in the water or microemulpioaise ., is the waterviscosity,

Ap1, Ap2, andAp3 are constants. The factorcg'f%P allows for dependence of polymer viscosity on
salinity andhardness. The effective salinityfor polymer is given by Eg2.17 and § is theslope of
O_U- 0
p w

G~ Dvs. Gsgpon a log-log plot.
0O Hw O

The reduction in polymer solution viscosity as a function of shearyatis (modeled byMeter'sequation
(Meter and Bird, 1964):

0
_ Hp ~ Hw
o = by + P (2.81)

1+%\7\i§

where \'/]/2 is theshearrate atwhich viscosity isthe average opg anduy and Ry is an empirical

coefficient. When the above equation is applied to flow in permeadtia, i is usuallycalled apparent
viscosity and the shear rate is an equivasbigiarrate yeq. Thein-situ shearatefor phase/ is modeled
by the modified Blake-Kozeny capillary bundle equation for multiphase flow (Lin, 1981; Sorbie,ak991)

— \-/c|u/é|

- (2.82)
VKK 08,

Yeq
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Where\'/C is equal ta3.97C sed and C is theshearrate coefficienused toaccountfor non-ideal effects

such as slip at the pore walls (Wreattal, 1990; Sorbie, 1991). The appropriaterage permeabilitk
is given by

01 ou, of | 1 0wy of | 1 Ou, FE

k=BG Hu B T Bu H "o Bu B 289

2.2.19 Polymer Permeability Reduction
Polymer solutionseduce bothithe mobility of the displacing fluid and the effective permeability of the
porous medium. The permeability reduction is measured by a permeability reduction factefinBd as

effective permeability of water
effective permeability of polymer

k = (2.84)

The change in mobility due to the combined effect of increassbsity and reducedermeability is
called resistance factorgRcalculated by

Rp = R P (2.85)
Hw

The effect of permeability reductidasts everafter the polymesolution has passed througjie porous
medium and is called the residual resistance facigt, defined as

_ mobility before polymer solution

_ 2.86

RF mobility after polymer solutio ( )
The permeability reduction factor in UTCHEM is modeled as

R -1)by C
Rk:1+( k max )rk 4/
1+ by Cqy
where
g4
S m%
Crkab‘plc-:SEPD

Ry max = Max - (2.87)

=
o
I O

1 keky 02
xyD
O ¢ 0O

OOOOOO

and/ refers to the phase with the highest polymer concentratipant Gy are the input parameters.

The effect of permeability reduction &ssumed to be irreversibiee., it does notdecrease as polymer
concentration decreases atmls RRp = Rk. Theviscosity of the phasethat contains the polymer is
multiplied by the value of thei Ro account for the mobility reduction in the simulator.
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2.2.20 Polymer Inaccessible Pore Volume

The reduction in porosity due to inaccessible or excluded pores to the large size polymer molecules
is called inaccessiblpore volume. The resulting effect is a faster polymer velocity than the velocity of
water. This effect is modeled by multiplying the porositghi@ conservation equatidar polymer by the
input parameter of effective pore volume.

2.3 Numerical Methods

The pressureequation and species conservation equatemesdiscretized spatially and temporally as
describedbelow. The discretized equations are given in Appendix A of the UTCHEMhnical
Documentation.

2.3.1 Temporal Discretization

The temporal discretization in UTCHEM isiplicit in pressure explicit in concentration MIPES-like).
The solution ofthe pressureequationusingthe Jacobi conjugate gradient method is tfadlowed by a
back substitution into the explicit mass conservation equation for each comp®hentemporal accuracy
for the conservation equation is increased by using a time-correction tectin@tjisssecond-order itime
(Liu, 1993; Liuet al, 1994).

2.3.2 Spatial Discretization

Either one-pointupstream, two-point upstream, or a third-ordpatial discretization of the
advective terms isised (seédppendix A of the UTCHEMTechnicalDocumentation). It is well-known
that lower-order upwind schemes cause smearing of the saturation and concentration profiles by increasing
numericaldispersion. There have been a number of discretization methods developed mizaitinese
effects associated with multiphalew and transportsimulation (Toddet al, 1972; Leonard, 1979;
Taggart and iAczewski, 1987Bell et al, 1989; Le Veque, 1990; dita Guptaet al, 1991; Blunt and
Rubin, 1992; Dawson, 1993; Arbogast and Wheeler, 1995). We use a schemaghsaisnately third-
order in space to minimize numerical dispersion and grid-orientation effects. In order to obtain oscillation-
free, high-resolution, high-order resultsarten [1983]developed the total-variation-diminishing scheme
(TVD) that includes a limitingprocedure. The limiter is aflux limiter with constraints orthe gradient of
the flux function (Sweby, 1984; [atta Gupta et al, 1991;Liu et al, 1994). The limiter function
developed by Liu [1993], which varies as a functiortimiestep and gridblockize, was irplemented in
the simulator.

2.4 Model Verification and Validation

UTCHEM has extensively been verified by comparing problems suoheadimensional two-phasew
with the Buckley-Leveretsolution (Buckley and Leveretf,942), one-dimensional miscible water/tracer
flow against the analytical solution of the convection-diffusion equation, two-dimengieahtraceiflow
with the analyticalsolution given by Abbaszadeh-Dehghani and Brigh&a@84], andtwo-dimensional
nonlinear Burgers equation (Schiesser, 1991)iby{1993]. Excellent agreement between the numerical
and analytical solutions were obtainetdenthe TVD third-order scheme wassed. The modelhas also
been validated by comparisons with laboratory surfadkantls (Camilleri et al., 1987a),field datafrom
the Big Muddy surfactant pilot (Saatlal, 1989), and anultiwell waterflood tracer field project (Allison
et al, 1991). Pickenst al.[1993] have compared UTCHEM results withtetrachloroethylen¢PCE)
infiltration experiment in a sandpack witbur types of sandperformed by Kueper [1989] and Kueper
and Frind[1991]. They concluded that the simulator can accurately predict the verticalatandl
distribution of DNAPL in a heterogeneous medium.

The modelhasrecently beemused to mdel the surfactant-enhanced remediatiofPGE in atestcell at
Canadian Forces Base Borden in Allison, Ontario (Freeak 1994). The model was 3 m by 3 m by 4
m deep testell described as layered with soil propertesgimatedfrom the field data. The detailed
description of the test cell is given by Kuepéeal.[1993]. PCE in the amount of 231 L was firgeated

to the center of the test cell. The remediation process involved the following steps:

1. Direct pumping of free-phase for about two weeks where 47 L of PCE was recovered,
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2. Pump and treat for about two months where additional 12 L of free-phase and dissolved PCE was
removed, and

3. Surfactant flushing to solubilize additioraCE forabout sevemonths. The surfactansolution
was 1 wt% nonyphenol ethoxylatdNP 100)and 1 wt% phosphate ester the nonyl phenol
ethoxylate (Rexophos 25-97). A total of 130,000 L of surfactant solutiomesmsulatedthrough
the testcell. Additional 62 L of PCE wasrecovered as a result of enhanced solubility by the
surfactant solution. The surfactant-enhanced solubility@E wasmeasured to be abolif,700
mg/L as compared to an agueous solubility of about 200 mg/L.

The measured and simulatedrtical distributions of PCE before arafter the surfactant injection are
shown in Figs. 2.6 and 2.7 and show good agreement. Here we diszdsatures of UTCHENNodel

that were used in this application and the input parameters for the physical property models sin@t Freeze
al. did notdiscussthese in theipaper. The assumptions made based tbe testcell conditions were 1)
isothermal simulations, 2) insignificant electrolyte concentration, incompressible fluids and soil,
equilibrium PCE dissolution, and no mobilization of PCEhe species considered the simulation were
water, PCEand surfactant and the resultippases were wateRCE, and microemulsion. The phase
behavior parameters were chosarchthat eitherresidual PCE/microemulsion, residiaCE/water, or

single phase microemulsioare present. Due to lack ofany phase behavior measuremeiats this
surfactant mixture, the phase behavior parametes pnc7oin Eq. 2.30b)were adjusteduchthat the
simulated solubility is similar to the measured value of 11700 mgAble 2.1 givesthe input parameters

for the physical properties. The test cell was simulated using 12 and 9 gridblocks in the x and y directions
and 14 vertical layers. The porosity was constant equal to 0.39 and the hydraulic condudheitsaimge

of 0.003 to 0.01 cm/s. The ratio of vertical to horizontal permeability was 1. Longitudinal and transverse
dispersivities forall three phases were assumed to ®®3 and 0.01 m, respectively.The 201-day
simulation of surfactant flooding took 22 minutes on a DEC 3000/500 alpha workstation.

UTCHEM was able to closely reproduce btk PCErecovery and theertical distribution of PCE over
the period of201 days. The favorablecomparison of UTCHEM results witthe field testresults
demonstrates the utility of the model in predicting SEAR processes at the field scale.

2.5 Summary and Conclusions

We have presented the description ofheee-dimensional, multicomponent, multiphase compositional
model, UTCHEM, for simulating the contamination of aquifers by organic specieh@amnemediation of
aquifers by surfactant injection. UTCHEM has the capability of simulating both enhanced dissolution and
separate phase removal of NAPLs from both saturated and vadose Foaesnulator habeen verified

with several analytical solutions and validated by comparisons with both laboratory and field experiments.

The model uses a block-centered finite-difference discretization.sdlbton method is analogous to the
implicit in pressure and explicit in concentratiorethod. Either one-, two-point upstream, thnird-order
spatial weighting schemes is used. A flux limiter that is total-variation-diminishing halsesiscadded to
the third-order scheme to increase stability and robustness.

UTCHEM accountdor effects of surfactants omterfacial tension,surfactant phasbeehavior,capillary
trapping, andsurfactantadsorption. Miltiphase capillarypressuresyrelative permeabilities, physical
dispersion, molecular diffusion, cation exchange, and partitionidA6fLs tothe aqueous phase which
accounts for nonequilibrium effects are some of the important physical properties features in the simulator.

UTCHEM can beused to desigthe most efficient surfactant remediation strategies taking into account
realisticsoil and fluidproperties. Due toits capability, several important variabldggt can significantly
affect the outcome of any SEARrogram such amobilization vs. solubilization, mobility control by
adding polymer, nonequilibrium interphasemass transfer,temperature gradient, and electrolyte
concentrations where the soil/water interactions are important; e.g., fresh water in the predapcznof

be studied before implementing a field project.
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2.6 Nomenclature

S
a1
ag

b3

)

Surfactant adsorption parameter

Surfactant adsorption parameter2)d->
Surfactant adsorption parameter?)d-> (Eq/L3)-1
Surfactant adsorption parameter

Polymer adsorption parameter

Polymer adsorption parameter2@-5

Polymer adsorption parameter2J@:> (Eq/L3)-1
Polymer adsorption parametef/wt% polymer

Permeability reduction factor paramete?vit% polymer

Total concentration of specigsn gridblock i, L3/L3 PV

Effective salinity for phase behavior and surfactant adsorption3Eq/L

Salinity for Type II(=)/Ill phase boundary or lower effective salinity limit, Eq/L
Effective salinity for polymer, EqA.

Salinity for Type Ill/li(+) phase boundary or upper effective salinity limit, Bg/L

Xl AN > ©

Concentration of free calcium cationsSyIL3
Concentration of free sodium cation$/LL3

Overall concentration of specirsn the mobile phases3IL3

Equilibrium concentration of specigsL3/L3
Compressibility of speciag (mL-1t-2)-1
Adsorbed concentration of specied 3/L3 PV

Overall concentration of specirsn the mobile and stationary phasedLE PV

Concentration of speciesin phase/, L3/L3
Constant pressure heat capacity of pla§er-1m-1
Rock compressibility, (milt-2)-1

Total compressibility, (milt-2)-1

Volumetric heat capacity of phageQT-1m1
Volumetric heat capacity of soil, @l
Permeability reduction factor parameter, L(wi%%)
Damkohler number

Diffusion coefficient of species in phase/, L2t-1
Organic carbon fraction in soil

Amount of specieg associated with surfactant/L3
Gravitational constant, 14

Depth, L

Dispersion coefficient, -1

Average permeability, 4.
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high low
N> Ny

Ng/
Ncr
NT/
Pcer
P,
Pr
Qxk
QL

OH
R
Rk
RRF
Re3

S

S€ r

o, s
t

Permeability tensor, 4.

Soil permeability, B

Apparent permeability used in capillary pressure calculatichs, L

Amount of organic adsorbed per unit weight of organic carbon in soit3(rhL
Relative permeability of phage

Endpoint relative permeability of phase

Endpoint relative permeability of phasat high and low capillary numbers
Absolute permeability in the x, y and z directions, L
Length of the core, or reservoir length, L

Mass transfer coefficient for speciestl

Capillary pressure exponent

Relative permeability exponent for phasgimensionless)
Relative permeability exponent for phdsat high and low capillary numbers
Bond number of phase

Capillary number of phase

Trapping number of phage

Capillary pressure between phagsesd/', mL1t-2

Pressure of phage mL-1t-2

Reference pressure, mt2

Source/sink for species L3/T

Heat loss, QL2

Cation exchange capacity of clay, EG./L

Enthalpy source per bulk volume,-&t3

Polymer resistance factor

Polymer permeability reduction factor

Polymer residual resistance factor

Solubilization ratio for phasg L3/L3

Total source/sink for species mL-3t-1

Mass exchange rate at interface for speciesphase/, mL-3t-1
Reaction rate for speciesn phase/, mL-3t1

Reaction rate for speci&sin solid phase, mft-1

Normalized mobile saturation of phasased in relative permeability and capillary
pressure calculations

Saturation of phasg L3/L3 PV

Residual saturation of phagel3/L3 PV

Residual saturation of phasat high and low capillary numbers/L3 PV
Time, t
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At" Atn+1
T
Ty

u/:
AXi, Ay, Az

Time-step size atth and n+1" time level, t
Temperature, T

Trapping parameter for phage

Darcy flux, Lt1

Size of gridblock i in the x, y, and z directions, L

Greek Symbols

01-0s5
o, 0T
BC

BS

Be

Yk

Y

YkR

Ho

up

up

Hw
My
Ha,ref

-~ 88 g -

Microemulsion phase viscosity parameters
Longitudinal and Transverse dispersivity, L
Cation exchange constant for clay

Cation exchange constant for surfactant
Effective salinity parameter for calcium
Specific weight of speciag mL-2t-2

Shear rate; %

Specific weight of speciasat reference pressure, M2
QOil viscosity, ML-1T-1

Polymer viscosity, MEIT-1

Polymer viscosity at zero shear rate, it
Water viscosity, mtlt-1

Viscosity of phasé, mL-1t-1

Viscosity of air at reference pressure, il
Slope of air viscosity function

Drainage Capillary pressure exponent
Imbibition Capillary pressure exponent
Relative mobility of phasé, (mL-1t-1)-1

Total relative mobility, (mtit-1)-1

Thermal conductivity, Q¥T-1L

Rock density, m/B

Soil density, m/B

Density of phasé, m/L3

Interfacial tension between air and waterZ mt
Interfacial tension between oil and water2 mt
Interfacial tension between phagesnd/', m#
Porosity, fraction

Porosity of gridblock i, fraction

Potential, mt1t-2

Tortuosity factor
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Subscripts
k Species number
1 - Water
2 - Oil
3 - Surfactant
4 - Polymer
5 - Chloride
6 - Calcium
7 - Alcohol
8 - air
9k - Tracer components

¢ Phase number
1 - Aqueous
2 - Oleic
3 - Microemulsion
4 - Air
r Residual
s Solid

Superscripts
C Cation

f Free
S Surfactant
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2.7 Tables and Figures

Table 2.1. Physical Property Input Parameters for the Test Cell Simulation

Property Value References and Comments
Density
Pure water, g/cc 1
Pure PCE, g/cc 1.6249
Surfactant, g/cc 1.15
Viscosity Eq. 2.77; Parameters were
Pure wateri{w), cp 1 estimated based on the
Pure PCE{o), cp 0.89 measured data for a differenf
Microemulsion (max. value) 4 surfactant mixture (Pennedt

a1 - as parameter values

3.4,1.0,3.0,1.0, 1.0

al., 1994)

Interfacial tension

Eq. 2.43; parameters are basg

d

PCE/water @ow), dyne/cm 45 on the measured data for a

PCE/microemulsion (minimum value), different surfactant mixture
dyne/cm 0.02 (Pennellet al, 1994)

Go1, Gpo, Gp3 (Healy and Reed, 1974) 13, -14.5, 0.01

PCE solubility
Max. in water, mg/L 200 West and Harwell [1992]
Max. in surfactant, mg/L 11,700 Fountain [1992]

Surfactant adsorption Eq. 2.15; but assuming
Max. value, mg/g soil 0.311 surfactant adsorption is
Parameter valuesza ago, b 1.1, 0.0, 1000 independent of permeability

Capillary pressure (Corey function) Eq. 2.55; based on Kueper
Imbibition: Cpci, A 2.7, -0.454 [1989]

Relative permeability (Corey function)
Water (Imbibition):Sy, ny, k%

PCE Sra n21 k?Z
Microemulsion: Sy, ng, kP3

0.306, 2.2, 0.556
0.0, 2.2, 0.309
0.306, 2.2, 0.556

Eq. 2.66; based on Kueper
[1989]

Surfactant

single-phase

Surfactant

single-phase

two-phase

oil

Schematic representation

water " oil water
Figure 2.1. Schematic representation Figure 2.2.
of Type Il (-). of high-salinity Type Il (+).
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Surfactant

invariant point

single-phase

PL PR
/ three-phase \\
water oil
two-phase

Figure 2.3. Schematic representation of Type III.

Surfactant

log scale e 232
12
C C33 VS. C32
13 C22 B
log scale
(a) (b)

Figure 2.4. Correspondence between (a) ternary diagram and (b) Hand plot.

Right lobe

C1

Figure 2.5. Coordinate transformation for the two-phase calculations in Type III.
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0 5 10 15 20 25

PCE saturation, percent

Figure 2.6. Measured and simulated PCE saturation at the location of Core 3
prior to surfactant flooding (after Freeze et al., 1994).

198.75

Simulated

198.25 ¢ Measured

197.75

197.25

Elevation, masl

196.75

4 6 8 10
PCE saturation, percent

196.25
0

Figure 2.7. Measured and simulated PCE saturation at the location of Core 6
at the end of surfactant flooding (after Freeze et al., 1994).
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Section 3
Water-Wet Hysteretic Relative Permeability
and Capillary Pressure Models

3.1 Introduction

The hysteresianodeling in UTCHEM is based otme work by Kalurachchi and Parkgd992]. Both
capillary pressure andelative permeabilityffunctions accountor hysteresis due tarbitrary changes in
saturation path by incorporating an oil phase entrapment model. The assumpatiens eveloping and
applying this model are

*  The model appliesnly to strongly water-wetediawherethe wettability indescending order is
for water (or microemulsion), oil, and gas phases. Oil will be used in this report to mean any non-
agueous phase liquid (NAPL).

* The model applies to three-phase air-water-oil flow invididose zone anivo-phase oil-water or
oil-microemulsion flow in the saturated zone

 To avoid numerical oscillationwith changes from two phases (air-water)thcee phasedair-
water-oil), once a location is classified as a three-phade, itwill not revert back tdwo phases
(air-water).

* Gasentrapment is neglectddr the three-phasease. Thereforail entrapment in a three-phase
air-water-oil can be inferred directly from that in a two-phase oil-water system.

«  Water relative permeability is unaffected by oil entrapment, g,g=K (Sy ).

* There is no oil entrapment on the main drainage curve.

* There is no oil entrapment when water saturation is at its residual value in the vadose zone.

We use the notation adapted from Pagteal [1987] shown in Table 3.1.

3.2 Oil Phase Entrapment
On any scanning curvge.g., point A on Fig. 3.1)effective residual oil saturation is estimated from
Land'sequation(Land, 1968) wherethe residuahonwetting phase saturatiafter imbibition is related

empirically to the initial nonwetting saturatioh < éf\,“i”) as

536\ _ 1_§5vnin
S R(l—é[,”'”) (3.1)
whereR = _r%ax -1

r

The trapped oil saturation at nonzero capillary pressure is calculated from the following relationships.

3.2.1 Kalurachchi and Parker

To estimate trapped oil saturationrainzerocapillary pressure Kalurachchi and Parkeestimated the
trapped oil saturation as the difference between residual oil saturation for the actual scanning curve and tha
for acurve with a reversal point equal ttte free(continuous)oil saturation on thactualpath. This is

exactly the same idea asoposed byStegemeier 1977 and described ibake [1989]. Forexample,
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consider point B orthe scanning curve onif. 3.1 with apparent water saturation (§N =Sy + St
Points B and (have the same capillapressure therefore the difference between the x coordinates of
points B and C ighe disconnectedonwetting phase saturatiorsg). Using Land's relation for the

residual oil saturatiofor the scanning path starting from point 5@) and thatstarting from point C
(55) we have

Sh = 1_§’Tm. (3.2)
1+R(1-S7")
<. 1-5, (3.3)
o 1+R(1—§N)
and
Sot :§66F ‘_CF
(O O = O 0O
_ nQd ok S‘L B S, > Smin (3.4)
Sot = El ( -Syn ) 1+ SN % W
BD.O otherwise

Equation3.4 is aconditional quadratic equation that candmdved for Sy sinceg,\, =Sy + St Once

St is computed, capillary pressures and relative permeabilities are computed from the edisatimsed
below.

3.2.2 Parker and Lenhard
The trapped oil saturation is calculated by linear interpolation since the effective trapped oil saturation along
any scanning curvée.g., the curvewith reversal point of A in i§. 3.1) varies from zero ahe reversal

point of SM" to § at S, = 1 as

mmD l

m'”és” W%‘%Q >

Where§§r is calculated from Eq. 3.2.

3.3 Capillary Pressure

The two-phase air-water, water-oil onicroemulsion-oil and three-phase oil-water-air capillprgssure-
saturation function determined using the generalization of Pairké{1987] to the two-phase flomodel
of van Genuchten [1980] is represented as follows.

3.3.1 Two-Phase Flow

Sv = |1+ (aB,y Poe/@')n]_m (3.6)
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where 3,, is the scaling coefficierfor fluid pair / and ¢'; a and n are the adjustabi@rameters, and
m = 1-1/n. The implementation of this model in the simulator includes scaling with intpesieeability

(k) and porosity¢) wherea is replaced bya F . B is approximated by the ratio of water-air interfacial
¢

tension ¢ay) to the interfaciatension ofthe fluid pair. Hereand elsewhere thsubscript w applies to
either water or microemulsion for the case of two-phase flow with oil.

Berr = gapt O

3.3.2 Three-Phase Oil/Water/Air Flow

Sy =

1+ (GBOW IDcow)n] " (3.7)

S =

1+ (P Pcm)”]_m (3.8)

3.4 Relative Permeability
The two- and three-phaselative permeabilities atgased orthe generalization dParker and Lenhard to
the two-phase flow model of van Genuchten.

Kew = %’ﬂ—(l—éﬁ’m)mg (3.9)
Koo Elrsf EWD/Z%I 1/md“ 1 §[1/m)m§2 (3.10)
_ (1_3)1/2(1_§[llm)2m (3.11)

3.5 Capillary Number Dependent Hysteretic Model

An important new extension of these models is the inclusion of their dependeimberfacial tension via

the trappinghumber. The capillary number traditionallysed by bottthe groundwater anail reservoir
literatures has been generalized by Jin [1995] ambvgcalled thetrappingnumber. We assunthat 1)

the capillarypressureparameters n and m are independent of trapping number and 2) the residual oil

saturation 83>°) and residual watefor microemulsion) saturation {%) are functions of trapping

number. Wecompute the residual water and residuakaturations as a function of trapping number as
follows:

] _ hlghD
_ high S
Sy = mings, , S, —D where/ = w (or microemulsion), oil 32
& ’ 1+T,N
W ¢ N1 O

where theSZ'rgh and S2V are the phaseresidual saturations at high and ltrappingnumbers, T is the

adjustable parameter This correlation was derived based on the experdatital n-decangDelshad,
1990) andhave recently beesuccessfullyapplied to residuaPCE as afunction of trapping number
measured by Pennelt al.[1996]. The trapping numbery¥ is computed as
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kI » ~kfo(p, -~ p)Ch

% (3.13)

Nt, =

where h isthe vertical depth{positive downward),p¢ and p,» are the displaced and displacing fluid
densities, and the gradient of the flow potential is given@b)@- = ﬁPf- -9p, Oh.

We then substitute the watg@r microemulsion) and oil residuahturationscalculatedfrom Eq. 3.13 for

Swr and S in the calculations of entrapped plhase saturations ¢, capillarypressure, andelative
permeabilities describedbove. Thisextension makes the hysteretic model suitdble remediation
processeghat involvechanges innterfacial tension; e.g.co-solvent, surfactant, et¢Delshadet al.,
1996). The reduction in interfaciadbnsion due tdhe presence of surfactant co-solvent inthe above
eqguations is calculated from a modified Huh's equation (Huh, 1979) where the interfacial teredaiads
to the solubilization ratio (Delshaet al, 1996). The interfacialtension foroil-water in the absence of
surfactant or co-solvent or water-air fluid pairs is assumed to be a constant.

3.6 Tables and Figures

Table 3.1. Notation Used in Section 3

Water and oil saturations: we So
Residual water saturation: WP
Effective water saturation : S, = Sw — Swr
1-Swr
Effective total liquid saturation: S - Sv *+So — Swr
1= Swr
Effective oil saturation: g - S
1-Swr
Apparent water saturation: Sy = Sw + St
Residual and trapped oil saturation: Residual oil saturation corresponds to the trapped olil
saturation at zero capillary pressure,
Sor = St (@P¢ = 0.0)
Minimum effective water saturation (correspon dgl\nl]in
to the reversal from drainage to imbibition):
Maximum effective residual oil saturation _ max
(corresponds to main imbibition curve): e = I rSW
— Swr




UTCHEM Technical Documentation
Water-Wet Hysteretic Relative Permeability and Capillary Pressure Models

Main drainage sr)nax

Main imbibition

Capillary pressure

I
I
I
I
I
I
I
I
I
I
gyin . .
Effective water saturation

Figure 3.1. Capillary pressure curves as a function of effective water saturation.




Section 4
UTCHEM Tracer Options

4.1 Introduction

Any number of tracers can be modeledUmCHEM. These tracers can be wateacer, oil tracer,
partitioning oil/water tracer, gas tracer, and partitioning gas/oil tracer. There ardwpreacting tracers
allowed. Reacting tracers are consideraay for water/oil tracers and tracer components 2 and 3 are
reacting and product tracefsr the first reactingtracer. Tracer components 4 and 5 are reacting and
product tracers for the second reacting tracer. The assumptions made in the modeling of tracers are:

1. Tracers do not occupy volume
2. Tracers have no effect on the physical properties

The overall tracer concentrations are compfitedh the species conservation equations whictlude a
reaction term for the reacting tracer. The trga®se concentratiorase calculated according to the tracer
type: water, oil, gas, or partitioning.

UTCHEM can model single-well tracer td8lescant,1989), partitioning interwell tracetests (Allisonet
al., 1991; Jiret al, 1995), and single-well wettability tracer test (Ferretral, 1992).

4.2 Non-Partitioning Tracer
The tracemphase compositiofor a non-partitioning tracer is proportional to the ratio of tb&lttracer
concentration to the total concentration of water, oil, or gas depending on the tracer type as

Cr, = CM% T = water, oil, or gas tracer (4.1)
K
4.3 Partitioning Tracer

4.3.1 Water/Oil
The tracer partitioning coefficienffor a water/oil tracer is defined on thbasis of water or oil
pseudocomponent concentration as

KT - — (42)

where Ct, and Cr, are the tracer concentrations in the water angseudocomponentsThe tracer
phase compositions are then computed from the tracer material balance equation as

Cr, =CyCr; +C2/Cr,

where
C
T, = T (4.3)
1 C1+C2KT
Cr. = Cr
12771 ¢ +CoKy

where G, C are the overall concentrations for water and oil species.
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The partitioning coefficient of tracer i as a function rekervoir salinity is modeledising alinear
relationship as

KTi = KT gef (1 + TKS (C51 = Coy,ref )) (4.4)

where G is the concentration afnions in aqueous phase angh ¢efis the electrolytes concentration in
chloride equivalent (eg/l) at a reference condition (initial electragtecentrations). TKSs a constant

input parameter in (eg/and KTi sref 1S the partitioning coefficient at the reference salinity gf fefin
eqg/l.

UTCHEM also haghe capability of modeling tracer partitioning coefficients as a functioresgrvoir
temperature. Partitioning coefficient for tracer i as a function of temperature is given by a linear function
as:

Kt = KT} 17 (1+ K (T - Tref)) for tracer i (4.5)

wherethe temperatures are in °F am ¢ is the partitioning coefficient of tracer i at reference
temperature, [Er. TK;jis a constant input parameter if)Z1.

4.3.2 Gas/Oil
The partitioning coefficient for a gas/oil tracer is defined as

KT - (46)

and the phase concentration for the tracer is computed using the tracer material balance equation as

Cr, =Cg/Cry +C2/Cr,

where
C
Ts = T /=2and 4 (4.7)
C8 +C2KT
C Cr
T2 C8 +C2KT

where (g, Co are the overall concentrations for gas and oil species.

UTCHEM hasthe capability of modeling gas/oil tracer partitioning coefficients as a functioesefvoir
temperature. Partitioning coefficiefar tracers as a function of temperature is given by a linear function
as:

KT

= K1, ref [1+ TK; (T - Ty )] for tracer i (4.8)

where the temperatures are in °F arhﬁTi ref 1S the partitioning coefficient of tracer i at reference

temperature (&7 and TK is a constant input parameter in (1)
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4.4 Radioactive Decay
Radioactive decay can be used for any type of tracer (oil, water, gas) as

dCr _

-\C 4.9
p T (4.9)
\ = _In©5) 1

t1/2 (4.10)

where) is a constant input radioactive decay coefficienfdiays)! and {7 is the half life of the tcer.

The above equation is solved for decayed tracer concentration once the overall tracer concénatson (
solved for as

(C7)gecay = Cr (21— 2at) (4.11)
whereAt is the time step size in days.
4.5 Adsorption

The traceradsorption for anyype of tracer isassumed to bénear and can be modelesing aninput
retardation factor parameterd@s

D = =T = L-gear ) oy (4.12)
Crs ®p,Cry

where g is the mass of adsorbed tracer divided by the mass of ppekdp, are the rock and watef €

1) or gas phas€ €& 4) densities. Cy is theadsorbedracerconcentration. The adsorption isapplied to
total tracer flux (convective and dispersive) and modeled as

_uf 1 0
(Vi)g. = ¢S, HTDSE (4.13)

where u is the Darcy flux in ft/d amglis the porosity.

4.6 Reaction

Hydrolysis of an ester to form an alcohol is assumed to be irreversible and ofdest The reaction of
an acetate as an example is:

1 CH3COO[G\Hop+] + 1HO  -------- > 1CyH2n+fOH] + 1CoH4 02
Acetate Water Alcohol Acetic Acid

where 1mole of acetatée.g., componentl0) generates onenole of product alcohole.g., component
11). The reaction is modeled as

9Cio
= -KLC
ot h“10
and (4.14)
—= = K,C
ot h“10
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where K, is an input reaction rate in ddy UTCHEM hasthe capability of modeling the tracer reaction
rate as dunction of reservoir temperatureThe rate ofhydrolysis oftracer as a function afeservoir
temperature is given by:

hy = hi,refexpéH 'H? ﬂgg or tracer i (415)

where the temperature is in °K arI'(dni ref IS the rate of tracemydrolysis atreference temperature )
and HK is a constant input parameter in (°K)

4.7 Capacitance
The capacitance model is based on a generalized Coats-Smith modeletSanjth988) and ispplied to

water/oil tracer components agdstracer componentx}]. The model isunsteady stateherefore the
flowing and dendritic saturation€an change in eactime step. The phase saturations and phase

composition fronthe overallspecies concentration and phase flash theflowing saturation (52) and

phase concentrations:fd) in the capacitance model WTCHEM. The mass transfebetween the
flowing and dendritic fraction is given by

g d)_ f _ ~d

ot (S?CKE) - MKf(CKZ CK() (4-16)
The dendritic saturation is calculated from:

st =(1-F)s (4.17)
where F is the flowing fraction for phasedefined as

f
S
Fg = S—j = FZO + (Ffl - Fgo)fg (418)

where the flowing fraction (f is assumed to be a linear function of fractional flowy. (fThe intercepts of

the flowing fraction line versusfractionalflow at the residual saturation ofonwetting phase {f = 0.0)
and wetting phases(f= 1.0) are kg and k1 and are input parameters. The produderidritic saturation

(S?) and dendritic phase compositioﬁ{b) is
n+1 n n
(CEKS?) = (Cgesf) + AtM (CLK - Cgf) (4.19)

where M is the inputmass transfecoefficient in (day) and the dendritiphase compositionqﬂg) is
calculated from

d Sd
d _ CxrS
cd, = =« (4.20)
S

The flowing phase saturations are then determined from

s = FS, (4.21)
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and the total flowing tracer concentrations are computed as

. Np Np
ck=Y(cks)=cc-3(cts) (4.22)
/=1 /=1

45



Section 5
Dual Porosity Model

5.1 Introduction

In most naturally fracturedeservoirsfractures tend to be developed irway that makes théractures
interconnected and thiulk reservoir rock isolated intdblocks. Fractured reservoirgan thus be
considered as blocks of porous ropiatrix surrounded by a network afommunicating channels
(fractures). The rock matrix generally has high bulk volume and high porosity, but vepelomeability.
In contrast, the fractures occupy very small volume, but have high permeabhiydualporosity model

assumeshat there aréwo flow systemscoexisting in a fractured reserveir an interconnected fracture
system and a disjoimhatrix system. Inthe dualporosity modelgcontinuity equations arsolved for the

two systems usingonventionaimethodswhile themass transfebetween théwo systems igalculated

by so-called transfer functions that characterize flow between matrix blocks and fractures. By dividing the
matrix system into subgrids at each fracture node, transient flow of fldi imatrix and betweematrix

and fractures can be studied. For simpliaibtrix blocksare oftenassumed to be regularbhaped. In

this implementation, waise parallelepiped matrixblocks to handlevertical fractures and slabs for
horizontal fractures.

This section presents results ofpeoject to implement dugborosity behaviorfor tracer studies in
UTCHEM, achemicalflood simulator developed &te University of Texas afustin. Two approaches

were implemented. In the first, a capacitance model already existing in UTCHEM was made to mimic dual
porosity behavior by setting capacitance parameters to equivalent dual porosity parameters. This approact
is equivalent to a duglorosity nodel with nosubgridding. The second approach involved adapting a
subgridding approach developed by J. Chen [1993¢danter current imbibition in fractureeservoirs.

Test runs and comparisons with the SWIFT Il simulator (Reetvals, 1986) are also made.

5.2 Capacitance Model

Dispersion into matrix blocks from surrounding fractures is typically calculated by asstnairtge tracer
concentration in the fractures is uniform within a given volume of reseivchi. This assumption results
in the following equation for diffusion of a single tracer in a single fluid phase:

me~m
a(q’atc ) = "K™S, é‘f_:é
(5.1)

where

@M = matrix porosity, fraction

c™ = average tracer concentration in matrix block, /L

Km = tracer diffusion coefficient in matrix, 3t

Sa = matrix block surface area per unit bulk volume of reservolr, L

é‘f—:é = tracer concentration gradient normal to matrix block surfacet m/L

If transient behavior is ignored, Eqg. 5.1 may be approximated by

@zoKm(Cf -cm) (5.2)
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where o is a shape factor taccountfor matrix block geometry and number of mathbocks perunit
reservoir volume, andfGs the tracer concentration in the fracture. Nbte theshape factohas units of
L-2. Kazemiet al.[1976] recommended a shape factor for cubic matrix blocks of

5 = AN (5.3)

where n is the number of matrix blocks per unit bulk volume of reservoir andhé fslimensionality” of
the fracture set. A good discussion of shape factors can be found in M. M. Chen [1993].

UTCHEM includes a "capacitance" modblat treatsdiffusive transfer in a similamanner. In the
capacitance model a fluid phase is divided into two fractions: a flowing fraction (which is analogous to the
fracture system in a dugorosity model) and a dendritic fractiofwhich is analogous tthe matrix
system). Sincenatrix and fracturgoorositiesare both based orotal reservoir bulk volumethe flowing

fraction, F, and the dendritic fraction;F, are equivalent to:

i f
(0] S
F=—— =—_
(pm + d S (5-4)
d
_ 9" _s
1-F=——— ==
(pm + (J S (5.5)
For single phase flow, of course, S = 1. Total porosity is simply
o=q"+ ¢ (5.6)
In the capacitance model, mass transfer from the flowing to dendritic fractions is calculated by
9|(1- F)cd
_ f _~d
= M(C C ) (5.7)
or for a fixed dendritic fraction:
oct)
1= (cf-cd 5.8
o 1- F( ) (5.8)

where CY is the tracer concentration in the dendritic fractich,is the tracer concentration in tHewing
fraction, and M ighe capacitanceass transfer coefficientThe capacitance model cérus be mde to
calculate dual porosity behavior using the equivalents given in Table 5.1.

Figure 5.1 shows comparisons aapacitanceuns inUTCHEM compared to UTDUAL, a dual porosity
simulator developed at thdniversity of Texas afustin. Although UTDUAL has the capability of
subgridding matrix blocks (which would yield masecurateresults),these comparisons wereade with

no subgridding. For these comparisons, UTDUAL was modified slightly to account for tracer diffusion in
a manner similar to counter current water imbibitiddataused togenerate i§. 5.1 are given inTable

5.2. Notethe high degree of agreement. fiact, for a mass transfeoefficient of 16° secl, the two
curves are indistinguishable on the graph.
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5.3 Subgridding

Due to the relatively low permeability in matrixooks, viscousonvection ofphases is very slow and is
ignored in this formulation.Molecular diffusion of tracer becomes the domingbcess flow within the

matrix. The equation for tracer diffusion into the matrix can be simplified into the following equation:

%(cpmcm) = (¢ ) - Ag'C™ (5.9)

whereA is the radioactive decay constant of the tracer.

Parallelepiped matriklocksare assumed fothe subgridding. Inthe horizontal direction (j-index) the
matrix is subdivided into },,concentric grids. In the vertical direction (k-indettje matrix is sliced into
Mgypslabs. Figure 5.2 showibe discretization of a single matitock. The advantage afubgridding
the matrix thisway isthat manytypes of fracturesystemscan bedescribed. Bysetting Myys=1 and the
vertical diffusion coefficient tozero, avertical fracturenetwork can besimulated. If Nys=1 and the

horizontal diffusion coefficient is equal to zero, then horizontal fractures can be simulated.biAatmm
of subgridding in thesevo directions can besed tosimulate a 3D fractursystem. Wen M,,5=1 and

Ngug=1, the system reduces to the capacitance (no subgridding) model.
The volume fraction of each subgrid is an input value with the property:

Nsub
Zlfjk =1 k=1,..My (5.10)
J:

The volume fraction of théljring and ¥ layer subgrid is:

i (ijkl—yjk - ij—lkl—yj—lk)hk
Jk - Vm
bk

(5.11)

wherthT( is thebulk volume ofthe KM layer of thematrix, L xjk and L yjxare the outedimensions of

the subgrid,hy is the thickness of thétklayer, and N, is the number of theubgrids inthe horizontal
direction (Fig. 5.2).

From Egs. 5.10 and 5.11, the outer dimensions for each subgrid are calculated by:

1
i 2
Lxik = Lngikg j=1,... Ny K= 1,....Mub (5.12)
=1
1
O 2
Lyik = Lyngikg i=1,...Nyg K=1,....Mub (5.13)
=1

whereL, andLy are the dimensions of the matrix block.

The dimensions of a matrix block can be different than the dimensions of lalapid The mass transfer
rate issimply calculated by multiplying thenass transferate of one representative matrix block by the
number of matrix blocks per grid block.
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Using one-point upstream weighting, the finite-difference form of Eqg. 5.9 becomes

(pmgcm)nﬂ_(cm)”é - ME{ k-3 ( )Jnk—1+THj 1 (Cm)J 1k+TCJ'k(Cm)jnk
n

n
+TH (cm) TV (cm) ~AVITA m(cm)
AT T e g T2V IKA® i

(5.14)

|

whereAVjT is the volume of thélj ring and the ¥ layer, and TV and TH arhe transmissibilities in the
vertical and horizontal directions, respectively:

LyikhKm LyikhiKR
THj+lk = L 5 - ny * L : — |_Xy (5.15)
2 Xj+lk — —Xjk  TYj+k  Yjk

fiLxLyKY'
TV, k+ — JkExEyhz (5.16)
J hijk+1 + hijk

and TC is calculated by:

The boundary condition is
m _ ~f .
Ck=C = ub' = 1,....Myp (sides)
j= Nsub k 1 and k = Mp (top and bottom) a8)

5.4 Implementation

In this implementation the original 3D compositiormade, UTCHEM, solveshe pressure distributions
and tracer concentrations in the fractaystem. After solving the fracturesystem equationghe tracer
concentration at eaatode is used athe boundary conditiorfor the matrix at the sameode. Only a

single tracer in single phase flow is handled.

An additional subroutine, TDIFFU, is added to UTCHEM to do the matrix calculations. The methodology
used for this implementation is described by J. Jihé03] and Cheret al [1994]. Inthis routine, the
eguations developed above are used to gblvd@racer concentration distribution in thebgriddedmatrix
system. Concentrations in the fracture are modified to accémmimass transfelbetween the matrix and
fracture.

Several other subroutinesealso modified. Subroutine INOUT ixtended to read in the parameters
used to describe the subgridding system. The initial values ofdlré tracer concentration asgsoread

in this routine. Subroutine TIMEO is modified to #e¢ initial tracerconcentrations in the matrsystem.
Calculations of the horizontal anebrtical transmissibilities of theubgridsare added to the TRAN1
routine. Some output commands are added to subroutine OUTDT1. Acwljree,the MAIN program

is also modified to handle the new calculations. The distribution of tracer concentrations withiirtke
are written to output file CAPP.

In order to minimize the code changes to the whole system, the contrtdrflbg dualporosity option is
the variablelCAP, which isalso used tdlag use ofthe capacitancenodel. Avalue of 2 isused to
represent that the dual porosity model with subgridding is used.
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5.5 Results
Several testuns were radewith this implementation.The first test is a comparison dfe capacitance
model with the case of only one subgrid. A 1D linear reservoir 1000 ft long with 10 ft width and depth is

simulated. Gridblock size is10x10x10 f8. Matrix blocksarealso 10x10x10 & There arehus 100
gridblocks in the xdirection. Fracture and matrix porosities are 0.01 and 0.19, respectRetyneability
in the fractures i000 md andongitudinal dispersivity is 1.0 ft. Fluithjection rate is0.5 ft*/day.

Figure 5.3 shows results for mass transfer coefficients-f 108 and 169 secl. Results show that the
dual porosity model reduces to the capacitance model when there is no subgridding.

The second comparison is between UTCHEM &htDUAL (J. Chen, 1993).The reservoir and fluid
conditions are the same as fiirst set ofruns, except that aiffusion coefficient (KM of 4.32x103

ft2/daywas used. The subgrid numbers compared are 1, 2, 4, and 8. One more run with 16 subgrids wa:s
run onUTDUAL which showedhat the curveonverges with only 8ubgrids. Figure 5.4 shows the

results. Figuré.5 showsagreement between UTCHEM abldDUAL. The pore volumes reported in

these figures refer tthe total (fracture + matrix)ore volumes. The UTCHEM output fileshowever,

give the fracture pore volumes only.

The third caseun was a 2D caseThe reservoir is 100x100x183 and with grid number ofl0x10x1.

Eachgrid size is10x10x10 f8. Fluid isinjected inone corner and produced from an oppositener,
simulating a quarter of a five-spot pattern. All other properties are the same as the second set of runs. The
number of matrix subgrids ranges from 1 to 8. Figure 5.6 shows the result. Nabe 8wid line is the
overlap of the two curves of the capacitance model and the dual porosity model with one subgrid.

It is expected that increasing the number of subgrids will increase computingHioweever,the amount
of additionaltime requiredfor additionalsubgridding is very sail in this implementation. Figures 5.7
and 5.8 show CPU times ftine runs nadeabove. Notehatonly slightly more timevas neededgven
with 8 subgrids.

The last comparison is with SWIFT |l (Reewasal,, 1986), acode developetbr contaminantransport
studies. The case simulatedhs transport of a decaying radionuclide in a fractypedous medium. A
thin fracture is situated within a saturaggorous rock matrix. Botlthe fracture and matrix are semi-
infinite in extent. The radionuclide is convected dimspersed througthe fracturewith constantvelocity

and is diffusednto therock matrix. The fracture aperture is #0m, matrix porosity is0.01, matrix
tortuosity is0.1, fracture dispersivity i90.5 m, molecular diffusion coefficient in water isl.6x10°
cm?/sec,radionuclide decay constant@s0561 yrl, and fracture velocity is 0.0fn/day. Notethat the

value of the dispersivity in UTCHEM (R) is equivalent to theroduct of tortuosity timethe molecular
diffusion coefficient in wateused by SWIFT Il. Aconstant tracer concentratiboundary condition on
the source side of the system is required to match an analytical solution to this problest &laa§81).
UTCHEM was modified slightly to handle this boundary condition. Variable grid blaekssed in both
fracture and matrix. A 1000-day period was simulated. Figuré&.9 shows the radionuclide
concentration in théracture. Notethat the simulatedesults andhe analyticalsolution by Tanget al
match very well. Figure 5.10 shows the radionuclide concentratithe imatrix1.5 mfrom the injection
point at 10,000 days. The result afeatches the analyticablution. Thisproblem is described inethil
in the SWIFT Il manual (Reeves al, 1986).

5.6 Conclusions
From the above test runs and comparisons with other simulators, the following conclusions are made:

1. Adualporosity formulation to mdel tracerflow in fractured reservoireasbeen implemented in
the UTCHEM chemicalflooding simulator. Good meltes are obtained comparedth other
simulators.
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2. Different fracturesystemscan be modeled by thensilator. Thesanclude verticalfractures,
horizontal fractures, and combinations of the two.

3. Computertime required to refine the matrgystem does natppreciably increastor reasonable
numbers of subgrids.

4. The dual porosity model reduces to the capacitance model when the nusilegieds isequal to
one.

5.7 Nomenclature
cd tracer concentration in dendritic fraction, /L

Cf = tracer concentration in flowing fraction or fracture system3m/L

C™ = matrix block tracer concentration, n¥/L

C™ = average tracer concentration in matrix block, /L
fix = volume fraction of subgrid j, k, dimensionless

s O

F = flowing fraction EEE dimensionless
40

1-F = dendritic fractionggg, dimensionless

hk = thickness of K layer, L

K™ = tracer diffusion coefficient in matrix, &t

KQ} = tracer diffusion coefficient in matrix in horizontal directior/tL

K;“ = tracer diffusion coefficient in matrix in vertical directior#/t_
Lx, Ly = matrix dimensions, L
Lxjk, Lyjk = subgrid dimensions in x and y directions, L

M = capacitance mass transfer coefficient, t
Mgupb = number of subgrids in vertical direction (layers)

n = number of matrix blocks per unit bulk volume of reservoir
N = dimensionality of fracture set
Nsup = number of subgrids in horizontal direction (rings)

Sa = matrix block surface area per unit bulk volume of reservolr, L

$ = dendritic saturation, dimensionless

St = flowing saturation, dimensionless

TC = sum of transmissibilities in the vertical and horizontal directiofis, L
TH = transmissibility in the horizontal direction3/t

TV = transmissibility in the vertical direction3It
t = time,t
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Table 5.1.

m

Vi = bulk volume of layer k of the matrix; &

AV]-T = volume of thef ring and the ¥ layer of matrix subgrids,-B

¢ = total porosity, fraction

f

@' = fracture porosity, fraction
@™ = matrix porosity, fraction
A = radioactive decay constant, t
o = shape factor, £

pc™m U

[+—[ = tracer concentration gradient normal to matrix block surfacet m/L

Dan D

5.8 Tables and Figures

Equivalence Between

Capacitance and Dual Porosity Models

Capacitance Model

Dual Porosity

Model
Porosity () "+ ¢
f
Flowing fraction (F) ¢
" +d
(pm
Dendritic fraction (* F) m
o"+d
Flowing fraction tracer cf
concentration (:f )
Dendritic fraction tracer m
concentration Cd)
Mass transfer coefficient K m ok
(M) o+ d
(0] +

Table 5.2.

Input Data for the

Comparisons of Capacitance Model in
UTCHEM to Dual Porosity Model in

UTDUAL
System size 100x10x10 ft
Fluid injection rate 0.5 fiday
Capacitance Model
Total porosity 0.20
Flowing fraction 0.05
Dendritic fraction 0.95
Mass transfer coef. | 105 secl
108 secl
10° secl
Dual Porosity Model
Fracture porosity 0.01
Matrix porosity 0.19
Shape factor 0.08 ft-2
Matrix block size 10x10x10 | ft
Diffusion coef. 10.8 ft2/day
1.08x102 | ft2/day
1.08x103 | ft2/day
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— Capacitance Model

----------- Dual Porosity Model
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Comparison of capacitance model (UTCHEM) to equivalent dual

porosity model (UTDUAL) results.
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Figure 5.2.

Schematic of matrix block subgrids.
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— Capacitance
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Figure 5.3. Comparison of capacitance model vs. subgrid model in UTCHEM.
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Figure 5.4. Subgrid refinement studies with UTCHEM, K™ = 3.243x10-2 ft2/day.
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094 [ —— 8 subgrids UTDUAL
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Figure 5.5. Comparison of UTCHEM and UTDUAL subgridding.
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Figure 5.6. 2D subgrid refinement studies with UTCHEM.
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CPU time (min.)
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Figure 5.7. Comparison of execution time with different numbers of subgrids,
1D case.
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Figure 5.8. Comparison of execution time with different numbers of
subgrids, 2D case.
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UTCHEM 100 days
UTCHEM 1,000 days

P R O

UTCHEM 10,000 days
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Figure 5.9. Comparison of simulated results vs. analytical solution (Tang et al.,
1981) for radionuclide concentration in the fracture.
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Figure 5.10. Comparison of simulated results vs. analytical solution (Tang et al.,
1981) and SWIFT Il (Reeves et al., 1986) for radionuclide concentration in the matrix.
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Section 6
UTCHEM Model of Gel Treatment

6.1 Introduction
This section is based on the work done by Kim [1995].

6.2 Gel Conformance Treatments
The operational aspect of a gel treatment includes the following :

e Zonal isolation

*  Types of gel treatments
e Shut-in time

*  Gelinjection rate

*  Amount of gelant

The types ofgel treatments arg) simultaneousnjection of polymer anctrosslinker intothe reservoir,
2) alternateinjection of polymer andcrosslinkerslugs, and 3) injeabn of pre-gelled fluid into the
reservoir. Thaype of gel treatment selectedluences theplacement of the gel in threservoir. Inthis

study, the simultaneous mode of injection of polymer and crosslinker was modeled.

The shut-in time allowed after injection, before the well is put back on productmitical to thesuccess
of a geljob. If the geldoes notreach most of itstrength,its efficacy in plugginghe high-permeability
layer will suffer.

The injection rate determines the rate of shearinpefpolymer and gel as well as the injectmessure.
The injection rateshould be suclhat the wdbore pressure does neixceed the fracturgressure of the
rock matrix.

The amount of gelants injected determines the depth of penetration of the gel ifuorigon. The
amount injected must ensure adequate plugging of the high-permeability, watered-out zone.

Zonal isolation isused toselectively treat th@roblemzone. In somavells, improper well completion or
casing damage malgad to mechanical difficulties in achieving zonablation. In thiswork, gel
treatments were simulated with and without zonal isolation to demonsimteffectiveness of zonal
isolation.

The polymer-gelsystem chosen for particular treatment wildepend on its compatibilityvith the
reservoir and operational conditions. The properties considered when choosing a particular system are

*  Viscosity

*  Gelation time

*  Permeability reduction

*  Thermal and mechanical stability
*  Mechanical strength

»  Safety
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Viscosity of the gel and polymer determines the welllpyesssure during injectionVery high viscosities
may cause the wellbore pressure to exceed the fracture pressure of the reservoir.

Gelation time depends dhe kinetics of gel formation and influences the injectiate andshut-in time
used during the treatment. Idealllge gelationitne shouldallow properplacement of the gddefore full
gel strength develops.

The permeability reduction caused by the gel inpihusmedium is an indicator of itgbility to modify
the flow patterns in theeservoir. Innear-wellbore treatmentthe gelshould beable toplug the high
water-cut zones.

The ultimate mechanicatrength developed bygel is a measure of thgressure itan wthstand before
breaking down. The gahouldhave enougimechanicaktrength taremain in placevhen subjected to
normal drawdown during production.

Safety of the gel, polymer and crosslinker may ultimately determine its usage. Gel components need to be
safe for handling and storage and should pose no rigie environment. The application ofometoxic

gels may be limited orrestricted by the environmentalbncerns incertain locations. Studies of
environmentally benign gels that do not use any toxic materials as a gel component are active.

It is important to characterize the reservoir in which the gel is ultimately going to be placed. Some reservoir
characteristics that have a significant impact on gel treatment success are

e Permeability contrast

*  Vertical communication

* Rock properties such as clay content
e Salinity

e Temperature

The permeability contrast between the layers influenceeetative depth of penetration in theyers. A
high permeability contrast mitigates the damage done to the oil-producing low-permeability zone.

Crossflow between the layers leads to mixing fofids betweenthe layers. Thiscan cause some
penetration of low-permeability layers eveluring selective treatments. During post-gdteatment
production, crossflow may cause the water to bypass the plugged zone and be produced.

The clay content and the cation exchange capacity of the clays can have a sigmifiaentncrosslinker
propagation. Experiments indicate that a significgmbrtion of inpcted cations like chromium may be
retained on the clays and hence are ailable for gelation. Salinity influences polymer and gel
viscosities, while the temperature of the reservoir affects the rate of gelation and the stability of the gel for
an extended period of time.

The gel properties modeled in UTCHEM include
» effect of gel on aqueous-phase viscosity,
» gel retention on matrix, and
e agueous phase permeability reduction.
6.3 Gel Viscosity

The viscosity of an aqueous solution containiggl is modeledusing the Flory-Hugginsequation with
additional terms for gel (Thurstat al, 1987).
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H1 = Hw 1+(A o1Ca1 +Ap2Ca1® +Apg C4,13)C§Ep +Agq Ci51 +Agp Ci51°

(6.1)

6.4 Gel Adsorption
Gel retention modeling is done using a "Langmuir-type" isotherm to coreslatebedconcentration with
the aqueous-phase concentrations.

n ae C
G = 50151 6.2)
1+ bi5Cqg1

6.5 Gel Permeability Reduction
The effect of gel oraqueous-phaspermeability reduction is taken into accouhtough a residual
resistance factor commonly used for polymer flooding.

(RrEmax = 1) Ag Cis1

RRF =1 + (63&)
1 + Bg Ci51
where the maximum residual resistance factor is calculated by
4
Oy oS O3
Crg A pt Csep
RRFmax = - (63b)

D/kkDy2
xyD

o ¢ O

OOOgaOodno
101 o Y

The parameterygis an input parametarhich depends othe geltype. The permeability reduction for
silicate gel (KGOPT=3) is independent of the silicate viscosity andhthemum residual resistance factor
(RREmay is equal to 10.

6.5.1 Chromium Retention
The following equilibria have been implemented WTCHEM to simulate the exchange between
chromium, sodium and hydrogen on the clays.

6.5.2 Cation Exchange
6.5.2.1 Chromium-Sodium Exchange

3Na + CP* = 3Ni + cft
Cu4 Cos®
Cg°Cra1

6.5.2.2 Hydrogen-Sodium Exchange

Na" + H = Na" + H
Ci6 Coa

Kiso = =~ (6.5)
Co Ci61
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6.5.3 Adsorption
As an alternative to catioexchangethe retention of chromiurhas alsdeen modeled as a "Langmuir-
type" isotherm in UTCHEM.

- a,C
Cy = — 414l (6.6)
1+ b14Cuaa

6.5.4 Precipitation
Chromium precipitation is modeledsing geochemical reaction equilibria IWTCHEM.  Cr(lll)
precipitates in the form of chromium hydroxide complex.

Cr*+ H,0 = Cr(OHf* +H" (6.7)
Cr*+ 2H,0 = Cr(OH} + 2 H' (6.8)
Cr(OH), 1 = CP* + 30H (6.9)

Gel reactions are iplemented in thesourceterm as gel kinetieequations and thenass-conservation
equation is solved with reacted amount of each gel component.

Polymer moleculesre crosslinked by Cr(lll),which is known to beone of themost widely used
crosslinkers. Threetypes ofgel reactions and kinetics areplamented inUTCHEM. The kinetics of
polymer/chromium chloride gelere modified, andjel reactions of polymer/chromium malonate gel and
silicate were modeled.

6.5.5 Polymer/Chromium Chloride Gel

Two sets of reactions and kinetics for polymer/chromium chloride gel are implemetd@@€HEM. The
first is in-situ gelation of polymer with sodium dichromate with reducing agent thiouretheselcond is
the gelation of Cr(Ill) with polymer to form gel.

The kineticsfor the reaction between polymer and chromium have been generalized tofall@my

exponent (Hunt, 1987)The gel is formed byast reaction of trivalent chromiurtCr(lll)) and polymer.

There is an optioffor the slow delaying reaction between Cr(VI) atidourea. The sodium dichromate
(NaxCr07) and thiouredCS(NH))» are treated like tracers in tlsensethat they donot occupy any
volume. The Cr(lll) for the gelatiorprocesscan be generated 8itu by redoxreaction between Cr(VI)
and thiourea.

Cr,0,2~ + 6CS(NH,), + 8H* 0 M. 2cr3* + JCS(NH3),], + 7H,0

The gel reaction is highly dependent on fitbckhart, 1992; Seright and Martii991). Formore
realistic simulations of geleactions, pH was iptemented in the gel kinetic equation faglrogen ion
concentration.

6.5.6 Polymer/Chromium Malonate Gel
The components of polymer/chromium chloride gel are as follows:

1. Polymer — Hydrolyzed polyacrylamide (HPAM) and HE-X@@rylamido-3-propane sulfonacid
co-polymer) weraused. HELOO/chromium mainate isreported to have a longer gelatitime
than HPAM/chromium malonate (Lockhart, 1992).

2. Crosslinker — Chromium malonate, Cr ( HOOC -.GHCOOH j3. Amongvarious complexes of
chromium, chromium malonatédasthe longest gelationime and stability at high teperature
(Lockhart, 1992).
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3. Ligand (delaying) — Mlonateion (uncomplexed), HOOC - CH - COOH ). The uncomplexed
malonate ion as a delaying ligand is an optional component that gives a longer gelation time.

6.5.6.1 Kinetics

Case | ( polymer and crosslinker only )

The kineticsfor this gel are the same as the kinetics of chromium chloride gel ewdtptdifferent
exponents:

[ polymer] + n[Cr(ll)] = [gel] ,
drcramn] _ k[Cr(III)]X14[ponmer]X4
dt [Hﬂ X16 '
dlgel] _ 1 d[Cr (]
dt n dt ’
where the possible values for exponents from Lockhart [1992] are
X4 2.6
X14 0.6
X16 1.0

Case Il (polymer, crosslinker, and malonate ion )
When the malonat®n is used as delayingligand, the gelation kinetics ardifferent, with zero-order
reaction for chromium :

[ polymer %4
[ malonate {13 H*] *1°

dlgel] _ 1 d[Cr(ll)]

drcrqml _

dt K

dt n dt
where some possible values for exponents from Lockhart [19912] are
X4 2.6
X113 0.3
X16 1.0

The uncomplexed malonate ion slowly decomposesétateand carbon dioxide, and this is a first-order
reaction:

(HOOC - CH - COOHY)  ----- > CHCOO +COp

First-order reaction :

d [ malonate ] _

at - 0.037347 [ malonate ]
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6.5.7 Silicate Gel
UTCHEM was modified to simulate the gel reaction of the silicged. Polymer ana¢hromium were

replaced with silicate (Si)and hydroxyl ion (OH, respectively. The gelation wésiited to occur only
for pH > 7 (Bennetet al, 1988; ller, 1979) teliminate compleXbehavior of gel reactiorate at pH < 7,
and the aqueous-phase permeability-reduction factor was independent of silicate viscosity.

Silicate gel isformed by polymerizatiorwhen appropriate conditions arestablished. The exact
mechanism of gelation is not clear yet; several authors (ller, 1979; Jatiabk1989)explain the general
mechanism of gelations of various types of gels.

The general process of gelation is as follows (Jurgtait, 1989):

* condensation of monomer and dimer silicate species to form higher-order oligomers,

* intramolecular condensation of silanol groups within polymers leading to ring closusvemtdal
particle formation, and

e aggregation of individual particles to form chains and microgel.
The rate of gelation (Kristensethal, 1993) is a function of

+ silicate concentration
° pH
e ionic strength

e temperature
The basic equations that govern polymerization of silicate (ller, 1979) are as follows:
Sip + 2HO = Si(OH) (6.10)
-SiOH + HOSi- = -SiOSi- + .8 (6.11)

In general form,

NS + zOH = SiO(OH)xy + (¥-2) RO , (6.12)
where

n = degree of polymerization

X = ratio of OH:Si

x = 48518 . 78nm 2B + 421

y = 4n2- nx ;. 5

z = number of charges on polymer

Equation 6.12 can be written in simplified form as
[SiO2] + m[OH] = [silicate gel] , (a.3)

where m is the stoichiometric ratio.
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From Eq. 6.13, the gelation kinetics equation can be derived.
' X14
ﬂ%l = ~K[Si0,]**[oH"] (6.14)

where

X4 = gelation kinetics exponent for silicate

X14 = gelation kinetics exponent for hydroxyl ion

dlgel] _ _d[SiQ]
dt dt
where some possible values for exponents (Kristegisalh) 1993) are
X4 3.8
X14  -2.5

6.6 Temperature Effects
The reactiorconstants fogel (k) andthe delaying reaction afodiumdichromate and thiourea ,jkare
calculated as a function of temperature if the temperature variation is modeled in the simulations as below.

0 M1 1 [
Ky = Kiref €XPIKTI0= — =
et SO T T S H

wherethe temperature T andef are iNOR. The input parameters aresfT, K11, and ke for the

dichromate reaction.

1
Tref

k =k exp% L
= Rref T2 -
g eHr

where the input parameters argfT K12, and kes for the gel reaction.
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Section 7
Multiple Organic Components

We have added multiple organic components so that we can model NAPL mixtures. Addiagdbibty
to UTCHEM required developing a phase behaviodehfor NAPL mixtures and the physicaroperty
models such as density and viscosity for each phase.

7.1 Introduction

Nonaqueous phase liquids (NAPLSs) usually consist of more than one organic gpsame andform a

single liqguid. Commorexamples ofsuch miscible species includ€CE, TCA and PCE among many
others. When NAPLs leak to the subsurface, taydissolve and mgrate intogroundwater. Tanodel

the fateand transport of these soluble organics durgmediationprocesses such as pump-and-treat,
bioremediation and surfactant remediation, it is important to determine the migration of the individual
soluble organics. The dissolution can be either a local equilibrium or a rate-limited (non-equilibessn)
transferprocess. Wéave added the capability of multiple organ@mponents to UTCHEM tanodel

these NAPL mixtures. The multiple organic dissolution can be either at local equilibrium partitioning or a
rate-limitedmass transfer. We also pres#rd phase behavior adel developedor a mixture of NAPL
mixtures, surfactant, andater. The physicalproperty models taalculate thedensity, viscosity, and
adsorption of the organic species and NAPL mixtures are also included.

7.2 Mass Transfer for Nonaqueous Phase Liquid

When a NAPL componertissolves in waterlits concentration irgroundwater can reach its solubility
(equilibrium mass transfer) but often is much lower ttr@nsolubility due to aate-limitedmass transfer.
UTCHEM allows for bothequilibrium and nonequilibriunmass transfer for enultiple organicNAPL.
The mass transfer is modeled for the cases with or without surfactant.

7.2.1 No Surfactant or Surfactant Concentration Below CMC

7.2.1.1 Equilibrium Mass Transfer
For the equilibriumcase, aconstant partition coefficient between water &#PL is assumed foeach
organic species:

C
Kp=—&  k=1,23..p (7.1)

The overall fluid concentratiorfer water (G), surfactant (g), andeach organicomponents ((:ﬁ) are

solved fromthe species mass conservation equatiomihe overall fluid phase concentration is the
summation of phase concentrations over all the phases:

Ck =Ci1S1 k=1,3 (7.2)

and

Cp =CpyS; +CR.S, k=1,23,..p (7.3)

The definitions of overallphase concentrationfEqgs. 7.2 and 7.3), the constraints that phase
No No

concentrationssum up to one gy + 3y Cy; +Cyg =1 andy Cy, =1), and theknown partition

k=1 k=1
coefficients for organic componer(iSg. 7.1)areused to solvehe phase concentrations asdturations.

These equations are solved by reformulatigg &hd Cﬁ in terms of G1 andusingNewton'smethod to
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No
solve f(Cll) =Cg1 + ZCgl +Cq1 -1 =0. A phasestability rule isused todetermine the number of

k=1
N O
phases. IfZK—'(‘) >1, the fluid is two phases. Otherwise, it is a single phase.
k=1"k

7.2.1.2 Nonequilibrium Mass Transfer

For nonequilibrium mass transfer, a linear driving force rate, as proposed by Bbalef$992] isused.
The mass transferate betweeMAPL and water irgrfacefor eachNAPL component is anass transfer
coefficient times the driving force that is the difference between the equilibriumpphaisg concentrations.
The mass transferoefficient is currently modeled ascanstant. The computational procedufer non-

equilibrium mass transfer requirelse calculation of the equilibrium organimncentrations,cﬁiq, first.

Then we solve for the phase concentrations and saturations for the nonequilibrium case. Itis similar to the
equilibrium case, except that the mass balance equation for the organic in the water phase is used instead
constant partition coefficient of the equilibriuvase. The organicspecies masBalanceequations in the

water phase are given by:

O nNc.,
wu—ZQ@Mwﬂﬂ-ﬁﬂiﬁl
E n=1

5 + ﬁ]][ﬂ- ch (P Fha)] (Cﬁlul f)ﬁl) (7.4)

— po 0 of~o0eq _ _
_Rk1+Qk1+Mk(Ck1 Cﬁl) k=123,...ny

7.2.2 Surfactant Concentration Above CMC

7.2.2.1 Equilibrium Mass Transfer

When the surfactant concentration is greater tharCM€, micelles form. Wen organic species are
solubilized into these micelles under certain conditions, a microemditsims. ganicspecies dissolve

by two mechanisms: (1) organic components dissolve into water according to their equilibrium solubilities
in water and2) the organic mixture solubilized by the micellegsthe same composition as tNAPL.

To model both mechanisms, each organic component is divided infeardgone associated with ater,

CR", and the other associated with the micel@g..

The organicdispersednto water follows the constant partition coefficient as descritdabve. The
remainder of the organic is assumed to follow the same microemulsion as used for eosipgleent (as
given in Appendix C and basagon Hand's equation). The calculations ofphase compositions are
divided intotwo parts. First, assumihe surfactant is nopresent ancdcalculate phase equilibrium
concentrations alBefore. Thiscalculationgives the overall concentration of each orgac@mponents
COW
associated with wate€" = Cy +
[0}

1—20%
k=1

Hand'sequation is themsed tocalculate theophase concentrations and saturatioesg the normalized
total concentrations as
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Cq
o (7.5)
ow
1-'$ C -cMC
k=1

Cin =

Con =+ (7.6)

Can =—, 7.7)

The phase concentrations and saturatiforsthe normalized concentrations aralculatedfrom Hand's
equations.

3

CkN = ZCkaSZN k=1,2,3 (78)
/=1

For the Typell(-) phaseenvironment with corneplait point, G on=0, Gon=1, C32n=0, and $n=0.

The phase concentrations in terms thie original concentrations arealculatedfrom the following
equations:

O Do ow O
CM = CMN |j.— ZCk —CMCD (79)
U k=1 U
0 _ ~00 O ow D ow
Cyr =CiaCand— D C" -CMC*+C™  k=1,2,....8 (7.10)
|:| k:l |:|
O No ow O
Cg = C3,5NE].— ZCk _CMCE+ CmMC (7.11)
k=1

and the saturation is unaffected by the normalization.

7.2.2.2 Nonequilibrium Mass Transfer

Once theequilibrium saturations and concentratioae known, the organicspecies masdbalance
equations in theaqueous phase (E@.12) are used tocalculate thenonequilibrium saturations and
concentrations. A single mass transfer coefficient is assumed for all organic components.

7-3



UTCHEM Technical Documentation
Multiple Organic Components

U r‘c
o~ @Hci‘(a—%)]@%

1 B + I (R Rl (op,0,0,) (7.12)

)

_ poO ) oe _
_Rk1+Qk1+M2(Ck1q_Cﬁ1) k=123,...ny

where the equilibrium concentrations arghturationsare alreadyknown from the phase behavior
calculations.

7.3 Physical Properties for NAPL Mixture
Phase behavior, adsorption, viscosiyd densityare the physicaproperty relations modelefbr the
NAPL mixtures.

7.3.1 Phase Behavior

Three recent papers by Barmtral.[19944a,b,c] show that the phase behavior of surfactants with both pure
chlorocarbons and mixtures of chlorocarbons is similar to clagshese behavior witlhydrocarbons.

The phase behavior changes from microemulsion in equilibrium extessoil (Winsor Type | orType

[I(-)) to microemulsion in equilibrium with excess agueous and organic phase (WinsoHl[Jy@ed to
microemulsion in equilibrium with excess water (Winsor Type Il or Type lI(+)) as salnutgases. The
lower (GsgL) and upper (€gy) limits of effective salinity are the effective saliniyhich three phases

form or disappear.The optimal salinity (§eop is defined as the midpoint of thetseo salinity limits
(Salageret al 1979).

Hand'sequation(Pope and MiIson, 1978) is used WTCHEM to describe thehase envelopdinodal
curve. The concentrations at binodal curve are described by the following equation:

@ = ADC3£d3

(=1,2,3 7.13
Cas He,, H (7:19)
whereparameter A and B ammpirical parameters.Parameter A is related to the height of the binodal
curve and B is assumed to be -1 in UTCHEM faymmetric binodaturve. Parameter A is a function
of salinity and is linearly interpolatesith the values of A alow (m=0), optimal (m=1) and high (m=2)
salinities as following:

U C U
A=(Ag ‘Al)El‘ c — E+A1 Cse< Cseop (7.14)
SEOP
and
D C
A=(Ay-A = 1E+A1 Cse > Cseop (7.15)
HCoror

Parameter A in terms of the height of binodal curve is described as

02C3macm O

m=0,1,2 716
% C3max m E ( )

For organicmixtures,the upper and lower liits of effective salinityfor Type Il region, the height of
binodal curve atower, optimal, and upper salinitieare functions of organic species concentrations.
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These parameters are modeled as functions of the equivalent alkane carbon nygaesf(Ehe mixture,
which is a function of organic species concentrations.

!
EacN = > Eacn.kXk (7.17)
k=1
No
where xﬁ is the molar fractiorfor organic componentsnly, ZXk =1. Eacn for analkane is the
k=1

number of carbons in the alkane chain of the hydrocarbon, for example it is equal to 6 for hexage. E
for anonalkane is obtained by measuring tmimal salinityfor a binarymixture of an alkane and a
nonalkane with known molar fractions. The measugimal salinity isused todetermine kcn for the
binary mixture from Salager's equation. Thegfg for the nonalkane is calculated from Equat{@nl7).

The Eacn data listed in the Baraet al. papersare built into the UTCHEM database>@4 (PCE,
Eacn = 2.90), CCi (Eacn =-0.06), GHCI3 (TCE, Eacn = -3.81), p-xylene (Eacn = 2), toluene
(Eacn =1), 1,2-GH4Clo> (DCB, Eacn =-4.89), 1,2-GH4Cl> (Eacn =-12.10), CHCI3
(EacN =-13.67), CHCI> (DCE, Eacn =-13.79), and 1,1,2,24E1,Cl4 (EacN = -22.15).

The natural log of theptimal salinity is a linear function of dgn (Salageret al, 1979; Bararet al.,
1994a,b.c)

In Cseop= ssdEACN - Emin) (7.18)

The slope sis about0.16 forthe optimal salinitywith the unit ofwt.% per liter. The difference of the
upper and lower effective salinities for the three-phase region is assumed as a linear fungign of E

C -C
=SS 5L =syEacn +bas (7.19)
Cseop
where
C +C
Cseop = % (7.20)

Cseon CsgL, and gy can be solved using Eqgs. 7.18-7.20.

The solubilization parameter igsually reported by experimentalists doing surfactant phase behavior
measurements rather than the height of the binodal curve. The solubilization parameter is defined as the oi

C
concentration divided by the surfactant concentration in the microemplsase aso = 2,max Thus,
3, max
parameter A can be expressed in terms of the solubilization parameter:

Am= ©m? m=0,1,2 (21)

The solubilization parameter is a linear function gtk as

Om= S mEacn+bgm m=0,1,2 (22)

In UTCHEM, coefficients §¢ Emin, Sis Bds So,m. and I m are not inputdata. Insteaddatafor two
measured samples including concentrations and comppasrésthe optimalsalinity, the difference of

the lower and upper salinity limits, atite solubilization parameters at three salinities are specified since
these are what are typically measured and reported (seedBaiail994a,b.c for examples)JTCHEM
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calculates the coefficientsased orthe input valuedor the two specified compositions anEgCN K
values in the UTCHEM database, or those entered by the user as needed.

7.4 NAPL Mixture Viscosity
Microemulsion viscosities are modeled as:

01(Coyp+C 02(Cqpy+C 04(Cqp+asC

My =Cyhge 1(Car+Ca) +CoMo/€ 2(Cu+Car) +Cgaze 4(Cu +osCa) (7.23)
No

where Gy is the total organiconcentration,C,, = Zcﬁg, andyy is the organic mixtureiscosity.
k=1

Grumberg andNissan’scorrelation isused tocalculate theNAPL viscosity as a function of organic
species concentration.

No
Inpg, = 5 Xy, Inpy (7.24)
k=1

7.5 Density of NAPL Mixtures
Hydrostatic pressure gradients for the microemulspepd) are calculated as:

Yo = Cryar + Copy2s + Cgpyzy +0.02535C5, - 0.001299Cq, + Cg/ygy (7.25)

For a NAPL mixturethe overall organic hydrostatjressuregradient is obtained bwssumingideal
mixing
Ng
Cor¥2r = Y CRVie (7.26)
k=1

UTCHEM allows two different hydrostaticpressure gradients fahe organicspecies,one for the
microemulsion phase and the other for the organic phase.

7.6 Adsorption of Organic Species
The organicadsorption igmodeled as a lineadsorption isotherm. Aonstant partition coefficient with
respect to the organic fraction is used for each organic component as

CR = focK Qe (Chy  is the water-rich phase an)

7.7 Nomenclature
¢k = Compressibility of species k

Cx Cﬁ = Overall fluid concentration of species k and organic species k
Crkals Cﬁﬂ = Concentration of species k and organic species k in ghase
Ck, Cﬁ = Adsorbed concentration of species k and organic species k
Cgg = Effective salinity
Cggl = Lower effective salinity
Cseop = Optimal effective salinity

7-6



UTCHEM Technical Documentation
Multiple Organic Components

Upper effective salinity

Dispersion flux of species k in phase

Organic carbon fraction in soil

Adsorption of organic species k per unit weight of organic carbon in soil
Total number of organic species

Reference pressure

Source/sink term for species k and organic species k
Reaction rates for species

Time

Darcy flux of phasé

Porosity
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Section 8
Mathematical Formulation of Reaction Equilibrium

8.1 Introduction

This section describes the geochemistry model in UTCHEM and is basedrlory Bhuyan [1989] and
Bhuyanet al [1990]. The geochemical model is based on local thermodynamic equilibrium assumption to
compute the detailed chemical qoosition of thereservoir rock and fluids ithe presence ofhemical
reactions among the injectetiemicalspecies and reservoir rock and fluidShe reaction chemistry
includes aqueous electrolytes chemistry, precipitation/dissolution of minerals, ion-exchange reactions with
the matrix, and reaction of acidic components of oil with the bases in the aqueous solution.

A programcalled EQBATCHwas developed to perform batch reaction equilibrium calculations. The
algorithmused for this program isssentially the same as describethis section. EQBATCH can be
used as a preprocessor for UTCHEM to calculate the initial equilibrium state r@fs#r@oir. EQBATCH
writes the output data in a format similar to the geochemical oggatofUTCHEM so it can belirectly
pasted into an input file for UTCHEM. Other uses=6IBATCH include: determination of compatibility
between injection water and resident water; equilibrium composition and compatibility of mpecigpn
water from different sources; and equilibrium composition and the resulting pH of the injectioraftester
addition of various electrolytes. Appendix C contdmsuser'sguidefor EQBATCH alongwith sample
input and output files.

8.2 Basic Assumptions
The following assumptions have been made in developing the reaction equilibrium model:

1. Allreactions attain thermodynamic equilibrium.

2. Activity coefficients of all reactive species are unity so that molar concentrations replace activities in
reaction equilibria calculations.

3. No redox reactions are present.

4. The reservoir is isothermalemperature changes resultingm chemicalreactions are negligibly
small.

5. Pressure and volume changes resulting from chemical reactions are negligibly small.

6. The waterpresent in any phase hdge same chemical cqusition and is in equilibrium with
matrix minerals.

7. The active acicgpecies inthe crude oil can be representsllectively by asingle pseudacid
component, HA. HA is highly soluble wil and partitions between oil and wateith a constant
partition coefficient.

8. Supersaturation of aqueous species is not allowed.

9. The activity of water is equal to unity.

8.3 Mathematical Statement of the Problem of Reaction Equilibrium

Let the reactive system be comprised of J fluid species, K solid speniasjX-adsorbed cations and M
micelle-associated catiomdl made up of Nelements. There are theJ+K+I+M) unknown eqilibrium
concentrations. To determine the equilibrium state of the system, therefore, on@ln&edsM) number
of independent equations. These equations are given below.

8.3.1 Mass Balance Equations
Elemental mass balances provide N equations of the form
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J K “ | _ M —
C-rl]- = ZthCJ + zgnka +aniCi + zenmcm for n =1 ...,N (81)
=1 k=1 i=1 m=1

Electrical neutrality in the bulk fluid phase gives one more equation

M —

J
ZZZC +sz (8.2)

m=1

However, Eq. 8.2 is actually a linear combination of the set of bedasceequations given b¥qgs. 8.1.
This equationis, thereforenot an independent equation , but canubed inplace of anyone of the
elemental material balance equations.

8.3.2 Aqueous Reaction Equilibria Relations

Out of the Jfluid chemical species, wecan arbitrarily select N independespecies suclthat the
concentrations of the remaining (J-N) fluid species can be expressed in terms of the concentrations of thest
N independent species through equilibrium relationships of the form

N
Cr =K C/"  for r=(N+1),...J (8.3)
j=1

8.3.3 Solubility Product Constraints
For each solid there is a solubility product constraint given

ipzﬂ K for k=1,...K (8.4)

wherethe solubility product constant$<skp are defined in terms of the concentrations of the independent

chemicalspeciesonly. If a solid isnot present,the corresponding solubility product constraint is the
inequality; if the solid is present, the constraint is an equality.

8.3.4 lon Exchange Equilibrium on Matrix Substrate
For each substrate allowing exchange among | cations, there is one electroneutrality condition given by

I
= ZEiEi (8.5)
i=1

Additionally, for these | adsorbed catiottsere will be(I-1) independent exchange equilibria relations of
the form

K& = |‘|cypl|‘|c P for p=1,...(1 -1) (8.6)
j=1 i=1

8.3.5 Ilon Exchange Equilibrium with Micelles
For M cations associated with surfactanicelles there will be (M-1) cation exchangen micelle)
equilibria relations of the form
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N M —
Yo [ =X
K™ = [ c;? [1Cm™ for g=1...(M - (8.7)
=1 m=1
It has been shown that an electrostatic association model where the mass action egmiitardsare not

really constants, but are functions of total anionic surfactant concentdieqatelydescribes these ion
exchange equilibria relations (Hirasaki, 1982b). Thus, these equilibria constants are given by

Ke™=pg™(c, - +Cq | (8.8)

Additionally, the electroneutrality conditions for the micelles as a whole provide one more equation as
M_ —

CA_ +CS_ = zlzmcm (8.9)
m=

8.3.6 Partitioning Equilibrium of Acid Component Between Crude Oil

and Water

For cases whergartitioning of an acidiccomponent between oil and water densidered,the acid
component remaining with the oil (HAbut availablefor partitioning into the water is selected as one of
the independenthemical species as described Bec. 8.3.2. Since all aqueousreaction equilibria
calculations are done on a unit water volume basis, the concentratiory afddAeeds to be expressed on
the same basis. Let a unit volume of pore space at a given time and positiop fnasteon filled by water
and v fraction filled by oil. Now defining the concentration of las

c _ molesof HA,
HAo liter water

and the partition coefficient constani l&s

Concentration of HA in water

KD = " N -
Concentration of HA in oil

moles of HAWX liter oil
molesof HA,  liter water

gives the concentration of the dependent variableg &A

moles of HA,,
liter water

Cha,, =

moles of HA
liter oil

D

liter water

= K —_—
D liter ail HAo

Vi
Kp V_CHAO

and that of A as
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_ molesof A~
A liter water

Cha,

CH+

liter water CHa
liter oil CH+

:Ka

KDKa

1
)
@)
)
m

|

Thus, it is seen that for these tdependenthemicalspeciesthe reaction equilibri@onstants as defined

in Sec. 8.3.2 are actually functions of the relative amounts of water and oil available. For a given water-olil
ratio, these two equilibrium constants carchkeulatedirom the partition coefficient and acitissociation
constant. Once calculated, these constants can be treated the same as other reactiorc@ugtifibt&ain

the computation procedure for that position and time.

8.4 Numerical Computation to Determine the Equilibrium State

In Sec. 8.3, it was stated that there are N mass balances (the bulk solution neutrality sgyabensed
to replace one of these mass balance equations), (J-N) agaactisn equilibriunrelations, K solubility
product constraint equationsatrix surfaceelectroneutralityequation, (I-1)cation exchangéon matrix
surface) equilibriumrelations, (M-1) cation exchange(on micelle) equilibrium redtions and 1
electroneutrality condition for the micelles giving a total bfK+1+M) independent equations talculate
the equilibrium concentrations of J fluathemicalspecies, K solid speciesjratrix adsorbed cations and
M cations adsorbed on micelle surfaces.

An iterative scheme similar to thene used byWValsh [1983] is used to solve this set abn-linear
equations. Howeverthe inclusion of the ion exchange reactions on ihieellar surface and the
partitioning of the acidicomponent of the crude oil into water makes the numetieatment of the
procedure slightly different from those reported tfog singlephase (aqueous) floequilibrium problem.

The computational procedure used to determine the equilibrium state is described in the following sections.

8.4.1 Reducing the Number of Independent Concentration Variables

for the Newton-Raphson Iteration

As mentioned in Sec. 8.3.2, N out of the J aquebemicalspeciesare selectegduchthat concentrations

of the remaining(J-N) chemical speciescan beexpressed in terms these N independent species
concentrations througteaction equilibria relationships given Bygs. 8.3. Apart from this requirement,

the selection of these N independent concentration variables is arbitrary. This reduces the problem at hanc
to determination of (N+K+I+M) independent unknown concentrations.

The problem ofsolving for the abovediscussed (N+K+I+M)independentunknowns can further be

reduced to a series of two smaller problems. In the first problem the concentrations of adsorbed cations on
the matrix surface as well as on tinecellar surfaceare treated as independent variables aleitig the N
independent aqueous species concentratibhs.second problenhas K independentunknowns, the
concentrations of theolid species. Thus, the first step ofthe equilibrium state calculation imade
independent of theolid concentrations, though it requires somiéal guessabout whichsolids are
present. Thigeduction is possible becau® solubilityproduct constraint equatioase independent of

the solid concentrations. The Newton-Raphsonteration scheme isised to solvethese non-linear
equations.

In the second step, the solid concentrations are determined from elemental materiakioglatioces. The
eguations to be solved in this slinear. These computed solid concentrations along with solubility
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product constraints are then used to determine if our initial guess of which solids were present was correct.
If not, a new guess is made using this information and the first step is repeated.

8.4.2 Generating a Set of Equations Independent of Solid

Concentration for the Newton-Raphson Iteration
For the purpose of usinghe Newton-Raphsonteration scheme, Eqgs8.1, and 8.4through 8.9 are
rewritten here as

K | M —
En=3 hyCj+ zgnka +mec + Zenm -Cc! for n=1..,N (8.10)
j:l =1 =1
N W
Ro=[]C Y -K® for k=1...K (8.11)
=1
N o]
Gp = |‘|cj o |‘| c -Kp¢ for p=1...(1-1) (8.12a)
j=1 i=1
I —
Gp = ZEiCi -Q, for p=I (8.12b)
i=1
N Yqi M =w exm
Hq = |‘|cjqj |‘| Cy " —(CA_ +CS_)Bq for q=1,...,(M =-1) (8.13a)
=1 m=1
M_ =
Hq = zimCm —CA_ —CS_ for g =M (8.13b)
m=1
The solution to the set digs. 8.10 through 8.13&re the set of (C:j = 1,...,N), (Ei ci=1,...,D)
and (Em :m=1,...,M) such that (E,:n=1,...,N)=0 , (K:k=1,...,K)=0,

(Gp:p=1,.,) =0 and (§: 9q=1,..M)=0

Now as discussed in Sec. 8.4.1 in the first stejh@fcalculation(N+I+M) independent equations which
are free of solid concentrations are used. The only equations where solid concentrationsrappeaet
of elementaimassbalanceequations given b¥qgs. 8.10. Aset of(N-K) modified equations which are
independent of solid concentrations is derived as follows.

In order to make the set of equations independetiteotoncentration of thirst solid, i.e. C;, consider
the equations wherg,gvalues are non-zeroSince each of theolids consideretiere is composed of at

least two elements, there will be at least two such equations. The maximum number of such equations car
be as high aéN-1), depending on the number of elemetwsnprisingthe particularsolid (Bryantet al,
1986). Now, dividing this set of equations by the corresponginges a set of equations whibave

unity as the coefficient of the concentratiGp. This set of equations can be written as

Jh L T
5 nJ C +C1 + Z gnk Ck +z I’]I C + z enm C C
91 {59n1 > In1 = 9m = 9n1 On1
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Now, subtracting one of these equations from the ctineifar equations we cagliminate C; from these
equations. This procedure lispeated on these and remainaglgmental material balan@guations to
eliminate other solid concentrationhe equation selectddr subtraction isexcluded in anyubsequent
elimination steps. When elimination steps are completed, the (N-K) equations are

. J . . _ M =
En=Y hyCj+ Y friCi + ¥ &mCm ~Cf for n =1 ...(N -K) (8.14)
j=1 i=1 =1

The set of (N+I+M) equations given IBgs. 8.11 through 8.1dannow be solved fothe same number
of unknown concentrations by the Newton-Raphson iteration.

8.4.3 Transformations of Variables and Equations for the Newton-

Raphson Iteration

The concentrations of the chemical species participating in the various reactions typigathyer several
orders of magnitude. For example, the concentration of the hydrogen ioff imdll in a neutral water

but will change to 183 moles/liter in the presence of only 0.4% NaOH in the solution. Following Wolery
[1979] andWalsh [1983], the molar concentrations of the independgpecies were transformeadto
logarithmic variables as

X, =logC, for n=1,...,N (8.15a)
XN+ :Iogc_ii for i=1,...,1 (8.15b)
XN+l +m :IogEm for m=1,..,M (8.15¢)

The logarithmic transformatiohasbeenfound toaid the convergence of tidewton-Raphsoiiterations
(Walsh, 1983).

For convenience of representation of equations in the subsequent sections, a setavhegare defined
for the independent concentration variables as

M; =105 for i =1,...,(N +1 +M) (8.16)

Also, ageneral form ofthe equatiorfor all non-solid species concentrations in termshaf (N+I1+M)
independent concentrations is:

N+l+M
Yi=K; 1 M for j=1..,Q+1 +M) (8.17)
i=1
where
Y] = C] for j =1...,J (8183)
Yun=C, for n=1...1 (8.18b)
Y J+1+m :Em for m=1..,.M (8.18c)

For each independerthemicalspecieshe Kj value equalsinity, g; =1 for Y; = M; and g =0 for
Yj # Mj. Forthe dependergpeciesthe Kj's are thecorrespondingeaction equilibriumconstants and
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the g's are theexponents ofthe independent concentrations in the definitions of abeesponding
reaction equilibrium constants.

The set of (N+I+M) equations given by Egs. 8.11, 8.12, 8.13 and 8i&dmis of thenew concentration
variables, Y's, X's and Ms, as defined above, is as follows:

. J . | . M .

En=3hyYj+3 fuiYasi + S €mYaom —Ch for n=1,..,(N -K) (8.19)
=1 i=1 m=1

. N

Fe =5 wiiX;j —logg K@ for k=1..,K (8.20)
j=

- N+I

Gp = Y dyX;j —logig Kp® for p=1..,(1-1) (8.21a)
7

- |

Gp = inMNH -Q, for p=I (8.21b)
i=1

- N+1+M b oxm N+I1+M ani oxm

Hg = | qu’ ~Bq Ka |‘| M; it C, forg=1..M -] (8.22a)

=1 m=1

. M _ N+

Hg= > ZmMnsism =Ka [] M; ) -C.  for q=M (8.22b)
m=1 =1

where ¢ 's are same ag$s for 1< j< N and as y's forN <j< (N+I) of Egs. 8.12a; 's are
same as y's for 1<j< N, as xy;'s for (N+I) <j< (N+I+M) of Eqgs. 8.13a anare equal to zero for
N <j< (N+l); Ka and q; are the reaction equilibrium constant andsafor the dependenthemical

species A, respectively.
8.4.4 Computation of the Jacobian Matrix and the Newton-Raphson

Iteration
Now, applying the Newton-Raphson methodhe set of(N+I+M) equationsgiven byEqgs. 8.19,8.20,

8.21 and 8.22, we have for th¥ iteration step

N+l +M

-EY = z Z‘r’]j(x}”l—x}’) for n=1,...,(N-K) (8.23)
=

~ N+1+M v vl v

R= S Zkag(XP-XY) for k=K (8.24)
&

~V N+ LM % v+l %

Gy= Y ZNag(X{™-Xy) for p=1... (8.25)
=
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Vv N+ M v v+l v
~HY = Zl z,\,+|+qj(xj —xj) for q=1,...,M (8.26)
]:

where Z;'s are elements of the Jacobraatrix. Equations$.23 through 8.2&an be written irmatrix
form as

E 211 OO0 Zyn+1+m) % AXq E B -E; S
o O 00 O m O §goO g O
O NN O 0. U
0 M oo . 7’0
0 M 0o O 0
O N oo -~ U
0 O oo O 0 O D—S ~Fx B
O NN 0 ot

oo 00 0 D o0 53-8
0 M 0o 0O 0
0 O 0O O 0 O 0 0 ~D 0
U O oo O] [ O] O O -G O
O M0 O O IO
O O R O N [] O O _|:| U
O M 0O O IO
o O OO0 0 M O 00 g O
0 il o0 - O
N+t OO Zine s+ sy X (N++M)B H -Hy B

where the Jacobian and the right-side vector are calculatet! feration step andXj's are given by:
AXj =XV -xY (8.27)
Forn =1,...,(N-K), the elements of the Jacobian igsare defined as

_9E, _ 0, oM,

Zni = = for i =1,...,(N +1 +M 8.28
"X OM; aX; Lol ) (8.28)

Equation 8.16 gives

M=Mi In10 (8.29)

0X;

and Egs. 8.17 and 8.19 give

aén _J+I+M0~E an
oM; an oM;

(8.30)
j=1
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~ EEnj for 1<j<J
%n(j‘]") for (J+1+) <j<(I+I +M)

Also from Eq. 8.17

K. N+I4M .
oY _ Kiay N+ 3 :YJaJ,
oM; M M

(8.32)

Equations 8.28 through 8.32 can be combined to calculate the first (N-K) rows of elements of the Jacobian
matrix as

03 Vihea: M Vi na: M oya o g [
Z :Milnm? T b L z InG-99%i | Z 1=n(-3-N%i 5 (8.33)
2 M =Gy M j=dway Mo
For n = (N-K+1),...,N, from Egs. 8.20, we have

E W . for 1<i<N
Z. :%:D (n—-N+K)i | (8.34)
oX; 0 for (N+D) <i<(N+I1+M)

Similarly, for n = (N+1),...,(N+I-1), from Egs. 8.21a, thg;'& can be calculated as

o aé(n_N) _ Mn-nyi for 1<i<(N+1)

"X for (N+1+1) <i <(N +1 +M) (8.35)
For n = (N+l), from Egs. 8.21b, the,& are
- ) for 1<i<N
Z :(KZ—;'\'):%@_N)MHMO for (N+1) <i <(N+1) (8.36)

for (N+1+1) <i<(N+I +M)
For n = (N+I+1),...,(N+I+M-1), Egs. 8.22a give

OH(n-N-1) _ OH(n-N-1) OM;

Zni =
0X 0X 0X
O N+I+M B(r-N 1) N+I[+M aA-D
= |n10ﬂ)(n_N_|) |_| Mj(n )i _B(el?‘l(r—nN—I)KAaAi |_I MJ 10 for i :]_,...,(N +1 +M)
j=1 j=1 d
(8.37)
Finally, for n = (N+I+M), from Eq. 8.22b
OH -~ O N++M 0
Z :%zmlom—k,@%i [T M +Z_n-yMiC (8.38)
i d =1 d
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For i< (N+I), the second term inside the bracket of the above equation is zero since only species adsorbec
on the micellar surface are considered in this charge balance equation.

Giventhe [Xj :j=1,...,(N+I+M)] for the vt iteration, the corresponding EEn :n=1,...,(N-K)],

[Fe:k=1,....K], [Gi :i=1,..,]] and [Hy:m =1,...,M] can be calculatedsing Egs.8.16,
8.17 and 8.19 through 8.22lhe elements of the Jacobian are thalculatedusing Eqs. 8.33hrough
8.38. Solvingthe set ofEgs.8.23through 8.26 simultaneouslgivesthe X;'s forthe @+1)M iteration
step.

This iteration procedure continues until the following convergence criteria are met:

M
S

<g for 1sn<(N-K)

13

n<€  for 1sn<K
(8.39)

M
]

<g for 1<n<li

~

Hyl<e for 1sn<M

8.4.5 Determination of the Assemblage and Concentration of Solids
Oncethese criteria arenet, acheckfor solubility product constraintfor all solid species which were
assumed absent in the above iteration process is done. If for #msesolids, the calculatedight-side
of solubility product constraintEq. 8.4) is found toexceed its solubilityproduct, then this solid is
assumed present and the iteration process is repeated with this newdtsofThis process isepeated
until solubility product constraints for all possible solids are satisfied.

At this point, to calculate the solid concentrations, Egs. 8.1 are put in the form:

K .
T, = Zgnkck for n=1,...,N (8.40)
k=1
where
0J ! M =0
T,=c] —?hmc +mec + Zenmc E (8.41)
=1 =1

Equations3.40 are a set of N lineagquations. Aelevant set of K equations aselected, suclhat the

resulting matrix consisting of.g's is non-singular, tdetermine thesolid concentration€,'s by simple
Gaussian elimination. If some of the solid concentrations calculated here have negative values smaller thar

some small negative numbeg, then the solid with the smallase¢gative concentration essumed absent

and whole process of Newton-Raphstmnation andsolid assemblagdetermination is repeatedth this
new set ofsolids. Ifnone ofthe calculatedolid concentrations is negative, thivat set of thesolids
represents the correct assemblage and those are the concentrations of the solids in equilibrium.

8.4.6 Dampening of the Newton-Raphson Iteration
Whenever a numerical iterativprocedure like the Newton-Raphsonmethod is used, there are
circumstances under whit¢he method may fail to cerrge to asolution. Many timessuch divergence

occurs because one or more of Axg values calculated in a particulégrative stepare unusuallylarge in
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their absolute values. This causes the next gueteesé variables to be veppor causindailure of the
method to converge to a solution.

When such cases of divergence occur, the Newton-Raphson iteration megpedied by not allowing the

absolute values ofX; for any j and anyterationstep to be larger than a specifisdximum value.
Following Walsh [1983], a value of 2 is used for this specified maximum. Recalling that the varigbles X

are logarithmic values of concentration variables, this, then, ntieaing/e are restrictingur independent
concentration variables to change by no more thanorders ofmagnitude in any giverterative step.

This somewhaslows downthe convergenceate. Thisdampening procedurns, thereforekept as an

option to be applied only when the conventional method fails to converge to a solution within a reasonable
number of iterative steps.
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Section 9
UTCHEM Biodegradation Model
Formulation and Implementation

This section begins with an overview of biodegradation reactions as a brief review of basic biodegradation
concepts. The biodegradation reaction kinetics incorporated into UTCHEM arediseribed, followed

by the method ofsolution of the biodegradatiorequations. Finally, wdel results are compared to
analyticalsolutions and another published biodegradatiadehto demonstrate that the biodegradation
equations are solved accurately.

9.1 Overview of Biodegradation Reactions

A biodegradation reaction is an oxidation-reduction reaction between an elmtror(the substrate, or
chemical contaminantand an electron acceptor (typicalbxygen) catalyzed by amicroorganism’s
enzymes. In the reaction, the electron donor is oxidized and transfers its electhensléztroracceptor,
yielding energyfor microbial growth. Most bacteria ingroundwater aquifersre chemoheterotrophic
microorganismsgpbtaining fromthe substrate not only energy for growth but also carbonbtolding
cellular material (Broclet al, 1984).

In generalchemicalcontaminants artransformed in one of twavays bybiodegradation reactions: as a
primary substrate or ascametabolite (McCartand Semprini1993). Acompound is biodegraded as a
primary substratevhenbiodegradation of theompound provides carbon and enetiggt can be utilized
by themicroorganism. Most organic groundwater contaminaate degraded as primasybstrates. A
generic biodegradation reaction in which the substrate is biodegraded as a primary substrate is:

substrate + el ectron acceptor + microorganisms [[- products energy more microorgansisms (9.1)

Part ofthe carborfrom the parensubstrate melcule isused bythe microorganism tereate additional
biomass. The other part of the substrate carbon is oxidized to provide energy for microbial growth.

A compound is biodegraded as a cometabolite when it is transformed fortuitously by enzymes or cofactors
produced bythe microorganisnior other purposes (Mc@rty andSemprini, 1993). Most halogenated
aliphatic hydrocarbons are biodegraded through cometabolism (McCar§eamatini, 1993). Ayeneric
biodegradation reaction in which a compound is biodegraded through cometabolism is:

cometabolite + microorganisms [ SipiARRstrate + electron accepey products (9.2)

In this reaction,the transformation of theometaboliteprovides neher growth nor energy to the
microorganism. In factbiodegradation of the parent cometabolite may even be detrimental to the cell
(McCarty and Semprini, 1993). The product of the cometabolic reaction may be transformectitineher

by cometabolism or as a primary substrate, depending on its composition and structure.

Biodegradation reactions can be classified as either fermentative or respiratory. In fermentation, substrates
are only partially oxidized. Electrons are “internally recycled,” generally yielding at least one produce that
is more oxidized and ortbat is more reduced than the origisalbstrate (ddBlanc et al, 1995). An
example fermentation reaction is the fermentation of toluene under methanogenic conditions to yield carbon
dioxide and methane. The energy reaction for this process is (Reinhard, 1993):

CHg M. 25CO4 45CHy (9.3)

There is no external electron acceptor in this reaction. P#medbluene molecule issed aghe electron
donor and part is used as an “internal” electron acceptor.

In respiration reactions, agxternal electron acceptor is utilized as a terminal electron acceptor in the
biodegradation reaction. Respiration reactiars either aerobic c@naerobic. Oxygen ithe terminal
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electron acceptor in aerobic reactions, while an electron acceptor other than oxygeelestron acceptor
in anaerobic reactions. Examples of anaerobic respiration energy reactions with elactros acceptors
for the transformation of toluene are (Reinhard, 1993):

Aerobic (oxygen):

C/Hg+90, M. 7CO4 4H,0 (9.4)

Anaerobic (nitrate):

CsHg+72N0O3+72H" M. 7COs 36Ny 7.6H,0 (9.5)

Anaerobic (sulfate):

C/Hg+45S07 +3H,0 [I. 225H,8 225HSF 7HCO3% 0.25H* (9.6)

Anaerobic (ferric iron):

C/Hg+36 Fe®* +21H,0 M. 7HCO% 36Fe’% 43H* (9.7)

It is possible for some avenall of these reactions to occur in aguifer, as redox conditiorcan vary
substantially as a result of contaminant biodegradation or other natural conditions.

9.2 Biodegradation Model Concept and Capabilities

The basic conceptual biodegradation model in UTCHEM is illustrateigare 2-1. Biodegradable
organic constituents dissolve outtbé NAPL into the agueous phase where thegnserve as substrates
for unattached bacteria. However, since most bacteria are attached to solid surfacesefHdyvie984),
most of the substrate will be removed from the aqueous phase by biodegradation reactiomdtacitieic
biomass.

In UTCHEM, the attachediomass exists as sth microcolonies,each made up of bacterial cells and
extra-cellular material. Ithis microcolony concept, firgiroposed byMolz et al. (1986), it is assumed
that the specifisurfacearea of the microcolonies can beasured or estimatedeach microcolony is
separated from the bulk aqueous phase by a stalippadtfilm, or diffusion layer. Substrates]ectron
acceptors, and other nutrienitst attachednicroorganisms requirér growth must diffuse across this
liquid layer to become available to attached biomass. The concentrasibictogmicalspecies is assumed
to be uniform withinthe attachedbiomass, sdhat the attachediomass behaves essentially aeactive
surface.

UTCHEM simulates the destruction sfibstratesthe consumption of electroacceptors, anthe growth
of biomass. Substratesn be biodegraded by free-floatimgcroorganisms irthe aqueous phase or by
attached biomass present as microcolonies in the manner oétVall{1986). The model accommodates
multiple substrateselectronacceptors, andbiological species. Important generahssumptions for the
biodegradation model are listed below.

* Biodegradation reactions occur only in the aqueous phase.

*  Microcolonies are fully penetrated; i.e., there is no internal resistamoads transport within the
attached biomass.

*  Biomass is initially uniformly distributed throughout the porous medium.
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e Biomass is prevented from decaying below a lolveit by metabolism of naturally occurring
organic matteunlesscometabolic reactionact toreduce the activbiomass concentrations below
natural levels.

« The area availabldor transport of organic constituents int@ttachedbiomass isdirectly
proportional to the quantity of biomass present.

e The number of cells per microcolony, biomaensity,and microcolony volume amonstant, so
that mass per microcolony is also constant.

* Biodegradation reactions occur independently withiouttual effectsunless explicitly linked
through competition or inhibition terms.

* Adsorption of biomass onto solids can be described with equilibrium partitioning.

*  Chemical species within attached biomass do not adsorb to aquifer solids.

The biodegradation model has the following capabilities and features:
» selection of Monod, first-order, or instantaneous biodegradation kinetics.
« first-order abiotic decay reactions.

« external mass transfer resistances to microcolonies (mass transfer resistances can be ignored by th
user if desired).

* enzyme competition between multiple substrates.

« inhibition of biodegradation by electron acceptors and/or toxic substrates.
« formation of biodegradation or abiotic reaction by-products.

e nutrient limitations to biodegradation reactions.

* modeling of aerobic cometabolism with transformatapacities and reducingower limitations
using the model of Chang and Alvarez-Cohen (1995).

9.3 Mathematical Model Formulation

The basic conceptual biodegradation model in UTCHEM is illustrateigare 9.1. Biodegradable
organic constituents dissolve outtbé NAPL into the aqueous phase where thegnserve as substrates
for unattached bacteria. However, since most bacteria are attached to solid surfacese(HdyvE984),
most of the substrate will be removed from the aqueous phase by biodegradation reactiomstacitieid
biomass.

The complete set of biodegradation model equations in their most general form is included in Appendix B
of the UTCHEM Technical Documentation. These equations are similaoge proposed byolz et al.

[1986] and Widdowsoet al.[1988]. However, the UTCHEM adel expands orthe Molzet al. [1986]

model and the formulation differs from that of Molz in several important respects:

1. The UTCHEM model expands the Matzal. (1986) nodel to accommodate an unlimited number
of substrates, electron acceptors, and biological species.
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2. The UTCHEM model incorporateate limitationsfrom conpetition and lack ohutrients, which
are not included in the Mokt al. (1986) or Widdowsoet al. (1988) models.

3. Substrates can be biodegraded by either free-floatiajamhedmicroorganisms at differemates,
whereas all biomass in the Matal. (1986) model is attached.

4. Aerobic cometabolism utilizing a transformatiompacityand reducingpower limitatons can be
modeled with UTCHEM.

5. In UTCHEM, the biodegradation equations a@ved separately frortine flow system, whereas
they are solved simultaneously in the Metal. (1986) model.

6. In the Molzet al. (1986) model,local steady state conditions aessumed betweetine bulk
aqueous phase atite attachedbiomass, sdhat the rate of chemicatansport intothe attached
biomass is equal to the rate of chemical destruction within the biomass. This assumption results in
a set of differential and algebramquations. The steady stat@assumption is not ade in
UTCHEM, sothat the biodegradatiomquations consist of a system of only ordindifferential
equations.

Other latermodels also include some of these capabilitiddowever, tothe best of the author’s
knowledge, namther models combinguch acomprehensivdreatment of biodegradation reactions with
multi-phase flow.

The basic structure of the model equations can be more easilywlkerthey are simplified to apply to a
system of a single substrate, electron acceptor and biological species:

X = 0 1] 0
das _ BKX(S 5 M max X S A

o me ST T e sk, val Kaio® (9.8)
R R i ©9)
= ) e (9.10)
%{—E(A-x)_umfxe%( S§+ églék Ax+ KE o
d o EKSS+S%<AA+AE_bX (9.12)
i'””‘ax_EK; sgﬁ A+AE bX (9.13)
where

S = aqueous phase substrate concentratioﬁWL
S = substrate concentration in attached biomass"ﬁ)/lL
A

= aqueous phase electron acceptor concentratioﬁWL
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A = electron acceptor concentration in attached biomas§3()\/IL

X = aqueous phase (unattached) biomass concentratioﬁgIML

X = attached biomass concentration; mass of attached cells per volume of aqueous phase
ML)

B = surface area of a single microcolon)?)(L

K = mass transfer coefficient (Iﬁ)

Hmax = maximum specific growth rate ﬁ)

me = mass of cells in a single microcolonys mpyV¢ (M)
E = mass of electron acceptor consumed per mass of substrate biodegraded

px = biomass density; mass of cells per volume of biomas§WL

V¢ = volume of a single microcolony %)_
Y = yield coefficient; mass of cells produced per mass of substrate biodegraded

Ks = substrate half-saturation coefficient (IWI)L

Ka = electron acceptor half-saturation coefficient (1\?7|)_
kapbio = first-order reaction rate coefficient (for abiotic decay reactioﬁs}, T

b = endogenous decay coefficient'%)’

t = time (T)
Equation 9.8 describes three mechanisms for loss of substtataiqueous phaseThe first expression
describes diffusion of substrate frahe bulk liquid across atagnant liquidilm into attachedbiomass.
The second expression in Eq. 9.8 describes the biodegradation of substrasttdaghed microorganisms
in the bulk liquid. The rate ofsubstrate loss isffected by thesubstrate ancelectron acceptor
concentrations througthe Monodterms. Substrateompetition, nutrient limitations, inhibition, and
reducingpower limitations canalso be incorporated into this secoedpression as described in the
following sections. The third expression account®r abbtic loss of the substrate through first-order
reactions. One equation of the same form as Eq. 9.8 is written for each substrate.

Equation 9.9 describesthe loss of substratevithin attachedbiomass and is writterior a single
microcolony (Molzet al, 1986). This equation describes the diffusion of substrateaitstchedcbiomass,
biodegradation of theubstrate withirthe biomass,and abiotic decay of thesubstrate. As in E9.8,
expressionsaccounting substrate competition, nutrient limitations, inhibition, and reducavger
limitations can be incorporated into the expression for biodegradation of the substrate.

Equations 9.10 and 9.11 describe the loss of the electron acceptor. These eguabbrise same form

as Eqgs. 9.8and 9.9 in that theydescribe diffusionacross aliquid film and loss in biodegradation
reactions. The second expressions in these equatiemaultiplied by the factor E, theass ofelectron
acceptor consumed per mass of substrate biodegraded. Eqsatidaisto Egs. 9.8 and 9.@re written

for all otherchemicalspecies participating in biodegradatimactions. Foiother chemicalspecies, the
factor E is the mass of the chemical species generated or consumed per mass of substrate biodegraded.

Equations 9.12 and 9.13 describe the growth and decayatthched and attachbbmass, respectively.

The relationship between the attached bionsassentrationX appearing iregs. 9.8, 9.10, and 9.13 to
the biomass density, microcolony volume and microcolony mass is
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X = CcPpme
ne

(9.14)

where G is the number of cells penass of solidpy is thebulk density ofthe porous medium, n is the
number of cells per microcolony (a constant), @tslthe porosity. Since the biomass density, number of

cells permicrocolony, porosityand mass pemicrocolony areassumed to be constant, change9_<in
actually correspond to changes ip, ©r alternately, to gn, the number of microcolonies (Mokt al,

1986). The area availabléor transport of species fronie aqueous phase tbe biomass isdirectly
proportional toX because the surface area per microcolony is constant.

The assumptiorthat thesurfacearea availabldor mass transfer is mictly proportional to thdiomass
concentration is not valid if the area coveredbmymass exceedbe surfacearea of thgporous medium.
This is a limitaibn of the model thatould be overcome in the future by altering the modédima the
maximum mass transfer area to the surface area.

If external mass transport is ignored, then Eqgs. 9.8 and 9.10 are not required. If all biomass is assumed t«
be attached, then the system of equations is reduced to three equations condt&ing. b3 and aingle
equation each for loss of the substrate and electron acceptor:

d_Sz_limaxiD s WA O
dt Y Hkg+stk, +AH

KapioS (9.15)

dA _ pmeXED S M A O
dt Y EKs"'S%KA +AE (9-16)

where X is the concentration of attachémomass andall other concentrations araqueous phase
concentrations.

When biodegradation reactions that involve more tha substratare beingnodeled, equations of the
same form as Egs. 9.8 and 9.9 (or 9.15) are solvedafdr additionasubstrate. Similarlyequations of
the form of Eqgs. 9.10 and 9.11 (or 9.18¢ solved foreach additional electromcceptor. Substrates can
be biodegraded by microorganisms using more tharelmetronacceptor, an@éach electron acceptor can
be used fobiodegradation of multiplsubstrates.Multiple biological speciescan also be simulated by
solving additional equations similar to Egs. 9.12 and 9..13 for each biological species.

9.3.1 Substrate Utilization Options

The substrate losgerm in UTCHEM is always structured ake secondterm in Eqs. 9.8 0r9.9.
However, by manipulating the variables in the substrate loss neamy different types of biodegradation
kinetics can besimulated. Six othe most common models of substrait#ization andbiomass growth
are:

multiplicative Monod kinetics

Monod kinetics with no biomass growth

second-order kinetics (pseudo first order; i.e., first-order in both biomass and substrate)
first-order kinetics

zero-order kinetics

o 00~ W DN P

instantaneous kinetics (stoichiometric reaction)
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With multiplicative Monod kinetics, it is assumedat thesubstrateglectronacceptor, and othdimiting
nutrientsall limit microbial growth. The substrateutilization expression in Egs. 9.8 and 9a#e an
example of multiplicative Mnod kinetics. Wen otherchemicalspecies or nutrients such @agrogen or
phosphorous limit the reaction, the substrate utilization expression is modified to accdhetadditional
limitations in substrate utilization rate:

_d_S__p-maxXD S MO A I N 0O
's dt Y EKS+S%KA+A%<N+NE (9.17)

where
rs = rate of substrate utilization (I\/TET_l)
N = concentration of a limiting nutrient (I\/TE’)
Kn = limiting nutrient half-saturation coefficient concentration (T\ﬁ)_

If substrate utilization through Monod kinetics and a constant biomass population is desirpglgiiem
be set to a very small value, anccan be set to a valisichthat the ratiquy,/Y is equal to the desired
rate of maximum substrate utilization.

If first-order degradation othe substrate is desired and biomass growth is considered (second-order

kinetics overall), then Kcan be set to very large value, and the ratipnf/Kg can be set to the desired

maximum biomass growth rate. This parameter selection will result in approfirsteder destruction
of the substrate and approximate first-order growth of biomaganust also be set to a very ainwvalue

if electron acceptor Monod limitations are not desired.
First-order decay of the substrate without consideration of biomass groith electron acceptor can be
simulated by setting,ax t0 0 and using the abiotic decay option to decay the substrate.

Zero order kineticgan be approximated by specifying small valuguphy, Ks and Ky, suchthat the
expressionmaX/Y is equal to the desired O order rate constant.

Instantaneous kinetiasan be selected by theser as an optiorand are modeledith the superposition
method in the manner described by Borden and Bedient [1986] in the Bioplume 1l model:

Substrate limiting:

A=ES S=0 (9.18)
Electron acceptor limiting:
s:%; A=0 (9.19)

Equations 9.18 and 9.19 mean that when the substrate is the liradictgnt in a particulagrid block, all

of the substrate is consumenhile themass ofelectron acceptatonsumed ighe stoichiometric ratio of
the mass of electron acceptor consumed per mass of substrate biodegradedhe\eleetron acceptor is
the limiting reactant, all of the electron acceptor is consumed, whil@dlss of substrate consumed is the
mass ofelectron acceptaronsumed divided bthe stoichiometric ratio of thenass ofelectron acceptor
consumed per mass of substrate biodegraded. Instantakieetiss canonly be used talescribe the
biodegradation of a single substrate by a simdgetron acceptor WTCHEM. The concentration of
biomass is implicitly assumed constant when instantaneous kinetics are used.
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9.3.2 Biomass Growth and Adsorption
The basichiomass growth expression of Eqs. 94rad 9.13 contains an additionalerm to limit the
volume of the biomass. With this limitation, the general form of the biomass growth expression is:

dX 0 S M A O091L-X)O

= HmaxX EKA "'S%kA +A% O E‘ (9.20)

wherepy is the biomass density (typically about 0.1 g%):mThe linear biomass growth expressiiomts

the total volume of biomass to 90% of the aqueous phase volume. At low bimmasstrationsypical
of many in situremediationsystems and mogttrinsic bioremediatiorenvironmentsthe growth limiting

expression has @egligible effect orbiomass growth and substrat@lization rates because th@omass
occupies such a small volume of the total pore space. For example, using typical basraicells, a

biomass density of O.O@/cm3 and atypical initial biomass population of % 1P cells per gram of soil,

the biomass pore volume fraction is aboet 0 °. The biomass volume would have to increase by over
five orders of magnitude before the biomass saturation approached 1.

When thebiomassconcentratiorbegins to occupy a significant fraction thke pore volume, as might be
expected near in-situ bioremediatiogection wells and laboratory column experimentise keymodel
assumptiorthat biofilms in the pore spacare thin and fully penetrated is likely to b@lated. The
reduction(or near cessation) of biomaggowth becomesless important than biofilmmass transport
effects, whichare not considered ithe model. Thus, usinthe lineargrowth limitation expression, the
model only crudely approximates biologicabwth in grid blocksoccupied by a substantial volume of
biomass. At low biomass concentrations, the term has an insignificant effect.

The biodegradation modellso limts the minimum attachetiomassconcentration to a user-defined
concentration. Naturally occurring orgami@atter in theaquifer is assumed tsupport thisminimum
microbial population. The user can set the minimum biomass concentration to O if desired.

Adsorption of biomass is simulated using equilibrium partitioning, except thatimum concentration of
biomass is assumed to exist tie aquifersolids. Only the biomassthat is not part of thisminimum
population partitions between tlagueous phase atide aquifersolids. The totalbiomass inthe aquifer
consists of the attached biomass and the unattached biomass:

X1 =X+X (9.21)

where X is the totalbiomass, X isthe aqueous phase biomassd Xis the attachedbiomass. The

attachedbiomass is composed dfie minimumbiomass population Xmin,which doesnot partition
between the solid and the aqueous phase) and the biomass in equilibrium with the aqueous phase biomass

X = X i + Ky X (9.22)

Substituting the equilibrium relationship of E4122 into themassbalance .9.21 results irthe following
equilibrium concentration of aqueous phase biomass:

— X1 = Xmin

9.23
o (9.23)

The attached biomass concentration is then calculated from Eq. 9.2¢2.ofArinity would meanthat all

of the biomass is attached, while @ iif 0 would nean that all of théiomass,exceptfor Ymin, would
exist in the aqueous phase.
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9.3.3 Substrate Competition
When substrate competition ¢ensideredthe half-saturation coefficient of eashbstrate Monoderm is

decreased based on the concentration and half-saturation coefficient of the other competing substrates.

example, if substrate 1 and substrate 2 compete for the same enzyntbe thtemodexpressions for the
two substrates would be (Bailey and Ollis, 1986):

Substrate 1:

S
W S, O
Kgid+ +S
> El KazH
Substrate 2:
S
U S il
Ksed+—*S
S El KSlH
where:
S, S, = concentration of substrates 1 and 2, respectively_EML

Ks 1 Ks, = half-saturation coefficients of substrates 1 and 2, respectivel)_/‘quL

This formulation is extended to inclutlee number obubstrateshat competdor the pertinentenzyme.
When modeled in thimmanner, substrate cqetition reduceshe effective rate of biodegradatiomner the
rate thatwould exist in the absence of competition. The petitive effect onsubstrate 1 is most
significant when the ratiogg »is large relative to i 1 and increases ag 8ecreases relative t@.S

9.3.4 Inhibition
Inhibition effects are taken into account by multiplying sistrate biodegradatioate expression by an
inhibition factor of the form (Widdowsoet al, 1988):

Ol O
EI +CihbE

where | is arexperimentally determined inhibitioconstant. The inhibition factorapproaches 0 as the
concentration of the inhibiting substanggydncreases.Inhibition can beused tosimulate the sequential
use of any number dcflectron acceptors or to simulatdoavering of biodegradation rates due to the
presence of a toxic astherwise inhibitorycompound. The expressions for substratgilization and
biomass growth are multiplied by one inhibition factor for each inhibiting substance.

9.3.5 Aerobic Cometabolism
Aerobic cometabolism is simulatedsing the model of Chang and Alvarez-Cohef1995] for the
cometabolic biodegradation of trichloroethyleG€CE). The model accountdor both a finite

transformation capacity (the maximypossible mass of substrate biodegraded per mass of biomass) and

loss ofreducingpower bythe cells. The reducingpower Imitation occurs becausthe cellsmust invest
NAD(P)H in thefirst step of TCE biodegradation, but sindee cells derive no energy benefibrh the
reaction,the NAD(P)H is not regenerated. Asrasult, cells can become deactivatddough reducing
power loss when biodegrading TCE in the absence of a growth substrate fronthegiclan replace the
NAD(P)H lost from the reaction.
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When aerobic cometabolic reactions eoasideredthe equationslescribingthe loss of cometabolite and

attachecbiomass growth are, ithe case of nonass transfer resistances, no inhibition, and no substrate
competition (Chang and Alvarez-Cohen, 1995):

dCe 0 C M A @ R O

? CXEK(;"‘C(;%(A +A%KR+RE (9-24)

X _HmxsXD S 0 A O R 09L-X)O
dt Y [Kg+ShKa +AdKg+RMH  py
kXD Cc M A @M R O o

- - bX
Te EK(:'FC(:%‘(A +A%KR+RE

where:

(9.25)

kc = maximum specific cometabolite biodegradation rate_(hfl)

Cc = aqueous phase cometabolite concentration‘fb/lL

R = reducing power (NAD(P)H) concentration within the cells (mass NAD(P)H/mass
biomass)

Kr = NAD(P)H half-saturation constant (mass NAD(P)H/mass biomass)
Kc = cometabolite half-saturation coefficient (I\_/ﬁ)

Hmax,s = Maximum specific growth rate on growth substraféLXT
T, = transformation capacity (mass cells deactivated/mass cometabolite biodegraded)
When reducing power losses are considered, a mass balance equation is needed tthdegitection
and consumption of reducing power within the cell:

dR KA E —D Cc M A M R O
dt c RC %<C+CC%< +A%<R+RE
UmaxERpX 0Os M A @M@ R O

Y Hkg+SHK, +AHKg + R

where Eg¢ is the mass of NAD(P)H consumed per mass of cometabolite biodegradeg gpisctite mass
of NAD(P)H produced per mass of growth substrate biodegraded.

(9.26)

The aerobic cometabolism model in UTCHEMfers slightly fromthe model ofChang andAlvarez-

Cohen [1995] in two respects. First, the reducing power concentration is expressed as a edassgf r
power per mass dfiomass,instead of as aass ofreducingpower perunit volume of thepore space.

By defining the reducing power concentration on a biomass-specific basis, very small biomass populations
do not necessarily result in very lo@ducingpower concentrationsThe reducingpower concentration

per cell when the cell population is small could be just as graaeagducingpower concentratiorwhen

the cell population is large. In a second departure thenChang and Alvarez-Cohdt995] model, the
reducingpower concentration is limited to 30% of the microbi@lass. As a resulthe amount of
NAD(P)H stored in the biomass cannot increase without bound.

9.3.6 Mass Transfer
In the UTCHEM biodegradation model, the user can specify whether or not mass transféndinate of
biodegradation reactions. If mass transfer is not considered, then equations for bulkiquteggadation
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of substrate andlectron acceptor utilizatiofEqs. 9.9and9.13) are not saled. Instead, Egs. 9.15 and
9.16 are solved for the substrate and electron acceptor participating in biodegradation reactions.

If mass transfer is considered, then equations similar to Egs. 9.9 and 9.13 are solved for each species. A
mass transfer resistance is assumed to be caused by a stagnatdyieyuadljacent to thbiomass across

which all chemicals must diffuse to become available to attached microorganisms. Thereatspoit of
chemical species from the aqueous phasetibiomass is a function dhe biomass concentration, the
surface area of each microcolony, and the mass transfer coefficient. Since a key assurtiiomdél

is that thesurfacearea availabldor mass transfer is proportional tbe biomass concentration, mass
transfer increases linearly with increasligmass. The surfaceareaper microcolony is a keparameter

that must beestimatedbased on an assumed microcolony geometry or calculafée. mass transfer
coefficient of each speciess calculated using the correlation of Wilson and Geankoplis (1966):

Kij = 1.09v1Re_2/3Sci —2/3 (927)
where:
d \Y;
Re = Reynolds numbeRe = dp@Sv1p
M1
Sg = Schmidt number of componentSc; = —utl)
P1Vj

v1 = aqueous phase velocity (L/T)
do = average soil particle diameter (L)

@ = porosity
S, = aqueous phase saturation

My = viscosity (M/L2T)
p1 = agueous phase density (I\?UL

D; = molecular diffusivity of species i EILT)
Subscript 1 designates the aqueous phase.

As the velocity increases, the mass transfer coefficient also increadts aBhe Wilson andseankoplis

correlation is valid for 0.0016 < Re < 55 and 0.3855 < 0.75. Since Reynolds numbeegse frequently

less than 0.0016 for groundwater flothiere is often considerable uncertainty about the true value of the
mass transfer coefficient.

If the velocity of theaqueous phase is 0 (batchsimulations, for exampleXhen themass transfer
coefficient cannot be computed using Eq. 9.27. In this case, the mass traefffelent is approximated
by Di/d,, where Qis the molecular diffusivity of the compound angisithe particle diameter.

Mass transfer may be important in only some areas of the modeling domain. Teanuselect an option
to allow UTCHEM to dynamically select the set of equatithrag includemass transfer only when mass
transfer isestimated to b@nportant. The solution of mass transfer equatiazen be controlledhrough
either a Damkohler number or an effectiventestor. The Damkohler number (@) is ratio of the
maximum rate of biodegradation reaction and the maximum ratéfegion into attachediomass, and is
defined as follows (de Blanc, 1998):
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_HmaxMcd S A’
Da 9.28
M =By s, EKS+S%<A+AE (9.28)

Damkdhlernumberssmaller than abou®.1 generally indicate thamass transfer is namportant in
biodegradation reactions and can be ignored (de Blanc, 1998).

The effectiveness factor is the rate of reactidien mass transfer iacluded in biodegradation kinetics
divided by the rate of reaction in the absencenaks transfer.The effectiveness factor in UTCHEM is
defined as (de Blanc, 1998):

S(K +S)D A_C
_ S 7H, +A0
-0 A O

AT IR AT

This definition is the same effectiveness factor reported by Bailey and Ollis [1986] modified by the ratio of
bulk phase and intra-biomastectron acceptoconcentrations. Irthe simulation of one-dimensional
systems, amffectiveness factor d.9 orgreater kept therror fromneglectingmass transfer to 6 % or
less.

(9.29)

Some experimentation is necessary to determine values of the Damkdhler number and effectiveness facto
that result in an accurate solution of biodegradation problems for each simulation case.

9.4 Porosity and Permeability Reduction

If significant biomasgrowth occurs irthe modelingdomain,then the aquifeporositywill be reduced,

with a concomitant reduction in aquifer permeability. Porosity and permeabditgtions arenost lkely

to occur near the column entrance in laboratory biodegradatgiems anchear injectionwells in field
systems. UTCHEM accounts for both porosity and permeability reductions. However, if mass transfer is
consideredthen the UTCHEMsolution will be inaccuratewhen biomass growth isignificant because
intra-biomass diffusion is ndaken intoaccount, and becauske area availabléor mass transfer is
assumed to be directly proportional to the biomass concentration.

Because biologicajrowth islimited to theaqueous phase, porositgduction occurs ahe expense of

only the aqueouphase. It is assumelat thebiomass boundary growsithout simultaneous diffusion

of chemical species across the biomass boundary. This is a simplifying assumption that could be modified
in the future. If biomass growth is small at eaofetstep, howeverthe error created bythis assumption

is small. Recause biologicagirowth islimited to 90% of theaqueous phasdhe maximumporosity
reduction is equal to 90% of the aqueous phase volume.

Permeability in thex direction is recalculated at evegyid block andtime step according tthe Carmen-
Kozeny equation (Wilkingt al., 1995):

d2(p
Ky =——— (9.30)
300(1- (p)

wherethe units of d, and k arecm. Because y and z permeabilites can be specified byusee

independent of the permeability inUTCHEM, they are adjustedsing the Carmen-Kozeny porosity
functionality:

= kq & (9.31)
Gl- @)
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where:
ko = y or z permeability based on newly calculated porosity
kq; = y or z permeability based on old porosity
@1, @ = current and newly calculated porosity, respectively

9.5 Biodegradation Model Equation Solution

9.5.1 Solution of the Combined Flow and Biodegradation System

The combined flow and biodegradation system is solved through operator splitting, inthvetsolution

to theflow equations is used dise initial conditions forthe biodegradationeactions. This approach is
convenient because modifications can be made to the system of biodegradation equations without having tc
reformulate the partial differential equations that describe advectiodisypersion. The operator splitting
approach is also attractive froncamputational viewpoint because a separate numerical medsighed

to achieve high accuracy can be applied to each stage (flow stage and biodegradation stage) of the probler
solution (Valocchi and Malmstead, 1992).

Operator splitting caereateerrors inthe solution ofthe combinedlow and reactionsystemthat are the

result of the operator splitting technique itg&alocchiand Malmstead1992). Amethod of controlling

the error caused byhe operator splittingolution techniquéasbeen incorporated int TCHEM. The

method usethe product of a dimensionlessaction rateand Courant number teterminehow often to

call the subroutines that solve the biodegradation equations. This product is equivalent to average over al
grid blocks ofthe rate ofsubstrate loss frorthe bulk liquid divided bythe mass of substrate in the
modelingdomain. The form of the dimensionlesgparameter diiers with the type of biodegradation
kinetics being simulated. Whenass transfer is neglectatle parameter is thproduct ofthe Courant

number and a Damkohlerumber, designated, BgCros For aone-dimensional simulation, this

parameter is (de Blanc, 1998):

umaXXAx O A 0O vAtpg

Dag (Cros =
BOXOS T VY (ks +9 HKa A B (9.3
l.lmaXXAtoslj A O .
Y(Ks+9) DK +AH
where:
Ax = length of grid block (L)

Atgg = operator splitting (biodegradation) time stef)]DT
When mass transfer igicluded in thesimulation, the dimensionlessparameter is thgroduct of the

Courant number anthe inverse of aPeclet numbaErOS/Pez'. For aone-dimensional simulation, the
parameter is (de Blanc, 1998):

CrO'S — BKs)(oAX (S_é) % VAtOS
Pe, vmeSy AX (9.33)
— BKSXOAtOS (S_é)

MeSy

The relative mass error of asimulation resulting from operator splittingas been shown to be
approximately one half the value of tidemensionlesgparameter (Valocchand Malmstead, 1992; de
Blanc, 1998) whenhe relativemass error due toperator splitting is 10% dess. As implemented in
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UTCHEM, this relationship isusedtogether with dimensionlegzarameter valuesalculatedfrom the
average of théme derivatives of thesubstrates toletermine the maximum allowable tinsgep that will
keep the relative mass error of the simulation below the user-specified value rme (de Blanc, 1998):

(] [
[

01
as
[S dt Uhass-wei ghted average

Atog = 2rme x (9.34)

Control ofthe operator splittingrror minimizes simulation executiomrte by solving the biodegradation
subroutines only as often as required to mairttaenrelativemass error irthe system. As aexample of
the executiortime savingsthat can beealized, use ofhe automatic timatep option reduced simulation
times of a one-dimensional simulation by 50 to 80 percent (de Blanc, 1998). Geaditgls inexecution
time could be realized for different problems.

9.5.2 Solution of the Biodegradation Equations

The biodegradation equations comprise a system of ordiliféeyential equationshat must be solved at

each grid block and each time step after the advection and dispersion terms are calculated. The selection c
an appropriate solution methéar the system of equations is providédlow. The characteristics and
numerical solution of this system of equations is discussed in greater detail by detBlaji®96b].

With typical biodegradatioand mass transfer parametdis characteristic timefor diffusion into the
biomass and reaction within the biomass differ by several orders of magnitude, sugbastimgsystem

of equations may bstiff. A system ofequations is considered stiff if last one eigenvalue of the
Jacobian matrix (matrix of partial derivativedsds alarge negative regbart, andthe solution is slowly
varying on most ofhe integration interval of intere§Kahaner, 1989). Taletermine if thesystem of
equations isstiff, the eigenvaluewere calculatedfor the set ofmass transfer andiodegradatiorkinetic
parameters determinddr benzene in laboratory columns by Chenal. [1992]. Eigenvalues were
determined for the grid block at the columntrance. The real part of the largest negative eigenvalue for

this system was approximately 8 @hdicating that the equations are stiff.

An investigationwas nade to determinevhetherthe stiffness ofthe equationsvas likely to change with
time andspace, sdhat theequations might bsolved more easily in different parts tfe modeling
domain. Totest thestiffnessbehavior of thesystem,batch simulations wenain with varying substrate
and biomass concentrationghe real part of the largest negative eigenvétuehese batchruns varied

between -10 and -18, indicating that theequations were stiff undexl conditions. In addition, the
eigenvaluedor all simulations increased with time. This secondary investigatidicated that a stiff
equation solver such as Gear's method (Gear, 1971) is requiaétdyiddl blocks andall timesduring the

simulation when mass transfer is included in the model.

The numerical method selected for the solution of the biodegradation equai®8®OHRIV2 (or DDRIV2
for double precisiorcalculations) published by Kahanet al. (1989). These subroutinesse Gear'’s
method to solve the system of ordinary differential equations at each grid block and time step.

9.6 Model Testing

The biodegradation component of UTCHEM was extensively tested to ¢hatimrrectsolutions to the
biodegradation equations gseoduced. Two types dksting were performed: 1) batch biodegradation
simulations, in whichthe solutions tothe equationgrovided bythe modelfor simple systems were
compared teolutionscalculated inspreadsheetgnd 2) comparisons of UTCHEM simulation results to
analytical solutions and results of other biodegradation models published in the literature.

9.6.1 Batch Testing
UTCHEM can berun in "batch"mode tofacilitate comparison of UTCHEM solutions of biodegradation
problems to solutiongalculated inspreadsheets. UTCHEM is run inbatch mode by specifying a
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modeling domain of only one gridlock. Spreadsheet solutions weadculatedusing afully explicit

(Euler method) with a very small time step. The UTCHEM meded conpared to spreadshesblutions

to test the proper functioning of substrate competition, inhibition, nutrient limitations, product generation,
and cometabolism.

A comparison of a UTCHEM simulation and a spreadsheet solution to a simple biodegradation problem is
shown in Fig.9.2. Inthis batchsimulation, a singlesubstrateglectronacceptor, andbiological species
reactfor 1 day. The biodegradation parameters atown inTable9.1. The UTCHEM solution and
spreadsheet solutianatchexactly, indicatinghat theUTCHEM biodegradation model correcthplves

the biodegradation equations.

Figure 9.3 is a comparison ofbatch UTCHEM simulation witlmesults from spreadsheedlculations of

the model published by Chang and Alvarez-Coli€95]. The biodegradation parametdos this figure

are provided inTable 9.2. UTCHEM matches thecurves calculatedfrom the spreadsheet exactly.
However, the spreadsheet solutiontltd model diers slightly fromthe results published by Chang and
Alvarez-Cohen for the case in which there is no growth substféereason forthe differences between
the spreadsheet modsblutions andhe solution published by Chang and Alvarez-Cohen could not be
determined.

9.6.2 Comparison of UTCHEM to Analytical Solutions and Other

Models

Completeflow and biodegradation modesolutions were also cqmared to analytical and literature
solutions to ensure that the simultaneous transport and biodegradation of substralestrandacceptors
produced reasonabtesults. Bcause Monod kinetics isonlinear, only first-order (in substrate only)
kinetics could be compared &malyticalsolutions. Figure.4 compares the UTCHEMolution to the
analytical solution for the first-order decay o$uabstrate igcted at a&onstantrate and concentration in a
laboratory column.The analyticakolution is solution number C14 of van Genuchten Alnds [1982],
with a third-type boundary condition #ie column entrance and a semi-infirsiecond-type boundary
condition at the column exit. The flow and reaction rate parameters for this simalagown inTable
9.3. UTCHEM very closely matches the analytical solution.

One-dimensional, single-phase simulations were compared to biodegradationsolotiehs published
by Molz et al.[1986]. The flow and biodegradation reaction parameterthése simulations are given in
Table 9.4. Figure 9.5 illustrates the comparison. The model predietientexactly the same because
of slightly different assumptions about biomagsay,electron acceptor utilization, armdisorption. The
boundary conditiongsre also different inthe two models. HoweverUTCHEM is able to generally
reproduce the results of the Molz model, indicatimgt the combinetd TCHEM flow andbiodegradation
model is functioning properly.

9.7 Biodegradation Model Computer Code

The biodegradation model incorporated into UTCHEDbhsists of fourFORTRAN subroutines that
formulate the biodegradation equations and control their solution (BIOSOLVE, BIOREAD, G)amdo
biodegradation model utilitgubroutines (THRDD andPHABIO), andthe ordinary differential equation
solver package (DDRIV2 for double precision and SDRIdM2single precision) published by Kaharetr
al. [1989]. The name and function of th&x biodegradation subroutinegre listed in Table9.5.
SubroutineBIOREAD, BIOSOLVE, F, G, and THIRDDOvere written bythe author in theientirety.
Subroutine PHABIO was modified e author tacalculateporosity andpermeabilityreductions due to
biological growth.

9.8 Example Simulations

The multi-phase flow and biodegradation capabilities of the model are demonstrated through the simulation
of hypothetical LNAPL and DNAPIspills. Inthese simulationghe modeling domaironsists of a
homogeneousdnitially uncontaminated, confined aquifémat is125 m long by 54 m wide by 6 mhick

(see kg. 9.1). The domain is simulatedith 25 grid blocks irthe xdirection, 11 grid blocks irthe y
direction, and 5 grid blocks ithe zdirection. Groundwater is flowing ithe positive x direction (left to
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right in all figures) with an average velocity of 0.1 m/da&therflow and physiochemical parameters are
listed in Table 9.6. The spills are modeled by injecting NAPL into the center of grid block (x =5,y = 6, z
= 1), which is approximately 22 meters fraime leftboundary. All chemicalspeciesareassumed to be
non-adsorbing. There is no air phase in these simulations; the top boundary is a no-flow boundary.

For both ofthese exampledpcal equilibrium isassumed betweehe NAPL andthe agueous phase, so
that the concentration of organgonstituents in thequeous phase isalculated by the partitioning
relationship:

Ci,aq= Gi,soXi,NAPL (9.35)

where Gaq is theaqueous phaseoncentration of component i, €| is theaqueous phase solubility of
component i, and;xiapL is the volume fraction of component i in the NAPL.

9.8.1 LNAPL Simulation Example
Sequential use of electron acceptors and equilibrium partitioningulipple components intéhe aqueous

phase are illustrated with an example LNAPL simulation. The LNAPL example simulates a leak &f 3.8 m
of gasoline containing approximately 1% by volume of benzene and 6% by volume of toluene into a
shallow, confinedaquifer. The leak isassumed to occur over a four-dpgriod. The groundwater
initially contains 8mg/L oxygen and 10ng/L nitrate. Parametergsed for thissimulation are listed in

Table 9.7.

Figure 9.7 shows the NAPL saturation history ivedical slicedownthe center of the aquifer in the x-z
plane. As seen ini§. 9.7, the NAPL moveslittle once theNAPL lens is establishedThe NAPL lens
gradually decreases in size as the organic constituents dissolve into the flowing groundwater.

As the benzene and toluene partition out of the gasoline in@aqgtineous phas¢hey become available to
microorganisms asubstrates. For splicity, a single population of microorganisneapable of

biodegrading the benzene and tolueneassumed to exist irthe aquifer. This biological species

biodegrades both benzene and toluene aerobically and biodegrades toluene anaerobicéligteviis the

electronacceptor. Abiotic decayand biodegradation by free-floating microorganisansassumed to be
negligible (lkpio and X ared). Biodegradation kinetic parametarsed forthe simulationwere obtained

from Chenet al.[1992].

Figure 9.8 compares the concentration of benzene in the agueous phase at 50thdayanteentration of
benzene that would exist if no biodegradation reactions were occurring. Thissliguvethat significant
biodegradation of dissolvedenzenehas occurred. The toluene plume islso shown in Fig. 9.8.
Although the toluene solubility is three timésss than the benzensolubility, the maximum toluene
concentration in thequeous phase is higher th#me maximum benzene concentration because its
concentration in the gasoline isix times the benzene concentration of tlgasoline. Toluene
concentrations are nearly lEsv asbenzene concentrations at fneges ofthe plume because toluene is
biodegraded both aerobically and anaerobically, where oxygen is exhausted, but the benzene is not.

The concentrations of benzene, toluene, oxygen and nitrate at 500 days are compar8diin Bigygen
immediatelydowngradient othe spill is practicallyexhausted. Nrate is also nearly exhausted from the
area immediatelglowngradient othe spill because sufficient tinfes ehpsed since oxygetepletion to
allow denitrification tooccur. However, athe forward edge of theplume, relatively high nitrate
concentrations still exist in areas where oxygen has been depleted, but not exhausted.

9.8.2 DNAPL Simulation Example
Different model capabilities are illustratadth a DNAPL simulation inwhich trichloroethylene (TCE) is

biodegraded through cometabolism. In this simulation, 0.C28fMCE are spilled in a singlgay. The
cometabolic process is illustrated by injecting water containing methane through five injectidocsieid
approximately 24 meters downgradienttiod spill. The injected watecontains 20ng/L methaneand 8
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mg/L oxygen. The water injection rate is 1.2 per day per well. The groundwater is assumezbtdain
8 mg/L oxygen. Parameters used for the DNAPL simulation example are listed in Table 9.8.

A population of methanotrophieicroorganisms,capable ofbiodegrading TCE aerobicallyhrough
cometabolism, is assumed to exist in the aquifer. The methanotrophs use methane as the primary substra
and oxygen athe electroracceptor. TCE biodegradation iassumed to redudhe activebiomass and
consume reducingower of the methanotrophs, sthat TCE biodegradatioboth reducegshe active
biomass concentration and reduttes activebiomass'shiodegradation effectivenes®ncebiomass has
become deactivated, it does not bec@uoive again. Biodegradation rate parametevere obtained from

Chang and Alvarez-Cohen [1995]. External mass transport of chemical species from the agueous phase t
the biomass was ignored for this example.

The effect of the methane injectiovells is illustrated in . 9.10, where concentrations ofCE, a
hypothetical TCE tracer, oxygen and methane are shown at 170 TlagsTCE tracer is simply TCE that
is not allowed to biodegrade in the model so that the effects of biodegradation ssenb&oncentration
contours of the different constituents are shown in thé idpm layer of theaquifer. Oxygen is depleted
downgradient of the plume, but only a small fraction of the oxygen is consumed upgratheninethane
injection wells. Most of the oxygen upgradient of the wells remains betaisgh TCE concentrations
deactivate the biomass and consume reducing power, preventing the TCE from biodegrading. Even with a
small TCE spill, TCE concentrations in the aquifer are b@h that most biomassimmediately
downgradient ofthe spill is rapidly deactivated. Significant TCE biodegradatoours only where
appreciable methane present to regeneratine microorganism'sreducing power and where TCE
concentrations arlww. These effects can Is=en in K. 9.10. The high concentratiorrontours of the
TCE and TCE tracer are nearly the same, but biodegradation of theallSEs a slighttardation in the
progress of the TCE plume at low concentrations.

9.9 Tables and Figures

Table 9.1. Biodegradation Kinetic Parameters Used in the Simulation of a Simple Batch
Biodegradation Problem

Parameter Value
Initial substrate concentrationg 8ng/L) 10
Initial electron acceptor concentratiory @ng/L) 8
Initial biomass concentration,pXmg/L) 1.53
Biomass maximum specific growth ran?nax(d‘l) 1.0
Biomass endogenous decay coefficient, B)d 0.02
Biomass yield coefficient , Y (mass X/mass S) 0.5
Electron acceptor utilization coefficient, E (mass A/mass §) 2.(
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Table 9.2. Kinetic Parameters for the Batch Biodegradation of TCE by Methanotrophs

Parameter Value
Initial biomass concentration, X (mg/L) 4.31
Maximum biodegradation rate of TCE, (ftng TCE/mg cells-d) 4.2
Maximum specific growth rate for methamg,ay me(d™) 0.31
Yield coefficient for methane, Y (mg cells/mg methane) 0.33
TCE transformation capacity . {mg TCE/mg cells) 0.1
Half-saturation coefficient for TCE, K(mg/L) 7.0
Half-saturation coefficient for methanegKmg/L) 1.1
Half-saturation coefficient for reducing powerg Kmmol of €/L) 0.54
Reducing power production coefficient,Emmol € produced/mg methane biodegraded) 0.5
Reducing power consumption coefficienf, Enmol € consumed/mg TCE biodegraded)] 0.15 |
Initial reducing power concentration in cellgy imol €/mg cells) 0.0005 |

Table 9.3. Flow Parameters for the Solution of the One-Dimensional Advection-Dispersion

Equation
Parameter Value

Average velocity, v (m/d) 1.0
Porosity,@ 0.38
Bulk soil densitypy, (g/crr?) 1.64
Longitudinal dispersivityg (m) 0.1
Substrate injection concentratiorg, @g/L) 1.0
Column length, L (m) 2.0
Number of grid blocks 25
Numerical time step (d) 0.0001
Simulation time (d) 0.5
Pe 1
Cr 1x 10"
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Table 9.4. Simulation Parameters for the Comparison of the UTCHEM Model to the Model
of Molz et al. [1986]

Parameter Value
Flow andporousmediumparameters

Column length, L (m) 1.0
Average velocity, v (m/d) 0.5
Porosity,@ 0.30
Bulk soil density pp (g/cm3) 1.67
Longitudinal dispersivitye (m) 0.0056
Numerical simulation parameters:

Number of grid blocks 100

Numerical time step (d) 0.001

Simulation time (d) 4

Pe 1.79

Cr 2.2x 1072

Biodegradatiorkinetic parameters

Initial concentration of all chemical species (mg/L) 5.0
Substrate injection concentratior, @g/L) 15.0
Electron acceptor injection concentratior #ng/L) 5.0
Initial attached biomass population, €ells/g-solid) 6.0x 10°
Biomass densitypy (g/cm3) 0.09
Colony radius ,¢(cm) 5.0x 104
Colony thicknesst.(cm) 5.0x 104
Cells/colony, n 100
Substrate retardation coefficieng, R 1.12
Biomass maximum specific growth raggy, (d_l) 4.34
Biomass endogenous decay coefficient,%(d 0.02
Biomass yield coefficient, Y (mass X/mass S) 0.278
Substrate half-saturation coefficientg Kng/L) 120
Electron acceptor half-saturation coefficieng (fng/L) 0.77
Electron acceptor utilization coefficient, E (mass A/mass|S) 0.3892
Substrate mass transfer coefficieqs,(cm/d) 1.2
Electron acceptor mass transfer coefficient{(cm/d) 14.2
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Table 9.5. Name and Function of Biodegradation Subroutines Incorporated into UTCHEM

Subroutine

(DDRIV?2).

Name Function(s)
BIOREAD 1) Read biodegradation parameters from input file.
2) Initialize biodegradation subroutine variables.
3) Calculate some biodegradation subroutine variable values.
BIOSOLVE 1) Convert UTCHEM volume fraction aqueous phase concentrations to mg/L f@r use
in biodegradation equation solver routine.
2) Determine whether or not the concentration of species participating in
biodegradation reactions is large enough to justify solving the reaction system.
3) Calculate mass transfer coefficients.
4) Calculate biomass partitioning.
5) Calculate operator splitting time step required to keep error below user-specjfied
value.
6) Partition aqueous phase concentrations of all species between bulk liquid afd
biomass.
7) Determine whether or not to solve mass transfer equations based on user option
selected.
8) Call subroutine to solve biodegradation equations.
9) Calculate first-order reaction and biomass decay that did not go to completigh in
biodegradation solution routine.
10)Reset biomass concentration to the minimum biomass concentration if the bjomass
concentration has fallen below the minimum.
11)Calculate mass of biodegradation species consumed or created through
biodegradation reactions.
F Calculate biodegradation reaction equation derivatives.
G Determine whether or not to exit biodegradation equation solver subroutine early.
THIRDD Estimate intra-biomass concentrations of substrates and electron acceptors for gach
metabolic combination.
PHABIO Adjust porosity and permeability of each grid block based on the amount of attaghed
biomass growth, and recalculate concentrations.
SDRIV2 or Solve ordinary differential equations describing biodegradation reactions for thef|Cray
DDRIV2 version of UTCHEM (SDRIV2) or the double precision version of UTCHEM

Table 9.6. Flow Parameters for All Simulations

average velocity, v (m/d) 0.1
porosity,® 0.38
bulk soil densitypp (g/cmd) 1.64
longitudinal dispersivityg (m) 5
transverse dispersivitgt (m) 0.625
initial oxygen concentration,mg/L) | 8.0
initial nitrate concentration, A(mg/L) | 10.0
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Table 9.7. Parameters for LNAPL Simulation Example

Parameter Value
Simulationparameters
Spill volume (ns) 3.8
Spill duration (d) 4
Physiochemicabarameters
Density of gasoline (g/cf 0.87
Density of benzene (g/cth 0.87
Density of toluene (g/cA) 0.86
Solubility of benzene (mg/L) 1,778
Solubility of toluene (mg/L) 500
Initial benzene concentration in NAPL (volume %) 1.1
Initial toluene concentration in NAPL (volume %) 6.1
Mass transfer coefficient for benzerg,(m?/d) 4.60 X 101
Mass transfer coefficient for tolueng,(m?d) 4.26 X101
Mass transfer coefficient for oxygex, (m2/d) 7.92 X 10t
Mass transfer coefficient for nitrate, (m?/d) 6.52 X 10!
Microbial parameterg¢from Chenetal., 1992)
Initial cell concentration, £(cells/g soil) 3.8 X 105
Colony population density, n (cells/microcolony) 100
Biomass densityp, (g/cn?) 1.0
Microcolony surface aref, (m?microcolony) 1.19 X 1010
Microcolony volume, \{ (m3/microcolony) 1.0 X 1016
Initial attached biomass concentratic)_ﬁ,(mg/L) 1.64
Maximum specific growth rate on benzepg,y ,(d-1) 4.15
Maximum specific growth rate on toluemngyy ¢ (d-1) 4.95
Yield coefficient for benzene, (g cells/g benzene) 0.5
Yield coefficient for toluene, ¥(g cells/g toluene) 0.5
Half-saturation coef. of benzene for oxygen respiraﬂb@ﬂ (mg/L) 12.2
Half-saturation coef. of toluene for oxygen respiratikf (mg/L) 17.4
Half-saturation coef. of toluene for nitrate respirati&rg,‘ (mg/L) 17.4
Half-saturation coef. of oxygen for benzene biodl@? (mg/L) 0.1
Half-saturation coef. of oxygen for toluene bioddgg’ (mg/L) 0.01
Half-saturation coef.of nitrate for toluene biodelg,taln (mg/L) 2.6
Endogenous decay coefficient, bljd 0.1
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Table 9.8. Parameters for DNAPL Simulation Example

Parameter Value
Simulationparameters
Spill volume (m3) 0.028
Spill duration (d) 1
Physiochemicabarameters
Density of NAPL (g/cm3) 1.46
Density of TCE (g/cm3) 1.46
Solubility of TCE (mg/L) 1,100
Initial TCE concentration in NAPL (volume %) 50
Microbial parameters
Initial biomass concentration, X (mg/L) 4.31
Maximum biodegradation rate of TCE, kc (mg TCE/mg cells-d) 442
Maximum specific growth rate for methane, _max,m (d-1) 0.31
Yield coefficient for methane, Y (mg cells/mg methane) 0.33
TCE transformation capacity, Tc (mg TCE/mg cells) 0.1
Half-saturation coefficient for TCE, Kc (mg/L) 7.0
Half-saturation coefficient for methane, Ks (mg/L) 1.]
Half-saturation coefficient for reducing power, Kr (mmol oi.& 0.54
Reducing power production coefficientpfmmol € produced/mg methane biodegraded) 0.p
Reducing power consumption coefficienfg Enmol € consumed/ mg TCE biodegraded) 0.15
Initial reducing power concentration in cells, (mmdheg cells) 0.0005
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Figure9.1. Conceptual model of biodegradation process. S represents substrate
molecules in the bulk liquid that must diffuse across a stagnant liquid layer to become
available to attached biomass. The subscript frefers to intra-biomass concentrations.
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Figure 9.2. Comparison of UTCHEM solution and spreadsheet solution to a simple batch
biodegradation problem. Kinetic parameters are given in Table 9.1. The symbols are the
UTCHEM solution and the lines are the solution computed in the spreadsheet.
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Figure 9.3. Comparison of UTCHEM and spreadsheet solution for the methanotrophic
cometabolism of TCE (cometabolite) in a batch system. The symbols are the UTCHEM

solution and the solid lines are the solution calculated in a spreadsheet. Kinetic parameters
are given in Table 9.2.
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Figure 9.4. Comparison of the UTCHEM and analytical solution of the one-dimensional
advection-dispersion equation. The UTCHEM solution is represented by the symbols, and
the analytical solution is represented by the solid line. Flow parameters are given in Table
9.3.
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Figure 9.5. Comparison of UTCHEM and Molz et al. [1986] solution of the biodegradation
of a single substrate by a single microbial species using a single electron acceptorinal m
long column. Flow and kinetic parameters are given in Table 9.4.
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Figure 9.6. Modeling domain size and discretization.
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Figure 9.7. NAPL saturation history in the vicinity of a hypothetical gasoline spill. The
figure shows a vertical section along the x axis in the center of the aquifer. This gasoline spill

is simulated by injecting 3.8 m3 of gasoline at a depth 0.6 m below the top of the confined
aquifer.
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Figure 9.8. Comparison of benzene and toluene concentrations in the aqueous phase 500
days after a gasoline spill. The figure shows a vertical section along the x axis in the center
of the aquifer. Gasoline was injected at the location of the white circle. Concentrations of
benzene and toluene are compared for the assumptions of no biodegradation and
biodegradation of the two compounds.
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Figure 9.9. Concentrations of benzene without biodegradation, benzene with
biodegradation, toluene, oxygen, and nitrate in upper 1.2 m of aquifer along aquifer center
line at 500 days.
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Figure 9.10. Plan view of TCE, a hypothetical TCE tracer, methane and oxygen
concentrations in the upper 1.2 m of a confined aquifer 170 days after a TCE spill. All
concentrations are mg/L. Groundwater is flowing from left to right at 0.1 m/d. Shading is
present for visualization purposes only and does not correspond to specific chemical
concentrations. Assumptions are: TCE solubility = 1,100 mg/L; initial oxygen concentration =
8 mg/L; methane concentration in injected water = 20 mg/L. Biodegradation rate parameters
are from Chang and Alvarez-Cohen [1995].
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Section 10
Well Models

10.1 Introduction
In this section, the well models in the UTCHEM simulator are described. The options available are:

e An arbitrary number of producers in any grid block can be specified (Cartesian grid option only).

»  Skin factor (S) and completion interval can be specified.

» Both the injectionwells andthe producerscan beshut in or opened anytime during the
simulation. The well type can also be changed during the simulation (e.g., an injector changed to a
producer).

* Each injection well can inject multiple slugs with different component concentrations.

*  Wells can be completed in any direction parallel to the axes (Cartesian and Curvilinear grid options
only).

10.2 Vertical Wells with Cartesian or Curvilinear Grid Options
Two basic well conditions of constant flow rate or constant flowing bottomhole pressuireplemented.
Application of Darcy's law to a wellblock (i,j,k) results in:

Np Np
Q=3 =3 Pl(Ru -P))
| (10.1)

where R = P; + P;1y and Plis the productivityindex. Fortwo-dimensionalareal (x-y) and three-
dimensional simulation, the Pl is given by:

21 kyky Az
Pl, = N A (10.2)
r
0.15802 ano +
O+
and for one-dimensional and cross-sectional (x-z) simulation by:
PI, :kXA—yAZXAw (10.3)
0.15802—
2
where the constant in the above equations is the unit conversion factorsivehpeemeability is in Darcy
. . Kep . , :
and gridblock size in ftandl, = =1 in cplto result Plin (psif.
My

The equivalent radius,,ris calculated using Peaceman's model (Peaceman, 1983):
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S Dy? + y /ZAXZD
aﬂkyﬁ H, ]
r, = 0.28 A C ATy (10.4)
X

The well bottomhole following pressure in any layeP, | is given by:
(Pwf )k = (Paf)k-1tY¥k Kk =2,.., nbz (@.5)
where mis the number of layers perforated and

AZk Azk—l

Yk =Yk —=+ Yk- 10.6
V= Yk— + k17, (10.6)
Yk are calculated from:
Mp
> YPL
_ (=1
Y np (10.7)
Pl,
/=1

For the producer wellblock, specific weights of the produced flyidsareused inthe above calculations
while for the injection wells, the specific weights of the injected phases are calculated using:

Nc
Ve =Y (Cimdir) vi (10.8)
K=1

10.2.1 Well Constraints for Injection Wells

10.2.1.1 Rate Constraint
When thephaseinjection rates, an /» are specified, the positive injection rates awdlocated to the

individual layer k that is perforated according to:

Np
ZPIE

A i=1
Q/ = Qinj,s Ny Np (10.9)

ZzPIg

k=1/=1
The total injection rate for the ijk block is given by:
Mp

Q=3%Q (10.10)

0=|
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The above term is then added to the constant vector of the pressure equation &idbk. ijkn Eq.10.9,

it is assumed that the potential gradient between the wellbore and the gripitdeslre ishe samdor all
the layers in theeservoir model. Nolen anBerry [1972] have shown that including the potential
differences in Eg. 10.9 may result in stability problems. Equdiib@ may giveerroneous results in the
case of large vertical heterogeneity and especially when noncommunicatingbagers However, in the
absence of a verpw permeability zone or smatrossflow, the above formulatiomloes not produce a
significant error.

10.2.1.2 Pressure Constraint
When bottomhole injectiopressure foithe first perforatediayer, (F\’Nf)ij,k:r is specified, Eq. 10.1 is

n
p
used. The termz Pl z(ow - Pclg) in Eg. 10.1 isadded to the constant vector of fhessuresquation
(=1
Mp
for block ijk and termE Pl, to the (Fi)”+1 term (diagonal element in the pressure matrix).
/=1

After the pressureequation issolved, Eq. 10.1 is used tdtain the total injection rate at tiemd of the
time step,Q. The injected phase cuts for each layer are the same as the total injected cuts:

Qinj,¢
Q=Qq (10.11)

p
z Qinj,!é
/=1
the phase injection rateQjy; ,, specified as input values, are treated as phase cuts.

10.2.2 Well Constraints for Production Wells

10.2.2.1 Rate Constraint
When the total production rate, input as a negative valggd@ specifiedthe withdrawalratefor each
layer k is calculated using:

Np
ZP'(

— (=1
Q= Qprod 7 g (10.12)

ZZPIE

k=1/=1
and the produced phase cuts are then calculated using:

)\rf
Np
z )\rf
/=1

10.2.2.2 Pressure Constraint

When bottomholgressure for a producer is specified, EQ.1 is used tealculate the totaproduction
rate (Q) in the same mannerwaas described abovéor the injection well onpressure constraint. The
produced phase cuts are then obtained from:

Q,=Q

(10.13)
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Pl,
Np
S Pl
/=1

10.3 Vertical Wells with Radial Grid Option
The boundary conditions for the radial option are

Q,=Q

(10.14)

* no vertical flow at the upper and lower boundaries
* arate constraint well at the center of the reservoir,

* a constantpressure outer boundarythat is treated the same as pessure constraint
injector/producer well.

The phase productivity index in the gridblock ijk for the injection or production well is calculated as

kyAz
AX

2

Plgz

Ay (10.15)

10.3.1 Rate Constraint Injector
Equations 10.9 and 10.10 are used to calculate the rate allocation to each layer.

10.3.2 Rate Constraint Producer
Equations 10.12 and 10.13 are used to calculate the rate withdrawal from each layer.

10.3.3 External Boundary
The amount of fluid that crosses each layer k from the last gridblock at the open boundary is calculated by

Mp
Q= zm((Pl)e—(Pl)i:nr) (10.16)
(=1
where the outer boundary aqueous phase pressiges(faintained at the initial pressure for the duration
of the simulation as:
(P)oy =(P)gy_g tVk  fork=2.., nbz (10.17a)
wherey is calculated from Egs. 10.6 and 10.7. The phase productivity index is calculated as:

21K AZ

‘e
i

Pl, = 6.3266

A (10.17b)
In

where the permeability and radius of the outermost gridblock ) araused. The calculation is implicit
similar to that for the pressure constrained wells discuslsede. Once thepressure is known, total rate
for each layer is calculatefiom Eq. 10.16. The phase cuts fothe fluids crossingthe boundary are
calculated from Eq. 10.14.
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10.4 Horizontal Well with Cartesian or Curvilinear Grid Options

Horizontal wellsusethe same well model equations astical wells. Only parameters related to the
direction of the wellbore were modified. When the wellbore is parallel to theection,the calculation of
the productivity indexusesthe gridblockheight, Az, the permeability in the xirection, k, and the

permeability in the y direction, k

21 kyky Az
Pl, = JHky Ay (10.18)

00,0 O
0.15802@n5rgg+ so
O “w O

where the constant 0.15802 isiit conversiorfactor. k and k; are inDarcy, Az, 1,, and {, are in ft,

andA,, =k, /p, isin cp™. The equivalent wellblock radius, is based on Peaceman [1983] asés

wellblock properties irthe x and y directionsuch asthe dimensionsAx and Ay and the permeability
values k and k:

(02, ok, 2 0’
%@H Ay2+HéE AXZE
O 0" okyd’
Fy,H BB

10.4.1 Productivity Index for Horizontal Wells

The productivity index calculations were generalized for horizontal wells parallel to either the x direction or
the y direction by taking into account the pertinent directipnaperties. \Wen the wellbore iparallel to

the x direction, the productivity index calculationsesAx as the wellblock dimensioparallel to the
wellbore. Since the wellbore is perpendiculathi® y and airections,the productivity indexcalculation

uses the permeability in the y direction and the permeability in the z direction:

fy = 0.28 (10.19)

21, /kyk, AX
Pl, = Ay (10.20)
U Or,0 U
0.15802 ljnBrE-l_ S
0 “w U

When the wellbore is parallel to the y direction, the productivity index calculatiod\ysas the wellblock
dimensionparallel to thewellbore. Since the wellbore is perpendicular to the x andirections, the
productivity index calculatiorusesthe permeability in the x direction and the permeability in the z
direction:

21Ky k, A
P, = e Dy A (10.21)
0.15802 m”E&E* ST
0w [

10.4.1.1 Equivalent Wellblock Radius for Horizontal Wells (Peaceman, 1983)

The calculations of the equivalent wellblo@dius were als@eneralizedor horizontal wells bytaking
into account reservoir properties perpendiculah#direction of thevellbore. Incase the wellbore is
parallel to the xdirection, the equivalent wellblockadius, based oReacemarj1983], useswellblock
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properties in the y and z directiossch aghe dimensionsAy andAz and the permeability valueg &nd

Ky
5 5 2
B

ro =028 5 (10.22)

D025 Ok D025
FE ETH

In case the wellbore is parallel to the y direction, the equivalent wellblock naskssvellblock properties
in the x and z directions such as the dimenstonandAz and the permeability valueg &nd k:

r, = 0.28 (10.23)

10.4.1.2 Equivalent Wellblock Radius (Babu et al., 1991)

In addition toPeaceman'formulation[1983], aformulation of the equivalent wellblodladius based on
the paper by Babet al.[1991] was implemented in the simulator (Daklefial 1995). Aspublished, the
gridblock sizes were assumed uniform dnel equations depended on gridblacknbering. However,
numerical reservoir simulation is often carried out with non-uniform griddods. The equations were
therefore rearranged dbat gridblock sizes were no longer required to be uniform wedequations no

longer depended on the gridblock numberi%&. was substituted for,rand A%( was substituted foryn
z
In case an integer was needed, such aiseirsummatiornimits, the FORTRAN functiorNINT was used

to calculate thenearest integer to th@rgument. Therefore, NINf@) was substituted for znin the

summation limit used in,S. In addition ZAL was substituted for and A W was substituted fok. As
X z

a result, the applicability of the formulation was extended to non-uniform gritsassumption for these
substitutions was that away from the wellbore, the effect of a coarse and non-unifomagequivalent
to the effect of a fine and uniform grid on the pressure behavior near the wellbore.

The resulting formulation is givelmelow for awellbore parallel to the ydirection. In casdhe wellbore
was parallel to either the x or z direction, the pertinent directional variables were modified accordingly.

U] ]
U] U
JoO_ T k [Ky
In - D+025|n In n—w ——184-Bg - 10.24
GhO™ 0 pa 2K gDhEH— E =S« (10.24)
h
Cax O

where the boundary termgBis computed by

Bg = In(l—E1)+O.5In§—ZCosEQTzW §E1+Ef§ (10.25)

10-6



UTCHEM Technical Documentation

Well Models
and
O 2itmi - 'k, O
£, = exprr 2w a7 Xw) Kz (10.26)
0 h Vkx O
and the summation termySis
Ore ] _Exw O oA Xw O[]
2 w Oax O O ax 00O
NINTER Dy €OS™ 2= o pd + Xn %H(” "o
Caz0
_ T 5E =
i n=1 1 0 _02a;f]
z S|nEI7E{/1+0( % anAXDD
EZDAZD@ g :
with a, ap, and X, defined as
= & ke (10.28)
T Az \ Ky
D U
(l Il
o, =a smEI—D (10.29)
Oh 0
Laz U5
Xn = Hin +1+a3 5 14020 (10.30)
For symmetry purposes, the wellbore locatiog, @) was temporarily adjusted so that
Xw = MiN(Xy, a- Xy) (10.31)
and
Zw = Min(Zy, a- zy) (10.32)
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Section 11
Effect of Alcohol on Phase Behavior

11.1 Introduction

This section is based dhe Ph.D. dissertation by Saafl989]. The phase behaviocalculationfor a
mixture of water, oil, and surfactant is discussed in Section 2. The effect of alcdhelptrase behavior

is discussed hereThe presence of alcohol affects the effective salinitiescandes a shift ithe phase
boundaries. The effect of alcohol on the solubility is accounted by shifting the maximum height of
binodal curve. The amount of alcotbht partitions in thexcess phase(s) modeled either by constant
partitioning coefficients as in Hirasaki's model (Hirasaki, 1982) or as a function of total composition with
the concept ofppseudocomponent and pseudophase agamoBst's rodel (Prouvostet al, 1984a,b,
1985). Following is a discussion of the UTCHEM phase behavior model in the presetoehof(Pope

and Nelson, 1978; Prouvast al, 1984a,b, 1985; Camilleet al, 1987c; Saad, 1989).

The phase behavior isodeled as a tetrahedric diagram at a figatinity. Four pseudocomponents are
surfactant, alcohol, oiland water represented in a tetrahedragram. Tighes and binodaturves are
located on the ternaries slicdttough tetrahedronsThe pseudophaseare (1) the aqueous consists of
water and alcohol(s), (2) oleic consists of oil and alcohol(s), anchi¢@8pemulsionconsists ofsurfactant
and alcohol(s).Similar to the no alcohahixture, the phase behavior parametessch asinodalcurve,
plait point and invariant point arealculated as &unction of effective salinityusing Hand'srule (Hand,
1939).

11.2 Alcohol Partitioning

The two optionsavailable inUTCHEM to calculate the alcohgpartitioning arebased orthe models of
Hirasaki andProuvost. Hirasaki's agel assumes aonstant partition coefficient ereasexperimental
results showthat alcohol partition coefficientsary with ptal composition. Prouvosextended the
pseudophase model to calculate variable alcohol partition coefficients and to be applitablaltmhols.
The following intensive composition parameters are defined in the model:

1
j =Sk (11.1)
C1
2
CK
==K 11.2
Yi C, (11.2)
C3
o; ==X (11.3)
Cs

where fork = 7, the value of subscript j = 1 and f0r8, | =2. G, C,, and G arethe overall wateroil,
and surfactant volume fractions, respectively. Superscripts 1, 2, and 3 represent the assoalatibal of

with aqueous, oleicand microemulsiorpseudophases. Therefor@,% is the volume of alcohol 7

(component 7 in UTCHEM) in the aqueous phase,@bdis the volume of alcohol 8 (component 8) in the

aqueous phaseThe partition coefficientaused in Hirasaki's odel can be definedising the above
parameters:

-1

2
K
K\

(11.4)
j
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0.
KS=_—1L (11.5)
Aj

where fork =7, the value ofubscript j = 1 and fok = 8 , j =2. In Prouvost'snodel, monomeric
alcohol reactions are considered. The following thermodynamic constants are used in the model:

kw1 = partition coefficient of monomeric alcohol 7 between aqueous and oleic pseudophases
km1 = partition coefficient of monomeric alcohol 7 between interfacial and oleic pseudophases
k; = self-association constant of monomeric alcohol 7 in oleic pseudophase

a = ratio of molar volume of monomeric alcohol 7 to equivalent molar volume of surfactant
kw2, Km2: Ko, and b are similar constants for alcohol 8.

The above parameters are input to the simulator. A material balance gives the following relationships:
_ AiCy . BiCs
Dj + ijZ Ej

fork=7,j=1,k=8,j=2 (11.6)

K

where

A1 = Vikwa[1+ y1 + y2(1+ kp)]
By = ayikma[1+ y1 + y2(1+ kp)]

11.7
Dy = {[1+ Yo +va(L+ kl)][1+ y1+ Vo (1+ ko - sz)] - ylkwl[1+ vi+yo(1+ kz)]} (11.7)
S {[1+ Y2 +ya(1+ kl)][1+ y1+ Vo(1+ ko - kmz)] - ylkml[]_+ Vi +yo(1+ kz)]}
Ay = ysz2[1+ Yo + y1(1+ kl)]
By, = byzkm2[1+ Yo + y1(1+ kl)]

(11.8)

D, = {[1+ Vit va(1+ ko) [1+ Yo + yr(1+ kg - kwl)] ~ Vokua[L+ vz +ya(1+ kl)]}
E, = {[1+ y1+va(1+ kz)] [1+ y2 + vy (1+ ke - kml)] - Vzkm2[1+ Yo +yi(1+ kl)]}

C; and (g are the overall volume fractions of alcohol 7 and alcohol 8 in the gridblock arich@nen
values from the solution of species conservation equations. Knowiagd_Gg, Eqgs. 11.7 and 11.8 are

solved fory; andy, usingthe Newton Raphsonteration method, andthen the otherfour intensive
parameters are calculated:

forj=1,2 (1.9)

forj=1,2 (11.10)

Once)j, yj, andoj aredetermined, alcohol partition coefficienksZ, and K‘;’ are calculatedising Egs.
11.4 and 11.5. When only a single alcohol is used, Eq. 11.6 reduces to the following cubic equation:
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Ay3+BYy2+Cy+D =0 (11.11)
where
A=(1+k-k)@+k-k) (11.12)
. Cy Cs Cq
B =ky@+k —Km) =2 +aky (1 +k k)= —(1+k Km)(1+ Ky )—== +2 +X K, Ky
Co Co Co
(11.13)
Cq Cs Cq
C=k, —+ak,,—=-(2+2k -k, -k,,,)— +1 11.14
W, me, ( m W)C2 ( )
=S (11.15)
Co

Then the patrtition coefficients are calculated using:

1+y@+k -ky)

K2 = (11.16)
kW
<3 = AKmlL+ gL+ —ky) (11.17)

kw[1+9(l+k —kpy)]

For two alcoholsthe overall alcohovolumesare related to the overalblumes of water (9, oil (Cy),
and surfactant (§ pseudocomponents by:

Ck=AjC +YjCo+0;C3 fork=7,j=1k=8,j=2 (11.18)
The above equations, can be written in terms of the alcohol partition coefficients as:
Ce=ACi+\KE C+AK: C3 fork=7,j=1k=8,j=2 (11.19)
From above equations the paramei¢mre defined as:

_ Cy
)‘J - 2 3
Cp +KiCo +K{C3

forj=1,2 (11.20)

A; is then used in calculating the pseudocomponents that are the apexes of the pseudoternary diagram.

Cp1= (water volume) + (alcohol volumes associated with water) @G A1 + A5 ) (11.21)

Cp> = (0il volume) + (alcohol volumes associated with oil)

=Ca(L+y1 +V2) =Co(l+ K7 + }KE) (11.22)
Cp3 = (water volume) + (alcohol volumes associated with water)

=C3(1+01 +05) =Ca(L +y1K3 +AoK3) (11.23)
The calculation of the pseudocomponent volumes is summarized below:
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1. Using Newton Raphson iteration, calculgeandy, from Egs. 11.3 and 11.4.
2. CalculateA; andg; using Egs. 11.9 and 11.10.

3. a CalculateKE and Kﬁusing Egs. 11.4 and 11.5. If there is only one alcohol, use Eqg. 11.11 to
calculatey. Then calculate the partition coefficients using Egs. 11.16 and 11.17.
b) If constant partition coefficient option is usda@ﬁ and KE are input parameters.
c) Calculate\; using Eq. 11.20.

4. Calculate the volume of the pseudocomponengs, G-, and G using Egs. 11.21-11.23.
Above calculations are made in Subroutines ALCPTN and TWOALC.

11.3 Effective Salinity

Hirasaki [1982] introduced a model to account for the change in optimal salinity with respect to changes in
the concentration of alcohol and calciun@Camilleri et al. [1987c] extended ifasaki's model teentire

salinity space to define an effective salinity for the case with one alcohol:

_ Cs1
Coe = 11.24
E T W-BfSHA-BS) —

Cgg is the effectivesalinity, andBg and 3, are theslope parameterfor calcium and alcohol dilution
effects.fg is the fraction of calcium cations associated with surfactacgllesand is given in Section 2.
fKSis defined as:

s _ total volume of acohol associated with surfactant = ©
K total volume of surfactant pseudocomponent 1+o

(11.25)

Bg andB are determined by matching an experimental salinity requirement diagram such as those reported

by Nelson [1982] oequivalent diagram&Satoh, 1984). Folormulations containing only one alcohol,
CggL and Gggy are constantor a fixed chemicalformulation and are determinedging Eq.11.24. |If

there is no calciunpresent, Eq. 11.2#epresents a group efraight lines whictpass througtthe fixed
point (O, -1B,). If calcium ispresentthen it represents group of planes whicpass throughhe three

fixed points (0, -1, 0), (O, O, 1), and (O, -1, 1Bg). Due to the fact that Eq.1.24 is nonlinear,
these planes are nftit . The calculated effective salinibecomes negativerhen f6S > 1Bg or By is
negative and> > 1/B,|.

Since different alcohols give different salinity limits, the following effective salinity is defmethe case
when there are two alcohols present:

_ Cs1
(1-Bef )L +B7f7 +BgfS)

where the effective salinity limits are not constant in this case and are calculated by:

(11.26)

Cse
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CSEL?‘B7f7S‘ + CSELS‘BngS‘

‘B?f?‘ + ‘Bsfgs‘

SEL (11.27)

CSEU7‘B7f7S‘ + CSEU8‘88f88‘

‘B7f7s‘ + ‘Bsfgs‘

CseL7 CseLs Cseur and Ggygare effective salinity limits for alcohol 7 and 8.g¢ 7 and Ggy7 are
determinedwhen alcohol 7 is theonly alcohol present andre calculatedusing Eq.11.24. Similar

independent calculations are made for alcohol 8. For the two alcohofy*f‘&'ﬂmlfsS are defined as:

(11.28)

SEU

s _ total volume of acohol k associated with surfactant
¥ total volume of surfactant pseudocomponent
_ 01 — Aj K
- - 3 3
1+01 +0o 1+)\1K7 +)\2K8

fork =7,j=1,k=8,j=2 (11.29)

KE andA; are calculated as outlined in the previous section.

Once effectivesalinity is calculated, thphase environmerffFig. 11.1) foreachgridblock is determined
according to:

Cse< CseL Type II(-)
CseL = Csp= Cspy  Type llI
Cse> Cseu Type lI(+)

Effective salinity is calculated in Subroutine CSECAL.

11.4 Flash Calculations

A binodal curve is an intercept of a binodalrface and a pseudoternary plariEhe original simulator
introduced byPope and Nelson [197&ould treat nonsymmetric binodal curvelpwever,the present
simulator can treabnly a symmetric binodaturve. The effects of alcohol on the height of the binodal
curvewas included whichcan increase as the totdlemicalincreases.The following linear relationship

between the height of the binodal curvg{&) andeS is used for the case with one alcohol (Fig. 11.2):

Camaxkm = Mkm fo + Gan form=0,1,2x =7 (11.30)

where m = 0 means at zesalinity, 1 means aiptimal salinity, and 2 means aivo timesthe optimal
salinity. my, is theslope formaximum height of binodal curves. fraction of alcohol (alcohol 7 or
alcohol 8 for the two alcohol case) associated tighsurfactanpseudocomponent at salinity m. & is
the intercept of maximum height of the binodal curve at zero fraction of alcohol (alcohol 7 or alcohol 8 for
the two alcohol case) associated with the surfactant pseudocomponent at salinity m. Pargmeiats m
Cxm are obtained bynatching the volume fraction diagramsrresponding to deast three differertbtal
chemical(alcohol + surfactantompositions. Fothefirst iteration,the slope parameterare set to zero
and the intercept parameters are adjustedrdier to obtain a reasonabieatch of the volume fraction
diagrams; then thslope parametersre obtained. Havingbtained theslope parametershe matching
procedure is repeatddr further improvements. Thisiatching isdone using singlalcohol experiments
independently for alcohol 7 and alcohol 8 using Eqg. 11.30. The variables HBNBR&; 71, HBNC72

11-5



UTCHEM Technical Documentation
Effect of Alcohol on Phase Behavior

in Fig. 11.2are the UTCHEM input parametei® Cym at three values of m. The variabldBNS70,
HBNS71, HBNS72 in Fig. 11.2 are the UTCHEM input parameters faf &b three values of m.

The following equations are used for calculating the height of the binodal curve for the two alcohol case:

Camax.km = Mem(f¥ +15) + Cym  fork =7 and 8 (11.31)
C =C +(C -C
3maxm 3max,8m ( 3max,7m 3max,8m) %T'?m f7 +f8 H7 H'nSm f7 +f8 H(
(11.32)

The following Hand equations are used for phase behavior calculations:

CP3 _ ACP3 ng

EC E (11.33)

=E 0 (11.34)

Equation11.33 definesthe binodal curvdor all types of phase behavior, aritt). 11.34 defines the
distribution curve (tielinesjvhen two phasegxist (Typell(-) or Type lI(+)). Cpj1, Cpy and G3
represent pseudocomponents defined by Egs. 11.21-1123, G, Cpyr, and Gg represent phase
concentrations of thpseudocomponents thetwo pseudophasesand/’. Because pseudocomponent

concentrations are in voluniections,they must add up to one; therefdhe following constraints are
used:

Cpit Cpo+ Gp3=1 (11.35)
Cpyt Cpy + Cpg =1 (11.36)
Cpyt Cpyr + Cpgr =1 (11.37)

The total composition, G4, Cpy, and G, is known. Therefore there are five equations and six
unknowns (Gy, ,K =1, 2, 3,/ = 1, 2). Any phase concentratiatan bechosen and varied between 0

and 1 to sweefhe phase diagram. Since ordymmetric binodaturvesare modeled in the sulator,
parameter B is equal to -1 and parameter F is equal to 1. Parameter A in Eq. fdle88dgo the height
of the binodal curve by:

_02Cama O

(11.38)
- C3max

Linear interpolation is thensed todetermine the A paramettar arbitrary effective salinitwalues. The
reason forinterpolating A instead of the maximum height of the binaalve, Gna% IS that, at high

salinity, Gymax €Xceedsunity, whichmeans the binodal curve agitsidethe ternarydiagram. Toavoid
this problem, the interpolation is done on A. The following linear interpolation equations are used:

U
Cse E+ A, for Ggg< Cgeop (11.39)

[
A* (AO _Al)g‘_ SEOP
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0
CSE E'*‘ Al for CSE> CSEOP (1140)
Cseop

A=(Az _Al)%-_

where Ggpopis the optimum effective salinity (CSEOP = 1/2 (CSEL+CSEU)).

Parameter E is calculatécbm the location of the plaipoint. Fromthe phase distributiorequation
(Eg. 11.34) and the plait point P:

Crap _ EECP"*PEF (11.41)
Cpop ECPlP H

and since the plait point is also on the binodal curve:

Cpap _ o Lpap g

(11.42)
Cpop mpg
Also:
Cpipt Gpopt Cpgp=1 (11.43)

For the case when B = -1 and F = 1 (symmetric binodale), all phase concentratiortan be calculated
explicitly. From Eq. 11.36:

Cp11=1 - Gpa1- Cpay (11.44)
Now substituting Eq. 11.44 in Eq. 11.33%4gcan be calculated as a function ¢f,¢

1 s‘
Cpa1 = > %‘ACPH +(ACpp1)? +4ACpx (1 _CP21)E (11.45)
and from Eq. 11.42:

g=Crp (11.46)
Cpzp

where Gop the oil pseudocomponent concentrationtla¢ plait point, is an mput parameter in the
simulator, and

1 /
Cpap = E%Acpzp +1/(ACpzp)® +4ACpop(1 —szp)g (11.47)

Then from Eq. 11.36:
Cpip=1- Goop- Cpgp (11.48)

knowing Goq1p parameter E can be calculatesim Eq.11.46. Having calculated G371 and Goq4 from
Egs. 11.44 and 11.45p6,is calculated from the following:
A

_ 11.49
h?+Ah+A ( )

Cpp =

where
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C
h=g—=PsL (11.50)
Cp11

Then Gp3yis calculated from

Cp32=h Gopo (11.51)
and
Cp12=1- Gp22- Cp32 (11.52)

The above calculations are performed when there are only two phases present, for Type lI(-)ligt)Type
phase behavior. The only difference betwtwtwo cases ishatfor Typell(-) phasebehaviorCTasz

and for Type lI(+) phase behaviﬁIEsz, are used for gypin the aboveequations. The distribution of

the threepseudocomponents ithe two phases forType llI(-) and Type llI(+) phase behavior are
summarized below:

11.4.1 For Type II(-) Phase Behavior, C sg < Csg;

Known values for thiscase are §naxo Camax: Camaxz Cse Csel, Cseu CT:ZPR and overall
concentration of the pseudocomponents;, Cp,, and, G

1. Calculate parameter A from Eq. 11.39.

2. Using Cpypr calculateCpgpr and Cppr Using Egs. 11.47-11.48.
3. Calculate parameter E using Eq. 11.46 &gpg and Cpypg.

4. Vary the value of g, from O to C*psz, calculate G11and G3qusing Eqgs. 11.44-11.45.

5. Calculate h from Eq. 11.50.
6. Calculate G,y Cp3y and (e using Egs. 11.49-11.52.

7. If (Cp32- Cpa (Cpo1- Cpo) - (Cpz1- Cpa) (Cpoa- Cpy < €, wheree is a sufficiently small

number (10%), then stop; otherwisiacrement o1 usingthe half interval method and go to step
4.

11.4.2 For Type ll(+) Phase Behavior, C gg > Csgy

Known values for thiscase are §maxo Camax: Camaxz Csel, Cse Cseu CEZPL and overall
concentration of the pseudocomponents;, Cp,, and .3

1. Calculate parameter A from Eq. 11.40.

2. Using CEZPL C&lCUlateCT:)gpL and CT:)lpL from Egs. 11.47-11.48.

3. Calculate parameter E using Eq. 11.46 éﬁqpl_ and CT:ZPL.
4-7.Steps 4-7 as in the Type lI(-) described above.

11-8



UTCHEM Technical Documentation
Effect of Alcohol on Phase Behavior

For Type lll phase behaviorthe tielines for the left (Typell(+)) and the right (Type(-)) lobes are
calculated separately. Because of the symmetric binodal asseemptionthe binodal curve isalculated
in the same manner as in the Tyile) and Type lI(+) cases. The invariant point M is calculated as
follows:

Cee—-C
a=_—SE “~SEL (11.53)
Cseu —CseL
where
3~CraM _ o5 68 (11.54)
Cpam

Therefore, Gzm = 2(a - Gow)-

Since the invariant point M is on the binodal curve, Eq. 11.33 can be usaldulate G3), as a function
of Cpopusing Eq. 11.45:

1
Cpam ZEE‘ACWM +\/(ACP2M)2 +4ACpppy (1 _CPZM)E (11.55)

Solving Egs. 11.54-11.55 fordgy,, the following is obtained:

2a(4—A) +A +./(2a(4 -A) +A)2 -16a2(4 -A)
2(4-A)

Croy = (11.56)

The invariant poinshould disappear whensg approaches & (Cpomq = 0, a = 0) and when &g
approaches & (Cpop = 1, a = 1). These conditions hold onffor the negativesign in Eq.11.56.

Therefore, the composition at the invariant point is determined bYE§5, Eq. 11.56 with the negative
sign, and by

Cpim=1-Ggm- Cpam (11.57)

The plaitpoint for the left lobe of the Typdl phaseenvironment must vary between zero dhd plait
point for the Type II(+) valueCszL. The plait point is calculated by salinity interpolation:

C
— PP (Cqe —Csry) (11.58)

*
CpopL =Cpop +
Cseu ~CsrL

In order to apply the Hand equations to the left lobe, a coordinate transformation is matié. &ig. The
Hand distribution equation in the new coordinate systemis :

Cpap _ Etblpslm (11.59)
Cp22 |311E

where

CIID 20 = szg SecH (1160)
C;:, 3= QD3/ - szg tan@ (1161)

11-9



UTCHEM Technical Documentation
Effect of Alcohol on Phase Behavior

Cp1r=1-Go-Cpyy (11.62)

Now let

\(Cpom)? +(Cpam )?

Cpam

B =Secd = (11.63)

o= tan@ = Cram (11.64)
Cpam

Because of the symmetric binodal curve assumption (F=1), E can be calculated explicitly from:

E- C'plp 1-(B-a)Cppp —Cpgp (11.65)
szp BCPZP

where Gopis equal to Gop calculatedusing Eq.11.58, and Gozp and Gpqp are calculatedrom
Egs. 11.47 and 11.48.

Cpi1and Gpgqare calculated by Egs. 11.44-11.45. Now Eqg. 11.59 can be solved as before:
A

C = 11.66
P2 =3 A ( )

where

n=PECra1 (11.67)

Cri1

and

Cp32= Cp22 (11.68)

Cp12=1- G2~ Cp32 (11.69)

Therefore all phase concentrations for the two phases in the left lobe have been determined.

The calculationgor the right lobe arerery similar tothe above calculatiorfer the leftlobe. The Goop

value for the plait point in this case varies between 1 and the inputfealtee Typell(-) case, CT:ZPR,
and is calculated by:

x 0 1-C; O
Cp2pr = Cp2pr * ﬁgCSE ~CseL) (11.70)
seu ~CseL

Then Go3»is calculated using Eq. 11.45 but as a functiongf,@stead of Go1:

1
Cpa2 = EE‘Asz +\/(ACP12)2 +4ACp2(1 —sz)g (11.71)

and
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Cp22=1- G12- Cp32 (11.72)
Now let
h=2Crs2 (11.73)
Then
A
Cop = (11.74)
L H2Z4An +A
Cp31=h Cp11 (11.75)
Cp21=1-Gp11- Cpay (11.76)
where
o= Cpam (11.77)
Cpim
(Chay +C?
g = \CPam * Chiv (11.78)
C
PIM
Cpy =B Cpy (11.79)
Cpas = Cpy -0 Cpy (11.80)
Cppr =1-Cpg - Cpy (11.81)
g=CPp _ BCr1p (11.82)

" Cppp 1-(B-0)Cpip —Cpgp
Clpj_p and Clpzp are calculated using Egs. 11.79-11.81 and Eqgs. 11.47-11.48.

When threephases existthe water and oipseudocomponentare assumed tacontain no surfactant
pseudocomponent. This assumption is a consequeribe ohoice ophase behavior ithe threephase

region which assumes that the two phase region below the threetiphiraagle isvery small; therefore,

any composition in the threphase region will havehree phases comprising ofhe surfactant-rich
pseudophase with the composition of the invanmint, water-rich pseudophase withe composition of
the water pseudocomponent apexand oil-rich pseudophase withthe composition of the olil
pseudocomponent apex. Therefore:

Cp11= Gp22=1 (11.83)
Cp21= Cp31=Cp12=Cp32=0 (11.84)
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The composition of the third phase;{3 Cpo3 and (o33 is calculatedusing Eqs. 155-11.57. Phase
concentrations in the singghase regiommre the same as the overaimposition, G13 = Cpy, Cpoz =
Cpo, Cp33= Cpz The other phase concentrations are zero.

The distribution of the threpseudocomponents the two or three pseudophases fofype Il phase
behavior are summarized below:

11.4.3 For Type Il Phase Behavior, C sg; <Csg < Csgy

Known values for thiscase are: Qnaxo ngaxl, %maxz CSE’ CSEL! CSEU’ CT:)ZPR, CTDZPL and
overall concentration of the pseudocomponengs, Cpp, and .3

1.

2
3.
4

Calculate parameter A from Eq. 11.39-11.40.

Calculate o), from Egs. 11.56.

Calculate G3p and G from Egs. 11.55-11.57.

If thetotal compositionis in thethreephaseegion:

Calculate water and oil pseudophase concentrations from Egs. 11.83-11.84.

Cpo3= Cpy\ calculated in step 2. g33= Cpgz and Go13= Cpqp Calculated in step 3.

If thetotal compositionis in Typell(+) lobeof Typelll:

Calculate Gop| from Eq. 11.58.
Calculate a and b from Egs. 11.63-11.64.
Calculate Gzp and G1p| from Eqgs. 11.47-11.48 using:6p.

Calculate parameter E from Eq. 11.65.

Using a value of G54 from 0 to Gop|, calculate G141 and Gzqusing Eqgs. 11.44-11.45.
CalculateC'p31 and Clpll from Egs. 11.61-11.62.
Calculate h' from Eqg. 11.67.

Calculate Goy Cp3y and o using Egs. 11.66, 11.68, and 11.69.

If (Cp33- Cp3) (Cpa1- Cpy) - (Cpz1- Cp3y) (Cpaz- Cpo) <€, wheree is a sufficiently small

number (1), then stop; otherwisicrement ®o1 using the half interval method and go
back to stefs.

If thetotal compositionis in Typell(-) lobeof Typelll:

Calculate Goprfrom Eq. 11.70.

Calculatea andp from Eqgs. 11.77-11.78.
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* Calculate Gzprand Gp1prfrom Egs. 11.47-11.48 usingepr

* Calculate parameter E from Eq. 11.82.

** Using a value of G1ofrom 0 to Go1pR calculate G3,and Goousing Egs. 11.71-11.72.
. CﬁlCUlateC|p31 and Clpll from Egs. 11.79-11.80.

e Calculate h' from Eqg. 11.73.

* Calculate G113, Cp3q, and Gpq using Egs. 11.74-11.76.

* If (Cpz2- Cp3) (Cp23- Cpy) - (Cpzz- Cp3y) (Cpoo- Cpoy) <€, Wheree is a sufficiently small

number (10%), then stop; otherwisicrement @12 using the half interval method and go
back to step* .

After the phase composition ithe pseudoternary diagram and saturatiame determined,the phase
concentrations are converted back to fiseudoquaternary diagraosing Eqgs.11.21-11.23. Phase
compositions are calculated in Subroutine PHCOMP.
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11.5 Figures

Surfactant Surfactant

single-phase single-phase
t fwo-phase
water oil water oil
a) Type lI(-) b) Type Il (+)
Surfactant
invariant point
single-phase
P
L Pe
/ three-phase \\
water oll
two-phase
c) Type lli

Figure 11.1. Schematic representations of a) Type II(-), b) Type li(+), and c) Type Ill.
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Figure 11.3. Coordinate transformation for Type Ill.
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Section 12
Organic Dissolution Model in UTCHEM

12.1 Introduction

Both equilibrium and rate limited nonequilibrium solubility of organic component imdqeous phase are
modeled in UTCHEM. The rate limitedass transfer equatioase used forthe enhance solubility of oil
in the presence dfurfactant. The current implementation IdTCHEM is for underoptimum Typell(-)
surfactant formulation. However, itcan be applied to the Tyg#d phase environment. Thisection
discusseshe formulation and the method sdlution forthe case of single component pthase. The
formulation of the multiple organic oleic phase is given in Section 7.

12.2 Saturated Zone (Gas Phase Is Not Present)

The overall component concentratidos water k = 1), oil (k = 2), and surfactantk(= 3) in two-phase
flow of water/oil or microemulsion/oil from the conservation equations are

C1=C1S +C2Sy (12.1a)
C2 =C215 +C20Sy (12.1b)
C3=C315 +CSy (12.1c)

where phase 2 refers tioe oil phase and phase 1 in this section referstteer water or surfactant rich
microemulsion phase.

The overall concentrations for oil, water, and surfactant are obtained sthigimgnservation equations as
below

((pCK) + DD(FK1+ ﬁKZ) =Qq1+Qcp fork=1,2,3 (12.2)

where the flux term is the sum of the convective and dispersive fluxes as

Fea = CKlul_(pSle 161 fork =1 or 2 (12.3)
Feo = CeoUz —0S K o MG »

The definitions of the dpersion tensor anthe flux are given in Section 2. The nonequilibrium
concentration of oil in the aqueous phase is computed from thebalasse on oikpecies irthe aqueous
phase and using the first order mass transfer rate equation for oil dissolution as

(<P31 21)+DDF2 Qurt M(Cg‘i— C21) (12.4)

Wherecgﬁ is the known limit of solubility for oil irthe agueous phase. the absence of theurfactant,

the Cg‘i is the limit of solubility for the specific organic contaminant awtien surfactant is present the

equilibrium solubility is calculatedfrom the Hand's equations (Sectior?). M is the mass transfer
coefficientfor the dissolution of organic species the waterphase and is assumed to be a constant.
Equation 12.4 is solved either explicitly or implicitly as described below.
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12.2.1 Organic Solubility

12.2.1.1 Explicit Solution
The new time level, (n+1), concentration of oil solubilized in water is

1 — ~
(¢81C21)"** = ((81C1)" +(Qa1 - [Py )At+ MAt(cg‘j— Cgl) for CJ; < C (12.5)

where the right-hand side of the equation is a known quantity. Therefore,

n+l
n+l _ (#5Cx
(SiC21) - n+1) (12.6)

¢
since the porosity is known either as a constant or is calculated based on the new time step pressure if roc
compressibility is not negligible.
12.2.1.2 Implicit Solution

(¢51C1)"*! = (¢81C21)" +(Qz1 - (o)At MAt(Cgﬁ C”+1) (12.7)
where we defindRHS = (¢S,C;)" +(Qp1 — ) At |\/|At(c:‘§‘11 c“*l).

Substituting forS:rL”1 from overall concentration for oil compondiiiq. 12.1b)and notingthatCoo = 1
for the flow conditions of oil/water andthe Type II(-) with corner plait point and the
sum of the saturations is equal to ong{&p = 1), we have

+1
c, -1
E;pc21C21 [0 =RHS (12.8)

The above equation can then be rearranged in terms of oil concentration in the aqueouslesse (C

M At C3; + bterm C,y + cterm = 0 (12.9)
where

bterm = ¢C, — @ —MAt - cterm (12.10)
cterm = ((pS_I_C21)n + At (Q21 - ﬁ]] &21) +M At Cgﬁl_ (12.11)

The solution to the quadratic equation (Eq. 12.9) is

%: 2cterm
21 = s for bterm <0
—bterm + - (bterm)? — 4M At(cterm)

(12.12)

(L) = 2cterm for bterm >0
E —bterm — J (bterm)? — 4M At(cterm)

12.2.2 Phase Saturations

12.2.2.1 Oil/Water Phases (No Surfactant)
Substituting G2 = 0.0 and @= 1.0, Egs. 12.1a and 12.1b become
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Cc,=C
1= 3 (12.13)
C2=CuS+3,
The equilibrium saturations and concentrations are computed first as
_ Cp - min(Cy, Koy )

&= min(Cy, Kow)
st=1-s3 (12.15)

where Koy is the limit of solubility of oil in water at equilibrium ithe absence of surfactant or cosolvent
and is an input parametefhe minimum in Eql2.14 istaken toensurethat the input solubility is not
greater than the total oil available in a gridblock.

(12.14)

The nonequilibriumphase saturations and concentratians computed as describéélow once the
equilibrium organic concentration is solved for from Eqg. 12.4.

Explicit Method

Since theproduct of water saturation timéise oil concentration iknown usingthe explicit solution
(Eq. 12.6), the new time step oil saturation from Eq. 12.1b is

S =Cy - (CZlSl)n+1 and 3=1-9 (12.16)

The overall oil concentration @ is computed fronthe oil material balancequation. The phase
compositions are then as follows

C
Ci1 = gl
O C n+lg
Cyy = min(Cy , ﬂg (12.17)
0 S 0

C22 =10

If the calculatednonequilibrium concentration is greater than the equilibrium valyg (:G:S(i), the
saturations are then set to the equilibrium values calculated from Egs. 12.14 and 12.15.

Implicit Method

From the implicit solution of the mass balance equation for oil component agtle®us phase, weuld
obtain the nonequilibrium organdissolution inthe aqueous phase (Eg. 12). The phase saturations
and phase compositions are then calculated as

Eb”O”eq = min(C5{,Cy)

Eﬁl‘L 12.18
1- Cnoneq (12.18)
%2—1 S

and
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C
Cu= gl
C12 =0.0 (1219)
C22 =1.0

12.2.2.2 Oil/Aqueous Phases (Surfactant Below CMC)
The phase concentrations and saturations are calculated as above and surfactant concentration is

C31 = g (1220)

12.2.2.3 Oil /Microemulsion Phases ( Type Il (-) With Corner Plait Point)
For the case of corner plait point we have

Co2=1.0, G2=0.0, and € =0.0

and the equilibrium concentrations sfrfactant, oiland water in microemulsion phaé@ﬁ',cgﬁ,cg"i)

are calculated from Hand's equations described in Section 2. Substituting tthesevarall component
concentrations, we have

C1=CnuS
C, =S, +CxS; (12.21)
C3=C3S

The equilibrium saturations are then computed as

s - C,-Co1

1-C3] (12.22)
e _ 1 _cfq
S =1-S;

The nonequilibrium concentration of oil {Cfor the implicit solution or 8C»1 for the explicitsolution) is
computed from Eq12.4 using arexplicit or implicit method. The following section giveghe phase
saturations and phase compositions for both the implicit and explicit solutidine ofganiomassbalance
equation.

Explicit Method
The phase saturatiomse computedisingthe overall oil concentration and tpeoduct of microemulsion
saturation times organic concentration in the microemulsion phase from Eq. 12.12.

S; = Cp - (CuSy)" ™ (12.23)
S =1-%

The phase compositions are then computed as
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C
Cll = ~1
S
0 C n+1 0
C,y =minfC5] —( 2151) 0
O S
C31 =1.- Cll —C21 (1224)
C22 =10
Cyp =0.0
C32 =0.0

If the calculatednonequilibrium concentration is greater than the equilibrium valtga_>((‘f£), the
saturations are then set to the equilibrium values.

Implicit Method

From the implicit solution of mas#alance equatiofor oil component in the microemulsigrhase, we
could obtain the nonequilibrium organdissolution (Eg. 12.2). The phase saturations and phase
compositions are calculated as

Eb21 = min(C51,C%%)

_C-Cx
ESZ “on (12.25)
Etsl =1-S,
and
Cu= %
Cay =1-Cqy —Copy (12.26)

C12 = 0.0, C22 :1.0, C32 =0.0

12.3 Vadose Zone

The solubility of organic species in three-phase flow of water/oil/géseimadose zone ithe absence of
surfactant is modeled @TCHEM. Similar to theprevious sectionthe overall concentratiori®r oil,
water, and gas are obtained solving the conservation equations.

((PCK)

+ (Pt Fiez)=Qea*Qez fork=1,2,8 (12.27)

The nonequilibrium concentration of oil in tAgueous phase lculatedirom the massbalance on oil
species in the aqueous phase and using the first order mass transfer equation for oil solubility as

((PS_L 21)+E[DF21 Qurt M(Cgi— C21) (12.28)

where the flux term is defined as
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Fo1 = Coqlis—0S1K [ C pq (12.29)

Equation 12.29 is solved explicitly to obtain the rate-limited solubility of contaminant eqteous phase
in the vadose zone. The new time level, (n+1), concentration of oil solubilized in water is

l - o~
(#51C21)"" = (81C21)" +(Qz1 ~ M)t MaCE- CBy)  forChy < CFf (12.30)

where the right-hand side of the equation is a known quantity. Therefore,

n+1
1_(95Cx
(S1Ca1)™" =% (12.31)
¢
since the porosity is known and the new time step oil saturation from Eq. 12.1b is
S, =Cy —(Csp)" ™ (12.32)
1

S1=C1 —(S1Ca1)"" (12.33)
and

S4=1-5-S (12.34)

where the overall concentrations;(@hd G) are computed frorthe species conservation equations. The
phase compositions are then as follows

C
Ci1= gl
0 C n+1D
Cy =minC %g (12.34)
0 S

C22 =10

If the calculatednonequilibrium concentration is greater than the equilibrium vaILLa_>(C§‘}), the
saturations and phase concentrations are set back to those at the equilibrium.

12.4 Mass Transfer Coefficient

The mass transfecoefficient can either be a constant or carcddeulatedusing anempirical correlation
based on the work of Imhoétt al.[1995]. Thecorrelation relates themass transfecoefficient (M) to the
Sherwood number (Sh) as below.

M dZ,

a

Sh =[929.03 (12.35)

where R} is the moleculadiffusion coefficient of NAPL in the aqueous phase #ftl), 5o is the mean
grain size diameter (cm) and M is thmass transfecoefficient(1/day). The constant in the bracket is the
unit conversion.

The Sherwood nuiiber is calculated as &unction of Reynoldsnumber, NAPL content, an&chmidt
number as follows.
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Sh =Py RePL P2 scPs (12.36)

wherefo, B1, B2, andp3 are input parameters and are basethemestfit of the experimentatiata. The
dimensionless numbers are defined as below.

0, =2 (12.37)
¢
dgg u
Re=[00353 P2"50 (12.38)
Ha @Sy

where the constant in the bracket is the unit conversion fagi@s.the darcy flux (ft/d)p5 is theagueous
phase viscosity (cp),a3s the aqueous phase saturation, @ig the aqueous phase density (g/cc).

Sc=[0.93 DL (12.39)

aPa

The mean grain size diameter is calculated using Carmen-Kozeny correlation as below

2

dsg =[0.0001] \300 K, % (12.40)

where horizontal permeability (kis in Darcy and ghis in cm.
12.5 Nomenclature
Cix = Total concentration of specigsn gridblock i, L3/L3 PV
Cx = Overall concentration of specirsn the mobile phases3IL3
cs . . .
K = Equilibrium concentration of speciesL 3/L3

Cks = Concentration of speciesin phase/, L3/L3

K = Dispersion coefficient, &1

A

K/ = Dispersion tensor for speciesn phase/, L2
M = Mass transfer coefficientlt

Q« = Source/sink for species L3/T

S, = Saturation of phasg L3/L3 PV

t = Time, t
Atn, Atn*+1 = Time-step size atth and n+10 time level, t
Uy = Darcy flux, Lt1

Greek Symbols
¢ = Porosity, fraction
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Subscripts

K = species number
Water
= Oil
Surfactant
= air
hase number
Agqueous
Oleic
Microemulsion
Air

~
1
DWNR goowWwNE
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Section 13
Organic Adsorption Models

13.1 Introduction

We have incorporated both a linear adsorption isotherm and a nonlinear Freundlich isotherm in UTCHEM
model (Mean®t al, 1980; Travis and Etnier, 1981; Rao alassup,1982; Mller and Weber,Jr., 1984;
Kinniburgh, 1986, Brusseaand Rao, 1989;Ball and Roberts, 1991). The linear modelvas ateady
available inUTCHEM. Since both of these modedse only valid for small concentrations of organic
species and introduce large errors if extrapolated beyond the range of vidalitangmuir isotherm was

also implemented in UTCHEM.

13.2 Linear Isotherm

There are severakersions ofthe linear isothernwith respect tahe coefficient and there are empirical
correlationsfor the solute partition coefficient as a function of either solubility or water-octanol partition
coefficient (Meangt al, 1980; Schwarzenbach and Westall, 1981; Chktoal., 1983; Karickhoff, 1984;
Sabljic, 1987). The current UTCHEMmplementationallows for either distribution coefficient (i or
fraction of organic carbondf) and partition coefficient (k) as input parameters for the linear isotherm.

Cq =K min(cﬂ , ch) K=1,.,No (13.1)
where

Cx = adsorbed organic species, g adsorbed organic/g soil,
Kdax = distribution coefficient for species cc solution/g soil,

Cxr¢ = concentration of organic specikef the aqueous (phaggor surfactant-rich aqueous
solution (phase 3 in the Type ll(-)), g organic/cc solution,
C‘:ql = equilibrium solubility of organic specigsin water, g organic/cc solution, and

No = number of organic species.
The minimum in the above equation is taken to introduce the organic solubility agpplee limit
concentration for extrapolation of linear isotherm. We will further investigate this aspect of the model.

Kdx can be input directly or it can be calculated frogkke foc Koc if the user prefers tonput e and
Kock, Where

fraction of organic carbon in soil, g organic carbon in soil/g soil, and
g adsorbed/g organic carbon in soil
g organic/cc solution '

There are several empirical correlations availableatoulate the partition coefficiefityman et al, 1982;
Chiouet al., 1983). Examples of these correlations for nonionic organic species are given byytGiliou
(1983) as

logK o = —0.72910g S + 0.001
logK o = 0.904logKg,, —0.779

fOC

partition coefficient for organic species

KOC,K

(13.2)

where S is the molar water solubility thie compound and Ky is the octanol-water partition coefficient.

We may implement a few of these empirical correlations as a function of solubility as options in UTCHEM
in order to reduce the number of adsorptioodel input parameters since the organic solubility is already
one of the UTCHEM input parameters.
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13.3 Freundlich Isotherm

The nonlinealFreundlich isothernwas inplemented inJTCHEM. The Freundlich sorption isotherm is
one that has been widely used to calculate the sorption of organic species and various metals by soils.

-~ n
Cq = K ¢ [min(Cf} , CK()] K=1,..,No (13.3)
where

Kfk = constant related to sorption capacity, cc solution/g soil, and

n constant related to sorption intensity.

As for the case of lineaisotherm, we assumihat theFreundlich isotherm is valifor concentrations
below and at the equilibriumvater solubility. We will further investigateow to intoduce an uppdmit

to the amount okorbed solute. This igspecially importanfor the surfactant enhanced remediation
processes where the injected surfactant will greatly enhance the organic solubility.

13.4 Langmuir Isotherm

The Langmuirsorption isotherm ishe only modelchosenthatassumes &énite number ofsorption sites
and onceall the sorption sitesare filled, the surface will no longersorb solute fromsolution. The
Langmuir isotherm implemented in UTCHEM is expressed as

_ by max(CKl, CK3)

Cy = =1,..., 13.4
<" 1+ b max(Cep, Cz) "o (13.4)
where
bk = constant related to the rate of adsorption, cc solution/g soil, and
& = the maximum amount of solute that can be adsorbed by the solid, g adsorbed/g soil.

The maximum is taken to use the higher concentration of solute in the aqueous or surfactant-rich phase.

13.5 Implementation

The implementation of the organic sorption models in UTCHEM involves tracking of the adsorbed amount
for each organicompound. The organicspeciesare considered as volume occupying components in
UTCHEM and thughe adsorbecamount is calculated iaverytime step and is taken into accoumben
computing the overall species concentrations as

~ 0 Nev. O ~
Ck=d- ) & DZSECKf-l-CK K=1,..,n (13.5)
O k=2 U=

C« = overall volume of componertper unit pore volume, vol./ pore vol.,
Sy = saturation of phasg vol./ pore vol.,

Ck¢ = concentration of speci&sin phase/,

Ney = volume occupying components such as surfactant, organic species, and co-solvents,
and

Nc = number of components.
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The adsorption calculations for the organic components are done in a new sulwallethdDOIL. This
routine is called only if the input flagADSO isnot equal taero. The unit ofadsorptioncan take on a
variety of forms, but mass @il per mass of soil is most commorsince weusethe unit of volume of
species per pore volume ftire concentrations in thepecies conservation equationdJMiCHEM, aunit
conversion foithe adsorbedjuantity frommass/mass to vol./porelume is included in theubroutine
ADOIL. The unit conversion, the quantity in the bracket, is

vol.of adsorbed organic _ massof adsorbed organic ps(1-9)O

Porevolume massof soil E o O
where
ps = soil bulk density, g/cc,
pk = density of organic species, g/cc, and
(@ = porosity.

The calculated amount of adsorbed organic species from Eqgs. 13.1, 13.3, aaitet 3econversion to

the unit of vol./pore vol. is checked against the overall concentrefﬁlg)\f(om Eq. 13.5 tguarantee that
the adsorption is no greater that the total organic concentrations.

Both reversible and irreversible organic adsorption maalelsmplemented. Thaser can specify each
model by an input flagREV. A report ofthe material balance on eagtganic species is written to the
output files at the end of the simulation with a consistent unit of volume perg@arae. The amount of
sorbed organic is also written to the output files in g/g soil for the comparison with the experimental data.
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Section 14
Hysteretic Capillary-Pressure and Relative-Permeability
Model for Mixed-Wet Rocks

14.1 Introduction
This section describeshe formulation of the hysteretitwo-phase oil/water relative-permeability,
saturation, capillary-pressure relations (k-S-P) incorporated in UTCHEM for mixed-wet media.

Lenhard[1997] developed a hysteretic-S-P nodel for two-phase flow ofoil-water in a mixed-wet

porous medium based on pore-scale processes. Key features of the capillary pressure-saturation model a
that 1) the main drainage curve can be modeled with either a power curve (Brodksranpd1966) or an
S-shapdunction (Lenhard, 1996), 2)he scanning curveare modeledusing an S-shapefiinction that
approaches asymptotes at either end, arttle8jnodel is capable of predicting relations between negative
capillary pressuresand saturations observed in mixed-wetks. The relative permeability-saturation
function (k-S) is based on Burdine's pore-size-distribution model (Burdine, 1953) using thdransage

capillary-pressure parametar, The wettability effects ithe k-S relations are accountddr by using an
index that is used to distinguish those pore sizasarewater-wet from thos¢hat are oil- omixed-wet.
The capillary-pressure model tested against experimeatal iddicated that the model is capable of
capturing the capillary-pressure behavior in mixed-meks. Atrapped-oil-saturation relatiohas also
been developed that takes into account the size qgidtesthat areoil-wet. The mixed-wet model has
successfully been implemented in UTCHEM.

14.2 Model Description

Lenhard[1996] developed a hysteretic-S-P nodel for two-phase flow ofoil-water in a mixed-wet
porousmediumbased on pore-scafgocesses.The main drainage capillaqyressure-saturatiorelation
can be described by eithBrooks-Corey (Brooksnd Corey, 1966) ovan Genuchten functiorj$980],
whereasthe scanning curvesre modeled by a modified van Genuchten funcfloenhard, 1996) to
accountfor the negative capillarpressuradata in mixed-wetocks. The relative permeability-saturation
function (k-S) is based orBurdine's pore-size-distribution modalsing the main drainage capillary

pressure parameteY, The wettability effects in thke-S relations are accountddr by using anindex
(Mow) that is used to distinguish those pore sizes that are water-wet from those that are oil- or mixed-wet.

14.2.1 Capillary Pressure
The capillarypressure for any drying awetting scanning curve igalculatedusing the modified van
Genuchten function as follows:

O
10 1 O

P. =Py +— -1

cmneg Ty QN)%“ E (14.1)

where S, = % Pnegis the maximunmegative capillanpressure at whicthe water saturation
r r
reaches a maximum value on the main imbibition pathpana and nare model fittingparameters. The
residual water saturation,,g is commonly assumed to be a function of athlg pore-size geometry
because it is always associated wiltk smallespores. Howeverthe residual oilsaturation, &, in
mixed-wet media is likely to be a function of there geometry as well dse sizes ofthe poresthat are
oil-wet. The smaller the oil-wet pores, the larggy IS going to be. To indethe smallest of the oil-wet
pores, lenhardused asaturationindex, My that characterizes the smallgsires in which oil has
displaced water for the required residence time to transform the water-wet pores topateset My, is
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likely to be the initial water saturation in theservoir beforeil production. Inmanyreservoirs this may
be equal to the residual water saturation.

To develop a relation toalculate theesidual oilsaturation, it is assumebat S has amaximum value
when My = Syr and is zeravhen My = 1. Theproposedelationship (Lenhard, 1997petween &
and My is

2
Sor = SP*(1-Mow ) (14.2)
where SO is the residual oil saturation atgld= Syr and

m@ (14.3)

The substitution of Eq.14.3 into Eq. 14.2 and re-arrangement of the resulting equagores a cubic
equation. The implementation in UTCHEM involves #malyticalsolution tothe cubic equatiomwith the
root that meets all the imposed constraints to be the residual oil saturation.

14.2.2 Relative Permeabilities

Lenhard obtained analyticakpressions fowater and oirelative permeabilitiesising Burdine'gelative-
permeability model and the Brooks-Corey main drainage capillary pressure-saturation function.

For S, < Mgy

Kpy = SN (14.4)

( SN) (1 SWMW) (14.5)

>Mow

;

Knw = az(lmgsym —Q(2+)‘)/)‘) (14.6)

Kro = (1—§‘W)2(Q(2”)/A -mgsvﬂ)/x) (14.7)
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Mow is an index that is used to distinguish those pore sizes that are water-wet from thabatsaesoil-
or intermediate-wet. The assumption is that the largest pores will be oil- or intermediate-wet in mixed-wet
oil reservoirs.

14.2.3 Saturation Path

As stated earlierthe main drainagdéranch can be modelagsing either the Brooks-Corey or van
Genuchten functions. However, all the scanning pathsnodeledvith an S-shapeéunction to capture
the capillary-pressurasymptotes ahe lower and upper saturation limits. Toodel an imbibition path
with reversal from the main drainage, Lenhard [1996] developed the following equation:

B EENI (PC) _1%,\/DI B

SW(PC)::L’L QNl(PcDI)_l

(14.8)

where R is the capillarypressure othe point beingcalculatedand PCD' is the capillarypressure at the
reversal from main drainages,,' (P;) and S, (PCD') are effective watesaturations ofhe hypothetical
main drainagebranch at the capillarpressure P and the capillarypressure athe reversalpoint,

respectively. §WD' is the effective water saturation at tm®st recent reversalrom main drainage to
imbibition.
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Section 15
Groundwater Applications Using UTCHEM

15.1 Introduction

A subsurfacenumerical model of surfactant enhanced aquifer remediatiast simulate theadvection,
dispersion,and transformation of the differespecies (contaminants, surfactant, water, electrolytes, co-
solvent,polymer) in the aquifeunder various pumping andjection strategies. UTCHEM is ¢hree-
dimensional chemical compositional simulator. Variations in density, interfacial tension, capillary
pressure, relative permeability, adsorption, viscosity, diffuaimhdispersionbiodegradation of organic
contaminants and aqueous geochemistry among many other properties and pheremedeled.
Surfactantfloods performed atill AFB, DOE Portsmouthand MCB Camp Ejeunewere all modeled

and designed with UTCHEM. Many NAPL sites have been modeled with UTCelEMg the past few
years as shown in Fig. 15.1.

In addition to the surfactant enhanced aquifer remediation (SEAHREling, UTCHEM has alsbeen
usedextensively to modegroundwater tracers including both conservative and partitioning tracers for
NAPL characterization (PITT). Still other applications have included modebtiy laboratory andield
demonstrations of co-solvent remediatidrermally enhancedhemical remediatioprocessesthe flow

and transport of radionuclides, spills of NAPL in both vadose and saturatess,the migration of
dissolved plumes in the subsurface, the bioremediation chlorisabeents, andhe natural attenuation of
organic contaminants in groundwater. The EPA recognizes UTCHEM as an approved numerical simulator
to model fate and transport MAPLs. EPA hasbeen one of several majsponsorancluding DOE and

WES of the research and development effort atdyér the pastten years.The UTCHEM code and
documentation is public domain and can be downloaded from the EPA web site. An even more recent and
versatile version of UTCHEM is being incorporated itite GroundwateiModeling System of WES and

will be available on the Web latéhis year and willfor the first time makemany of the related GMS
features such as visualization tools available with UTCHEM. We have also developed a very user-friendly
stand alone Graphical User Interface for use with Windows PCs.

The subsurface environment @mplex and it is necessary &ocurately characterize tiseibsurface in
order toaccurately and efficientlgesign and perform surfactant enhanced aquéerediation (SEAR)
tests. Numerical models provide a to&dr understanding howariations in subsurface properties can
impact a SEARdesign on a field-scale, dbat thedesigncan be made momobust to withstand the
uncertainties in site characterizatiomhus, the primary objectives of SEAR modeling are to aid in the
scale-up and optimization of tréesign of SEAR byassessinghe performance of theesign at the
laboratory and field scales and by exploraitgrnative strategieand approaches to remediation. The
modeling result@reused not only to establishe operating parametefsr the SEARtest, but also to
demonstrate to regulatothat hydraulic capture can be accomplished and to predict the effluent
concentrations of contaminant and injected chemicals requiring surface treatment.

The SEAR process is inherently multiphase and compositional duads transfebetween thequeous,
microemulsion and NAPlphases. ield scale problemsare always three-dimensional and involve
heterogeneities in bottihe porous media and the DNAPL saturation and some caseshe DNAPL
composition. Wlile surfactantscan be selected to promote solubility enhancementg without
mobilization of theDNAPL, reduction in interfaciakension can cause partial mobilization M{APL.
When the NAPL is a DNAPL, this possibility should be carefully investigated théthmodel in each and
every case taking into account the uncertainty instifesurfacgparameters and whanpact this might
have on the mobilization and it®nsequences. For examptsal heterogeneities in traguifer make the
local velocity fieldvariable. The only recourse to guaranteeing a SEAR desigrit maintains hydraulic
control and avoids angnobilization of DNAPL is 3-D simulation of thketerogeneous aquifer with a
model that can allofor two or three-phase flow asfanction of the interfacialensionvia the trapping
number. Recently, a newariation of SEARknown asneutral buoyancy SEARas been developed
specifically to eliminate theisk of downwardmigration of dense contaminandsiring the remediation
process and accurate 3-D modeling is a key component of this new technology.

15-1



UTCHEM Technical Documentation
Groundwater Applications Using UTCHEM

All other SEAR models ar@mited in their applicability inone aspect or anothée.g., one or two-
dimensionaljnadequate numericalccuracy, simplified surfactant phase behavior piragherties,etc.).
As far as weknow, UTCHEM is theonly SEAR modelthat accountsfor all of the significant SEAR
phenomenauchthe effect of surfactant on interfaci@nsion, microemulsion phaseehavior,trapping
number,rate-limiteddissolution ofthe NAPL, and surfactant adsorption three dimensions with up to
three fluidphases flowing simultaneouslylhesecritical advantageplus the fact that it isalso used in
many othersubsurfaceenvironmental applications makes it theost versatile anduseful flow and
transport mdel availablefor generaluse. Furthermore, weontinue to addnew features, new
applications, more validation and better interfaces among other improvements and enhancements.

Here we give afew examples of UTCHEM applicationfor processes such as SEAR|TT,
bioremediation, and geochemical. Each example is fully described and the corresponding UTCHEM input
file is provided on the UTCHEM distribution CD.

15.2 Example 1: Surfactant Flooding of an Alluvial Aquifer

Contaminated with DNAPL at Hill Air Force Base Operational Unit 2

Two field tests at Hill Air Force Base Operational Unit 2 were completed in May and September of 1996 to
demonstrate surfactant remediation of an alluvial aquifer contamingttedONAPL (dense nonaqueous
phase liquid). The DNAPL at Hill OU2 consigtsimarily of trichloroethenéTCE), 1,1,1-trichloroethane
(1,1,1-TCA) and tetrachloroethen@CE). Sheet piling or otheatrtificial barriers were not installed to
isolate the6.1 x 5.4 mtest aredrom the surrounding aquifer. Hydrauliconfinementwas achieved by:
(1) injecting water into a hydraulic control wedbuth ofthe surfactant injector€) designingthe well
pattern to take advantage of the alluvial chaopelfined below and tthe east anevest by athick clay
aquiclude and3) extracting at a rathigher than the injectiorate within the wellpattern. Anextensive
program of laboratory experimentation, hydrogeological characterization, etfleament and predictive
modelingwas critical in thedesign of these tests arde success ofthe project. Simulations were
conducted to determine tedesign variablesuch aswell rates, ingcted chemicabhmounts andtest
duration, and topredict the recovery of contaminants andedtgd chemicals, degree of hydraulic
confinement and pore volume of the aquifer swept by the injected fluids. Partitioning interwelteséser
were used teestimate the volumand saturation of DNAPL in thewept volume and toassess the
performance of the surfactant remediation. Analysis ofPthase | and Phase Il results shovégh
recoveries of all injected chemicals, indicating that hydraulic confinemantachieved without shegile
boundaries. Approximately 99% of the DNAPL withire sweptvolumewas removed by the surfactant
in lessthantwo weeks,leaving a residual DNAPL saturation of aboud@3. The concentration of
dissolvedcontaminantsvas reduced froml100mg/l to 8 mg/l in the central monitoring well gy the
same time period.

The conventional method of treating DNAPL-contaminadqdifers to-date igoump and treat'where

contaminant dissolved in groundwater and, possibly, DNAPL itself are pumpleslsorface and treated.
This methodcan be quite effective at removing the more mobile DNAPL within the drasrageof the
pumping wells and also ainimizing the migrationoffsite of the contaminatedjroundwater plume.
Unfortunately,conventional pump antteat methods have provetbtally ineffective at removing the
DNAPL saturation remaining aess-mobile, rare isolated ganglia within thgroundwater aquifer,
sometimes referred to as trapped, bypassed, or residual DNAPL (Mackay and Cherry, 1989).

Surfactants have recentlyhown great promise in remediatinthis trappedDNAPL, in laboratory
experiments (Soeremrs al, 1992; Pennekkt al, 1994; Dwarakanatat al, 1998),small-scale field tests
(Hirasakiet al, 1997; Knoxet al,, 1996; Fountairt al, 1996), and aquifesimulation studies (Aimla et

al., 1993; Browret al, 1994). The addition of surfactants to water injected into aquitesthe potential

to greatly enhance the remediation efficiency by: (1) increasing the solubility of the solvent contaminants in
groundwater up to severarders ofmagnitude('solubilization’)and (2) bydecreasing thenterfacial

tension between the DNAPL and the water, thereby reducing the capillary 'foapgsng’ the DNAPL in

the pore spaces and makiting residual DNAPL more mobilenfobilization'). Which one of these two
processes dominate, or indeed which is most desirable, is a functioa cfaracteristics of thate, the
contaminant, and the surfactant.
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Partitioning tracetestsare conducted before surfactant remediation imat the volume of DNAPL in

the swept volume of the demonstration area and again after remetbatp@rformance assessment of the
remediation. Partitioning tracer tests have been used for this purpose at several sites recently. These tes
include the saturated zotests at HillAir Force BaseéOperableUnit 1 (Annableet al, 1998) and at a
Superfundsite in Arizona(Nelson and Busseau, 1996and an unsaturated zone test in the Gtem

Landfill Waste site near Sandia National Laboratory (Statat, 1996).

Among themost importanhew achievements of this field demonstration of surfactant flooding were the
following:

1. Demonstrated that surfactant flooding can remove almost all of the residual DNAPL from the swept
volume of an alluvial aquifer in aery shorttime period. In lesgshantwo weeks, 99% of the
DNAPL was removed from the volume swept by the surfact@ihe final DNAPL saturation was
0.0003,which corresponds to 67 mg/ kg of soil.The goalwas to removehe source of the
contaminant plume rather than the contamindigsolved inthe water;however,the dissolved
contaminants were reduced from 1186/l to 8 mg/l at the central monitoring well anere still
declining when the pumping was stopped.

2. Demonstrated these andvalue of partitioning tracetests before andfter the remediation to
determine the amount of DNAPL present before and after remediationwa#tke first suchtest
at a DNAPL site.

3. Demonstrated thase andvalue of predictive modeling tdesignthe test and t@ddress issues
critical to gaining approvafor a surfactant flood of @&DNAPL source zone in an unconfined
aquifer, such akydraulic confinement, iegcted chemicatecovery, DNAPL recovery, andinal
concentrations of injected chemicals and contaminants.

This examplefocuses orthe analysis and simulations needed to design surfartargdiation fieldtests
and briefly summarizes the key results of the Phase | and Phase Il field tests.

Spent degreaser solvents and otttemicalswvere disposed of in shallowenches at the Hilhir Force
Base Operational Unit 2 (Hill AFB OU2) Site, located north of Sake City, Utah,from 1967 t01975.
These disposal trenches allowed DNAPL to drain int@alluvial aquiferconfined on itssides and below
by thick clay, resulting in the formation of a DNAPL pool. The DNAPL at Hill OU2 conpistsarily of
three chlorinated solvents or VOCs (volatile organic compounds). These are trichloroethend (TQE),
trichloroethane (1,1,1-TCA), and tetrachloroethene (PCE).

In 1993, Radian installed a Source Recovery System (SRS) consisertyaztionwells and areatment
plant. More than87,000 L of DNAPL have been recovered atrdated bythis system(Oolmanet al.,
1995). This still leaves much DNAPkourceremaining at the site in thierm of residual orbypassed
DNAPL not recovered by pump and treat operations that will continue to contaminate the groundwater.

The primary objectives for thehase ltest wereto: (1) determine the amount of DNAPL initialjyresent
using partitioning tracers(2) achieveand demonstrate hydraulic control of the surfactmtition at the

site (3) test boththe surfacetreatmentand subsurfacejection-extraction facilitie¢4) obtain dateor the
design of the Phase Il remediation test and for regulaonyoses (5) easure theweptvolume ofeach

well pair using tracers (6) validate tracer selection and perfornf@heeeasure the hydraulic conductivity
during injection of surfactant solution in one well and (8) optimize the sampling and analysis procedures.

The primary objectivesgor the Phase lltest wereto: (1) use comrarcially available biodegradable
chemicals to remove essentiadly DNAPL in the sweptvolume of the well patterii2) recover a high
percentage oéll injected chemicalsind leave only very low concentrations of these chemicals in the
groundwater at the end of the test (3) use partitioning tracexsctoatelyassessemediation performance
(4) maintain hydraulic control (5) use existing surface treatment facilities on sigatdhe effluenturing
the test and (6) complete the entire test including before and after tracer tests within 30 days.
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The Phase Il test of August, 1996, lasted approximately one month and consisted of the inittldadhter
a pulse of tracer injection, water flooding (NaCl was added to the water during the final dayflobt)is
the surfactant flood, water flooding, a second pulseaakr injection, wateflooding and finally ashort
period of extraction only.

Approximately one hundred simulation predictions were conducted to desigth&stsuld achieve the
Phase | and Phase Il objectives in the shortest time and Wwiidget. These simulationssed araquifer
model based on Hill AFB sitecharacterization including field hydraulic testing and wdta, and
extensive laboratory experiments using Hill AFB soil, DNAPL, groundwater and injected tap water.

15.2.1 Design of the Field Tests

The Hill AFB OU2 site characterization included tfalowing: aquifer stratigraphy and aquiclude
topography; porosity andermeability distributionsoil, groundwaterand contaminant constituents and
distribution; hydraulic gradient direction, magnitude and seasemadtion; aquifer temperature and
seasonal variation. This site characterization was based on the followidgtaitoil borings,well logs,
seismic data, water levels, soil contaminant reasurementsPNAPL and groundwater sampling and
analysis, hydraulic testing, and historical pumping data.

15.2.1.1 Site Description and Characterization

Figure15.2 showgshe OU2 Site at Hill AFB and the locations of the t@sawells and nearbyvells.
Within the test area, there are a line of extraction wells (U2-1, SB-1, SBt#t north 3.1 mapart and a
line of injectionwells (SB-3, SB-2, SB-4) 3.1 rapart andocated5.4 m south othe line of extraction
wells. This 6.1 m x 5.4 mapproximatelysquare tesarea well configuration ialso referred to as a 3x3
line drive pattern. A monitoring well, SB-6, is located in the centénetestarea.Additional monitoring
wells (for fluid levels and water samples) are located to the north and south of the mappdthasste’'s
abandoneathemicaldisposal trenches, used for disposal of spent degressivgnts,are located to the
south of U2-1; the exact location is unknown.

A hydraulic control well, SB-8, was located 6.1 m south of the line of injection wélis. injectionwells

within the test area inject water and various chemicals while the hydraulic control well is lnaside of

the test area and injects water only. Paepose othe hydraulic control well is to prevent the migration

of injected chemicals to the south of the test area. The pattern is confined by the aquiclude to the east an
west, byextractionwells to the north, and by the hydraulic control well to ttewuth. The choice of
appropriate locations and rates of #sven wellsare critical in achievinghis confinement andre key

design parameters. dve thanone hydraulic control wellvould likely be needed immost surfactant

floods, but in this case oneas sufficient due to the favorable channel geometry ofateiclude. The
injection and extraction rates angh enoughhat theforced gradientompletely dominates the hydraulic
gradient between wells during the test. This is an essential part of a successful surfactant flood.

The depth to the wateable,approximatelyl423 mabove mearsealevel (AMSL), is 6 to 8 m below
ground surface inthe U2-1 area,and varies seasonallyThe depth to thé\lpine clay underlying the
aquifer is contoured onid: 15.2 tothis same depth df423 m AMSL.The AlpineFormation is on the
order of a hundred metetisick andboundsthe aquiferbelow and tahe east anevest and forms a very
effective aquiclude for the aquifer. The aquifer is in a narrow channel with a north to south tremade A
complete sitedescription may béund in (Radian, 1992; Intera, 1996; Radia894). FromOctober
1993 to June 1994, 87,000 L BINAPL and over3,800,000 L ofcontaminatedgroundwater were
produced from these areas (Oolnedml, 1995).

Groundwater flow is towardthe northeast, and varies drection and magnitudeeasonally. Irthe test
area, the hydraulic gradient isaround 0.002 (Radian, 1994).This natural hydraulic gradient is
approximately two orders of magnitude less than the forced gradients induced during the field tests.

Many pumping tests have been conductedha OUZ2 areapver the past eightyears, with resulting
hydraulic conductivities ranging fro@.5x10° to 4.1x104 m/s, and, assumingnly water is present in
the zone, equivalent to a permeability of 3.6 tud¥? (3.6 to 44 Darcy) (Radian, 1994). In Ot896, a
series of pump tests were condudedwells inthe testarea,yielding hydraulic conductivities ranging
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from 9.5x106 to 1.4x16%4 m/s, equivalent to a permeability of 1 to 14n2 (Intera, 1996). Bcause the
soil is unconsolidated, obtaining representative in-pgumeability measuremenfsom the cores is
difficult but column values of hydraulic conductivity are on the order qfri@

15.2.1.2 Contaminant Characterization

It is very important to know the volume and distribution of DNAPL before remediatistariged yet this
is usually very poorlyknown. The purpose of gpartitioning tracer test is estimate the volume and
saturation of DNAPL throughout the test volume and provides a spatially integrated valuamiitimam
of disturbance of the soil or DNAPL. Someirasite of the DNAPL volumevas neededor the Phase |
tracer testlesign simulations. Thisitial DNAPL saturation distributionvas estimatedbased upon: (1)
soil contaminant concentrations measufiesm soil samplesollectedwhen the wells weredrilled (2)
aquiclude structure, (3)measured DNAPL volumes produced from somells (4) and produced
contaminant concentration history from extractieglls within and outsidéhe testpattern. Although the
uncertainty using these data is high, it turned out to be a sufficgmlg estimate of DNAPL volume for
tracer test design purposes.

Contaminant measurements in the soil samples acquired before any productitimeftest areahowed
DNAPL in the lower two meters of a narrow channel filleith sand and gravelFor the Phase | design
simulations,the DNAPL saturationvas approximated a8.20 inthe bottom three layers of the six-layer
aquifer simulation model (excluding aquicludsgions),representing théowest 2 meters ofhe aquifer.
The upper 4 meters difie aquifer (thaipperthree model layersyere assumed tcontain no DNAPL in
the testarea. Byvolumetrically averaging thanitial saturations throughouhe testvolume, the initial
aquifer DNAPL saturation was estimated to be approximately 0.03.

15.2.1.3 Surfactant Phase Behavior

Extensive laboratory experiments were conducted to establigffesive surfactantormulation. This
involved batchphase behaviotests, measurements oviscosity, interfacial tension, tracer partition
coefficients anchumeroudracer and surfactant colunfilmods (Dwarakanattet al., 1998; Dwarakanath,
1997). These experimentssed soil, DNAPL, groundwategnd tap watefrom the site. The phase
behavior experiments wenesed toidentify and characterize suitablsurfactantsthat form classical
microemulsions and to identify the nefed co-solvent tceliminateproblems with liquidcrystals, gels or
emulsions, which can cause soil plugging. Co-solvent also promagielsequilibration and coalescence
to thedesired equilibrium meroemulsions. The phase behavior ahe surfactantwvas measured as a
function of electrolyte concentratigriemperature, co-solvent concentration and othervkewbles. The
soil column experiments wergsed toevaluate thdracers, to assedbe effectiveness afurfactants at
removing DNAPL from the soil, to measure surfactant adsorption on the soil, to assess any problems with
reduction in hydraulic conductivity and to adwate theuse of co-solvents in improvinghe test
performance.

The anionic surfactanised inthese testsvas sodiumdihexyl sulfosuccinate obtained fro@YTEC as
Aerosol MA-80I. Extensive testing of this surfactams doneand theresults can be found in
(Dwarakanatlet al, 1998; Baran et al., 1994; Dwarakanath, 199Me solubility of the Hill DNAPL in
a microemulsion containing 8% dihexyl sulfosuccinate and 4% co-solsamrdpy! alcohol, IPA) was
determined as a function of NaCl addedhe Hill tapwater. The solubility of the three principal Hill
chlorinated DNAPL constituents groundwater is about,100 mg/L. Adding 7000 mg/L NaCl to the

mixture at 12.2C increases the contaminant solubility to approximad@lyy,000mg/L of microemulsion,
or a solubility 560 times greater than that in groundwater.

15.2.1.4 Partitioning Tracer Experiments

Seven tracers wereelectedfor use asconservative and partitioning tracers at the Hill OU2 site
(Dwarakanath1997). Inorder to usdhe partitioning tracetests toestimate DNAPLsaturations, it is
essential t&know the partition coefficients of the tracers between DNAPL and water accurately. Batch
equilibrium partition coefficientests were performed to meastiie partition coefficients of the alcohol
tracers. The patrtition coefficient is the ratio between the concentration of thespaces irthe DNAPL

and the concentration of the tracer species in the aqpbase. The optimum injectiomates, interms of
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desired retention times for both surfactant and treests, weraleterminedhrough column experiments.
These experiments indicated that a retenime greater than about 2@ours isneeded to achieviecal
equilibrium, essentialor obtaining good estimation of residual DNAPL saturationsing partitioning
tracertests,and this same constraimtas assumed tapply to the fieldtest. Partitioning tracers for
estimation of DNAPL contamination is describeddetail by Dwarakanat{i1997), Jinet al (1995), Jin
(1995), and Popet al (1994).

15.2.1.5 Surfactant Column Experiments

Extensive surfactant flood experiments were conducted using columns packed with sthiefflo2 site

test area, as well as DNAPL from the site. The surfactant mixture used in theéeBigal had been shown

by these column experiments to reduce the DNAPL saturation soth® lessthan0.001 asestimated

from both the partitioning tracers and mass balance. Althougboaliwas to removéhe DNAPL rather

than the dissolved contaminant in this unconfined agsifetem,laboratory column datashowedthat the

TCE concentration in the effluent water could be reducdéstthan 1 mg/L after surfactafiboding of

the soil. The concentration of TCE and other VOCs and tracers was measured usingheo@asograph

(GC) with an FID mechanism with straight liquid injection. The minimum detection of TCE concentration
was 1 mg/L.

Surfactant adsorption was measured in column experiments using Hill soil by comparing the response of a
conservative tracer (tritiated water)ttwt of the surfactant labeledth carbonl4. The retardation factor

for the surfactant was 1.00094. The surfactant adsorption calculated froralti®ss 0.16 mg/g of soil,

which is zero withinexperimentalerror of the retardatiorfactor. All of these and other experimental
results are described and discussed in detail in (Dwaraketnaith1998; Dwarakanath, 1997).

15.2.1.6 Surface Treatment

Existing groundwater treatment facilities at Hill AFB OU2, including phase separators and a steam stripper
(Oolmanet al, 1995), were utilized to treat all of the groundwater and DNAPL recovered during the Phase
| and Il field tests. The high levels of surfactant, co-solvent andontaminant in the recovered
groundwater presented significant challenfigssteam strippepperation. Prior tdhe field tests, the
ASPEN nodel was used to odel the treatment facilities to determine if amow the existingsteam
stripper couldachieve required contaminant remolalels. The predicted composition of the effluent
from the UTCHEM modeling described below was usethasnput toASPEN. Actual operation of the
steam stripper during the fietdsts demonstratatiat predicted performance levels couldaohieved. It

was also shown that steam stripping is a favorable technology foeéteent of thdnighly contaminated
groundwaters recovered during surfactant enhanced remediations. Theseaasuf®ound inthe final

report to the Air Force Center for Environmental Excellence (Intera, 1998).

15.2.1.7 Aquifer Model Development and Simulations

UTCHEM was used to desigthe tests and t@redict the performance of theéhase | and Phase Il
surfactant and tracaests. Use ofthis simulator makes possibtee study of phenomenecritical to
surfactant flooding such as solubilization, mobilization, surfactant adsorptierfacialtension,capillary
desaturation, dispersion/diffusion, atlte microemulsiorphase behaviorThe use ofthe UTCHEM
simulator in modeling DNAPL contamination and remediafioocesses is discussed in Browh al
(1994).

Determining realistic in-situ properties for these unconsolidated soil samples is very difficult, due to grain
rearrangement and disruption tbie porous mediaduring boring, transport, cutting, and storage. The
difficulty is increasedor the OU2 sitesoil samples becauslee aquifer iscomposed primarily of gravel
interspersed with cobbles, sometloém larger than the 6 cm diamesamplingtube. Tominimize the
coredisruption,the sampling tub&as frozen uporreaching thdaboratory, beforghe core cutting and

until the measurements could be obtained.

The model grid and aquifer properties are summarized in Table The steeplydipping lower boundary

of the aquifewas modeled byassigning lowepermeability(5x106 pm?) and porosity tall gridblocks
lying within theaquiclude. This aquicludgtructure, andhe ability to model it accurately, played a key
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role in the design of the field test, and combined with the use of a hydraulic controlnjestiezn well to
the south ofthe surfactant injectiowells, allowed hydraulic control to be achieved withauging sheet
piling. The sandy/gravelly aquifesoil wasmodeledusing a randoneorrelated permeability fieldith a
standard deviation of In k df.2. The correlation length along the chanm&ls 3 meters, across the
channell.5 neters and in theertical direction0.3 meters. The permeabilityassigned tandividual

gridblocks ranged from a low of Op2n2 to a high of 42um2. These values resulted in a gaudtch of
the tracer data taken with the same well field during Phase I.

The natural hydraulic gradient (0.002) is approximately two orders of magnitude less than the induced
gradient during the field tests (0.10-0.20), so the natural gradient was assumed to be zero for the
simulations. Open boundaries were placed at the north and south sections of aquifer model to allow
flow into and out of the aquifer in response to the test area injection and extraction.

In UTCHEM, phasebehavior parameters define the solubility of the organic contaminant in the
microemulsion as a function afurfactant, co-solvent anelectrolyte concentrations artdmperature.
These parameters were obtained rogptching the experimentally determined solubility of the Hill
contaminants at variowirfactant, co-solvent arelectrolyteconcentrations.The phase behaviomodel
agrees well withthe measureddata. Experimentally determined interfacideénsions for DNAPL-
groundwater and DNAPL-microemulsion wersed tocalibrate thdJTCHEM correlationfor calculating
interfacial tension.

Many UTCHEM simulation cases were performed determinedesign parametersuch ashydraulic
control well injectionrate, injection and extractiomates, frequency of samplingooints, amount of
surfactant, composition ohjected surfactansolution, amount and composition of traceolutions,
duration of water flooding and extraction needed dftersurfactaninjection, andthe concentrations of
contaminants, surfactant and alcoholthe effluent. The high injection rate of water in the hydraulic
control well to the south of surfactant injection wells was found to a particularly important design variable.

15.2.2 Results and Discussion

15.2.2.1 Phase | Field Test

The Phase | test, completed in May 1996, lasted approximately two weeks and consistietitiaf\aater
flood, tracer injection, wateflooding, injection of a smalimass ofsurfactant in one welbnly, water
flooding, then post-test extraction to recover any remaining injected chemicals. Water flomabisis of
injection of water only to sweep the fluids withime test area volum®wardsthe extractionwells where
they are pumped and treated at the surface.

Based uportracer concentrations measuiaring the testwith on-site GCs, abou®7% of the tracers
injected during the two weeks of the Phase | Field Test were recovered. This high tracer recovery was due
to goodhydraulic confinement of the teatea. This ighe primary confirmation andébest means of
determining the degree of hydraulic control; however, the evaluation that hydraulic control was achieved in
the Phase | testgan also be supported bthree othersources ofinformation: Firstly, measured
piezometric dataduring the tests indicated that water level$or the three extractionwells were
approximately 0.5 meters lower than the surrounding aquifer, creating a large gradient fronthevitest

area towards the extraction wells. Secondly, monitoring wells had very low measured concentrations (at or
below the measurement detection level) of the injected trduensghoutthe test. These monitoring wells

were placed both to the north and south (aquiclude confines aquifer to the east amappresinately 21

meters away from the test area. Finally, simulation results matched the model very well in pradeted t
recovery (both were 97%).

Figure 15.3 shows Phase | tracer concentrations for the central extraction wlell B&uralcohol tracers
were injected during the Phaseebt, withpartition coefficients ranging from 0 to 141The upper graph
compares the predicted tracer concentratwitis the field datameasured durintghe Phase | test, for the
two tracers used in the moment analysis to estimate the initial DNAPL saturations and volumes. The lower
graph in Fig. 15.3 shows the producmmhcentrationgor all four of the injectedracers,plotted on a log
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scale to highlight the log-linear behavior typically exhibiteating latter part of the tracdests. There is
substantial separation between the nonpartitiotrécer, isopropanoknd thehighest partitioning tracer,
1-heptanol, as the latter is retarded by the presence of the DNAPL.

The predicted concentratiorshown here arethose published irthe workplan beforethe test was
undertaken and therefore are not history-matched or calibrated to thddtald Even so, breakthrough
times, peaksand tailsfor boththe partitioning and nonpartitioning tracers are similar to the UTCHEM
predictions. Becausthe simulation predictions agreedth the actualPhase Ifield performance very
well, few modifications were required ithe aquifer modeffor the Phase Il design simulations.
Approximately750 L of contaminantvas extactedduring the Phase Itest basedipon the partitioning
tracer data.

15.2.2.2 Phase Il Field Test

Phase Il included an initial tracerst, a NaCl preflood, 2.4 PV surfactantflood, and dinal tracertest,
followed by a period of extraction only to maximize the recovery of injected chemicals. See Table 15.2 for
a summary of the Phase |l test. The purpose of the one day NaCl prefleddincrease the salinity of

the water to a value closer to the optimal value of 7000 mg/l NaCl hburfactantvas ijected. The

swept porevolume calculatedrom the non-partitioning traceanalysis is approximately7,000liters for

all three wellpairs andhe injectedoore volumes listed ifable15.1 arebased on this total swept pore
volume. The saturated pore volume of the alluvium within the line drive well pattern as esfnoatde
structure of the clay aquiclude beldke aquiferwas alscabout57,000 litersindicating verylittle if any
unswept soil between the screened intervals of the injection and extraction wells.

Figure 15.4 shows the measured surfactant concentration for the central extraction well SB-1 during Phase
I and compares those with UTCHEM predictions. While the breakthrough and peak times are similar, the
magnitude of the peak and the 'tail' concentrations are significantly difféFaetsurfactant concentration
dropped below the CMC (critical micelle concentration) at around 13 days in the UTCHEM prediction case
and around 18 days in the field test. These differences in observed and predicted surfactant concentration
are due in part to differences in the design rates and #utisally achieved in thBhase lifield test. The

lower extraction rates in the field test result llower extraction/injectionratios, lessdilution from
groundwater flowing into the extraction wells from the north and higher surfactant concentrations than the
model prediction shown in Fig. 15.4. There is an increase in surfactant concentration at 20 days due to the
increase in extraction rates at the end of the viated. These and other factors could be adjusted and
would improve the agreememtith the field data, but we prefer teshow the predictionghat we made

before the field test and comment that they were more than adequate to meet all of our stated objectives an
designpurposes. Naomparable model predictions can foeind inthe literature. Thus, it isvery
worthwhile to show that even witdll of theapproximations and uncertainties inherensuch modeling,

the predictions can be sufficienthccurate to bgery useful for avariety of importantpurposes e.g. in
estimating how much surfactant is needed to reduce the DNAPL saturation to a given level.

Over 94% of the surfactamtas recovered and the final surfactant concentration in the effluent water was
less than 0.05%. Figure 3 shows a normalized plot of the surfactant and isopropanol concentrations in the
effluent. Breakthrough of surfactant and IPA occurreth@atsame time and noeasurable separation
occurred at any time, which indicatémat therewas negligible adsorption othe surfactant on thsoil, a

result consistent with the column studies.

Figure 15.5 showsthe contaminant concentrations measured by d&@lysis of extraction well fluid
samples forthe central extraction welbB-1 and compares these with UTCHEM predictions. The
measured concentrations duritng initial tracer testfirst 5 days ofthe plot) are near thgroundwater
solubility of 1100 mg/L both inthe prediction case and the field measutath. Shorthafter surfactant
injection begins at 5.5 days, thentaminant concentration increases steeplyovey 10,000mg/L in the
predictions and to ove20,000 mg/L in the fielddata. The decline in concentrations after surfactant
injection ends at 8.7 days (2.4 PV) is slower in the field datathi@ifor the UTCHEM prediction. This
difference is at least partially due to the higher extraction rates in the prediotiviations, comared to
those actually achieved in the field.
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In general, field testresultsexhibit 'spiky' or non-smooth behavior in produced concentrations due to
small scale fluctuations in rates and flow fields, sampling variatroeasuremengrrors, heterogeneities,
etc. The simulations similarlyshow 'spiky' behavior due to aquifer heterogeneities, spatiadiyable
remaining DNAPLsaturations, changes the flow field, phasebehaviorchanges, andhe effect of
structure upon each streamlines' arrival time at the effluent well'sphie=’ seen inthe simulation at Day

20 is aresult in a changirilpw field, whenall injection isstopped irthe field andonly extraction wells
continue pumping, to maximize the recovery of any injected chemicals.

Figure 15.6 compares tlifference between the watble depth(or fluid head) between each injection
well and extraction well pair during the Phase Il test. Thexe no loss ohydraulic conductivity during
the Phase Il surfactant flood, based on measured hydraulic gradients befafeeraadrfactant injection.
The fluid head levels increased slightly during the surfactant injection period due to the incisassty

of the surfactansolution compared tevater, but quickly returned to the pre-surfactant injection levels
during the waterflood. These and other laboratory and fieldta demonstrate that tisedium dihexyl
sulfosuccinate surfactant is an extremgbod choicefor these conditionsvhen used with a co-solvent
such as isopropanol, which promotescroemulsions with very fast equilibratidimes, egqilibrium
solubilization and minimal surfactant adsorption on the soil.

Figure 15.7 shows the produced tracer concentrations for the final Phaseniest, conducted after the
surfactant remediation. Even though very high partition coefficient tré€e0 and 141) were used for

this test, venyittle retardation of these tracers are seen; in otfends, effluent datafor the different
tracers overlay for the two outside extraction w8IB-5 andU2-1 and thecentral monitoring wellSB-6

and show only a very slight difference in the tail for the central extraction well SB-1. Compare this to the
substantial retardation observed for the 1-heptanol tracer (K=141) during the Phase | test in exgtction
SB-1, shown in Fig. 15.3 on the semi-log scale.

The DNAPLvolumes and saturations determined frtiva first temporal moment of the effluent tracer
concentrationgJin, 1995; Popeet al, 1994) ofthe Phase lltracer testfor the three extractiomvells is
summarized in Table 15.3. The initial volume of DNAPL within the test pattesn1310 L (600@ng/kg

of soil). Theinitial DNAPL volumes and saturatiorsse based ormomentanalyses othe Phase |racer

test conducted before any surfactant injection. The final DN¥dumes and saturatiorese based on
momentanalyses othe Phase lffinal tracer test conducted after the surfactant remediation. Values for
each of the three extraction/injection wadlirs and fortthe total test pattern agiven inTable15.3. The
initial DNAPL saturation ranged fror.013 to 0.054 with an average 00.027, equivalent to 6,000
mg/kg of soil averaged over the entire saturated volume of the aquifer.

After surfactant remediation, the average DNAPL saturatras 0.0003, aecrease of 99%, and the
DNAPL saturations in the two outside swept volumes are too lavetert(lessthan0.0001). This final
average DNAPL saturation is equivalent to approximately 67 mg/legibf After surfactant remediation,
the amount of DNAPL remaining within the swept volume was only about 19 LeStimated volume of
DNAPL recoveredbased uporthe effluent GC data takemn-site duringthe testwas 1870 L. The
estimated volume of DNAPL collected after steam stripping in the treatment plant was 1374 L.

We consider both of these DNAPL recovery estimates tl@reffluent data to blessaccurate than the
estimate of1291 L from the tracerdata. The partitioning tracer data doot depend on aquifer
characteristicsuch as porosity andermeability. The estimateerror is onthe order of 12% of the
estimated volume of DNAPL in tr@veptvolume of the aquifer evewhenthe DNAPL volume is very

small provided the retardation factor is still sufficiertiigh. The partition coefficienmust be high when

the averag®APL saturation idow for the retardation factor to be sufficientiygh. The final DNAPL

volume estimate of 19 L reported above is based upon the 1-heptanol tracer data. The retardation factor fo
each well pair is uncertain by abati0.035. This results in an uncertainty of 5 L of DNAPL for eaet

pair and a total of 15 For the entireswept volume, oabout 9% 1% removal of the DNAPLrébm the

swept volume of the aquifer.

The important conclusion that thesaesultsclearly demonstrate that surfactdliobding can beused to
remove essentiallgll of the DNAPL in the contacted volume of aquifer, which isthe source of the

15-9



UTCHEM Technical Documentation
Groundwater Applications Using UTCHEM

continuing contamination of the wattar extended periods dfme i.e. the large and mobildissolved

plume. Only three weeks werequired to achievéhis result. The total contaminant concentration in the
central monitoring well at the end of the tests only 8 mg/L. This is a 99%duction compared to the

initial concentrations. Wile this concentration is still much higher th#tme 0.005 mg/L maximum
concentration limit (MCL) for TCE, a UTCHEM simulation showed that only 55 dageminued water

flooding at the same well rates would be sufficient to reduce the aqueous concentration of the contaminants
to the MCL (Intera, 1998). Either natural attenuation or some other means such as bioremediation could be
used todegrade the contaminants remaining in the wadev that almostall of the DNAPL source has
beenremoved. Howeverthe test area is aspen geosystem and tHisal step could not beompleted

without either remediating the entire OU2 aquifer or isolating the remediated volume to prevent
recontamination from outside the demonstration area.

15.3 Example 2: Design of the Surfactant Flood at Camp Lejeune

15.3.1 Introduction

A surfactant-enhanced aquifer remediation (SEAR) demonstration to remove PCE fignoutihdwater at
site 88, below a drycleaning facility at MarineCorps BaseCamp Lejeune iNorth Carolina, was
completedduring 1999. The objectives othis demonstration wergl) furthervalidation of SEAR for
dense nonaqueous phdisgiid (DNAPL) removal and2) evaluation of feasibility and cost benefits of
surfactant regeneration and reuse du@iAR. A total of 288 L of PCE warecovered during the
surfactant test. This corresponds to a recovery of about 92%tHeompper pemeable zonevhere most
of the contaminangource wasnitially located. [@tails on the sitelescription field-testoperations, and
results are given in Holzmet al (2000).

The design of the SEAR demonstration was completed after integrating the information obtained during the
site characterization activities and the laboratory studies into the numerical model. The site characterization
activities included the pre-SEAR tracer tests. Tdwmilts ofthe field traceitests were used to modify the
geosystem wdel for the finaldesign ofthe surfactanflood. Subsequentlythe most important SEAR

design variables werdentified by selectively changing model parameters and determining effect on the
simulation results.

UTCHEM was used forll geosystem wdel development. Wasedthe model nobnly to predict the

performance but to address issues critical to gaining approval to conddeimbeastration. Thesssues

included: (1) denonstration of hydraulic containmerf®) prediction of recoveries of injectezhemicals,

(3) prediction of DNAPL recovery, and (4) prediction of the final concentrationgeated chemicals and
source contaminant.

Numerous simlations were conducted to develtpe recommendedesign forsurfactant flooding at
Camp Lejeune. The objectives of the simulation study were to:

+ Determine the timgequiredfor each test segmenpre-surfactant water injection, surfactant
injection, and post-surfactant water injection

+ Determine mass of surfactant, alcohol, and electrolytes recommended for each segment of the test

*  Determinetest design parametessch as number diydraulic control, injection, andextraction
wells, well locations, and well rates.

« Estimate effluent concentrations of contaminant, surfactant, alcohoglectblytesduring and at
the end of the test

+ Estimatemass of contaminants, surfactant, alcohol, @ledtrolytes that remain in the volume of
the test zone at the end of the test
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+ Evaluate the sensitivity of the performance of the proposed design to critical aquifer properties such
as permeability and degree of heterogengitgcesparametersuch agnicroemulsionviscosity,
and operational parameters such as flow interruption in the middle of the surfactant injection

15.3.2 Design of the Sear Field Test

15.3.2.1 Site Description and Characterization

The site characterization included floowing: aquifer stratigraphy and aquicluti@ography, porosity
and permeability distributiorsoil, groundwaterand contaminant constituents ahdtribution, hydraulic
gradient direction and magnitude, aquifer temperature and pH. The fietthaigeterization conduced by
Duke Engineering &ervices (DE&S, 1999a) was based tba following site data: soil borings, well
logs, water levels, soilcontaminant reasurementsPNAPL and groundwater sampling andnalysis,
hydraulictesting, andhistorical pumpingdata. The DNAPL zonewas found to bebout5-6 m below
ground surface. The aquifersoil has arelatively low permeabilitywith about an order omagnitude
smaller permeability in the bottot3 m ofthe aquifer. Because of théow aquifer permeability and the
limited thickness, each pore volume of the surfactant required about 12 days to inject.

Prior tothe installation of the SEARellfield, several well patterns with different number of wells were
simulated. The most efficient well patternbased on site hydrogeologicddtawas aline of 3 central
injection wells and 6 extraction wells arranged in a divergent line-drive pattshoas in Fig. 15.8. To
maintain hydraulic controhnd to ensuredequatesweepefficiency in thewellfield, each injection and
extraction wellwas spaced about 3 m apart and the distance between any pair of injection and extraction
wells wasabout4.6 m. Adual injectionsystem was used ithe three injectors to prevempward
migration of injectate and to focus the flow paths of injected surfactant through the DNAPL zone along the
bottom portion ofthe aquifer. Waterwas injected irthe upper screen with simultaneougection of
surfactant mixture in théower screen. Similarly, to provide furthbydraulic control of the jected

fluids, several scenarios to identifyie number of hydraulic contralkells and their locations were
simulated. Two hydraulic control wells located on each end of the line of injectord §FE8ywere found

to be adequate to achieve hydraulic control of the test zone.

Theresults ofthe pre-SEAR partitioning interwell tracer test conductedng May/Junel998 ndicated
that approximately280 to 333 L o DNAPL were present ithe testzone. The highest averagNAPL
saturations found were the range o#.5%. The spatial distribution of DNAPL saturatiomas hghly
variable in both areal and vertical directions.

15.3.2.2 Surfactant Phase Behavior

In UTCHEM, phasebehavior parameters define the solubility of the organic contaminant in the
microemulsion phase as a function of surfactant, cosolvent, and electrolyte concentrations. Slaitzbility

for Camp Lejeune DNAPL obtained from laboratory experiments were used to calibrate the phase behavior
model parameter@oi, 1998). The DNAPL is ~ 99%PCE. Inaddition to modeling surfactant phase
behavior,the physicaproperty model parametestich asmicroemulsion viscosity and microemulsion-
DNAPL interfacial tension were also calibrated against experimental measurements.

A total of 155 surfactant formulations were screened by obserthiegohase behavior and measuring
selectedphase properties such amicroemulsion viscosityuntii an optimum mixturewas found
(Weerasooriyat al, 2000). The targetproperties ofthe optimum mixture includél) high DNAPLs
solubilization, (2) fast coalescence to a microemulsion (less thag)a (3) lowmicroemulsionviscosity,
and (4)acceptable ultrafiltratiocharacteristics. The surfactant compositi@ed inthe field testwas a
mixture of 4 wt% Alfoterra™ 145-4-PO sodium ether sulfate, 16 wt% isopadpghol (IPA), and0.16-
0.19 wt%calcium chloride mixedavith the source water.The alfoterra is madiEom a branchedlcohol
with 14 to 15 carbon atoms by propoxylating and then sulfaiegalcohol. The contaminant
solubilization was about 300,000 mg/L at 0.16 wt% Ga@d about 700,000 mg/L at 0.19 wt% CacCl

15.3.2.3 Aquifer Model Development and Simulations
The planview of the three-dimensiongrid used forthe design ofthe Camp Lejeune surfactdidod is
shown in Fig. 15.8 and described in Table 15.4. A total of 10,000 gridblocks using a 25x25x16 mesh 43
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m long and 24.4 m wide was used. The nearly 4 m saturated thickrtessagjuiferwas divided into 16
nonuniform numerical layers vertically. The top elevation of the numeizhicorresponds tabout 5.5
m AMSL. Bothlayered and stochastic permeabitigtributions were used fdhe design simulations.
The aquitardgridblocks wereidentified based orthe clay elevation data mapped to tived and were
assigned a very low porosity apdrmeability. A ratio of horizontal teertical permeability of 0.1 was
used. Design simulations were conducted wgrmeability fieldswith different values of average and
variance and initial DNAPL volume and saturation distributions.

15.3.3 Results and Discussion

We conducted numerous simulations to design SEAR tesfor the CampLejeune. Here we only
discussthe results ofthe two predictive simulations conductgatior to the field test to illustrate the
sensitivity of variations in the permeability on the contamimaobvery. Simulation ISA7massumed a
lower permeabilityfor the bottom0.6 m of the aquifer, whereasimulation ISA26m assumed a higher
permeability. We also discuss the results of our brief attempt to history match the field data.

15.3.3.1 Simulation No. ISA7m

The injection strategy given imable 15.5 included 2days ofwater preflush followed by 3days of
surfactant solution. A summary of flow rates for various sections of the flood is given in Table 15.6. The
hydraulic conductivitywas 4x16* cm/sfor the top 12 layer§3.3 m)and 8x16P cm/sfor the bottom 4
layers (0.6 m) i.e., a permeability contrast of 5The initial DNAPL saturation increased with depth for
the bottom0.6 m ofthe aquifer. This corresponds to aserage DNAPL saturation @f.02 within the
wellfield. A comparison betweethe predicted and measurddsolved PCEconcentration at extraction
well EXO01 is shown in Fig. 15.8nd agree very &ll. The peakPCE concentration predicted from the
model is1500 mg/L compared to the fidlobserved value 02800 mg/L. The total simulated PCE
recovery (dissolved and free-phase) fraththe wells atthe end of thelood (100 days) was 310 L
compared to a recovery of 288 L measured in the field demonstration.

15.3.3.2 Simulation No. ISA26m

The results from simulation ISA26m were reportedtiie SEARWork Plan (DE&S, 1999b) and were

used as the final basis ftite design and operation difie surfactanfiood at Camp LejeuneThe aquifer
permeability was modeled using a randomcorrelated permeability fieldvith an average hydraulic
conductivity of 4x16* cm/s with a standard deviation of log k of IThe hydraulic conductivity of the

bottom 0.3 m was then reduced by a factor of 4 to an averaget@ii/@. The injection strategy given in

Table 15.5ncluded 6 days of electrolyte preflush with 0.22 wt% Gd@llowed by 48 days o$urfactant
solution. Injection and extraction rates during the preflush and surfactant injection were reduced compared
to those used durintpe field tracer test gqpostwater flustbhecause of the highefiscosity of surfactant
solution (2.5 mPa.s) compared to the water. A summary of flow rates for various sectiafionid is

given in Table 15.6. The reduction in the rates witirolong the surfactant injectiotest, however, it
reducesthe risk of excessivevater buildup neathe injectionwells or excessivalrawdown near the
extraction wells. This was especially critical for this shallow aquifer. A comparisthe @redicted and
measured PCE concentration at extraction well EX01 is shown in Fig. The9peakP CE concentration

in simulation ISA26mwas 25,000mg/L whereaghatobserved inthe field was an order omagnitude

smaller of abouR800 mg/L. The predicted surfactant and IPA effluent concentrations inEndll1 are
compared with the measured data in Fig. 15.10. The agreement is not as good in the other extraction well:
due to highly heterogeneous nature of both permeability and DNAPL saturation distributiansunately
accounted for in the model.

15.3.3.3 Discussion of UTCHEM Predictive Simulations

From Fig. 15.9, it isevident that the matdhetween predicted and measuRSdE concentrationgor run

ISA7m is better thafor run ISA26m. This isecause imun ISA7m,the hydraulic conductivity of the
bottom0.6 m was8x10° cm/s which is 5 times lower thahat in theupper4.3 m. Incomparison to
ISA26m, the hydraulic conductivity of the bottd8 m was 1@ cm/s, which is 4 times loweahan that

in the upper 4.6 m. The combination of a thicker and less permeable bottom 0.6 m in ISA7m compared to
a thinner and more permeable bott@30 m inISA26m explains overestimate of the effluent PCE
solubilities. Based on thesesults, it wasinferred that the permeabilitcontrast between théess
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permeable bottom of the aquifer and the other zones is at least a factor of barEis® explain gartial
remediation of thdower permeability bottom zone asas observed duringhe field demonstration
(Holzmeret al, 2000).

15.3.3.4 Field History Match Simulation

A preliminary effortwas nade to qualitatively match thesults ofthe field test. Adjustment in the
UTCHEM input included the well rates and duration of itheal waterflush andsurfactant injection that
were slightlyalteredduring the field test compared those ofthe finaldesign simulationSA26m. The
injection and extraction rates and strategies are summarized in Talteand 15.6. The rates were
altered from thalesign rates to improvihe sweepefficiency of the surfactargolution througtthe more
highly contaminatedsections ofthe testzone. Other adjustments in the modelere in the spatial
distribution of the DNAPL and permeability and its variateith depth. Anattemptwas nade to
approximate the grading ¢fie DNAPL saturatioracrossthe wellfield, butthe actualariations are more
complex. The DNAPL volume is about 265 L within a pore volume of abdut74 L inthis simulation.
This is an average DNAPL saturation of about 0.0118 within a swept pore volume sirthiktreéstimated
from the pre-SEAR tracetest. The permeabilitywas modeled as three geological layers as given in
Table 15.7. Apermeability contrast of 2@as usedetween thaipper highpermeability zone and the
bottom zone right above the claguitard. The effluentPCE concentrations compare favorably to those
measured at the field imost ofthe extractiorwells. Comparison omeasured and historyatch of
dissolved PCEconcentrationdgor extraction wellEX01 is shown in Figl5.11. The final DNAPL
volume within a swept volume of 22,474 L was 76.5 L corresponding to an au2ksgfel. saturation of
0.0034. This gives a PCHEecovery of about 72%0or run SEARS. The simulated surfactant and IPA
concentrations and subsequerttig recoveriesvere higher thathe field data inmost of the extraction
wells. The breakthrough times anithe peak concentrations bbth IPA and surfactant were closely
matched in welEXO1 as shown in Figl5.12. Plausible explanationfr the lower field surfactant
recoveries are (1) higher surfactant adsorptiotinénbottom of the aquifexith high clay content and (2)
biodegradation of surfactant, af®) fluctuations in the injected surfactant concentration compared to the
design value of 4 wt%.

15.3.4 Summary and Conclusions

The surfactantlood for the Camp Lejeun®CE-DNAPL sitewas simulatedusing UTCHEM simulator.
The design was based dhe availablesurfactant phase behavidataand geosystem odlel calibrated
against the pre-SEAR tracer test. The results of model predictions provitezd guidelinesfor the field
operation. Thes@éclude the wellfielddesign, hydraulic containment, wellates,the frequency of the
samplingfor effluentanalysis,and effluent concentrations necessanysurfacetreatment and surfactant
recycling operations.

15.4 Example 3: Modeling of TCE Biodegradation

15.4.1 Introduction

The transport of NAPLs in soil and groundwater ath@ destruction of theseompounds through
biodegradation reactions in in-situ bioremediataystemsinvolve many complexprocesses. Aquifer
properties,contaminantproperties, and systemperating practicesll have a great influence on the
performance of an in-situ bioremediatisystem. As a result, designibgremediationsystemscan be
very difficult. Because in-sitbioremediation can be expensive amgetconsuming to test ithe field,
there is a great need for mod#iat can aid irdesignor, at aminimum, determinewhether or not in-situ
bioremediation is feasible at a particular site.

NAPLs can significantly affect the performanceirositu bioremediatiorsystems. Near NAPLsources,
concentrations of NAPL constituentsn be toxic tamicroorganisms, preventing biodegradation from
occurring inlocalizedareas. Biodegradation in aquifer locations where NAPL constituent concentrations
are high can depleteoxygen, other electroracceptors, or nutrientsear theNAPL. As more soluble
NAPL constituentdeachout of theNAPL phase the effects of theNAPL on biodegradatioprocesses
change with time and space, making prediction of bioremediation performance difficult.
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Failure to consider these and other effects of NA®LUrces in araquifer can result in ineffective
bioremediation designs and overly optimistic assessments of in-situ bioremediation performance.

15.4.2 Objective

The objective was to use UTCHEM to desighi@remediatiorsystemthat removesTCE from a shallow
aquifer following a surfactant enhanced aquifer remediation (SEAR) demonstration At Hilirce Base
in Utah. See Section 9 for information on the biodegradation model.

15.4.3 Description of Hill AFB OUZ2 Site

Shallow groundwater at OU2 exists in an unconfined aquifer consisting of heterogahemasing and
interlaced deposits afand, graveland clay. [Rpth togroundwater in thigrea is 6 t&/.6 mbelow the
existingground surface, with generalflow direction to thenortheast. The shallow aquifer is defined
locally by an aquitard oiow permeability clay at a depth of approximately 1%ehow ground surface.
An important characteristic of the aquitard elevation is thataurs at ayreater depth in the area of OU2
than is typical for the surrounding area. The result is a subsurface depresseoaguitard, running in a
line roughly north-northwest that is conducive to the pooling of DNAPLs (Intera, 1994; Intera, 1996).

Base records indicate that, from 1967 to 1975, the OU2 site was used to dispose of uparawas of
TCE bottoms from a solvent recovamit, and sludge from vapategreasers.The contaminant mixture
consisted of several chlorinatedlvents (60%TCE with lesser amounts otetrachloroethenéPCE),
1,1,1-trichloroethane (TCA), methylene chloride &wdon 113),and with some amount of incorporated
oil and grease. TCE, TCA and PCE comprised over 9084coDNAPL present athe site(Intera, 1994;
Intera, 1996; Intera, 1998).

The disposalareaconsisted of ateasttwo disposaltrenches at thsite, trending north-northwest and
estimated to have been approximately 2 to 2.4 m deep. The trenches were about 3 m wide and had lengtf
of approximately 15 and 30 m, respectively (Intera, 1994; Intera, 1996).

The chlorinated organisolvents disposed of ithese trenches had densities greater than water and
relatively low aqueous solubilities. As a resulhe contaminants behaved as DNAPL that migrated
downward throughhe vadose zone and aquifantil it stopped athe aquitard. AsDNAPL flowed
through the aquifer, itleft behind atrail of residual DNAPL that remained gersistent source of
contamination in thehallow groundwater systemDNAPL was present irsufficiently large quantities
from the disposal trenches¢hat it formed pools ofDNAPL at the base ofthe shallow aquifer, in
depressions on the surface of the aquitard.

15.4.4 SEAR Demonstration

The SEAR demonstration consistedtwb tests. The Phase testwascompleted in Mayl996, and the
Phase Il test was completed in September 1996. The goal of the SEAR was to dentbastfatacy of
surfactant flushing in reducing the saturation of DNAPL in the aquifer. Both SEAR tests consisted of four
steps:

1. a pre-flushing tracer test to estimate the DNAPL residual saturation in the aquifer;
2. aquifer flushing with a surfactant solution to mobilize the residual DNAPL,;

3. agquifer flushing with water to reduce the in-situ surfactant concentration; and

4. a post-flushing tracer test to estimate the remaining DNAPL saturation.

Phase | was a limited scale test to determine the amount of DIgA#ENt, assedke injectionbehavior,
test the ability of the treatmesystem tdreat the extractegroundwaterand providedatafor the second
test. Phase Il was a larger-scale test designed to remove DNAPL from the aquifer.
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15.4.4.1 SEAR Design

The SEAR treated portion of the shallow aquifer measuringpproximately 6 nsquare. Water was
injected into a hydraulic control well upgradient of the treatment area to isolate irgektddns within the
treatment zonérom the surrounding groundwater durintge test. Surfactant and tracesolutions were
injected into three injectiorwells upgradient ofthe treatment zoneand were recovered ithree
downgradient extraction wells. Figure 15.13 shows the locations of the injection and extraction wells, and
the location of a key monitoring wdticatedwithin the testarea. [@tails of the SEAR can beund in

Section 15.2.

15.4.4.2 Simulated Aquifer Description and SEAR System Configuration

Computer simulations were conducted by Broetnal [1999] using UTCHEM todeterminedesign
parameters for the SEAR aedtimateperformance. A necessary parttbé simulationvas a nurarical
representation of the test araad aquifer. The test areavas simulated with gridblocks comprising a
volume 54 mlong, 20 mwide and5.9 m thick. This aquifer test volumevas represented irthree
dimensions by 2040 gridblocksThe discretizatiortonsisted of 20 gridblocks #he x, orlongitudinal,
direction(N-S, the primary direction of injectesblution flow) 17 gridblocks irthe transverse dection
(E-W), and 6 gridblocks in the vertical direction.

The trench-like configuration of the aquifeas simulated by specifyingow permeability andporosity
boundaries orthe sides andbottom of theaquifer. The low permeability andporosity gridblocks
(aquiclude) slope in from the top of the formation in a stadium-like configuration, so that most of the upper
part of the formation is relativelyermeable, while only a small channelrefatively permeable material
exists in the bottom layer. This channel will be referred to as the "flow channel" in later discussions.

A very low permeability of 5x1P Darcy (hydraulic conductivity of 5x1#1m/s) and porosity0.01) was
specifiedfor the aquicludegridblocks alongthe side slopes anthe base ofthe trench-like aquifer to
simulate theaquiclude. The permeability of non-aquicludgridblocks wassimulatedusing athree-
dimensional stochastically generated conductifiéld. The mean permeabilitwas 20Darcy (hydraulic
conductivity of 2x164 m/s), and ranged from 0.17 to 4Darcy (hydraulic conductivity ofL.7x106 m/s
to 4.2x163 m/s).

The locations of injection, extraction, and monitoring wells in the test area are shoign ibA 3. Each
horizontal slice in Figure 1 represents a vertical layer in the design simulalibasymbols representing
the wells indicate the layer iwhich each injectiorand extraction welvas screened. A row afjection
wells spaced 3 mapart is separated B3 mfrom a row ofextractionwells, also5.3 m apart. Fluids
were injected from right to left (south to north) in the figure.

The DNAPL saturation in the gridblocks was assigned a value of either 0.1, 0.2 ah® &#¥ARdesign
simulations. Most of the DNAPLwas assumed to be presentlagers 4 and §Fig. 15.13). The
composition of the injected fluids and the duration of fluid injectmnboth SEAR testsare described in
Section 15.2. The simulations indicated that most of the DNARhe&raquiferwould beremoved by the
SEAR.

15.4.4.3 SEAR Execution and Results

The surfactantused forthe SEAR was sodiumdihexyl sulfosuccinate (CYTEC Aeros®A-80I).
Laboratory testing showed that adding 8% solution of surfacteg®d@0 mg/L of NaCl, and 4% isopropyl
alcohol to the groundwater increased the solubility of chlorinagedocarbons by &actor of abou660,
to approximately 620,000 mg/L, in a microemulsion.

The initial DNAPL saturatiorwas estimated to b@.03 averaged ovethe entire test areaolume. Based

on partitioning tracettests completed inPhase I,the initial DNAPL volumewas estimated to be
approximately 1,310 L. Following the SEAR, the final average DNAPL saturation was only 0.0003 in the
swept volume, anttacertestsindicated that the estimated DNAPL volum&as approximately 19 L, a
reduction of approximately 99%. The toY8DC concentration in the central monitoring well (M7) was
reduced from near the TCE solubility of 1,100 mg/L to only 8 mg/L by the etk &dst. Approximately

95% of the surfactantvas recovered. Imay have beepossible to recover more diie surfactant if
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groundwater extraction had continued longer. These results closely matched post-SEAR DNAPL volumes
predicted by the UTCHEM design simulations.

15.4.4.4 Bioremediation Considerations

The SEAR wasxtremely effective in reducing the volume of DNAPLesent irthe aquifer. However,
the aqueous phase concentrations/@Cs in the aquifefollowing the SEAR are still environmentally
significant. Also,the aqueous phase concentrations of surfactant and IPA ooyplact attempts to
bioremediate the remaininBCE. Although about 95% of the injected surfactant awadsolvent was
flushed out by water and sent tfie treatmeniplant, the remainingagueous phase concentrations of
surfactant and co-solvent, and the fact that pockets of DNAPL remainirgcicascontinuingsources of
VOC:s in the groundwater, constitute significant challenges to bioremediation.

Although the DNAPL at Hill AFB consists of a mixture of chlorinated solvehtss DNAPL was assumed
to be 100% TCE for bioremediation simulations since TCE comprises the majority of the DNAPL mixture.

Design of a bioremediatiosystem to reduce these SEAR fluid concentrations to backgrewets
requires consideration of several importessues. First;TCE biodegradation by methanotrophs is a
suicidal process foithe methanotrophs. Ahe kineticconstants used fdhese simulations, biomass is
reduced by an amoultttat is ten times theass ofTCE biodegraded. Thisffecthamperghe ability of
the bioremediation system to generate and maintain a viable biomass within the aquifer.

Second, the remaining surfactant and &@ate aroxygen demand as thesempoundsare biodegraded
by heterotrophs. This oxygedemand reduceshe oxygen available to themethanotrophs for
biodegradation of methane and the concomitant destruction of TCE.

Third, low permeability areas of the aquifdrat containNAPL serve as continuingources of TCE.
Because these pockets havéoa permeability, it is difficult to bring mthane andxygen into these
pockets to biodegrade the TCE there.

15.4.5 TCE/Surfactant Biodegradation Simulation

15.4.5.1 Simulation Conditions

The considerations listed above emphasize the foeet nodel such as UTCHEM taccurately simulate
the physical,chemicaland biological factors involved isuch acomplex groundwater system. The
methods used to address the three considerations above were:

1. Inject methanotrophs into the aquifer teplacethose destroyed byhe TCE biodegradation
process.

2. Amend injected fluids with oxygen in the form of hydrogen peroxide to prevent oXygetions
created by surfactant and IPA biodegradation.

3. Inject fluids continuously to biodegrade TCE that leaches out of the low permeability aquifer areas.

Since adequate biomass is a critical factor in the biodegradation of SEAR compounds, biomass was simply
injected into the treatment zoadng with nethaneandoxygen. It was assumddat injectedbiomass
partitions to the aquifesolids at aratio of 10 parts attachedbiomass to 1 partinattachedbiomass.
Methanotrophs, methane and oxygen were injected at concentrations of 10 mg/L, 20 mg/L, and 300 mg/L,
respectively. Injection began ineghately aftersurfactant flushing ended (d&27). Kinetic parameters

and other simulation conditions are described by de Blanc [1998].

To determine the effectiveness of the bioremediatiystem, eéaseline simulatiowas alsorun. In the
baseline simulation, watevas simply circulatedthroughthe test area at the same rate as the amended
water in the bioremediatiosimulation. The baseline simulation acted aspamp andtreat” control to
which concentrations of all relevant SEAR species could be compared.
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15.4.5.2 Simulation Results

Figure 15.14 compares the total mass of T€lEfactant and IPA in the aquifer as a functioriiog for

both the pump andreatsystem andhe bioremediatiorsystem. The totalmass of TCE and surfactant
remaining in the aquifer as simulated in the bioremediationdo not differsignificantly fromthe total
mass simulated in the pump and treat run. Injection of the additional oxygen does reduceslightigA

but the effect is not significantThe IPA reduction occurred because it is highly biodegradable compared
with both the TCE and surfactant, #@tits biodegradation in the aquiferas oxygerimited. Injection

of a solution containing more oxygen enhanced IPA degradation.

When the concentration of TCE in well M7 is compared betweerptingp andtreat run and the
bioremediationrun (Fig. 15.15),the effect ofmethane, oxygen and methanotropiection on the
concentration of TCE in the aquifer is evident. The simulated TCE concentrationflomthehannel near
well M7 is significantly reducedvhen methanotrophare injectedwith methane andxygen. The
simulated TCE concentration in the aquifer as measured at well M7 is approximately ll@ssitiesn the
simulated TCE concentration in the pump and treat scenario.

Figure 15.16indicates that the average TCE concentration in the extrgoeddwatersimulated by the
bioremediation run is not significantly lower thdme average TCE concentratiaen pumpinglone is
used to remediate the aquifer. Apparertthg, beneficial effect of methanotroph injectidoes notextend
throughthe entireflow channel. TCE leachingrom low permeability areas in the center of the test
becomes entrained in the circulating water beyond the point penetrated by injected biomass.

Injection of oxygen did reduce the concentration of surfactant and IPA in the extyemtediwatersince
these constituents are more easily biodegraded than TCE.

15.4.6 Conclusions

The design simulation highlightthe complexity of a bioremediati®ystem when NAPL is present and
many processes occur simultaneously. Thetfattthe simulation indicates that injection of chemicals to
stimulate biodegradation performed no better than simple Washing in reducinghe in-situ mass of
TCE emphasizes the importance adnsidering many different bioremediatiolesigns. Arelatively
inexpensive way toule out potentially ineffective bioremediation strategiesunh acomplexsystem is
through the use of a model such as UTCHEM.

UTCHEM was successfully demonstrated by the simulation of TCE, IPA and surfactant biodegradation in
the SEAR treatment area at Hill Air Force Base. To the best of the authors' knowledge, no other simulator
can simulate multi-phasow, surfactant phaséehavior, andbiodegradation simultaneously three
dimensions. The biodegradation model was able to provide useful information that could be used in future
design studies fapioremediation of TCE at Hill AFB and othseites where biodegradati@ystems are

being considered particularly when NAPL is present. Specific conclusions othe Hill AFB OU2
bioremediation design simulations are:

1. Injection of methanepxygen and methanotrophs irttte SEAR test aredoes notreduceTCE,
surfactant, or IPA mass in the aquifer any faster than circulation of waterwaldaethe particular
conditions of these simulations. The reason is that the rate of reduction of these@&@&pgdinds
is limited by thetransport of these constituents fréonwv permeability tohigh permeabilityzones
within the aquifer. Other injectionand extraction strategies may be more effective than the
particular design discussed in this example.

2. Circulation of methane and oxygen through the aquifer can reduce the concentrai@s, ¢PA,
and surfactant in the more permeable aguifares. Tighter well spacing could result in reduced
TCE concentrations in the entire aquifer.

3. Circulation of oxygen through the aquifer can substantially reduce the concentration of IPA in the
extraction wells.
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4. Residual surfactant and IPA have very little effect on TCE biodegradation because they are rapidly
flushed from the flow channel.

15.5 Example 4: Migration of Dissolved Metals Using the

Geochemical Option

The geochemicabption in UTCHEM allowsthe modeling ofaqueous and soliceactivespecies. See
Section 8 for information on the geochemical model. An application &xidnmine tailing contamination
problem is presented here to illustrate tegpability of simulating additionatomponents such as
chromium, lead, and sulfate that were not includetihénoriginal UTCHEMmodel. The aquifer and site
conditions for thisone-dimensional example are similar to t@nditions at theNordic site neafElliot
Lake, northern Ontario (Waltet al, 1994). This is an example of an extensively studied field site where
geochemicabnd physical transpogrocessesombine to control the migration afissolved metals. A
total of 51 aqueous species and 7 solid speaiessimulated (Tabld5.8). The initial and injected
component concentrations are similarthose used ithe simulation by Walteet al [1994]. Initial
concentrations were determined by equilibrating water and meral phases usindatch equilibrium
calculations.

The intention here is not to reproduce the simulatesults ofWalteret al [1994], but to illustrate the
UTCHEM capability in modeling a complex geochemical process. The simulated concentration profiles of
selected aqueous and solid species at different fluid throughput in pore valtgseswn in Figs. 15.17
through15.24. These resultshow avery similar trend tahose presented bWalter et al [1994].
However, the conditions for the two simulations were not identical. For example, species such as K, Mn,
and Fe were not included in the UTCHEM simulation example.

There are other geochemical transport models that allow a large number of @@@tves species. The
advantage of UTCHEM ithat up tofour fluid phasesan be modeled at the satimae that geochemical

reactions and/or other chemical, microbiological and physical phenomemaodsted. This is what is

needed to model the most general contaminant fate and transport problems faced in practice.

15.6 Tables and Figures

Table 15.1. Grid and Aquifer Properties Used in the Phase | Design Simulations

Property Value Comments
Mesh xyz: 20 x 17 x 6 (2040 gridblocks)

Dimensions 54 x 20 5.9 meters

Mesh size 0.8 x 0.8 x 0.5 meters, (smallest aquifer

cell), pore volume of 72 liters
14 x 2.7 x 2.0 meters, (largest aquifer
cell), pore volume of 20,100 liters
Boundary Impervious top, bottom, east and wesg
conditions boundaries; constant potential
boundaries north and south

—F

Initial pressure | Atmospheric pressure in top layer;
hydrostatic distribution in vertical

Initial DNAPL 20% (the DNAPL residual saturation) irBased on core contaminant measurements

saturation the lower 2 m of the aquifer and measured DNAPL pool depth

Aquifer pore 126,000 liters

volume

Total aquifer 5090 liters Including DNAPL in the northern primajfy

DNAPL volume DNAPL pool and other DNAPL outside
test area
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Table 15.2. Summary of Phase Il Test

Duration | Cumulative Segment Pore Chemicals added to Hill source
(days) | time (days) Volumes |water
1.7 1.7 water flooding 1.2
0.4 2.1 tracer injection 0.3 1,572 mg/L 2-propanol (K=0)
1,247 mg/L 1-pentanol (K=3.9)
1,144 mg/L 2-ethyl-1-butanol (K=12.4
3.7 5.8 water flooding 2.6
1.0 6.8 NacCl preflood 0.7 7,000 mg/L NaCl
3.4 10.2 surfactant/ 2.4 7.55% sodium dihexyl sulfosuccinate
alcohol flooding 4.47 % isopropanol
7,000 mg/L NaCl
11.0 21.2 water flooding 7.8
1.0 22.2 tracer injection 0.7 854 mg/L 1-propanol (K=0)
431 mg/L bromide (K=0)
798 mg/L 1-hexanol (K=30)
606 mg/L 1-heptanol (K=141)
5.1 27.3 water flooding 3.6
2.4 29.7 extraction only --

Notes: All injected solutions are mixed in Hill tap water. The total injectewas 1.7 /s (7.5 gpm)
for all three injectionwells andthe total extraction ratavas 2.1 /s (9.2 gpm) for all three
extractionwells. The water injection ratéor the hydraulic control welSB-8 was 1.6 Ris (7

gpm).
Table 15.3. Initial and Final DNAPL Volumes and Saturations from Tracer Tests
Well Pair Well Pair Well Pair Total Swept
U2-1/SB-3 | SB-1/SB-2 | SB-5/SB-4| within Test Area
DNAPL volume, liters
Initial 250 795 265 1310
Final 0 19 0 19
DNAPL Saturation, %
Initial 1.7 54 1.3 2.7
Final 0.00 0.10 0.00 0.03
Contaminant Soil Content
Initial, mg/kg of soil 3,800 12,000 2,900 6,000
Final, mg/kg of soil 0 224 0 67
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Table 15.4. Grid and aquifer properties for SEAR design.

Dimension 42.97 x 24.38 x 3.96 meters
Mesh xyz: 25x25x16 (10,000 gridblocks)
Porosity 0.28

937,146 liters
0.9144 x 0.6096 x 0.1524 meters
7.312 x 3.657 x 0.6096 meters

Impervious top, bottom, north, and sadhstant potentialvest-eas
boundaries with a hydraulic gradient of 0.0123 m/m

Initial pressure Atmospheric pressure in top layer, hydrostatic distribution in vertcal
Initial electrolyte concentratiofp 0.1 wt% calcium chloride

Aquifer pore volume
Smallest gridblock size
Largest gridblock size
Boundary conditions

Table 15.5. Injection strategies used in the SEAR simulations.
Process Run ISA7m Run ISA26m Run SEARS5
days rate days rate days rate
Water preflush 2 No. A 6 No. B 8 No. B
Surfactant flood 30 | No. A 48 No. B 58 No. C
Water postflush 68 | No. A 58 No. A 74 No. A

Table 15.6. Well rates (m3/day) used in SEAR simulations.

Wells Rate No. A Rate No. B Rate No. C
Upper screen injection: IN1, IN2, IN3 0.436 0.436 0.436
Injection: INO1, INO2, INO3 1.09 0.727 0.545 - 0.927
Hydraulic control: HCO01, HC02 1.635 1.09 1.09
Extraction: EX01-EX06 1.362 0.908 0.709t0 1.2

Table 15.7. Hydraulic conductivity used in the history match simulation SEARS.

Simulation Layer number

Thickness, m

Hydraulic conductivity, cm/s

1-12 3.35 2x104
13-14 0.30 55105
15-16 0.30 105
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Table 15.8. List of Elements and Reactive Species Used in Example 4.
Elements

Cr H Pb Mg

Ca Na Al Si

Cl COs SOy @)

Aqueous Species

Cr(OH)+ H+ P2+ Mg?2*
ca* Nat AI3+ H4SiO4
Cl- COz2 SOy H20

OH H3SiOy” MgOH" MgCQs (Ag.)
MgHCO3" MgSOs (AQ.) CaOH CaHCQ*
CaCQ; (Aq.) CasSQ (Aq.) NaCQ;” NaHCG; (Ad.)
NasQ” AIOH 2* Al(OH),* AISO,*
Al(SOu)y” PbClt PbCh (Aq.) PbCk”
PbCy2" Pb(CQ)22" PbOH" POH3*
PbSQ (Ad.) PbCQ (Aq.) Pb(SQ),2" PbHCQ"
HCO5" H2CO3 (Ag.) HSOy” crt
Cr(OH?2* crciet crcht crsat
CrOHSQI (AQ.)  Cry(OH);SO2T  Cra(OH)2A(SOn)2 (Aq.)

Solid Species
Calcite (CaCQ) Gibbsite (AI(OH}) Gypsum (CaSg) SiOp

Cerrusite (PbCg) Anglesite (PbS@  Cr(OH)3
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Figure 15.1. NAPL sites modeled with UTCHEM; number of tests in parentheses.
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Figure 15.2. Plan view of Hill AFB OU2 site.
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Figure 15.3. Tracer data for extraction well SB-1. Top: comparison of UTCHEM prediction
with 2-propanol and 1-pentanol. Bottom: tracer data plotted on a log scale.
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Figure 15.4. Surfactant and IPA concentrations produced at extraction well SB-1 during
Phase Il test: comparison of UTCHEM prediction with field data.
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Figure 15.5. Contaminant concentrations produced at extraction well SB-1 during Phase Il

test: comparison of UTCHEM prediction with field data.

15-24



UTCHEM Technical Documentation
Groundwater Applications Using UTCHEM

Difference in Depth to Water, meters

1.6
o a  SB-1/SB-2
L x o SB-5/SB-4
oo, U2-1/SB-3 o ©
&
1.2 B o OO (QbX
A
0, (pCb ©° oo
I O ’ AA;AAAAO O%OO%D A §OC§OO©QSQO QQ Q)OO O %) OO%OOO OOO
W &AOAQ%AA X B ol ZAA N AfA " 4 A
0.8 [ma™" 240 o8 oA A‘g LAOAQ\AAAAAA% ok, ZAA%AA ADD
A, A
D @ Yo X e
O 0O O >><<O< X X
X X >23<
04 7>z< X £ X ><>< X><><><>< X >><< XX><>§<>2&X &X&x&&%&xx& ><>e<><>< >?§<>< A%X &«XM x
0% X
| x X" Surfactant injection begins y %
h : / Surfactant injection ends y
0.0 | L L | L | | L | L | L L | L | L
0 3 6 9 12 15 18 21 24 27
8/7/96 9/3/96
Days

Figure 15.6. Difference in water table depth between test area extraction/injection well
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Figure 15.7a. Measured tracer concentrations produced in the three extraction wells and
monitoring well during Phase Il test, Wells SB-1 and U2-1.
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Figure 15.7b. Measured tracer concentrations produced in the three extraction wells and
monitoring well during Phase Il test, Wells SB-5 and SB-6.
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Figure 15.8. Simulation grid and well locations.
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Figure 15.9. Comparison of predicted dissolved contaminant concentration and measured
concentration in extraction well EX01.
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Figure 15.10. Comparison of measured and history match of surfactant and IPA
concentrations in extraction well EXO1 for simulation SEARS.
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Figure 15.11. Comparison of field and predicted surfactant and IPA concentration at well
EXO1 for run ISA26m.
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Figure 15.12. Comparison of measured and history match of dissolved PCE concentration
in extraction well EXO1.
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Figure 15.13. NAPL saturation in aquifer and location of injection, extraction, and
monitoring wells in the test area by simulation layer. "P" denotes an extraction well,
denotes an injection well, and "M" denotes a monitoring well. Surfactant and nutrient
solutions were injected from right to left in the figure.
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Figure 15.14. Mass of TCE, surfactant, and IPA in aquifer as simulated by a pump and
treat scenario and a bioremediation scenario. Injection of methane, oxygen and biomass
have an insignificant effect on the total mass of TCE and surfactant in the aquifer, and only a
small effect on the mass of IPA.
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Figure 15.15. Simulated concentration of TCE, surfactant and IPA at central monitoring
well M7.
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Figure 15.16. Comparison of simulated concentration of TCE, surfactant and IPA in
extraction wells between a pump and treat system and a bioremediation system.
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Figure 15.17. pH distribution at 0.5, 1.0, and 1.5 PV injected.
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Figure 15.18. Lead concentration distribution at 0.5, 1.0, and 1.5 PV injected.
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Figure 15.19. Aluminum concentration distribution at 0.5, 1.0, and 1.5 PV injected.
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Figure 15.20. Aluminum concentration distribution at 0.5, 1.0, and 1.5 PV injected.
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Figure 15.21. PbCOg3; concentration distribution at 0.5, 1.0, and 1.5 PV injected.
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Figure 15.22. Calcite (CaCO3) concentration distribution at 0.5, 1.0, and 1.5 PV injected.
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Figure 15.23. Cr(OH)3 concentration distribution at 0.5, 1.0, and 1.5 PV injected.
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Figure 15.24. AI(OH)3 concentration distribution at 0.5, 1.0, and 1.5 PV injected.
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16.1 Introduction

The physics andchemistry of the SEARprocesscan be quite complicated, and simulation soich
processes demands that the user specify more data than are normally reqthedifoulation ofyround

water flow for applicationssuch as pump and treator examplethe presence of surfactanhuses
multiple phases of liquid to be present, and each has its own flow properties. The viscosity and density of
a givenphase properties whictaffect the fluidflow behavior,are functions ofthe composition of that

phase, the temperature, and it¢ To nodel all of these phenomenthe surfactant/water/NAPphase
behavior,interfacialtension, viscosityand density must benown. The fluid property data must have

been measured in the laboratory at the temperature and pH conditionssibé.tiether critical data that

involve the interaction between the surfactswitition andthe aquifersoil material include thesurfactant
adsorption and cation exchange. The usual protocol for surfactant selection followed by many researchers
is to measure contaminant solubilization enhancementrégidacial tension. Howevermicroemulsion
viscosity and densitgre equally important properties karly rarely reported irthe literature untilvery

recently (Dwarakanatlet al., 1999; Kostarelos, 1998Neerasooriyaet al, 1999). Measurement of
microemulsion viscosity igritical since low viscositiesare requiredfor reasonabldlow rates under
maximum available hydrauligradients in mosaquifers. The microemulsiordensity is alsamportant

since ithas aneffect on the vertical migration of a microemulsion plume containing solubitieede
nonaqueous phase liquids. This is especially important in the desiiga eéutrabuoyancy SEAR. We

refer thereaders to Dwarakanath armtbpe (2000) for wre details inphase behavior and property
measurements.

16.2 Phase Behavior

The most complex property to descrilgpiantitatively isphase behavior because it is influenced by
temperature and concentrations of all the species isystem. In UTCHEM, phadeehavior parameters
define the solubility of the organic contaminant in the microemulgltase as a function of surfactant,
cosolvent, anctlectrolyte concentratiorend temperaturasing Hand'srule described in Sections 2 and
11. The number of input parameters to define phase behavior increases witte complexity of the
surfactant formulation and conditions. The complexity arises due to the presaus®loEnt,significant
temperaturevariations, NAPL mixtures, angariation in electrolyte concentration because cafion
exchange due to possible differences in the electrolyte composition of the injected wapeyusmdwater.
The phase behavior parameter® calculatedased orthe volume fraction diagram and the contaminant
solubilities measured at different electrolyte and surfactant concentrations at a fixed temperature and pH.

Phasebehavior experiments identify surfactants wéitceptablyhigh contaminantsolubilization, rapid
coalescencéimes, andminimal tndency to form liquictrystals, gelsand enalsions. Volume fraction
diagram and ternary diagrams commonly represenpltagse behaviorThese experiments are described

in detail in Dwarakanath and Pope (2000). The volume fraction diagram provides an understanding of the
sensitivity of the surfactargolution behavior to additional electrolyteThe volume fraction diagram
involves equal volumes of NAPL and surfactant solution to be mixed and allowed to equilibrate. The
temperature and concentrations sf@rfactant, cosolvent, andontaminants are fixed while the
concentratiorfor the electrolyte is varied betweearious samples.Volume fractiondiagrams provide
information on the electrolyte concentrations at which a transition from Winsor Type | tdITypd8ype

Il is observed. In additiorthese diagrams provide information the solubilization of the contaminants

in the microemulsion and the optimusalinity. Ternary phase diagrams represent surfactant phase
behavior as a function of varying concentrations of surfactant, contaminant, and water. In these
experimentsthe electrolyte concentration in the water is fix@td the volume fraction afurfactant,
cosolvent, contaminant, and water is varied.

An illustration of a volume fraction diagram is shown in Fig. 16.1 for a mixturendf% Alfoterra© 145
(PO), sodiumethersulfate, 16 wt.% IPAand PCEDNAPL and calcium chloride at a temperature of

25 °C. From this figure itan beseenthatunder0.225 wt.%calciumchloride,the microemulsion and
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PCE DNAPL phases coexist, implying Winsor Type | behavior. Above 0.23 wt.% calcium chloride, only
the aqueous and microemulsion phases coexist, implying Winsor Type Il behavior. Be#&#Y and
0.23% calcium chloride, PCE DNAPL, aqueous amgicroemulsionphases coexisimplying Winsor

Type Il behavior. Aschematic of change in thghase behavior witlthe electrolyte concentration is
shown in Fig. 16.2

Volume fraction diagram experiments also provide information on the solubilizatidARE constituents
in microemulsion. The concentration of thBIAPL constituents in microemulsioshould be reasured
using a gashromatograpi(GC). The solubility of PCE inwater is approximatel240 mg/L. The
enhancement in solubilization of PCE byw#t% Alfoterra© 145 (PO) sodiumether sulfate over a range

of electrolyte concentrations shown in Fig. 16.3. The solubilization ofPCE is observed tocrease
from approximatelyl60,000mg/L at0.15% calcium chloride to approximate30,000mg/L at0.21%
calcium chloride.

16.2.1 Critical Micelle Concentration

Critical micelleconcentration (CMC) is the concentrationwdtich a surfactanforms aggregatesalled
micelles. One of the objectives of SEAR is to maintain the surfactant concentration well above the CMC in
the target aquifezones suclthat the solubilization or mobilization &§APL is maximized. For agiven
surfactant this necessitatéfsat either a sufficienthhigh concentration oalternatively a largeslug of
surfactant be injecteduchthat the surfactant concentration remains above the CMC after dilution and
dispersion in the aquiferThe exact concentration of the injectdfactant and the size of the surfactant
slug should beletermined aftedesign simulationshat quantify dilution anddispersion inthe aquifer.

The use of a surfactant with a low CMC will lower the mass of surfactant required contvieesedg of a
surfactant with higtCMC will necessitate the injection of a largeass ofsurfactant to effect the same
level of remediation. It is desirable tise asurfactant with dow CMC asthis hasthe potential to lower
costs.

As an illustration, sodium dihexyl sulfosuccinate, which was uséukirsurfactanflood demonstration at
Hill Air Force Base, Utah has a CMC of 0.8 wt.% in fresh water and 0.2 wt.% at optimal saliigyto
such a high CMC, &igher surfactant concentration is required in ithectate surfactant formulation to
overwhelm the effects of dilution ardispersion. Converselylfoterra© I-12-3PO-sulfate, has a CMC
on theorder0.01 wt.%. Alow CMC also makeshe surfactant more amenable recycling. The
important implication of this parameter in UTCHEM is that for surfactant concentration Galt§yy there
is no solubility enhancement and imterfacialtension reduction and surfactant residetheawaterphase
and only affects the viscosity and density of the water phase.

16.2.2 Procedure to Obtain Phase Behavior Parameters

As mentioned earliethe number of input parameters to define pi@ase behavior increases with the
complexity of the surfactant formulation due to the variation in cosob@mtentration, temperature, and
electrolyte concentratiodue to catiorexchange. To odel all theseeffects, of course, requires the
availability of laboratory data for the model calibration.

Here we givethe procedure tanatch the volume fraction diagramth fixed surfactant and cosolvent
concentrations and at a fixed temperature and pH. We use the same volume fraction diaggah6ats F
measuredor 4 wt.% Alfoterra®© 145 (PO) sodiumethersulfate, 16 wt % IPA, and PCE atrange of

calcium chloride concentrations at a temperature of 25 °C. The procedure is as follows for each test tube.
1. Calculate Microemulsion Phase Concentrations

Con = volume of dissolved NAPL in microemulgon phase
23 volume of microemulsion phase

Cos = volume of added surfactant in microemulsion phase
= volume of microemulsion phase
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C13=1-Cy3-Cy3
Calculate Effective Salinity

The effective salinity is the same as the anion concentr&tiorthe special case of fixed
cosolvent fixed temperature, and no catiexchange. The effective salinity as a function of
temperature and cosolvent concentration and in the presence of cation exchealgalated

using Eq. 11.26 irbectionll. The lower effective salinity(CSEL7) isthe effective salinity at
which the transition between Type | and Tyfeoccurs. The uppereffective salinity CSEU7)

is the effective salinity at which the transition of Type 1l to Typedturs. The lower effective
salinity is abou0.225 wt.%and theuppereffective salinity is aboud.235 wt.% as shown in

Fig. 16.1. Anion and cation concentrations are in meg/ml of water in UTCHEM. Therefore, the
commonly used laboratory unit of wt.% should be converted to meg/ml. Please also note that the
electrolyte concentrations in the laboratory are commerfyressed in terms dhe agueous
phase volume that includes the volume of surfactant and cosolvent in additionmatene For
example, 0.225 wt.9%&aCl, is converted to eg/mlwater with 4 vol% surfactant and 19 vol%

IPA with the density of 0.84 g/cc in the following manner:

++
0.225¢g « 1 mole « 1090 9 _ 0.0203 — moles Ca .
100g 11099g 1lliter liter of ag. solution
— 0.0406 moles Cl

liter of ag. solution

The calcium concentration in meg/ml of water is

++ ++
0.0203 —_MolesCa x 2 valence x —+ = o527 M4CQ

liter of ag. solution 1-004-019 ml of water

and the chloride concentration in meg/ml of water is

00406 — M vaencex—— L o527 M4
liter of ag. solution 1-0.04-0.19 ml of water

The lower effective salinity(CSEL7) isthe same as the anion concentratiorD @527 meg/ml
adjustedfor the volume of surfactant andicohol. Similarly, the upper effective salinity
(CSEU7) of 0.235 wt.% is equivalent to 0.055 meg/ml.

Calculate Optimum Effective Salinity

+
CSEOP = CSELY 2CSEU7 = 0.0539 meq/ ml

Calculate Hand's Rule A Parameter
The parameter A is calculatém the binodal curve Eq. 2.28 in Sectionf® microemulsion
phase (= 3) as

-1
% =A |:C33D
Cps  HCpaf
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2 2
A=_C33 _ C33
Cp3Ci3  Co3(1-Caz3—Cps)

Plot the Parameter A as a Function of Normalized Effective Salinity

An example of plot of A calculated from the experiments vs. normalized effective salinity is given
in Fig. 16.4. The effective salinity calculated for each test tube as in Step 2 is normalized by the
optimum salinity obtained in Step 3 as follows:

Effective salinity
Cseop

Normalized effective salinity =

Fit the datawith lines asshown in Fig. 16.4. The data are normallgparse withscatter so
special cares need to be taken in obtainingbw fit. Next, the values of A at zero @)

optimum (4A), and twice optimum (4 salinities aredetermined. Please ndteat if thedesired

phase behavior ithat of the Type [below optimum)then the behavior above the optimum is
not important and is irrelevant.

Parameter A for salinities other than those meastaackither be reallom the best-fit lines or
calculated from Eq. 2.31 as

O C 0
A= (Ao _Al) g_— CSE(E)P E+ Al for CSE < CSEOP

0cC O
A= (A2 —A]_) %‘1@"‘ Al for CSE > CSEOP

For comparison of model with measurddta,the Hand Equation(Eq. 2.29 inSection 2) for
surfactant concentration in microemulsion phasgz)(@ solved by varyinghe contaminant

concentration in the microemulsion phased®etween 0 and 1.

1 1
Csz = ‘EAczs +§\/ (AC23)2 + 4A((323 —C%:s)

Calculate Height of Binodal Curve

The phase behaviocalculation iInUTCHEM requiresthe height of binodal curve at three
different effective salinities, namely: zero, optimum, andwice optimum. Hand's rule
parameters A calculated in Steps 4 and 5 are related to the height of binodal curve by rearranging
Eq. 2.30a in Section 2 as
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In summary, the UTCHEM input parameters for the case of fixed alcohol concentration and fixed ratio of
Ca to Na concentratiofmo cation exchange) and fixed temperature are giverable 16.1. The phase
behavior parameterthat were natched against the volume fraction diagramd corresponding PCE
solubility datashown in Figs. 16..and16.3 arealso provided ifTable16.1. Fig. 16.5compares the
measured PCE solubility data and the model calculations. pliiegoint parameters ¢er and Gp) in
principle can be determined from a detailed phase composition analygsis-phase samples close to the
plait points. Inpractice,however,this is very difficult andolait ponts areusually assumed to be in the
corners.

16.2.3 Effect of cosolvent

For a more general case where cosolvent concentradioes, additionalphase behaviodata are required

to obtain the model parameters. Cosolvent is normally added to the surfactant formulation to minimize the
occurrence of gels/liquid crystals/emulsions, lower the equilibréitioes, andreduce theriscosity of the
contaminant-rich microemulsion. For example, Fig. 16.6 shows that the optimum salinityifdui@ of

8 wt.% sodium dihexyl sulfosuccinate decreases fia?® wt.%NaCl t00.5 wt.% NaCl by addition of

20 wt.% IPA (Dvarakanath andPope, 2000). Imgeneral surfactant is more effectivethout added
cosolvent except for the need to reduce the viscosity and equilibration times. These aexpetimaental

data suggest that ttogptimal salinityvaries linearlywith cosolvent concentrationThe optimal salinity in

terms of the anion concentration in the aqueous phase is then expressed as

Cs1,0pt = Cs1,0pt (1 + |37f7s)

WhereCt;l is the optimum anion concentration in the absenceosblvent. The parametef; can be
estimatedrom the slope ofthe straightine of normalized optimum salinity €& opf Cglopt) versus f?.

f2 is defined as the ratio of the volume of cosolvent associated with surfactant to total volume of surfactant
and is estimated as

f§=— 1
7= ;7 1
1+(C73) !

The definition of effective salinity in the presence of alcohol is then given by Eq. 11.24 in Section 11 as

Cs1

Ce =
i1+ B/f7 )

Therefore the additional model input due to the presence of cosolvent include

» Cosolvent partitioning data for water/surfactant and water/contanfiicarexample OPSK70 and
OPSKTYS of the Hirasaki's model of IALC = 0). Refer to Egs. 11.4 and 11.5 in Section 11.

» Effect of cosolvent on the effective salinity (BETA7) in Eq. 11.24 in Section 11.

» Effect of alcohol on contaminant solubilifHBNS70, HBNS71, HBNS72) in Eq. 11.30 in
Section 11.

Kostaleros (1998) performezkperiments specifically designed to meashesIPA partitioncoefficients.

The partitioning of IPA with neelle was measured in a three-phase sample (TYipdoy mixing 4 cc of

TCE and 4 cc of surfactant solution containing 4 wt.% sodium dihexyl sulfosuccinate (on active basis) and
8 wt.% IPA at an optimum salinity &400mg/L NaCl. After the sampleeame toequilibrium, a sample

from each phase was analyzed for IPA concentration. IPA and DNAPL concentvagienseasured by
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gas chromatography. The volume fraction of IPA inexcessTCE DNAPL, excess water, and
microemulsion phases were 0.015, 0.093, and 0.046 respectively.

The patrtitioning coefficient of alcohol to TOBEas computed as the ratio of volume fraction of IPA in
excess TCE phase to that in the excess water phase as

Conc. of IPA in excess DNAPL
Conc. of IPA in excess water

K2 =

With this dataand a masbalance of totalPA, the partitioning coefficient of IPA to surfactant micelle

(K%) is computed which ithe ratio of volume fraction of IPA in surfactant to that in éxeess \ater.
The mass balance can be written in terms of the total IPA as

2 3
V7 =K% C71Vp +Cq1 V) +K7 C7q1 V3
where

C71= concentration of IPA in excess water
V41 = Volume of excess water

V5 = Volume of excess oll

V3 = Volume of surfactant

V7 = Volume of IPA

To obtain the effect of cosolvent on the shift in optimum salifiy, f/olume fraction diagram needs to be

measuredor at leasttwo different cosolvent concentrationsThe effect of IPA concentration on the
optimum salinity of a mixture of &t.% sodium dihexyl sulfosuccinatélill DNAPL is demonstrated in
Fig. 16.6. Figure 16.7 showsthe effect of alcohol on the solubilization parameters at the optimum
salinity.

In order to obtainthe phase behavior parametefsr cosolventnamely HBNS70, HBNS71, and
HBNS72, and BETA7, we normally perfornbatch-calculations with UTCHEM and vatiie phase
behavior input parameters until a satisfactorgtch of UTCHEM outputdata of microemulsiophase
concentrations and the measured data is obtained. Each batch run corresponds to one test tube of the phe
behavior experiment at a fixed electrolyte concentration. A sample batch input is included in the UTCHEM
distribution CD-ROM. Example input parametefsr a mixture of sodium dihexyl sulfosuccinatéRA,

Hill AFB DNAPL, and sodium chloride is given in Table 16.2.

Please not¢hat if the alcohol is modeled as a separate componddT @HEM, the lower and upper
effective salinities should be based on experiments with zero cosolvent since the input parameter (BETA7)
will be used to shift the optimum salinity.

16.2.4 Cation Exchange and Effect of Calcium

The phase behavior of surfactant formulations vathonic surfactants istrongly affected by electrolyte
composition. Adifference in electrolyte concentration between the injected water arrésident water

can cause ion exchange with the clays and hence an increase in the elecinolgteration. Foexample

if the source water injected during the SEAR contains a small amount of sodiwalcihen concentration

can be increased due to the exchange 6flNd Ca’ through ion exchange with Ca-richagk. The total

divalent ions (total otalciumand magnesium) is referred here to as "calciuAdditional ion exchange

can occur in the surfactant because anionic surfaftiems negatively charged micelles wehich sodium

and calcium ions associate in a manner similar to the surface of clay. The increase in calcium concentratior

16-6



UTCHEM Technical Documentation
Guidelines for Selection of SEAR Parameters

of theaqueous solutionan cause an unfavoraldhift in phase behavidhat maynot be accounted for
during the SEARdesign ifthe ion exchange is significant and is not modelppropriately. The ion
exchange model in UTCHEM allows for calculations of ions that may be freaution, adsorbed on the
soil, and associated with surfactant. Refer to Eqgs. 2-19 through 2-26 in Section 2. Any inmakased
concentration picked up by surfactant due to the ion exchange is accdonted the electrolyte
concentration calculationsConsequently, thisvill affect the phase behavior and wftately the SEAR
performance. Hencearefully designed soil column experiments with representative aqudésrial
should be conducted to determine both the cation exchange capacity of the clays as well as to determine th
potential for mobilization and migration of fines. Tal& 3 givesthe cation exchange parametgrs the
UTCHEM model. Example inputvalues were determined by Hirasgkitera, 1997) fothe AATDF
surfactant/foam demonstration at Hill AFB.

The effect of calcium concentration on the phase behavior is taken into accounshifttimethe optimum
salinity similar to that of theosolvent. Optimum salinitydecreases linearlyith the fraction ofcalcium

bound to micellesfg). The optimum salinity is calculated from
- S
Cs1,0pt = Cs1,0pt (1 - Bsfes)
wherefg is estimated based on the ion exchange measurements with surfactant.

16.2.5 Effect of Temperature

As statedabove,the solubility of contaminant and surfactgstiase behavior is atrong function of
temperature. If the surfactant solubility in water decreases with a decrease in temperature, tyhzt is
of sulfonates, then less electrolyte is needed to achieve equal affinity of the surfactant for the water and the
NAPL, thereby reducing the optimursalinity. Low tenperatures also tend to result slower
equilibration and more problems withiscous phases.Bourrel and Schechtgd 988) have shown that
optimum salinity increases lineanyith increase irtemperaturdor mostanionic surfactants. The phase
behavior measurements with Hill OU2 DNAPL aswbium dihexyl sulfosuccinatghow anincrease in
optimum salinity as the temperature is incredsech the groundwatewvalue of 12 °C ashown inFig.
16.8. These results emphasise importance ofphase behavior measurementstre representative
groundwater temperatures.

16.3 Microemulsion Viscosity

The viscosity of the injected surfactant solution and the microemulsion is one of the pgaotary in the
surfactant selectiostudy since it influences the injectivity, especially low permeability orshallow
aquifers. Surfactants are highly prone to forming viscous macroemulsions, gels andriigtats, under
different conditions. A very viscousurfactant and microemulsion will be difficult to puntiprough
shallow aquifers as doing so will require high-induced gradients, and will result in unacceptably slow flow
rates and longremediationtimes. Therefore, botlthe measurement andccurate modeling of
microemulsion viscosityare critical. In general the sdosity of the aqueous surfactant solution and
microemulsionshould be aslose as possible the viscosity of water and exhibit Newtonian behavior
under ambient aquifer conditions.

The viscosity ofthe microemulsion generally increasei$h an increasing fraction of solubilized NAPL
components. Ashe viscosity ofthe solution inpcted into thesubsurface increases, a higtmgdraulic
gradient is required to sustdaime samdlow. As such,the benefit of the maximum hydraulgradient,
which can be,sustained betweeimjection and extractionvells decreases abke viscosity of the fluids
being moved througthe subsurface increasedhe viscosity of surfactant solution is also fesrature
dependent and at low groundwater temperatures a higher viscosity is expectbdwdddoefactored into
the overall surfactant selectigmocess. Therefor¢he laboratory measuremersisould be performed at
the representative groundwater temperature.

Since variation in DNAPL solubilization can haweich adramatic impact on theviscosity of the
microemulsion,the numerical simulatoused to desigrihe surfactanflood should calculate viscosity
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based on composition. In UTCHENhe viscosity ofeachphase isnodeled in terms of the water and
contaminant viscosities arttie phase concentration dfie water, surfactantand contaminant ireach
phase. The measured microemulsiaiscosity is generallyused tocalibrate the microemulsiophase
viscosity correlation.

An examplecomparison othe calculatedind measured microemulsion viscosity is given ig. A6.9.
The microemulsion is a mixture of 4 wt.% Alfoterra© 145 (P€9diumethersulfate, 16 wt.% IPA, 0.2
wt.% calcium chloride, at varying fractions of solubilized PCE. As points of compatimoriscosity of
the surfactansolution with no DNAPL present 8.4 cpand theviscosity of PCE-DNAPL i9.89 cp.
The microemulsionviscosity is increased as moemntaminant is disolved. The viscosity of a
microemulsion containing 0.19 vol% dissolved DNAPL is about 3 cp.

The viscosity experiments involve different volumesR¥APL in the range of 0 to 50 % added to an
aqueous surfactant solution with a fixed surfactant, alcohol, etexdrolyte concentration. Once the
samples are equilibrated, a sample of microemulsion phaseeskomtest tube is analyzéat viscosity at
different shear rates using an ultra-low shear viscometer.

The microemulsion viscosity is calculated using Eq. 2.77 in Section 2 for ph8sas

Hz = Cra Ky e[0l1(023+033)] +Co3 Ho e[Olz(Clrs’f(33:s)] +Ca3 U3 J04Cr3+a5Ca3)

whereyp,, andp, are the water and DNAPUscosities. The five alpha parameters are adjusted until a

satisfactory fit of the measuretdscosity andhe model is obtained as demonstrated ign £6.9. The
microemulsion phase concentrations (C13, C23, C33) are known for eatib&estable 16.4gives the
list of viscosity model parameters.

The addition of a cosolvent can reduce seosity ofthe microemulsiorfiormed. The concentration of
cosolvent should beptimizedsuchthat theviscosity ofthe microemulsion is akw as possible. Fig.
16.10 illustrates the effect of the addition of cosolvent on microemulsisnosity. In thisfigure a
microemulsion containing 8vt.% sodium dihexyl sulfosuccinate, wt.% IPA and 163,000mg/L
dissolved Hill AFB-DNAPL constituents has a viscosity of approximately 8 cp. A similar solution with 8
wt.% IPA and 152,000mg/L dissolvedDNAPL constituentdas a lower viscosity adpproximately 5.2

cp. The lower viscosity is a result thie additional alcohol cosolvent in th@croemulsion. The optimal
cosolvent concentratioshould be suclthat acceptablyow microemulsion and surfactant viscosities are
achieved in the subsurface.

As mentioned earlietthe addition of cosolvent will affect thghase behavior othe surfactant,e.g.,
parameters such as the extent of contaminant solubilization and the optimum salinity. If cosolvent is to be
used in the surfactant formulation, the phase behavior experiments conducted must include cosolvent.

16.4 Surfactant Adsorption

Surfactant sorption by mineral surfaces can cause substantial loss of surfactant and reduce its performance
In addition to surfactant losses, sorption can also reduce the permeability of the aquifer material. Nonionic
surfactantsaare more likely to bsorbed by nmeral surfaces due tthe presence of polagroups in the
surfactant molecule that maattach topolar groups on rmeral surfaces. Anionic surfactantstypically

exhibit low sorption in the presence of aquifer material and are pref&ope and Baviere, 1991). This

is because the negatively charged head of the surfactant is repelled by the net negative charge of silica an
other typical minerals that make up alluvium aquifers at typical values of groundwater pH. The commonly
usedanionic surfactant®or SEAR include alcohol ethesulfates,alkanesulfonates, and sulfosuccinates,

all of which, typically exhibit low adsorption. The tendency of surfactans®io tothe aquifersolids is
evaluated insoil column tests. The sorption experimentsshould preferably be conducted in
uncontaminatedoil. A conservativenon-sorbingtracersuch as IPA ortritium should be used as a
conservative tracer. Surfactant adsorptiomaleled with a Langmuir isotherthat takes into account

both the surfactant andlectrolyteconcentrations. i§. 16.11 is arexample of the measuredisorption

datafor sodiumdioctyle sulfosuccinate surfactant at the Canadian RWlerium (Shiauet al 1995).
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Also shown isthe Langmuir isotherm fitted to thedata. The procedure to fit the measured surfactant
adsorption data to obtain the UTCHEM input parameters are given as follows.

The Langmuir adsorption isotherm has the form, as given in Eq. 2.14 in Section 2, of:

& a3(f:3 - ég)

ST+ b3(€:3 —é;)

C3=CiC3
where
ag = Langmuir fitting parameter, dimensionless
bz = Langmuir fitting parameter, vol. of water/vol. of surfactant

C, = Water concentration, volume of water/pore volume
6:3 = Adsorbed surfactant concentration, volume of surfactant/pore volume
(5; = Adsorbed surfactant concentration, volume of surfactant/volume of water

Cs- 63 = Concentration of surfactant in water, volume of surfactant/volume of water

The ratio of two Langmuir parameters/(bg), determines the horizontal asymptote and the paramgter b
determines thsteepness dheisotherm. Masured surfactant adsorptidata areexpressed irseveral

different units. The adsorption data given in Fig 16.11 is, for exampllee ianit ofumol/g of adsorbed

and mmol/L of surfactant concentrationsThe reported surfactant concentrations are converted to the
UTCHEM unit using a density ofl.10 g/cc and molecular weight o445 for sodium dictyle
sulfosuccinate surfactant.

~  ~ Dol of surfactantl_ g cmmol [ MW [
C3-C3[3 0= Cs Fieng
] vol.of water [ H L ensity [, ¢

Adsorption in volume of surfactant/pore volume is:

N ) 00 4 .0 -
&, EVO| of adsorbed surf o= C'3""b (umole _surf X MW < Pr 1-¢
0 porevolume ] DD gsoil Ps @

where for thisspecific examplavith the porosity of 0.35and grain soil density a2.65 g/cc and the
surfactant solution density of 1.10 g/cc, we have

& [ecsurf. é|abEpmoIesurf.DD 1 mole 5 grid cc of surf.[1J2.65 g soil [11-0.350]
3H H R moleFH 1.10g HH mi of soil (H 0.35 H

. 3
Jccpv [ ] gsoil Eg_oeumole
Assuming no dependency dme salinity (g, = 0.0), the UTCHEM adsorption parametefgted to the
data were found to bg & 12 and B = 1000.
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The parametersacanalso be adjusted based on salinity aedmeabilityusing Eq. 2.15 irBection 2 as
follows:

ok of®
ag = (ag; +332CSE)%GE
r

Table 16.5 gives the UTCHEM surfactant adsorption input parameters.

16.5 Interfacial Tension

Interfacial tensions (IFTs)epend on théypes and concentration stirfactant, cosolvenglectrolyte,
contaminant, and temperaturé=Ts have been directly correlatedth surfactant phasbehavior. The
published correlationgelate themicroemulsion/NAPLIFT to the volume fraction of contaminant and
surfactant in the microemulsiophase (Lake, 1989; wh, 1979; Healy and &ed, 1974). IFT
measurements are relatively difficult fmerform thereforethe phase behaviodata and afew IFT
measurements are all needed to calibrate the IFT correlation for a specific surfactant formildsocan
be measuredising a spinning drogensiometer (Cayai®t al., 1975). Mdel calibration of the
DNAPL/microemulsion IFT is critical in SEAR simulation for the assessment of the DNAPL mobilization.
Examples of measured and model calculationd-®fusing Chun Hb's (IFT = 1) modelare shown in
Fig. 16.12. Chun Huh (1979) proposetat the interfaciatension and solubilitgre intrinsically related
by the following function.

oonz C
23752
R23

where the contaminant solubilization parameter is defined as

R..=C23 - Vo
23 = =
Caz Vs

The solubilization ratio (MVg) is the ratio of volume of contaminant solubilized in the microemulsion
phase to the volume of surfactant in the microemulsion phase.

In UTCHEM, we introduced Hrasaki's correction factor and modified Htis correlation so the IFT
reduces to water-oihterfacialtension aghe surfactant concentrati@pproaches to zeroFor example,
Eq. 2.47 in Section 2 can be written for interfacial tension between NAPL and microemulsion as follows.

023 = Oow exp(-aRp3) + ;—223(1 - eXIO( ‘aRga))

wherea,, is the water/DNAPL interfacial tension and the correction facies Befined as:

1- expg—\/ (Crz ~C13)° +(C22 = C23)” +(Cap ~Caa)’ g

1- exp(—«/i)

There are only two calibration parameters in Huh's model namely, c and a. These pasenatiusted
until a satisfactory match of the measured IFT and model calculationbtaised. In order tobtain the
calculatedIFT curve for a widerange of solubilizatiorratio, the microemulsiornphase concentrations
obtained from matching the phase behavior measurements is used for the IFT calculationgef@ldase
Brown (1993) for more details on the phase behavior and the IFT model parametesithefa Type |l
or Type Il phase behavior, the IFT between microemulsion and watelcigdatedusingthe solubilization
ratio,

FZ:

16-10



UTCHEM Technical Documentation
Guidelines for Selection of SEAR Parameters

_bv,, O
RaL® B H

and the correction factor, KEgs. 2.44 and 2.45 in Section 2 forl).

Table 16.6 gives the Chun Huh's IFT mogdatameters witlexample input parametebsmsed orthe data
given in Fig. 16.12.

16.6 Microemulsion Density

The accurate modeling of the microemulsaensity iscritical due to therisk of vertical migration of
contaminant solubilized in thdenser than water microemulsion phase in aquifers with insufficient
capillary barriers such aslay orshale. UTCHEM continually calculates the microemulsidensity as a
function of the concentration of each component as the flood progresses.

DNAPLs can be removettom aquifers with nocapillary barrierusing the SEAR at neutrdbuoyancy
(Shooket al, 1998; Kostarelost al, 1998). The concept is to add sufficieamounts of lightlcohols,
i.e., alcohols with density less than water, to redheelensity ofthe microemulsion to make it neutrally
buoyant with respect to thground water. Thisvill remediate the sitavhile controlling thespreading of
the contaminantslownwardinto the uncontaminateground water. Howevelthe use of aneutrally
buoyant surfactant solution presents another challengethands that it will tend to floatvhen no
DNAPL is contacted; thus it is still important in all cases to calculate the microemulsion density.

The density of each phase iscalculated as dunction of its composition and is adjustédr fluid

compressibility. For example, the microemulsion phase deipgjty( specific weight (g3) is calculated

as a function of the concentration of each component in the microemulsion phase using Eq. 2.48 in Section
2 as follows.

Y3 =C13 Y13 +C23 Yo3 +C33 \a3 +0.02533 C53 —0.001299 Cgz +C73 Y3

where
Y13 = VlR[l"'C(l)(PS _PRO)]
Y23 = V23R[1+C8(P3 _PRO)]
Y33 = V3R[1 +C3(P; - PRO)]
Y73 = V7R[1 +CH(P; - PRO)]

The apparentdensity of each componentyfr) is estimatedbased onthe best fit to the measured

microemulsion densitylata. Anexample of microemulsiodensity as a function of alcohol and TCE
concentrations is given inigz 16.13 (Kostarelost al, 1998). The solution is a 4wt.% active sodium
dihexyl sulfosuccinate).6 wt.% sodium chloride, withralcohol concentrations (ethanol or IPA) ranging
from O to 8 wt.%, and TCE concentrations ranging from 0 to 6 wt.%, and wHber apparentiensity of
TCE in the microemulsion is about 1.32 g/cc compared to the pure TCE density of 1.46 g/cc.

Table16.7 givesthe phase density odel parameters witexample input parametelsmsed orthe data
given in Fig. 16.13.

16.7 Trapping Number
Surfactants have the potential both mobilizing as well as solubilizing NAPtherefore, wecandesign
either a mobilization or solubilization surfactant flood by adjusting the trapping number (Jin, 1995; Pennell
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et al, 1996; Delshadt al, 1996). Please refer to Eqg. 2.72c in Section 2 for the mathematical definition of
trapping number. A lowertrapping number is achieved hysing asurfactant withrelatively low
contaminant solubilization and lower interfacial tension reduction. Conversely a higher trapping number is
achieved by using a surfactant with ultra-low interfacial tensions and ultra-high contaminant solubilization.

The capillary desaturation curve is the relationship between residual saturation of a nonaqueous or agueou
phase and #ocal capillary nurber (or a mre general definition of trappingumber). The trapping

number is a dimensionlesatio of theviscous andgravitationalforces tothe capillaryforces. At low

trapping number, residual saturatiareroughly constant. At somteapping number designated, as the
critical trapping number,the residuakaturations begin to decreas&he capillary desaturationurves

define the mobilization for each phase as the trapping number is increased primarily because of the reduce
interfacial tension.

The most critical capillary desaturation curve in the SEAR design simulations is that of the DNAPL since it
defines the degree of DNAPL mobilization or free-phase recovery during the surfastafiReduction in
interfacial tension due tdhe injected surfactant or even snatlanges in hydraulic gradienan cause
DNAPL to migrate vertically. If astrong capillary barriersuch as a&ompetent clayexists beneath the
targeted zone of contamination, vertical mobilization may not kiesale or concern. Cthe otherhand,

for the case of aquifers with insufficient or no capillary barrier, the rislkedical DNAPL migrationmust

be accuratelyassessed.Vertical DNAPL mobilization canhowever beminimized by engineering the
surfactant solution appropriately, as with the application of SEAR neutral buoyancy or otherwise avoiding
the creation of ultra-low IFTs in the subsurface.

Examples of capillary desaturationrves for DNAPLsmeasured by Dwarakanath997) andPennellet

al. (1996) are given in Fig. 16.14. Both setglafawerefit to the model ashown in Fig. 16.14. The
model calibration parametefsr the DNAPL are b, 'C}W, and h'rgh as given inTable 16.8. These

parameters are obtained by the fit of normalized resiA&L as a function of trapping number to the
following equation as follows:

high
SZI’_ rg _ 1

S -spd 1+ ToNTo

An example of the capillary desaturatioarves forwater and microemulsiophasesare given inFig.

16.15. The model parameters for these curves are given in Table 16.8. The trapping pdmanettms
and microemulsiophasesarebased orthe fit of the model to thpublisheddata of Delshaq1990) for
mixtures of petroleum sulfonate, decane, and sodium chloride in Berea sandstone.

16.8 Physical Dispersion

Heterogeneity and dispersion both camseing in an aquifer and the appropriate longitudinal and
transverse dispersivities depend on how the heterogeneities are modeled. When a stochastic heterogenei
field is used with afine grid, dispersion isiot very important since heterogeneitgminates. When
homogeneous layers and a coarse grielused, large effectivedispersivitiesare appropriate. Both
moleculardiffusions and dispersivitiegre modeled IWTCHEM. The longitudinaldispersivitiescan be
estimated by the calibration of simulation results agdivestonservative interwell tracer test (CITiEId

data.

Example values of dispersivities used in the SEAR simulations discusSedtian 15 are given ihable
16.9.
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16.9 Tables and Figures

Table 16.1. Phase Behavior Parameters

Phase Behavior Parameter Equation [ UTCHEM | Parameter
Symbol | Parameter | Value*
Maximum height of binodal curve at zero salinity Camax,0 HBNC70 0.07
Maximum height of binodal curve at optimum salinity Camax,1 HBNC71 0.04
Maximum height of binodal curve at twice optimum salinity| Camax 2 HBNC72 0.171
Lower effective salinity where Type Il begins, meg/ml water CSE CSEL 0.0527
Upper effective salinity where Type Ill ends, meg/ml watef CSEU CSEU 0.055
ﬁzliln%og%eer;fregﬁr}rgtc 'i?oenplalt points of the Type | region (right Copr C2PRC 1
ﬁ)zliln%orslicaeer;'freg(l).r}rgtc tt?oenplalt points of the Type Il region (left Copl C2PLC 0
Critical micelles concentration, vol. fraction CMC EPSME 104

"4 wt.% Alfoterra© 145 (PQ)sodium ether sulfate, 16 wt.% IPA, and PDEAPL at a range

of calcium chloride concentrations at a temperature of

25°C

Table 16.2. Phase Behavior Parameters to Account for Cosolvent

Phase Behavior Parameter Equation | UTCHEM | Parameter
Symbol | Parameter | Value*
Slope at zero salinity mz.o HBNS70 0.1
Slope at optimum salinity mz 1 HBNS71 0.15
Slope at twice optimum salinity mz > HBNS72 0.3
Effect of cosolvent on effective salinity B, BETA7 -2.08
Partitioning between water/surfactant (IALC=0) K% OPSK7S 0.162
Partitioning between water/contaminant (IALC=0) K% OPSK70 2.62

* Mixture of 8 wt.% sodium dihexyl sulfosuccinate, 4 wt.% IPA
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Table 16.3. Cation Exchange Parameters

Parameter Smbol | Parameter | value
Cation exchange capacity, meg/ml pore volume Qv Qv 0.06
Exchange coefficient with clay, (meg/m) Bc XKC 0.4
Exchange coefficient with surfactant, (meg/#l) Bs XKS 0.45
Equivalent weight of surfactant M3 EQW 388
Table 16.4. Microemulsion Viscosity Parameters
Parameter Symbol | Parameter | value
Water viscosity, cp My VIS1 1
Contaminant viscosity, cp Ho VIS2 0.89
Alpha parameters 04 ALPHAV(1) 1

a5 ALPHAV(2) 3.6

03 ALPHAV(3) 0.708

0y ALPHAV(4) 5

as ALPHAV(5) 0.0
Table 16.5. Surfactant Adsorption Model Parameters
Parameter Equation | UTCHEM | Parameter

Symbol | Parameter| Value®

Surfactant adsorption parameter, dimensionlgss 31 a AD31 12
Surfactant adsorption parameter, (meg#nl) agy AD32 0.0
Surfactant adsorption parameter, dimensionlgss 3 b B3D 1000
Reference permeability, md reK REFK N/A
Effective salinity, meg/ml G CSE 0.0

* Based on measured data by Skitial (1994)
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Table 16.6. Interfacial Tension Model Parameters
uaton [ yTCHEM TParameter
Log;gwater/NAPL IFT, dyne/cm Oow XIFTW 0.68
IFT Model N/A IFT 1
Chun Huh constant, c c CHUH 0.22
Chun Huh constant, a a AHUH 9
Table 16.7. Phase Density Model Parameters
aon | TcHen Traametr
Water specific weighit psi/ft ViR DEN1 0.433
NAPL specific weight, psi/ft YoRr DEN2 0.632
Constant for contaminant in microemulsion phase, psj/ft yo3r DEN23 0.571
Surfactant specific weight, psi/ft V3R DEN3 0.433
Cosolvent IPA specific weight, psi/ft V7R DEN7 0.3637
* Please note that water density of 1g#€:433 psi/ft
Table 16.8. Trapping Model Parameters
paion TcHEn [Pajamerer
Trapping parameter for water 1T T11 1865
Trapping parameter for DNAPL T T22 6000
Trapping parameter for microemulsion 3T T33 365
Residual saturations at high trapping number for all three p'lasﬁrigh S1RC 0.0
high S2RC 0.0
nigh S3RC 0.0
DNAPL residual saturation at low trapping numbers: §2°r"" S3RW
Dwarakanath (1997) 0.15
Pennellet al (1996) 0.11
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Table 16.9. Physical Dispersion Parameters

Equation | UTCHEM | Parameter | Parameter
Parameter Symbol | Parameter Valuel Value?
Water phase:
Longitudinal dispersivity, ft o1 ALPHAL (1) 0.05 0.01
Transverse dispersivity, ft OT1 ALPHAT(1) 0.0 0.0
NAPL phase:
Longitudinal dispersivity, ft o2 ALPHAL(2) 0.05 0.01
Transverse dispersivity, ft OT2 ALPHAT(2) 0.0 0.0
Microemulsion phase:
Longitudinal dispersivity, ft o3 ALPHAL (3) 0.05 0.01
Transverse dispersivity, ft OT3 ALPHAT(3) 0.0 0.0
1 Used in SEAR simulation of Camp Lejeune site
2 Used in SEAR simulation of Hill AFB OU2 site
1.0 ‘ \ 4 L L
[ | Surfactant conc.=4 wt.% of aq. phase
097 IPA=16 wt.%, WOR=1
0.87
0.7 PCE
§ 0.6 [ l ° ° ®
E, 0.5¢ e
;g 0.4 Microemulsion
I ] |
0.3 "
- |
0.2
A [ |
01 - Aqueous
0.0 = i = i
0.15 0.17 0.19 0.21 0.23 0.25

CaCl2 Concentration, wt.%

Figure 16.1. Volume Fraction Diagram for 4 wt.% Alfoterra© 145 (PO), sodium ether
sulfate and 16 wt.% IPA with PCE at 25 °C.
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Figure 16.2. Dependence of phase behavior on electrolyte concentration.
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Figure 16.3. PCE solubilization for 4 wt.% Alfoterra© 145 (PO), sodium ether sulfate and
16 wt.% IPA at 25 °C.
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Figure 16.4. Experimentally determined "A" Hand parameter vs. optimal salinity ratio.
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Figure 16.5. Measured and calculated DNAPL solubilization for a mixture of 4 wt.%
Alfoterra© 145 (PO),4 sodium ether sulfate, 16 wt.% IPA, and Camp Lejeune DNAPL at

different calcium chloride concentrations.
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Figure 16.6. Effect of IPA concentration on optimum salinity.
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Figure 16.7. Effect of IPA concentration on optimum solubilization parameter.
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Figure 16.8. Effect of temperature on optimum salinity.
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Figure 16.9. Measured and calculated microemulsion viscosity for a 4 wt.% Alfoterra© 145
(PO),4 sodium ether sulfate, 16 wt.% IPA, and 0.2 wt.% calcium chloride at different PCE

concentrations.

16-20



UTCHEM Technical Documentation
Guidelines for Selection of SEAR Parameters

o | |

8; —e— 4 wt.% IPA .
- - R 0
: m--8 wt.% IPA } " —
L 1

4F Pz

L
r

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000

Microemulsion Viscosity, cp
(@)
\\\
1
1
-

DNAPL Solubilization, mg/L

Figure 16.10. Microemulsion viscosities for mixtures of 8 wt.% sodium dihexyl
sulfosuccinate, sodium chloride, IPA, and Hill AFB-DNAPL at 12 °C.
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Figure 16.11. Comparison of measured and Langmuir Isotherm model calculations for the
adsorbed sodium dioctyle sulfosuccinate (AOT) surfactant on Canadian River Alluvium
(Shiau et al., 1994).
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Figure 16.12. Measured and calculated interfacial tension as a function of solubilization
ratio.
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Figure 16.13. Microemulsion density for increasing concentration of alcohol (either
ethanol or isopropanol), 4 wt.% sodium dihexyl sulfosuccinate, 0.6 wt.% sodium chloride, and
TCE.
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Figure 16.14. Comparison of the calculated and measured capillary desaturation curve for
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Appendix A
Discretized Flow Equations

The coordinate systewan be eithecartesian, radial, or curvilineaThe discretized equations presented
here ardor the cartesian coordinagystem referred to g%, y, z). The finite-differencegrid is block-
centered and numbered from 1 to\NYNz, where N, Ny, and N correspond to the number of gridblocks

in the x, y, and zirections, respectivelyThe volume of the # block (i, j, k) is AV m=AXmAYmAZm
where i, j, and k correspond to the x, y, and z coordinate directions, respectively. The time indreanent
from timestep n to timestep n+1. The delta opekat@notes discrete differences:

5tfn :fn+1_fn

Oyfrm =Ty —Frq—q,0,fi =F —Fi_
x'm m m-1»9x!i i -1 (A.l)
Oyfm =fm —fm-nx. Oy fj =fj —fj_1

Ozfm = fm ~fm-nxny: 02k =fk —fk-1

Most variables, includingpressure, concentrations, adsorbed concentrations, saturatapiiary
pressuresphase properties such as density, viscositgrfacialtension, andelative permeabilities are
calculated and stored at gridblock centers. Some variables, such as transmissibilities and phase velocities
are evaluated at the faces between gridblocks. Applying the finite-difference approximations to the species
conservation equatior(&€g. A.1) and thepressureequation (. A.10), weobtain a system dfinite-
differenceequations. Fothe purpose of simplicitythe system of equations iflustrated for a two-
dimensional problem even though the code is three-dimensional.

The species conservation equation for specetsgridpoint m is

n+l _ n n

(FaK)m = (Fa<)m +5ttn(Fu< +Fq<) (A.2)

m

The superscriptnindicates that the variables are evaluatsthg both oldimestep(n) variables and new
timestep (n+1) variables.

Fa is the accumulation term

(Fac),, = {chAvéK [1+(Cf +Cf)(Pr - PRO)]} i (A.3)

Fi is the transport term as
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e L 2 (G

B (PR +POR)  ~(VR) 8 (D)mial
R M L e M 0

-5, [1+C9(Pr ~Pro)| :1+1nzﬁcny)m(Tyg)m

%y(P|Q+1+P&R)m+NX (v5:). 3/ (@)menx
(Kyer) 8y(c0). o # (K], Be) (e

where G/, Cyks, Txs, and Ty, are defined by

(A.4)

CXKﬁ)m :(Ckf)m"'q) {rxm[(CK/) ]}5X(CK€)m+1/2
ny)m =(CKf)m { m]} 6y m+Nx/2

Kyr) m+1/2} (Tx/1e)

kr/ m+Nx/% Y/“/

(A.5)

(krf)m(p {rxm[k m 6x
(et )@ m{ rym] (e ) B
)

, given by

(A.6)
T ) (AyAz)m/(AXm/km +Axm+1/km+l)
(A.7)
Ty)m (AXAZ)m/(Aym/km+AYm+Nx/km+Nx)
are transmissibilities.
dmis the flux limiter function defined as follows (Let al, 1994):

2(fm+1/2 _fm)

(A.8)
fm+1 _fm

m

The magnitude of the limiting depends on the smoothness of the data, measured by the ratio of consecutive
cell gradients r:

= m ~Tm-1 (A.9)
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xm :(Ckﬂ)m] = 5X(CKf)m/5X(CK€)m+1
F'ym (CKe)m] =8y(Cut) /By (Cut ) nix
rxm:(kw)m] =8y (Kre)m/Bx (Kee)maa
fym (kré)m] =By (Kee ) / By (Kre) e ux

Kokt Ky Ky r,@nd Ky o are the dispersion coefficients defined by

RXXKZ)m = AymAZm/:(Axm +Axm+1)/2] ((PRSEKXXKZ + 6ttnu>2<£/(ﬂ?)m

nyKf)m =AYmAZm/:AYm "'(AYm—Nx +AYm+Nx)/2] ((PRSEnyKé + Qtnuyﬁ/qh)m

(
(
(KWK()m = MXmDzpm /[(By m +Aym+NX)/2] (chSZKnyg + éttnugg/qp)m
(

Ryxu)m = AymAZm/:AXm +(Axm—1 +Axm+1)/2] ((PRSZKyXKE + Qtnuyﬂuxz/(ﬁ?)m

The average specific weight of phase calculated from

(V) = [(nygAx)m +(y£EgAx)m+1]/[(EgAx)m +(EpX) .
(\_/y/i)m :[(V/ZEKAy)m +(V€E€Ax)m+Nx]/[(EfAy)m +(EfAy)m+Nx

where E is the existence index of phasand is defined as

(E/g)m =%) (Sf)m =0

A (Se), >0

Fgk is the source and sink term:

n

p

> [ +(P)? (Pur ~ PR ~PEg ]l
=1

(FQK):]n -

0 O

ONp

samv[i+{cs + 2ok o5 e %
=1

which includes wells constrained by either rate or pressure and the production from chemical reactions.

The pressure equation at gridpoint m is

(Fgﬂ - Ftﬁl)m = (Fa)iy +3ut"(Fiz +Fg).

Fais the total accumulation

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)
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(Fa) = (PRAVCPR),, (A.16)

Ft1 is the total transport as a function of reference phase pressure:

_ Hhp i) H
Fi) = 80 2+ (Pr ~Pro) 3 C2C 0 &(PE*
e, Hle( “h "d " RO)Kzl B . )mﬂg (A17)

Both Ry, the total transport as a function of capillary pressure and gravity gatitefotal source or sink,
are evaluated using values of the old timestep:

(R2), = ‘@éﬁ(iz)ma’f(%‘PRO)EVCECMB [P5x(Pc/zR)m+1‘(Vxe)m @(D)mﬂ]g
=1 =1
—5y§i(?yf) D +(Pg - PRO)ZC CKzD EF& PerR) e x (Vyé m+Nx]H
=1
(A 18)
( ) nivzp{[Qﬁ PI wf PR PcﬁR]CKZ} (A.19)
K=1/=1

Coefficients of reference phase pressys®P the left-hand side of Eq. A.Ee concentration-dependent
and are evaluategsing values athe old timestep. The equation writtefior all gridblocks inthe spatial
domain results in a system of equations wéference phaspressure R as theonly unknownand is
solved implicitly. The conservation equationdEq. A.2) are then solved explicitly for overall
concentrations. Phase concentrations and saturatiersbtained byhaseequilibria calculations.Other
phase pressures are obtained using capillary pressure relations.
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Appendix B
Biodegradation Equations

B.1 Equations
Loss of substrate i in bulk fluid:

O 0 O O N
a : : :
O ik
S Dllrlna_)_<|z< o Ci E m
b Vi na O vl ncs O
dc; _ 20 KiByX = Y ik 0
e Yy BiXie (¢, “Cik)-) g Kg @ nrw?k%“:im ~Kabio,iCi k
k=10 k =1 H H
i =1 0
B SI:I “C Cr HD Dnlhl] 'Jk
: T e I
Loss of substrate i in attached biomass k:
O 0 0 0
D . _ O E
| .
[lir]naxpk E Cik E O
~ D ijk |:| ncs 0O O
dCik _ KiBk coy-v0 " Crn.k O 0 —
T_v_k(ci _Ci,k)‘z 2 g mjk@ﬂ“ G, k@ g~ Kabio,i Ci,k
=1 D 0
D o M E Dnn D = DnlhD ijk
B o Rl 1T
A +C]k KRk+CRk ” +anHh 1 + Cink
Loss of electron acceptor j in bulk fluid:
0 0 0 0 ag
g H ik gk a %
0 aJmaX ki Ci il
, nb% K Bk -2 ns O ylilk D g m
i A Cj—Cjx) —) H DK'é —= +C|D ~Kabio,jCj k
dt =0 £ | K J H
=15 i=1Q 1 S
0 DD Cj [D Crk gnn EI Ch Onih O |IJk
0
E Ij@K”k+c %KRK"'CRKB” ”k 1 +Cn |_| IJI‘+C,h
Loss of electron acceptor j in biomass k:
O O E
aJljk uk B C. E O
0 i,k 0 0
C ns D y'Jk 0.0 nsg 0O 0 g
dCi ki . _
K _ J k ijk m,k Oy . .~
- (Cj Cj k)~ Z 0 @KS %‘* z " ]kﬁ-"cl k@ o~ Kabio,jCjk
10 =1"s 0
O = ijk
00 Gk Cri DH 0 c, DHD ik O
ijk
DEKJ +Cjk%KRk+CRkEh K +anHh1|.h +ka%
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Loss of nutrient n in bulk fluid:

30 : :
0 O
0 ij i 0
D'lIrJnkaxXkElrJlk J & E 0
b nmet O yilk 0 . 0 ncs o 0 0
e ZE- me —Cn,k)a— g Ky §+ y ijk§+c,§ - KabionCik
k=1 ik=1 m=1Kg 0
D k
Crk OM D Dnlhl] 1] il
g@ IJI‘+c: @KRk’fCRkH1 '”‘ +cnﬁh %I +c,h%
Loss of nutrient n in biomass k:
0 0 O O
D o D _ O B
| | .
i E Cl,k . 0
~ D ijk 0
dChk _ KBk _ nmet Y 0 .0 0 _
T:C—(Cn —Cnk)— Z 0 DK% % Jk% kD B‘kabio,ncn,k
k ijk=1 O B =1Ks H O
0 o -~ 0 ijk
0o Cik Crik DH o Cn H‘D ik o
D ijk %
g8 A +Cik KRk““CRkEh 1EK +anH +C|hk
Generation and/or loss of product p in bulk fluid:
0 0 0 0
O 0 0 a
ijk ijk 0
Himax)_(_kEp E Ci E 0
dc, "™ H Kk BKX _ B omee O yik ncs 0O O 0
P _ pPk Ak _ O ijk Cm _ O ..
?— D_ m (Cp prk)D"' D DK g mjk %"' C| D D kablO’pCp’k
kg Mk B k=1 O . J
BI:I Cj [D CRrk H 0 Ch |:|n|h|:| 'Jk
%@K”k +C;j QEKR,k +CRrk ”k n+Cn Eh @I”k +Cih
Generation and/or loss of product p in biomass k:
D 0 0 O
O O u
B‘l”k PkEI jk E Cik E E
dEpk Kka nmet D vik O ijkD nesc O _ O S_ B
—P== (Cp—Cpk) + Z g Kd §+ > " jk§+c,km 5~ kabio,pCp,k
ijk=1 H =1"s H 0O
0 o = D ijk
D C R K DFI . Ch n|h 0 J
DQK"kﬂ‘Cjk%KRk*CRkEh 1HK +anH %l +C|hk
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Growth of unattached biomass k:

a O O 0
a 0 0 O
g 0 ijk
K5 Rk 0 G o G ) Crk I”—”l S it S s
dt i=1 j=10 "o ijkD s ¢, U %K Ik QHKRK"'CRK 'J" +Cth -Hi +cm%1 0.951%
i#zc g DKS §+ Z mik %"’Ci 0
H H m=1Kg E H
0 O 0 E
0
ncom na%lcjk ng c S] Ci nn D Ch Dnlhl] |Cjk %
max c
cjk gk ck ck
&m0 T DchkD+ S _Cm D+c: KRe+C KRk+CRkBﬂ N, +Cn5h 2 +Cin
0 S % z i % c% 0
H m=1"S H

O 0 0 .
O 0 o 0
dik _§ na@uijk ?kg Ei ml CJ Rk DHD - Di]l_fl][l Iljk Eh SX EB
- max — -
C i A ik, © Cn o= %@Mq%ﬁwcmm LH +cn§h 18T, & B 09siFy
izc U Kg éu Z ik Q"Ci 0
H H m=1Ks H q
0 0 0 .
: 0 C Sj C = K -
ncimf Ckak S Ce Cj | CRk DH O c, DnlhD |J % 5
i k C K K kXk
=115y g ks s Cm_c.c % <3 +CJ%<RK+CRKD1 WA, +Cth @' +Cm
S i (o
g s B Zkew F g

Reducingpower (NADH) consumption and production umattachediomass k(intra-cellular reducing
power is limited to a maximum @.0029 mmol/mgbiomass and aninimum of 0.01R,, whereR, is the

initial reducing power concentration in mmol/mg biomass):

D 0 O B
g g
cjk —cjk ] 0 0 cik
dCrk _ _%E‘Epl KXESEX % Ce N Cj L Crk H Ch rllrllu |J %
dt &f&0 chk 0 c‘kD ncs ~ O %qu+c %KRk +Crk O Y ﬂkn +Cp, Hh L Iqk Cin
0 KT+ Mm_+C 0
: 1% 0 dmkgl 8 -
m= S
g 0 | B
. O a
+n S na Bl%lngglgxk g Cq M C| H Cryx OM O C OnihO ng
Z -g yak g 0 nes o O KIK 4 c. @KRk"'CRk I—l K+C I—l |ng+Ch
= m
g=1]j 1|:| EKngQ"'— mjk@+cg A J n .
H E m=1Ks H E
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Reducingpower (NADH) consumption and production attachedbiomass k(intra-cellular reducing
power is limited to a maximum @.0029 mmol/mgbiomass and aninimum of 0.01R,, whereR, is the

initial reducing power concentration in mmol/mg biomass):

O 0 0 0
0 0 0 0
~ n nal,ck gk = C nn D = Onih O CJk
dCr k _ _z Z @Jmaincxk g c N If:] iy I:I I_l I(| %
5] — gk , ~ % gk .~
dt &=0 Y 0 gko ¢, B~ %KA *+Cj KRk+CRkEh 1HKNn+Cth =1ih *+Cin
0O DKS + —[1+ C¢ 0
ijkg H
H H m=1"g H
D O O B
0 a
rgs gEiJng EngXk 0 Cq o g Cr DH o = Drllrlnj ,ng %
+ O
ng - gk % ng
glle Y 0 gk2 ¢, D %KA +CjHKRK *+ CRK [h= 1H<Nn+Cth1' Cin
K + Z "+ C O
%‘ ijk% QH
H H m=1"g E

B.2 Nomenclature
= Endogenous decay coefficient¥r
C; = concentration of species i in bulk liquid (mass C/volume of aqueous phase)

(o
|

Ei,k = concentration of species i within attached biomass species k (mass C/volume of
biomass)

glik = consumption coefficient of component j for biodegradation in metabolic combination ijk

(mass of j/mass of substrate consumed)

I:Jhk = inhibition constant for inhibiting component ih for metabolic combination ijk

(mass/volume of phase)

Kapio = first-order abiotic reaction coefficient ()

Ki&k = Monod half-saturation constant for electron acceptor j in metabolic combination ijk
(mass electron acceptor/volume of agueous phase)

Ki,{lkn = Monod half-saturation constant for nutrient n in metabolic combination ijk (mass
nutrient/volume of aqueous phase)

Ki,%k = Monod half-saturation constant for reducing power in metabolic combination ijk (mmol
reducing power/mg biomass)

ng = Monod half-saturation constant for substrate i in metabolic combination ijk (mass
substrate/volume of aqueous phase)
m, = mass of a single bacterial colony (mass/colony)

S, = aqueous phase saturation (volume of aqueous phase/unit pore volume)

Sx = aqueous phase saturation of biomass (volume of total biomass/volume of aqueous
phase)
t = time (T)
Téjk = transformation capacity (mass of biomass deactivated/mass of cometabolite
biodegraded)
Vi = volume of a single bacterial colony (volume/colony)
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Xk
Xk

concentration of free-floating biological species k (mass/volume of aqueous phase)

concentration of attached biological species k (mass/volume of aqueous phase)

Yk = yield coefficient for component i under j-based metabolism by bacterial species k
(dimensionless; mass of biomass produced/mass of substrate utilized)

Greek Symbols
B« = surface area of a single bacterial colony of biological species k available for mass

transfer (1%/colony)

Kj

uLL';,X Maximum specific growth rate for metabolic combination ijK}T

mass transfer coefficient of species i (L/T)

biomass density (active biomass/volume of biomass)

Pk

Superscripts and Subscripts
c = cometabolite

g = growth substrate

i = substrate

ih = inhibiting compound

] = electron acceptor

k = biological species

= competing substrate

n = nutrient

na = number of electron acceptors
nb = number of biological species
nc = number of cometabolites
ncs = number of competing substrates
nih = number of inhibiting compounds
nn = number of nutrients

ns = number of substrates

p = product

R = reducing power (NADH)

R; = reducing power consumption

Rp = reducing power production

Superscripts such ag refer to metabolic combinations afubstrate electron acceptor and biological
species.

B-5



UTCHEM Technical Documentation
EQBATCH Program Description

Appendix C
EQBATCH Program Description

C.1 Introduction

EQBATCH is a preprocessor batch program to calculate the equilibrium concentrations foflal taed

solid species based on the chemical reactions considered in UTCHEM simulations. ptoghas, it is
assumedhat all theflow species dissolve in a singidase, water. The initial pH of theformation or

makeup water can be matched bying EQBATCH with suitable inputdata. Also,the output of
EQBATCH can be used as the inplatta of UTCHEM for the geochemicabptions(IREACT = 2-4). In

this section, a detad description forpreparation of input datmr EQBATCH ispresented. To specify

the reactions considered in the simulations, elements and chemical species need to be identified. Based @
the information of the formation and makeup watealyses anthe rock constituentsthe key elements

and chemicalspeciescan bedecided. The exampleshown inthis section is based dhe wateranalysis

results listed in Table C.1. The elements such as hydrogen, sodium, calcium, magnesium, carbonate, an
chlorine, are considered since these chemicals are the primary ions contained in the formation and makeu
water. The pseudo-element (oleic acid, A) is taken into account @lsmaentwhenthe mechanism ah

situ generated surfactant considered. Fronthese elementshe expected chemicapecies involved in

fluid reactions,clay adsorptionscation exchange, and solid dissolution/precipitation reacticaus be
specified (TableC.2). There are &lements, 18 fluidpecies, 4 solid species,cthy adsorbed cations,

and 3 surfactant cation exchangers considered in this example. To refiresetdractions among these
chemicalspeciesthe reaction equilibrium relations are required (T&bl8). TablesC.4-C.19 give the

example input data for different sectionstioé inputfile. A sample input filsfor EQBATCH is given in

Table C20 and the outputile for this example is given inrable C.21. The EQBATCHprogram also

writes the output data in a format similar to the geochemistry ofgtat of UTCHEM (Section3.5 of the
UTCHEM user's guide, lines 3.5.4 through 81. so itcan be directly pasted into the UTCHEM input

file (Table C.22).

C.2 User's Guide
A detailed user's guide for the EQBATCH program is presented as follows:

1. TITLE
A title line is required.

2. IREACT, ICHARGE, IMG
IREACT - Flag indicating the components to be considered
Possible values:
2 - Without acidic crude
3 - With acidic crude (insitu surfactant generation)
4- Gel option without acidic crude
ICHRGE - Flag indicating whether an oxygen mass balance or a charge balance will be used.
Possible Values:
0 - Oxygen balance used
1 - Charge balance in solution used
Note:If solid SiQ is considered, the oxygen balance must be used
IMG - Flag indicating whether magnesium ions participate in cation exchange reactions or not.
Possible Values:
0 - Magnesium ions are considered.
1 - Magnesium ions are not considered.

3. NELET, NFLD, NSLD, NSORB, NACAT
NELET - Total number of elements less non reacting element.
NFLD - Total number of fluid species.
NSLD - Total number of solid species.
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8a.

8b.

8c.

10.

11.

NSORB - Total number of sorbed species.
NACAT - Total number of surfactant associated cations.

NIAQ, NEX, NSLEL, NSURF1
NIAQ - Total number of independent fluid species.
NEX - Total number of insoluble exchangers.
NSLEL - Total number of elements comprising the solid species.
NSURF1 - Position number corresponding toithgitu generated surfactant anion in the fluid
species array FLDSPS.
Note: NSURF1 is automatically set to O by the program if IREACT = 2 or 4.

NH, NNA, NCA, NMG, NCARB
NH - Position number corresponding to the hydrogen element in the element array ELEMNT.
NNA - Position number corresponding to the sodium element in the element array ELEMNT.
NCA - Position number corresponding to the calcium element in the element array ELEMNT.
NMG - Position number corresponding to the magnesium element in the element array ELEMNT.
NCARSB - Position number corresponding to the carbonate pseudo-element in the element array
ELEMNT.

Note: If any of these elements is not considered, the position no. must be set equal to 0.

NALU, NSILI, NOXY

NALU - Position number corresponding to the aluminum element in the element array ELEMNT.
NSILI - Position number corresponding to the silicon element in the element array ELEMNT.
NOXY - Position number corresponding to the oxygen element in the element array ELEMNT.

NACD (This line is read only if IREACT = 3)
NACD - Position number corresponding to the petroleum acid pseudo-element in the element array
ELEMNT.

NCR, NHFD, NCRFD (This line is read only if IREACT = 4)

NCR - Position number corresponding to the chromium in the element array ELEMNT.

NHFD - Position number corresponding to the hydrogen ion element in the fluid species array
FLDSPS.

NCRFD - Position number corresponding to CR(lll) ion in the fluid species array FLDSPS.

ELEMNT(l), for I = 1, NELET

ELEMNT(]) - Name of theth element.
Note: The name of each element may not exceed 32 characters and each hame must be on a
separate line of the input file.

ELCRG(l), for | = 1, NELET
ELCRG(]) - Charge for the Ith element.

FLDSPS(l), for I = 1, NFLD

FLDSPS(I) - Name of théh fluid species.
Note: The name of each fluid species may not exceed 32 characters and each name must be or
a separate line of the input file. If IREACT=3, the last fluid species must eg(ptroleum acid
in water).
SLDSPS(I), for I = 1, NSLD (This line is read only if NSLD > 0)

SLDSPS(l) - Name of thésolid species.
Note: The name of each solid may not exceed 32 characters and each name must be on a
separate line of the input file.

SORBSP(l), for I = 1, NSORB (This line is read only if NSORB > 0)
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

SORBSP(]) - Name of théladsorbed cation.

Note: The name of each adsorbed cation may not exceed 32 characters and each name must b

on a separate line of the input file.

ACATSP(l), for I = 1, NACAT (This line is read only if NACAT > 0)
ACATSP(I) - Name of thet? surfactant adsorbed cation.

Note: The name of each surfactant adsorbed cation may not exceed 32 characters and each

name must be on a separate line of the input file.

NSORBX(l), for I = 1, NEX (This line is read only if NSORB > 0)
NSORBX(I) - Number of cations fofexchanger.

AR(1,J), for J = 1, NFLD, for | = 1, NELET << or >>

AR(1,J), for J = 1, NFLD, for | = 1, NELET-1

AR(1,J) - Stoichiometric coefficient offl element in 1 fluid species.

Note: If ICHRGE = 0, then NFLB NELET values are required by the program. If
ICHRGE =1, then NFLDx (NELET-1) values are required by the program.

BR(l,J), for J = 1, NSLD, for | = 1, NELET << or >>
BR(1,J), for J = 1, NSLD, for | = 1, NELET-1 (This line is read only if NSLD > 0)

BR(1,J) - Stoichiometric coefficient ofielement in 1 solid species.
Note: If ICHRGE = 0, then NSLB NELET values are required by the program. If
ICHRGE =1, then NSLIx (NELET-1) values are required by the program.

DR(l,J), for J = 1, NSORB, for | = 1, NELET << or >>
DR(1,J), for J = 1, NSORB, for | = 1, NELET-1 (This line is read only if NSORB > 1)

DR(1,J) - Stoichiometric coefficient oflelement in i sorbed species.

Note: If ICHRGE = 0, then NSORBNELET values are required by the program. If
ICHRGE = 1, then NSORB (NELET-1) values are required by the program.

ER(1,J), for J = 1, NACAT, for | = 1, NELET << or >>

ER(1,J), for J = 1, NACAT, for | = 1, NELET-1 (This line is read only if NACAT > 1)
ER(1,J) - Stoichiometric coefficient oflelement in 1 surfactant associated cation.

Note: If ICHRGE = 0, then NACAk NELET values are required by the program. If
ICHRGE = 1, then NACATx (NELET-1) values are required by the program.

BB(1,J), for J = 1, NIAQ+NSORB+NACAT, for | = 1, NFLD+NSORB+NACAT

BB(l,J) - Exponent of thelindependent fluid species concentration whentthituid species is
expressed in terms of independent species concentrations.

EXSLD(1,J), for J = 1, NIAQ, for I = 1, NSLD (This line is read only if NSLD > 0)
EXSLD(1,J) - Exponent of théllindependent fluid species concentration in the solubility product
definition of the 1" solid.

CHARGE(l), for I = 1, NFLD
CHARGE(]) - Charge of theh fluid species.

EQK(l), for | = 1, NFLD
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

EQK(I) - Equilibrium constant forth fluid species when expressed in independent species
concentrations only.

SCHARG(I,J), for J = 1, NSORBX(l), for I = 1, NEX (This line is read only if
NSORB > 0)

SCHARG(1,J) - Charge of théhlsorbed species on tHE &xchanger.

EXK(1,J), for J = 1, NSORBX(I)-1, for I = 1, NEX (This line is read only if NEX >
0)

EXK(1,J) - Exchange equilibrium constant féf éxchange equilibrium of thélinsoluble
exchanger.

EXEX(I,J,K), for K = 1, NIAQ+NSORB+NACAT, for J = 1, NSORBX(l)-1, for
| =1, NEX (This line is read only if and NEX > 0)

EXEX(1,J,K) - Exponent of K independent species if? &quilibrium relation of thet?
exchanger

REDUC(1,J), for J = 1, NSORBX(I)-1, for I = 1, NEX (This line is read only if NEX
>0)

REDUC(1,J) - Valence difference of the two cations involved in the exchange reaction J on
exchanger I.

Note: This value is positive if the higher valence cation bulk concentration has a positive
exponent in EXEX(1,J) definition and is negative otherwise.

EXCAI(I), for I = 1, NEX (This line is read only if NEX >0)

EXCAI(]) - Exchange capacity offlinsoluble exchanger.
Units: meg/ml pore volume

SPK(l), for I = 1, NSLD (This line is read only if NSLD > 0)

SPK(I) - Solubility product ofth solid defined in terms of independent fluid species
concentrations only.

CHACAT(l), for I = 1, NACAT (This line is read only if NACAT > 0)
CHACAT(]) - Charge of surfactant associated cation.

ACATK(l), for I = 1, NACAT-1 (This line is read only if NACAT > 0)
ACATK(I) - Equilibrium constant forth exchange equilibrium for cation exchanges on surfactant.

EXACAT(1,J) for J = 1, NIAQ+NSORB+NACAT, for I = 1, NACAT-1 (This line is
read only if NACAT > 0)

EXACAT(I,J) - Exponent of ) independent species it equilibrium for cation exchange on
surfactant.

C5l, CSURF

C5I - Initial concentration of chloride ion.
Units: meqg/ml

CSURF- Initial concentration of surfactant.
Units: vol. fraction

CELAQI(J), for J = 1, NELET-1
CELAQI(@J) - Initial concentrations of NELET-1 elements.
Units: mole/liter

C-4



UTCHEM Technical Documentation
EQBATCH Program Description

33.

34.

35.

36.

37.

CSLDI(l), for I =1, NSLD (This line is read only if NSLD > 0)

CSLDI(I) - Initial concentration oftt solid.
Units: moles/liter pore volume

CSORBI(l), for I = 1, NSORB (This line is read only if NSORB > 0)

CSORBI(l) - Initial concentration offl adsorbed cation.
Units: moles/liter pore volume

CAQI(J), for J = 1, NIND

CAQI(J) - Initial guesses fofindependent species concentration, adsorbed species, and
surfactant associated species.
Units: moles/liter water

S
S - Initial water saturation in core flooding or reservoir condition.
Units: fraction

EQWPS (This line is read only if IREACT= 3)
EQWPS - Equivalent weight of petroleum acid.
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C.3 Tables
Table C.1. Water Analysis for Makeup and Formation Water
lons Formation water Makeup watel
Nat» mg/| 2,398.90 52.9
Mg2+ mg/l 36.46 11.54
Ca+ mgll 54.2 67.13
Cl- mgll 2091 39.00
HCOz mgll 2623 152.55
0023' mg/l 240 6.00
SO24' mg/l — 134.56
pH 8.1 7.95

Table C.2. Example List of Elements and Reactive Species

Elements or pseudo-element:

Hydrogen (reactive), Sodium, Calcium, Magnesiu
Carbonate, A (from acid HA), Chlorine,

m,

Independent aqueous or oleic specie

SH*, Nat,Ca+, Mg2+,CO% , HAq, Ho0

Dependent aqueous or oleic species:

Ca(OH), Mg(OH)*, Ca(HCQ)*, HAw, Mg(HCO3)*,
OH, HCO;, A, HoCOgz, CaC@ , MgCG;

Solid species:

CaC{XCalcite), Ca(OH) (Calcium hydroxide), MgC®
(Magnesite), Mg(OH) (Magnesium hydroxide)

Adsorbed cations:

™, Na*,Ca2*, Mg 2*

Adsorbed cations on micelles:

Na~* , Ca2*, Mg 2*
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Table C.3. List of Reactions for the Example Run

Partitioning of HA

Partition Coefficient

K
HA, :D HA,, < [HAw] water
b=
[ HAo] oil
Agueous Reactions Equilibrium Constant
X eq +
K B =
HO = H' -+ OH Ky =[HT] [OH]
eq N
K ]
HAy +OH 2 A +H0 Kezq:[A] [H]
[MAw]
eq -
- K -
H +cdh =2 Heo (S - fricogH
+ 2-
[H] £03H
2+ KZ! +E [ ca©H)] [ HY]
Cd +H,0 - Ca(OH) +H K‘Zq _
[Ca2+
eq + N
K
Mg”* + H,0 > Mg(OH)" + H' & _[MgOH)] [H]
2+
[Mg™]
2+ + 2- Ke6q + %a(HCO\;fE
Ca~ +H +CO3 - Ca(HCQ) Kesq _
2+ 20 4
[ca™] ogHHT
€q +
K
Mg®* + H +cog - MgHCOy" (& Hig(HCO) ' H
2+ 2- +
[ Mg™] (O3HH]
G HoC
_K 2
21" +Cco% = H,COq R [F2%9
- 2[4 2
(o3 HH
eq
K
cé+coy 2 cacd, (S acA
2+ 2-
[ca™] (£o3H
2+ K10 0 gcos
Mg~ +CO3 -~ MgCQO; Ki}): %" 3%

[ Mg®] F£05H
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Table C.3. List of Reactions for the Example Run (cont.)

Dissolution Reactions

Solubility Product

sp
caCo, o' cd'+C

K =[ca’] EogH

sp

K -
MgCO; > Mg®* + CO;

KY =[Mg™] EEOGH

sp
Ca(OH), =° c&*+20H

ngp =[Ca2+] H_I+E-2

sp
Mg(OH), =% Mg?* + 20H

Ks4p — [ Mg2+] H_I+H2

Exchange Reactions (On Matrix)

Exchange Equilibrium Constg

ex
K1

oNa* +cd™ ' 2nd +Ca®

i %a2+ EHWf%
2 BfEH

ex
Kl

ex

2Na* +Mg?* 52 ona + Mg %

ox _ H/I—g2+ EB\IF;%
2 &\Agﬂg H%-'-g

ex

_ Ka —
H*+Na +O0H =% Na*+H,0

ex
Ks

_B\Ia“LBH—T*H
HeHgE

Exchange Reactions (On Micelle)

Exchange Equilibrium Consta

exm

= K =
oNa*+cd* .1 2Na +Ca’’

KeXm _ B§a2+ Eﬁ\la+g
YRR e

LA T+ST

where im =3

exm

= K =
oNa*+Mg?* .2 2Na +Mg '

_ g2 HNa B
Ka'® Bug?*H

exm

where K5 =% {[A ] +[ST}

exm

K2
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Table C.4. Stoichiometric Coefficient of
Ith Element in Jth Fluid Species (for the AR

Table C.5. Stoichiometric Coefficient of
Ith Element in Jth Solid Species (for the BR

Array) Array)
Cal Mg CO3 Na| H| A [CaCQ3 |MgCO3 [Ca(OH) |Mg(OH), |
Ca 1 0 1 0
1 | H 0o 0| 0] 0| 1| © Mg 0 1 0 1
Coz || 1 1 0 0
+
2 | Na ol o] o 1| 0 © Na o o 0 0
3 | cd* 1/ 0/ 0| o] 0] O H 0 0 2 2
A 0 0 0 0
4 | Mg2t o 1| 0| o o] o
5. Table C.6. Stoichiometric Coefficient of
> s oot opoo Ith Element in Jth Sorbed Species (for the
6 | HAg ol ol o o 1 1 DR Array)
7 Hzo 0 0 0 0 2 0 H+ Na+ Ca2+ M92+
8 | ca(OHY 1,0 0| o] 1/ o Ca 0 0 1 0
Mg 0 0 0 1
9 | Mg(OH)" o/ 1| o] o| 1| o CO3 0 0 0 0
N Na 0 1 0 0
10 | Ca(HCQ®) 1/ 0| 1] 0] 1| 0 H 1 0 0 0
11 | Mg(HCO)™ | 0 | 1 1| o] 1] o A 0 0 0 0
12 | A 0] 0 0 0| 0] 1 Table. C.7. Stoichiometric Coefficient of
Ith Element in Jth Surfactant Associated
13 | OH ¢,o0/,0/0/ 20 Cation (for the ER Array)
14 | HCOy 0 0| 1] o] 1| 0
Na* cat Mg2*
15 | HyCOg ol o] 1] o| 2 o© Ca 0 T 0
Mg 0 0 1
16 | CaCQ 1/ 0| 1| 0] o] o COs 0 0 0
17 | MgCQ3 ol 1] 1] o| o o© Na 1 0 0
H 0 0 0
18 | HA, 0 0 0 0 11 A 0 0 0

Note: The transposition of thtable is theform

required for EQBATCH Program
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Table C.8. Exponent of Jth Independent Fluid Species (for BB Array)

Nat | cet| Mg?t| co? | HAL | H0 | H" | Na' | cé*| Mgt | Na* | c#t | mg?t

H+

Na" 1

c&* 1

Mg2* 1

cos® 1

HA, 1

H,0 1

Ca(OHY

©O© 0N 0w N

Mg(OH)*

caHC)™*

[N
o

[EEY
[EEN

Mg(HCOg)*

[N
N

A

[N
w

OH

[EEN
D

HCOy

.. ..
N L e TR e e
[any

[N
[$)]

HCO3

[N
»

CaCQ 1

e

[EEY
~

MgCOs 1

[N
(o]

HA 1

H's 1

[N
(]

Na's 1

N
o

C¥+s 1

N
[N

Mg®Ts 1

N
N

Na" 1

N
w

cft 1

N
D

M92+sa 1
Sorbed Species Surfactant Assoc. Catjon
Note: The blank cells in the above table need to be filled with zero for the input data for EQBATCH program.

N
a1

Table C.9. Exponent of Jh Independent Species in the Ith Solid (for EXSLD Array)

H* | Nat | c@t | Mot | co2 | HA, | HO
Caco, 0 0 1 0 1 0 0
MgCO; 0 0 0 1 1 0 0
Ca(OH) | -2 0 1 0 0 0 0
Mg(©OH), || -2 0 0 1 0 0 0
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Table C.10. Charge of Ith Fluid Species

Charge of Jth Sorbed

(for CHARGE Array)
Fluid species Charge
1 H+ 1
2 Nat 1
3 Ca2+ 2
5 C032‘ -2
6 HA 0
7 H>0 0
8 Ca(OH)" 1
911 mgHy* 1
101 caHCcoy)* 1
111 mgHcog)* !
12 A” -1
13 OH -1
14 HCOg" -1
15 HoCO3 0
16 CaCQ 0
17 MgCGQ3 0
18 HAy 0

Table C.12.

Species (for SCHARG Array)
Adsorbed species Chargd
H*(sorbed) 1
Nat(sorbed) 1
Ca2*(sorbed) 2
MgZ2*(sorbed) 2

Table C.11. Equilibrium Constants for Ith

Fluid Species (for EQK Array)

Fluid species Equilibrium Constars

1 H+ 1

2 Na* 1

3 Ca2+ 1

4 Mg2* 1

5 C032' 1

6 HA, 1

7 H>O 1

8 Ca(OH)" 0.12050E-12
9 | mg(ony* 0.38871E-11
10 Ca(HCO3,)+ 0.14124E+12
11 Mg(HCOg)* 0.58345E+12
12 A” 0.85480E-14
13 OH 0.10093E-13
14 HCO5 0.21380E+11
15 HoCOs 0.39811E+17
16 CaCQ 0.15849E+04
17 MgCGQ; 0.47863E+04
18 HA,, 0.85480E-04

Table C.13. Exchange Equilibrium
Constants for Jth Exchange (for EXK Array)

Adsorbed Equilibrium Constant
Kex1 0.2623E+03
Kex2 0.1509E+03
Kex3 0.1460E+08
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TableC.14. Exponent of Kth Independent Species in Jth Equilibrium Relation (for EXEX
Array)

H* | Na* | c&* | Mg®* | CO§~ | HA, | H,O | H" | Na' | c&" | Mg?®* | Na* | c&* | Mg?*
0 2 -1 0 0 0 0 0 -2 1 0 0 0 0
0 2 0 -1 0 0 0 0 -2 0 1 0 0 0
-1 1 0 0 0 0 0 1 -1 0 0 0 0 0
Sorbed Species Surfactant Assoc. Catio
Table C.15. Valence Difference Table C.16. Solubility Product of Ith
Between Cation Involved In Exchange (for Solid (for SPK Array)
REDU Array)
CaCO; | MgCOz | Ca(OH) Mg(OH)
ca* | Mg?t | Na 0.4953E-09] 0.00007 4.7315E+22 5.6104E]
Na' -1
Na* -1
HY 0
Table C.17. Charge of Ith Surfactant Table C.18. Equilibrium Constant for Ith
Associated Cation (for CHACAT Array) Exchange (for ACATK Array)
Na* cét | Mgt Na* cat
1 2 2 | 2.5 2.94 |

Table C.19. Exponent of Jth Independent Species in Ith Cation Exchange on Surfactant
(for EXACAT Array)

16

H* | Na* | c&* | Mg? | CO;™ | HA, | H,0 | H" | Na* | c&*| Mg?* | Na* | ca&* | Mg?
0 2 -1 0 0 0 0 0 0 0 0 -2 1 0
0 2 0 -1 0 0 0 0 0 0 0 -2 0 1

Sorbed Species Surfactant Assoc. Catio

Table C.20. Sample Input Data for EQBATCH Program

R1 (* TITLE *)
311 (* IREACT ICHARGE IMG *)
718443 (* NNELET NFLD NSLD NSORB NACAT *)
71412 (* NIAQ NEX NSLWL NSURF1 *)
54123 (* NH NNA NCA NMG NCARB *)
0 00 (* NALU NSILI NOXYG *)
6 (* NACD #)
CALCIUM

MAGNESIUM

CARBON (AS CARBOBATES)

SODIUM

HYDROGEN (REACTIVE)
ACID (PETROLEUM)

CHLORINE (* ELEMNT #)
22-211-1-1 (* ELCRG *)
HYDROGEN ION

SODIUM ION

CALCIUM ION
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Table C.20. Sample Input Data for EQBATCH Program (cont.)

MAGENSIUM [ON

CARBONATE ION

PETROLEUM ACID IN OIL

WATER

CALCIUM MONOHYDROXIDE ION
MAGNESIUM MONOHYROXIDE ION
CA (HCO03) +

MG (HCO3) +

PETRLEUM ACID ANION
HYDROXIDE ION
BICARBONATE ION

DISSOLVED CARBON MONOHYDROXIDE
AQUEOUS CALCIUM CARBONATE
AQUEOUS MAGNESIUM CARBONATE
PETROLEUM ACID IN OIL

CALCIUM CARBONATE(SOLID)
MAGNESIUM CARBONATE (SOLID)
CALCIUM HYDROXIDE (SOLID)
MAGNESIUM HYDROXIDE(SOLID)
SORBED HYDROGEN ION

SORBED SODIUM ION

SORBED CALCIUM ION

SORBED MAGNESIUM ION

SURF. ASSOCIATED SODIUM ION
SURF. ASSOCIATED CALCIUM ION
SURF. ASSOCIATED MAGNESIUM ION

0. 0. 0. 0. 1. 0. 1. 0. 0. 0. 0.
0. 0. 0. 0.0 1. 0. 1. 0. 0. 0.
0. 1. 0. 0. 0. 0. 1. 1. 0. 0. 1.
1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 1. 2. 1. 1. 1. 1. 0. 1. 1.
0. .0.1.0 0 0 0 0 1.0 0.
.0 0. 0 0.0

.0 1. 0 1.0

.0 1 0 0.0

.0 0. 0 0.0

.0 0. 0 20

.0 0. 0 0.0

.0 0. 0 0.0

.0 0. 0 1.0

.0 0. 0 0.0

.0 1. 0 0.0

.0 0. 0 0.0

.0 0. 0 0.0

.0 1. 0

.0 0. 0

.0 0. 0

.00 0

.00 0

00 0

COLOOOPOO00000000000000000
COOOOrPO0O000000000000000000
COOOFRO0000000000000000000
COOPrOO00000000000000000000
COPOOO0000000O0000O000000000

OO OO0 000000ONE L LPR L LO00000R00R0000R0000000RORORO000A
OP 0000000000000 0000000000
POO0000000000000000000000

OROPr 0000000000000 ORO000R00DDDD00DDOO00DDODDR00000rR
FPOrPrOOO000000ORO00OORORO00OR0002220POO9900PONOOO P ooooro

OO0 00000000000000000000000r0
CORrrOOO00000ORPRPROORFROOO0ORO000
OO0 OO000000OrRO000ORO0000R00000
00O OO000000000000000000rR000000

NI

ohvoroo

oooror

oookrro

PPOOOO

(* FLDSPS *)

(* SLDSPS *)

(* SORBSPS *)

(* ACATSPC *)
(* NSORBX *)

(* AR %)
(* BR¥)
(*DR )
(*ER ™)
(*BB ¥
(* EXSLD ¥)
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Table C.20. Sample Input Data for EQBATCH Program (cont.)

1. 1. 2. 2.-2.0.0.1.1.1.1.-1.-1.-1. 0. 0. 0. 0. (* CHAEGE *)

1. 1. 1. 1. 1. 1.1. 0.1205e-12 0.38871e-11 0.14125e+12

0.58345e+12 0.959e-12 0.10093e-13 0.2138e+11 0.3981e+17

0.15849e+04 0.47863e+04 0.959-04 (* KEQ %)
1. 1. 2. 2. (* SCHARGE *)
0.793+01 0.52+01 0.27+07 (* KEX *)
0.2 -1.0.0.0. 0.0 -2.1.0. 0.0 0.

0.2 0. -1.0.0 0 0. -2.0. 1. 0.0.0.

-1.1. 0. 0.0.0.0.1. -1. 0. 0. 0. 0. 0. (* EXEX *)

-1, -1. 0. (* REDUC *)
0.3403 (* EXCAI *)
0.474851e-09 0.00007 0.47315e+23 0.56045e+17 (* KSP *)

1.2 2. (* CHACAT *)
25 294 (* KACAT *)
0.2 -1.0.0.0 0.0 0.0 0. -2.1. 0.0

0. 2.0 -1.0.0.0. 00 0.0 -2 0 1. (* EXACAT *)

0.059 0.0 (*C50, Csurf)
0.00135 0.0015 0.047 0.1043 111.043 0.019 (*CELFLT 1,NELEMENT-1*)

2.00 0.0 0.0000 0.0

0.05 0.25 0.01 0.002

0.1200077231590e-05 0.01 0.1e-04

0.4616423363603e-05 0.3092684582095e-08 0.5399766653843e-03
55.49999314650 1.0e-06 1.0e-02 1.0e-03 1.0e-04

1.0e-06 1.0e-08 1.0e-08

0.602

500

Table C.21. Sample Output of EQBATCH Program

R1
REACTIVE SYSTEM DESCRIPTION

TOTAL NO. OF ELEMENTS LESS ONE = 7
TOTAL NO. OF FLUID SPECIES =18
TOTAL NO. OF SOLID SPECIES =4
TOTAL NO. OF ADSORBED SPECIES = 4
NO. OF CATIONS ASSOC. WITH SURF.= 3
TOTAL NO. OF IND. FLUID SPECIES = 7
TOTAL NO. OF EXCHANGER =1

ELEMENT NO. NAME CHARGE

CALCIUM 2
MAGNESIUM 2
CARBON (AS CARBOBATES) -2
SODIUM 1
HYDROGEN (REACTIVE) 1
ACID (PETROLEUM) -1
CHLORINE -1

FLUID SPECIES NO. NAME

~N~NoobhwNER

(INDEPENDENT)

1 HYDROGEN ION
2 SODIUM ION
3 CALCIUM ION
4 MAGENSIUM ION
5 CARBONATE ION
6 PETROLEUM ACID IN OIL
7 WATER
(DEPENDENT)
8 CALCIUM MONOHYDROXIDE ION
9 MAGNESIUM MONOHYROXIDE ION
10 CA (HCO03) +
11 MG (HCO3) +
12 PETRLEUM ACID ANION
13 HYDROXIDE ION
14 BICARBONATE ION
15 DISSOLVED CARBON MONOHYDROXIDE
16 AQUEOUS CALCIUM CARBONATE
17 AQUEOUS MAGNESIUM CARBONATE
18 PETROLEUM ACID IN OIL

SOLID SPECIES NO. NAME

(*CSLD(l), 1=1,NSLD*)
(* CSORBI *)

(*CIND*)
(*S1%)
(*EQW™)
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Table C.21. Sample Output of EQBATCH Program (cont.)

CALCIUM CARBONATE(SOLID)
MAGNESIUM CARBONATE (SOLID)
CALCIUM HYDROXIDE (SOLID)
MAGNESIUM HYDROXIDE(SOLID)

SORBED SPECIES NO. NAME

AWNEF

1 SORBED HYDROGEN ION
2 SORBED SODIUM ION

3 SORBED CALCIUM ION

4 SORBED MAGNESIUM ION

ASSOC. CATION NO. NAME

1 SURF. ASSOCIATED SODIUM ION
2 SURF. ASSOCIATED CALCIUM ION
3 SURF. ASSOCIATED MAGNESIUM ION

NO. OF MOLES OF ELEMENT | IN ONE MOLE OF
FLUID SPECIES J

J= 1 23 456 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23
24 25

I=1 0.0.1.0.0. 00 1.0.1.0.0. 0.0.0.1. 0.0.
I=2 0. 0.0 1.0000 1.0 1.0 0.0.0.0. 10
I=3 0.0.0.0 1.0 000 1. 1. 0. 0. 1. 1. 1. 1. O.
I=4 0. 1. 0.0.0.0.00.000.0. 0 00.0.0.0.
I=5 1. 0. 0. 0. 0. 1.2 1.1, 1. 1. 0. 1. 1. 2. 0. 0. 1.
I=6 0. 0.0.0.0 1.0 0. 0. 0.0 1.0.0.0.0.0. 1

NO. OF MOLES OF ELEMENT | IN ONE MOLE OF
SOLID SPECIES K
K=~ 1 2 3 4 5 6 7 8 9 10

oUTRWN R
cooror
coorko
onvooor
onvooORrO

NO. OF MOLES OF ELEMENT | IN ONE MOLE OF
ADSORBED SPECIES K

K= 1 2 3 4 5

I=1 0. 0. 1. O
I=2 0. 0. 0. 1
=3 0. 0. 0. O
=4 0. 1. 0. O
=5 1. 0. 0. O
I=6 0. 0. 0. O

NO. OF MOLES OF ELEMENT | IN ONE MOLE OF
SURF. ASS. SPECIES K

Table C.21. Sample Output of EQBATCH Program (cont.)

K= 1 2 3 4 5

I=1 0. 1. 0
=2 0. 0. 1
=3 0. 0. 0
=4 1. 0. 0
I=5 0. 0. 0
I=6 0. 0. O

EXPONENT OF THE IND. SPECIES CONC. J
FOR FLUID SPECIES |

J 1 2 3 4 5 6 7 8 9 10
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Table C.21. Sample Output of EQBATCH Program (cont.)

I=1 1. 0. 0. 0. 0. 0. O.
I=2 0. 1. 0. 0. 0. 0. O.
I=3 0. 0. 1. 0. 0. 0. O.
I=4 0. 0. 0. 1. 0. 0. O.
I=5 0. 0. 0. 0. 1. 0. O.
I=6 0. 0. 0. 0. 0. 1. O.
I=7 0. 0. 0. 0. 0. 0. 1.
I=8 -1. 0. 1. 0. 0. 0. O.
=9 -1. 0. 0. 1. 0. 0. O
=10 1. 0. 1. 0. 1. 0. O.
=11 1. 0. 0. 1. 1. 0. O.
=12 -1. 0. 0. 0. 0. 1. O.
=13 -1. 0. 0. 0. 0. 0. O.
I=14 1. 0. 0. 0. 1. 0. O.
I=15 2. 0. 0. 0. 1. 0. O.
I=16 0. 0. 1. 0. 1. 0. O.
I=17 0. 0. 0. 1. 1. 0. O.
=18 0. 0. 0. 0. 0. 1. O
FLUID SPECIES NO. CHARGE

1 1.0

2 1.0

3 2.0

4 2.0

5 -2.0

6 0.0

7 0.0

8 0.0

9 1.0

10 1.0

11 1.0

12 -1.0

13 -1.0

14 -1.0

15 0.0

16 0.0

17 0.0

18 0.0

ADSORBED SPECIES NO. CHARGE
1.0

ArWNPE

1.0
2.0
2.0

ASSOC. CATION(SURF) CHARGE

1 1.0
2 2.0
3 2.0

EXPONENT OF IND. FLUID SPECIES J IN THE
SOLUBILITY PRODUCT DEFINITION OF SOLID |

J= 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
=1 0. 0 1. 0. 1. 0. O
=2 0. 0. 0 1. 1. 0. O
=3 -2. 0. 1. 0. 0. 0. O
4 -2. 0. 0. 1. 0. 0. O

FLUID SPECIES NO. EQUILM. CONSATNT

0.10000E+01
0.10000E+01
0.10000E+01
0.10000E+01
0.10000E+01
0.10000E+01
0.10000E+01
0.12050E-12
0.38871E-11
0.14125E+12

Boo~Nwounrwnr
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Table C.21. Sample Output of EQBATCH Program (cont.)

11 0.58345E+12
12 0.95900E-12
13 0.10093E-13
14 0.21380E+11
15 0.39810E+17
16 0.15849E+04
17 0.47863E+04
18 0.95900E-04

EXCHANGE EQUILIBRIUM CONSTANT FOR EQUILM. J
OF THE EXCHANGER |

J= 1 2 3 4 5
I=1 0.7930E+01 0.5200E+01 0.2700E+07

EXCHANGER NO. EXCHANGE CAPACITY
1 0.34030E+00

EXPONENT OF THE IND. SPECIES CONC. K IN
THE EXCHANGE EQUILIBRIUM J ON EXCHANGER |

I=1

K= 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
17 18

J=1 0.0 20 -10 00 00 00 00 0.0 -20 1.0 0.0 0.0 0.0 0.0
J=2 00 20 00 -1.0 00 0.0 00 0.0 -20 0.0 1.0 0.0 0.0 0.0
J=3 -10 10 00 00 00 00 00 10 -10 0.0 0.0 0.0 0.0 0.0
SOLID NUMBER SOLUBILITY PRODUCT

1 0.47485E-09

2 0.70000E-04

3 0.47315E+23

4 0.56045E+17

EXCHANGE EQLM. (I) ON SURF. BETAS(I)

1 0.25000E+01
2 0.29400E+01

EXPONENT OF THE IND. SPECIES CONC. K IN
THE EXCHANGE EQUILIBRIUM J ON SURFACTANT

K= 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
17 18

J=1 00 20 -10 0.0 00 0.0 00 0.0 00 0.0 0.0 -20 1.0 0.0
J=2 00 20 00 -10 00 0.0 0.0 00 00 00 0.0 -20 0.0 10
INITIAL AQ. ELEMENTAL CONCS.(MOLESI/L)
1 2 3 4 5 6 7 8
9 10

.13500E-02 .15000E-02 .47000E-01 .10430E+00 .11104E+03 .19000E-01

INITIAL CHLORIDE CONC.(EQ/LITER) = 0.5900E-01
INITIAL SURFACTANT CONC.(EQ/LITER) = 0.0000E+00

INITIAL SOLID CONCS.(MOLES/LITRE PV)

1 2 3 4 5 6 7 8
9 10

.20000E+01 .00000E+00 .00000E+00 .00000E+00
INITIAL ADSORED IONS(MOLES/LITRE PV)
1 2 3 4 5 6 7 8
9 10
.50000E-01 .25000E+00 .10000E-01 .20000E-02

INITIAL GUESSES OF INDEPENDENT CONCENTRATIONS
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Table C.21. Sample Output of EQBATCH Program (cont.)

1.200077231590000E-006 1.000000000000000E-002 1.000000000000000E-005
4.616423363603000E-006 3.092684582095000E-009 5.399766653843000E-004
55.4999931465000 1.000000000000000E-006 1.000000000000000E-002
1.000000000000000E-003 1.000000000000000E-004 1.000000000000000E-006
1.000000000000000E-008 1.000000000000000E-008

END OF REACTION MODULE INPUT DATA
RESIDUALS AT THE END OF 18 ITERATIONS IDAMP = 1

0.000E+00 0.000E+00 -.555E-16 0.142E-13 0.000E+00 0.000E+00 0.000E+00 0.999E-15
0.666E-15 0.000E+00 0.000E+00 -.486E-16 -.245E-12 0.000E+00

FLUID SPECIES CONCENTRATIONS
0.7849769316806E-08 0.7529549105585E-01 0.2274287723632E-05 0.5387616767727E-04
0.2087910843759E-03 0.1899585758862E-01 0.5548234868752E+02 0.3491206679296E-10
0.2667875232078E-07 0.5265052518920E-06 0.5151920872179E-04 0.2320708633881E-05
0.1285770268228E-05 0.3504100430504E-01 0.5121744571970E-03 0.7525913499000E-06
0.5384043523296E-04 0.1821702742749E-05
SOLID SPECIES CONCENTRATIONS
0.2011131391413E+01 0.0000000000000E+00 0.0000000000000E+00 0.0000000000000E+00
SORBED SPECIES CONCENTRATIONS
0.7318622640939E-01 0.2600025853849E+00 0.2150482869699E-03 0.3340545815905E-02
SURF. ASSOCIATED CATION CONCS.
0.1900192355929E-01 0.6880963477427E-08 0.1916937102421E-06
ELEMENT NO. OLD TOTAL NEW TOTAL ERROR
0.2011350000000E+01 0.2011350000000E+01 0.0000000000000E+00
0.3500000000000E-02 0.3500000000000E-02 0.0000000000000E+00
0.2047000000000E+01  0.2047000000000E+01 0.0000000000000E+00
0.3543000000000E+00 0.3543000000000E+00 0.2220446049250E-15

0.1110930000000E+03 0.1110930000000E+03 -0.1110223024625E-15
0.1900000000000E-01 0.1900000000000E-01 0.0000000000000E+00

o WNE

ISOLN= 14
COMPUTATION TIME= 0.00000E+00
INITIAL CONDITIONS FOR UTCHEM

C11,C21,C50,C60,C121,C131,C141,C15I

0.999997928798602 0.985633815850358 5.900000000000000E-002
7.120600401936443E-006 9.429741461513917E-002 111.019813773591
3.189083681891565E-004 7.173721717434252E-002
A- + HA(WWATER) = 4.142411376630453E-006 HA(OIL) = 2.915115922082504E-002
VOLUMES FRACTIONS OF WATER,OIL AND ACID

0.601998753136758 0.392282258708443 5.718988154799202E-003
EQUIV. OF ACID/LITRE TOTAL VOL 1.143797630959840E-002
EQK( 12) EQK( 18)  6.249160552927827E-013
6.249160552927826E-005
CSLDI(l),I=1,NSLD UNIT=MOLES/LITER PV

1.21069859002472 0.000000000000000E+000 0.000000000000000E+000
0.000000000000000E+000
CSORBI(),1=1,NSORB UNIT=MOLES/LITER PV

4.405801704523635E-002 0.156521232214020 1.294588006200680E-004
2.011004415971278E-003
EXCHANGE CAPACITY(MEQ/ML PV)=  0.204860175692439

Table C.22. Sample UTCHEM Input File Generated From EQBATCH Program

FOLLOWING LINES OF DATA FORMATED FOR UTCHEM

718 4431
71412

54123

6

CALCIUM 2
MAGNESIUM 2
CARBON (AS CARBOBATES) -2
SODIUM 1
HYDROGEN (REACTIVE) -1
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Table C.22. Sample UTCHEM Input File Generated From EQBATCH Program (cont.)

ACID (PETROLEUM) -1
CHLORINE

HYDROGEN ION

SODIUM ION

CALCIUM ION

MAGENSIUM ION

CARBONATE ION

PETROLEUM ACID IN OIL

WATER

CALCIUM MONOHYDROXIDE ION
MAGNESIUM MONOHYROXIDE ION
CA (HCO03) +

MG (HCO3) +

PETRLEUM ACID ANION
HYDROXIDE ION
BICARBONATE ION

DISSOLVED CARBON MONOHYDROXIDE
AQUEOUS CALCIUM CARBONATE
AQUEOUS MAGNESIUM CARBONATE
PETROLEUM ACID IN OIL

CALCIUM CARBONATE(SOLID)
MAGNESIUM CARBONATE (SOLID)
CALCIUM HYDROXIDE (SOLID)
MAGNESIUM HYDROXIDE(SOLID) (*
SORBED HYDROGEN ION

SORBED SODIUM ION

SORBED CALCIUM ION

SORBED MAGNESIUM ION (*
SURF. ASSOCIATED SODIUM ION
SURF. ASSOCIATED CALCIUM ION
SURF. ASSOCIATED MAGNESIUM ION

0.0.0. 0 1. 0. 1. 0. 0. 0. 0. 0.
1. 0. 0. 0. 0. 1. 0. 1. 0. 0. 0. 0.
0.1. 0.0 0.0 1. 1. 0. 0. 1. 1.
0. 0.0 0. 0 0 0 0 0. 0. 0.0O.
00.0.1.2 1. 1. 1. 1. 0. 1. 1. 2.
0.0.1.0 0.0 0. 0. 1. 0. 0. 0.

coPoorooroooooorroooooolrorooo
COoO0OrOONOORD

Sooocoocoroorfoooorooooooororooororoooroa

CO0Loo0DooP0bboooooo orooo00oroNOOORRORrO0 0000 0OR

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0 39 0.0 0.0 00 0.0 0.0 00 0.0 0.0 0.0 0.0
88:10000000000000000000
Bgfonloooooooooooonoooo
60 B 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
383 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0
888 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0
2%8:100000000D0000000000
%%% 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table C.22. Sample UTCHEM Input File Generated From EQBATCH Program (cont.)

1.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0

RPOROROR

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P9ocoooooo

D000 0O0O0O000O00000000000o0oo0oPoooooo0o

0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

NOOOORrROOOOO0OO0O00000000000ooNO @

1.0 1.0 1.0 1.0-1.0

ococoooo
oNERORPO
ocoocoooo
p&opﬁﬁ
ocoocoooo
000000
ococoooo

00000

oocooo

N
.
OoNORrOR

P e e e e e e e e e e e e e e e e e e e e
FRROO00OR0000000000000000000000

2.0 2.0

000000000000E+01 0.1000000000000E+01 0.1000000000000E+01
000000000000E+01 0.1000000000000E+01 0.1000000000000E+01
000000000000E+01 0.1205000000000E-12 0.3887100000000E-11
.1412500000000E+12 0.5834500000000E+12 0.6249160552928E-12
.1009300000000E-13 0.2138000000000E+11 0.3981000000000E+17
.1584900000000E+04 0.4786300000000E+04 0.6249160552928E-04
.7930000000000E+01 0.5200000000000E+01 0.2700000000000E+07
2.0-1.0 0.0 0.0 0.0 0.0 0.0-2.0 1.0 0.0 0.0

0.0

2.0 0.0-1.0 0.0 0.0 0.0 0.0-2.0 0.0 1.0 0.0

1
1
1

OCO000000,,

0.0 0.0 0.0 0.0 0.0 1.0-1.0 0.0 0.0 0.0

PORPOOOO
[=X=X=X

0.
1.
0.
-1.0 0.0

48601756924E+00

48510000000E-09 0.7000000000000E-04 0.4731500000000E+23
04500000000E+17

2.0 2.0

00000000000E+01 0.2940000000000E+01

2.0-1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0-2.0

0.0

2.0 0.0-1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0-2.0

1.0

900192355929E-01 0.6880963477427E-08 0.1916937102421E-06
900000000000E-01 0.7120600401936E-05

429741461514E-01 0.1110198137736E+03 0.3189083681892E-03
0.7173721717434E-01 0.4142411376630E-05
0.2915115922083E-01

0.7849769316806E-08 0.7529549105585E-01 0.2274287723632E-05
0.5387616767727E-04 0.2087910843759E-03 0.1899585758862E-01
0.5548234868752E+02

0.1210698590025E+01 0.0000000000000E+00 0.0000000000000E+00
0.0000000000000E+00

0.4405801704524E-01 0.1565212322140E+00 0.1294588006201E-03
0.2011004415971E-02

0.9999979287986E+00 0.9856338158504E+00
0.1000000000000E-07 0.5000000000000E+03

CeboNOURNSSoeb ok
coooggisoo00000

1
.5
.9
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