1LBL-34868UC-800EOS7R: Radionuclide Transport for TOUGH2Curtis M. Oldenburg and Karsten PruessEarth Sciences DivisionLawrence Berkeley National LaboratoryUniversity of CaliforniaBerkeley, CA 94720November 1995This work was supported in part by the Assistant Secretary for Energy Efficiency and Renewable Energy,Geothermal Division, and by a gift from NAGRA, Switzerland, under U.S. Department of Energy contract No. DE—AC03—76SF00098.

2AbstractEOS7R provides radionuclide transport capability for TOUGH2. EOS7R extends theEOS7 module (water, brine, and optional air) to model water, brine, parent component, daughtercomponent, and optional air and heat. The radionuclide components follow a first-order decaylaw, and may adsorb onto the solid grains. Volatilization of the decaying components is modeledby Henry’s Law. The decaying components are normally referred to as radionuclides, but theymay in fact be any trace components that decay, adsorb, and volatilize. The decay process neednot be radioactive decay, but could be any process that follows a first-order decay law, such asbiodegradation. EOS7R includes molecular diffusion for all components in gaseous and aqueousphases using a simplified binary diffusion model. When EOS7R is used with standardTOUGH2, transport occurs by advection and molecular diffusion in all phases. When EOS7R iscoupled with the dispersion module T2DM, one obtains T2DMR, the radionuclide transportversion of T2DM. T2DMR models advection, diffusion, and hydrodynamic dispersion inrectangular two-dimensional regions. Modeling of radionuclide transport requires inputparameters specifying the half-life for first-order decay, distribution coefficients for each rocktype for adsorption, and inverse Henry’s constants for volatilization. Options can be specified inthe input file to model decay in "inactive" grid blocks and to read from standard EOS7 INCONfiles. We present a number of example problems to demonstrate application and accuracy ofTOUGH2/EOS7R. One-dimensional simulation results agree well with analytical solutions. Fora two-dimensional salt-dome flow problem, the final distribution of daughter radionuclidecomponent is complicated by the presence of weak recirculation caused by density effects due tosalinity.

3Contents1. Introduction..................................................................................................................52. Mathematical Formulation...........................................................................................52.1General.....................................................................................................52.2Molecular Diffusion..................................................................................72.3Adsorption................................................................................................82.4First-Order Decay.....................................................................................112.5Volatilization............................................................................................143. Implementing Radionuclide Transport........................................................................154. Using EOS7R............................................................................................................174.1Compilation of EOS7R...........................................................................174.2Compilation of T2DMR............................................................................174.3Input Formats............................................................................................185. Example Problems.......................................................................................................245.1One-Dimensional Transport and Decay...................................................245.2One-Dimensional Transport and Decay of Ammonium..........................32 5.3Two-Dimensional Salt-Dome Flow.........................................................365.4One-Dimensional Transport of Volatile Tracer.......................................416. Final Notes...................................................................................................................46Appendix 1........................................................................................................................ 48Appendix 2........................................................................................................................49References..........................................................................................................................50Acknowledgments..............................................................................................................52Nomenclature......................................................................................................................52

4List of FiguresFig. 1.Example of self-documenting EOS7R printout.........................................16Fig. 2.Domain for one-dimensional transport problem........................................25Fig. 3.Input file for one-dimensional radionuclide transport problem.................26Fig. 4.Parent radionuclide mass fraction profiles for the coarse grid...................28Fig. 5.Parent radionuclide mass fraction profiles for the fine grid.......................29Fig. 6.Input file for two-phase variation for SAMR1...........................................30Fig. 7.Parent and daughter mass fraction in the gas phase...................................31Fig. 8.Input file for ammonium decay problem................................................... 33Fig. 9.Ammonium and nitrite mole fractions for the coarse grid........................ 34Fig. 10. Ammonium and nitrite mole fractions for the fine grid............................35Fig. 11.Domain and boundary conditions for the salt-dome flow problem........... 38Fig. 12.Flow field and parent mass fractions for the salt-dome flow problem......39Fig. 13.Flow field and daughter mass fractions for the salt-dome flow problem..40Fig. 14.Domain and boundary conditions for volatile transport problem............. 42Fig. 15.Input file for volatile transport problem................................................... 44Fig. 16.Gas-phase mass fraction for the volatile transport problem......................45List of TablesTable 1.Phases and components in EOS7R..............................................................7Table 2.Diffusivities for five components in two phases......................................... 24Table 3.Parameters for the volatile tracer transport problem................................... 41Table A1.Summary of changes to program units in EOS7R.....................................48Table A2.Summary of changes to program units in T2DMR....................................49

51. IntroductionEOS7R extends the equation of state module EOS7 (for water, brine, and optional air andheat) to include parent and daughter radionuclide components. Additional subroutinemodifications extend the standard TOUGH2 process description to include first-order decay,equilibrium sorption, molecular diffusion in aqueous and gas phases, and volatilization of theradionuclide components. Transport of the five components (water, brine, parent radionuclide,daughter radionuclide, and air) is by advection and molecular diffusion. When EOS7R iscoupled with the dispersion module T2DM, the process description is further extended to includeFickian hydrodynamic dispersion. However, whereas TOUGH2/EOS7R can model advectionand diffusion in arbitrary irregular 1-, 2-, and 3-dimensional grids, modeling of hydrodynamicdispersion with T2DMR is restricted to two-dimensional rectangular cartesian domains. Werefer to the combination of T2DM and EOS7R as T2DMR. This report describes EOS7R, themodel for radionuclide transport, and its optional coupling with T2DM. The sample problemsand input format descriptions in the present report provide sufficient information to use EOS7R,the new TOUGH2 module for radionuclide transport. For details of the brine processdescription, users are referred to the EOS7 report (Pruess, 1991b). The foundations andinstructions for use of the dispersion module (T2DM) are described in Oldenburg and Pruess(1993).2. Mathematical Formulation2.1. GeneralThe general conservation equations solved by the integral finite difference method(IFDM) in TOUGH2 consist of balances between mass accumulation and flux and source termsover all grid blocks Vn into which the flow domain V has been partitioned:

ddt M(k) dV Vn=

F(k) �nGn dG

+q(k)Vn dV (1)

6(see Nomenclature for definition of symbols). In Eq. 1, the index n = 1, ..., N corresponds to thegrid blocks with volume Vn and surface area Gn . The index k = 1, ..., NK+1 corresponds to theNK fluid components and heat. The mass accumulation term (M) in Eq. 1 is given byM(k) = f SbrbXb(k) �b = 1NPH(2).The flux term has contributions from both the phase flux and from diffusion and dispersion andcan be writtenF(k) =

Xb(k) Fb - rb

Db(k)�Xb(k)�b = 1NPH (3).The first term on the right-hand side of Eq. 3 is the phase flux term which accounts for the fluxof component k arising from Darcy flux of the phases containing k . The second term on theright-hand side of Eq. 3 is the dispersion term with the dispersion tensor indicated by theoverbar. When EOS7R is coupled with T2DM, hydrodynamic dispersion is modeled with aFickian formulation that includes transversal and longitudinal dispersion for all components (seeOldenburg and Pruess (1993) for details). Without the T2DM subroutines, EOS7R modelsmolecular diffusion only.EOS7R can handle 2 phases and 5 components plus heat. The symbols and indexnumbers for these phases and components in EOS7R are shown in Table 1. Air and heat areoptional components, the consideration of which is specified in the MULTI block of the inputfile (see section 4.3)

7Table 1. Phases and components in EOS7R.Phases (b)Components (k)

1 — gas (g)1 — water2 — brine3 — parent4 — daughter5 — air

2 — aqueous (w)1 — water2 — brine3 — parent4 — daughter5 — air

2.2 Molecular DiffusionWe use a simplified model for binary diffusion of the chemical components dissolved inaqueous and gas phases. The bold

D in Eq. 3 is the dispersion tensor, a second order, symmetrictensor with one principal direction in the average (Darcy) flow direction, and the other normal toit. The dispersion tensor of Eq. 3 can be written as

Dbk = DT,bk

I +DL,bk - DT,bkub 2 ub ub (4).The strength of dispersion is specified by dispersion coefficients in the longitudinal (DL) andtransverse (DT) directions relative to the flow direction whereDL,bk = f Sb t dbk + aL ub (5)DT,bk = f Sb t dbk + aT ub (6).Here f is the porosity, Sb is the saturation of phase b, t is the tortuosity of the medium, dbk is themolecular diffusivity for componentk in phase b, aL is the longitudinal dispersivity, orlongitudinal dispersion length, aT is the transverse dispersivity, and u b is the magnitude of theDarcy velocity of phase b. In the modified subroutines provided with EOS7R, we neglecthydrodynamic dispersion, assuming effectively that aL and aT are zero. (If hydrodynamicdispersion is to be modeled, users must link subroutines in T2DM with EOS7R and provide

8additional input parameters, details of which are presented in Sections 4.1 and 4.2). With theassumption that aL = aT = 0, the dispersion tensor contains only isotropic molecular diffusion,specifically,

Dbk = f Sb t dbk

I (7)where

I is the identity matrix. Substituting Eq. 7 into Eq. 3 gives the mass flux of component kdue to molecular diffusion in phase b :Fb,d(k) = -rb

Db(k)�Xb(k) = -rb f Sb t dbk �Xb(k) (8).This term is added to the phase flux (first term in Eq. 3) to form the total flux for component k.In addition to modification by S t, gas-phase diffusivities are affected by temperature andpressure as in TOUGH and TOUGH2 (Pruess, 1987, 1991a), except that temperature dependenceis neglected by default, and non-zero TEXP must be input to turn on temperature dependence.The diffusion model as given in Eqs. 7 and 8 approximates multicomponent diffusion ascomposed of binary pairs. Such an approximation is applicable if one component is dominant(e.g., water) while the others are dilute. We caution the user that the full details ofmulticomponent diffusion (e.g., Cussler, 1984, Chap. 8) are not captured by the presentsimplified effective binary diffusion model.2.3 AdsorptionIn EOS7R, the radionuclide components (k = 3,4) in the aqueous phase may be adsorbedonto the immobile solid grains of the matrix. Our development follows that of deMarsily (1986,p. 256) and assumes that the amount of a species that is adsorbed is proportional to itsconcentration in the aqueous phase. If the adsorbing component k is sufficiently dilute, then itsadsorption does not affect adsorption of any of the other components present. With this

9assumption, the adsorption of component k can be described by the distribution coefficient, Kd,where Kdw k = fkcwk(9)and where f k = mass of component k adsorbedmass of solid(10) cw k = mass of component k volume of aqueous phase (w) (11).With the assumption of local equilibrium, f(k) may also be expressed in terms of the gas-phaseconcentration of component k, f k = Kdw k cw k= Kdg k cgk(12).Thus there is an effective Kd for the gas phase related to Kdw by Henry’s constant (see section2.5). The mass accumulation term of Eq. 2 including the effect of adsorption then becomesM(k) = f SbrbXb(k) �b = 1NPH + (1 - f)rRf(k) (13).Selecting the aqueous liquid phase (w) as a reference phase, the mass accumulation term can bewritten relative to the reference phase (w):M(k) = f SbrbXb(k) �b = 1NPH + (1 - f)rRcw(k)Kdw(k)(14).

10In Eq. 14, the contribution to the mass accumulation term due to adsorbed component k isexpressed relative to the reference phase (w), with solute concentration given bycw(k) = rwXw(k) (15)and distribution coefficient Kdw(k).To relate the above multiphase formulation to the customary retardation factorformulation for single-phase systems, we consider a system in which component k partitionsonly between the aqueous phase and the solid grains (i.e., component k is non-volatile, or gasphase is absent). Isolating the terms for the reference phase (w), Eq. 14 can be writtenM(k) = fSwrwXw(k)

1 + (1 - f)fSwrRKdw(k) (16)where the terms in parentheses comprise the retardation factor (R). Rather than using theretardation factor as an input parameter, we implement adsorption in EOS7R by specifyingdistribution coefficients for the reference phase (w) for each rock type. Nevertheless, forcomparison with analytical solutions of fully saturated flow problems which often use R as aparameter, we will present some later results in terms of the retardation factor, R. The effectiveaqueous phase retardation factor for full multiphase partitioning is given byRw(k) = 1 +

1-f f Sw rRKdw(k) + �b „w

Sb rb Xb(k)Sw rw Xw(k) (17).

112.4. First-Order DecayThe radionuclide components (k = 3 or 4, the parent and daughter components,respectively) may undergo radioactive decay by a first-order decay law ddt Ml(k) = -lkMl(k) (18)where Ml(k) is the mass of species k per unit volume in subdomain l, and lk is the radioactivedecay constant of component k, related to the half-life by T1/2 =

ln 2lk (19).The implementation of first-order decay into the IFDM in TOUGH2 can be explained as follows.First, we rewrite Eq. 1 in space-discretized form as an ordinary differential equation (ODE) intime for grid block l, ddt VlMl(k) = Alm�mFlm(k) + ql(k)Vl (20),where m labels the grid blocks connected to l and where the source term accounts for radioactivedecay. Substituting Eq. 18 for the sink term in Eq. 20, we obtain ddt VlMl(k) = Alm�mFlm(k) -lkMl (k)Vl (21).Introducing time-step index k and iteration index p, we can now write the time-discretizedequation for the decaying parent component (k = 3) as Ml(3) k + 1, p - Ml(3) k =

Dt VlAlm �mFlm(3) k + 1, p - l3 Dt Ml(3) k + F, p (22)

12where we use a variable time-weighting parameter (F) for the decay term. The source-sink term(last term on the right-hand side of Eq. 22) that accounts for radioactive decay depends on themass at the (k + F) time level. We introduce a simple interpolation scheme to approximate themass accumulation term at the k + F level as follows: Ml(k) k + F, p = Ml(k) k +

F Ml(k) k + 1, p - Ml(k) k (23). Fully implicit differencing for the decay term corresponds to F = 1, and Crank-Nicholson (mid-point) weighting corresponds to F = 0.5. Upon substitution of Eq. 23 into 22 and rearranging,we obtain Ml(3) k+1, p

1 + F l3 Dt - Ml(3) k

1 - 1 - F l3 Dt =

Dt VlAlm �mFlm(3) k+1, p (24).The default for the decay term in TOUGH2/EOS7R is the fully implicit scheme (F = 1.). If thehalf-life is input as a negative number, F is assumed to equal 0.5 (Crank-Nicholson) whichmakes the source term that accounts for radioactive decay be the average of the radionuclidemass at the old (k) and current (k + 1) time steps. When concentration changes occur primarilydue to flow and transport, F = 1 is recommended (fully implicit). When decay is the dominantmechanism for concentration change, F = 0.5 will give more accurate results.The mass accumulation term for radionuclide component 4 (the daughter) includesproduction by decay of component 3 (the parent) and destruction by its own decay:

ddt Ml(4) = - l4Ml(4) + l3Ml(3)

MW(4)MW(3) (25).The ratio of molecular weights enters Eq. 25 because the decay reactions occur on a per-molebasis while we write the conservation equations on the basis of mass balance. We will show later

13that in many applications this distinction is unimportant (see sample problems). Substituting Eq.25 into the ODE for the conservation of daughter component, we obtain ddt VlMl(4) - VlMl(3)

MW(4)MW(3) l3 = Alm�mFlm(4) - l4Ml(4)Vl (26) which is analogous to Eq. 21 for the parent. We can rearrange Eq. 26 to obtain ddtVlMl(4) + l4VlMl(4) - l3VlMl(3)

MW(4)MW(3) = Alm�mFlm(4) (27).Introducing time step index k, time-weighting parameter F, and iteration index p, we now writethe time-discretized equation for the daughter component: Ml(4) k+1, p

1 + F l4 Dt - Ml(4) k

1 - 1 - F l4 Dt - l3 D t Ml(3) k+ 1, pF - Ml(3) k

1 - F

MW(4)MW(3) =

Dt VlAlm �mFlm(4) k+1, p (28).As for the parent, the daughter half-life may be input as a positive number (for F = 1, fullyimplicit), or as a negative number (for F = 0.5, mid-point weighting). Note that input of eitherparent or daughter half-lives as negative numbers will impose F = 0.5 for both parent anddaughter. The above models for molecular diffusion, adsorption, and radioactive decay have beencoded in a revised subroutine MULTI distributed with EOS7R. With the addition of these newprocesses, new input parameters are required, specifications for which are discussed in section4.3. Because radionuclide concentrations are expected to be very low, thermal effects ofradioactive decay have been neglected. The formulation developed here is sufficiently generalthat first-order decay processes other than radioactive decay can also be modeled with EOS7R(e.g., see sample problem 2).

142.5 VolatilizatonIn addition to adsorbing onto solid matrix grains, the radionuclide components mayvolatilize into the gas phase, if present. This volatilization is represented under conditions oflocal thermodynamic equilibrium by Henry’s Law:Pg(k) = Hgw(k) cw(k) (k = 3,4)(29)where Pg(k) is the partial pressure in the gas phase of component k, Hgw(k) is Henry’s constant, andcw(k) is the mole fraction of component k in the aqueous phase. Consistent with existingTOUGH2 formulations for water and air, we specify volatilization with inverse Henry’s constants(1/Hgw(k)), which are actually solubilities (units of Pa-1). Although adsorption is specified by adistribution coefficient for the aqueous phase only, there is an effective distribution coefficientfor the gas phase that arises from the partitioning between the aqueous and gaseous phases.Assuming that the gas phase consists primarily of air, the effective gas-phase distributioncoefficient can be written in the following approximate form:Kdg(k) = f(k)rg

Hgw(k) cw(k)Pg

MW(k)MW(a)(30).This effective Kdg(k) is never explicitly calculated or used in EOS7R. We mention it only tomake the point that retardation occurs for volatile species in the gas phase just as it does in theaqueous phase, even if there is no explicit distribution coefficient for the gas phase.In EOS7R as in EOS7, no solubility constraints are enforced for the brine (Pruess,1991b). Users are cautioned that unphysical results may be obtained in thermal problems withstrong vaporization effects.

153. Implementing Radionuclide TransportThe implementation of the above processes involved extending the EOS7 thermophysicalproperties module (Pruess, 1991b) to include two radionuclide components that partition into the gasphase, as well as adding molecular diffusion, adsorption, and first-order decay to subroutine MULTI.EOS7R refers to both the new equation of state module and the associated revised subroutines (e.g.,MULTI). The number of components is specified in the MULTI block of the input file. The order ofthe components in EOS7R is water, brine, radionuclide 1 (parent), radionuclide 2 (daughter), air (ifpresent), and heat (if present) (Table 1). A summary of EOS7R specifications is printed upon executionand is reproduced here in Fig. 1.Because EOS7R adds two new components to EOS7, two additional equations must besolved. Linear equation solution can become quite slow for large problems with up to 6equations per grid block (5 mass components and heat). For faster linear equation solution,EOS7R uses T2CG1, which provides the choice of 3 conjugate gradient solvers specifiedthrough the MOP(21) option (Moridis and Pruess, 1995). The radionuclide components are oftenat very low concentration and can be treated as tracer components. As such, they do not affectthe flow field. There may be times when users will want to compute, for example, a steady-stateflow field with strong brine density effects without the added computational overhead of theradionuclide transport. Once a steady-state flow field is obtained, the user may want to study thetransport of the radionuclides within the steady flow field. We have allowed for this type ofexecution through appropriate specification of the MOP(19) option. If MOP(19) is set equal to1, EOS7R will expect to read a standard EOS7 INCON format (up to 4 primary variables, i.e. noradionuclides). For MOP(19) equal to 0 (the default), the INCON block is assumed to be inEOS7R format (up to 6 primary variables). These options also apply to the primary variablesspecified in PARAM.4.

16 *********************************************************************************************************************************** * EOS7R: EQUATION OF STATE FOR MIXTURES OF WATER/BRINE/RADIONUCLIDE(1)/RADIONUCLIDE(2)/AIR * *********************************************************************************************************************************** OPTIONS SELECTED ARE: (NK,NEQ,NPH,NB) = (4,4,2,10) NK = 4 - NUMBER OF COMPONENTS NEQ = 4 - NUMBER OF EQUATIONS PER GRID BLOCK NPH = 2 - NUMBER OF PHASES THAT CAN BE PRESENT NB = 10 - NUMBER OF SECONDARY PARAMETERS (OTHER THAN COMPONENT MASS FRACTIONS) AVAILABLE OPTIONS: (5,5,2,11) - WATER, BRINE, RN1, RN2, AIR; ISOTHERMAL (DEFAULT); VARIABLES (P, XB, XRN1, XRN2, X OR S+10, T) (5,6,2,11) - WATER, BRINE, RN1, RN2, AIR; NON-ISOTHERMAL; VARIABLES (P, XB, XRN1, XRN2, X OR S+10, T) (4,4,2,10) - WATER, BRINE, RN1, RN2, NO AIR; ISOTHERMAL; VARIABLES (P, XB, XRN1, XRN2, T) (4,5,2,10) - WATER, BRINE, RN1, RN2, NO AIR; NON-ISOTHERMAL; VARIABLES (P, XB, XRN1, XRN2, T) THE NK = 4 ("NO AIR") OPTIONS MAY ONLY BE USED FOR PROBLEMS WITH SINGLE-PHASE LIQUID CONDITIONS THROUGHOUT. THE NORMAL NUMBER OF SECONDARY PARAMETERS OTHER THAN MASS FRACTIONS IS 6 PER PHASE. IN EOS7R, WE ADD TO THIS ONE MOLECULAR DIFFUSIVITY FOR EACH POTENTIAL COMPONENT IN EACH PHASE MAKING NB = 10 OR 11. *********************************************************************************************************************************** THE PRIMARY VARIABLES ARE P - PRESSURE T - TEMPERATURE XB - BRINE MASS FRACTION IN LIQUID (FOR SINGLE-PHASE GAS, XB IS BRINE MASS FRACTION IN GAS) XRN1 - MASS FRACTION IN THE LIQUID OF RADIONUCLIDE(1) (PARENT) XRN2 - MASS FRACTION IN THE LIQUID OF RADIONUCLIDE(2) (DAUGHTER) S+10. - (GAS PHASE SATURATION + 10.) X - AIR MASS FRACTION T - TEMPERATURE ****************************** ***************************************************************** * COMPONENTS * * FLUID PHASE CONDITION PRIMARY VARIABLES * ****************************** ***************************************************************** * * * * * # 1 - WATER * * SINGLE-PHASE GAS (#) P, XB, XRN1, XRN2, X, T * * * * * * # 2 - BRINE * * SINGLE-PHASE LIQUID (*) P, XB, XRN1, XRN2, X, T * * * * * * # 3 - RN1 * * TWO-PHASE (*) P, XB, XRN1, XRN2, S+10., T * * * * * * # 4 - RN2 * ***************************************************************** * * (#) SINGLE-PHASE GAS NOT FULLY IMPLEMENTED. * # 5 - AIR * (*) XRN1 AND XRN2 ARE ALWAYS MASS FRACTIONS IN THE AQUEOUS PHASE. * * * # 6 - HEAT * * * *********************************************************************************************************************************** NEGATIVE REFERENCE PRESSURE OF -.100000E+06 PA WAS SPECIFIED, THUS BRINE PROPERTIES ARE IDENTICAL TO WATER FOR ALL SALINITIES. PROPERTIES OF THE RADIONUCLIDES: DOMAIN RADIONUCLIDE(1) RADIONUCLIDE(2) HALF-LIFE (SECONDS): -ALL- .1728E+07 .1000E+41 MOLECULAR WEIGHT (GM/MOLE): -ALL- .2340E+03 .2300E+03 INVERSE HENRY CONST.(MOLE/PA): -ALL- .1000E+31 .1000E+31GAS PHASE DIFFUSIVITY (M**2/S): -ALL- .0000E+00 .0000E+00AQ. PHASE DIFFUSIVITY (M**2/S): -ALL- .1157E-06 .0000E+00 DISTRIBUTION COEFF. (M**3/KG): FINE .1620E-03 .0000E+00 MOLECULAR DIFFUSIVITY OF WATER, BRINE, XRN1, XRN2, AND AIR THROUGH THE GASEOUS AND AQUEOUS PHASES, (FDDIAG(PHASE,COMP)) [M**2/S]: PHASE 1 = GAS; PHASE 2 = AQUEOUS PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP -1- -1- -1- -2- -1- -3- -1- -4- -1- -5- -2- -1- -2- -2- -2- -3- -2- -4- -2- -5- .00000E+00 .00000E+00 .00000E+00 .00000E+00 .00000E+00 .11570E-06 .00000E+00 .11570E-06 .00000E+00 .00000E+00 MOP(19) = 0 *** ALLOWS INITIALIZATION WITH DIFFERENT SETS OF PRIMARY VARIABLES. *** *** THIS IS USEFUL FOR STARTING EOS7R SIMULATIONS FROM EOS7 INITIAL CONDITIONS. *** = 0: (P,XB,XRN1,XRN2,XAIR,T) FOR SINGLE PHASE, (P,XB,XRN1,XRN2,S+10,T) FOR TWO-PHASE. (EOS7R FORMAT). = 1: (P,XB,XAIR,T) FOR SINGLE PHASE, (P,XB,S+10,T) FOR TWO-PHASE. (EOS7 FORMAT). WILL INITIALIZE XRN1 = XRN2 = 0. ***********************************************************************************************************************************Fig. 1. Example of self-documenting printout for EOS7R.

17 Special consideration must be given to decay and production of radionuclides in gridblocks which are given very large volume so that their thermodynamic conditions remainapproximately constant. Users can choose to allow for the radionuclide to decay within verylarge grid blocks, or the user can choose to have a constant mass of radionuclide within suchblocks. The two options are selected on the basis of the volume of the grid block. If the volumeof the grid block is larger than or equal to 1.E50 m3, then the mass fractions of the radionuclideswill be unchanged from their initial values. If the volume of a grid block is less than 1.E50 m3,the mass fractions will change by radioactive decay and production as they would in any othergrid block.4. Using EOS7R4.1. Compilation of EOS7RAs an extension of TOUGH2, EOS7R consists of all of the TOUGH2 subroutines, somewith modifications, and the new equation of state module EOS7R itself. The program units andtheir changes for radionuclide transport are presented in Appendix 1. A typical compilationinstruction on an IBM RS/6000, for example, would be as follows:xlf -O -qautodbl=dblpad eos7r.f t2cg1.f t2f.f meshm.f ma28.fThe italics indicate the new program units for radionuclide transport. Note that duplicatesubroutine name warnings may arise from some compilers. Depending on the compiler, it ispossible that duplicate main programs and subroutines may have to be eliminated from thesource code. Alternatively, one can change the names of later occurrences of the samesubroutine (e.g., an unwanted version of CYCIT could be renamed CYCITx).4.2. Compilation of T2DMRTo model hydrodynamic dispersion, it is necessary to link subroutines from thedispersion module, T2DM. The additional program units needed are described in Appendix 2.

18The compilation instruction on an IBM RS/6000 would be:xlf -O -qautodbl=dblpad t2dmr.f eos7r.f t2cg1.f t2f.f meshm.f ma28.fAgain, italics indicate new program units, and duplicate subroutines may have to be eliminatedfor some compilers.4.3 Input Formats Below we describe the input formats for adsorption and radioactive decay. All otherTOUGH2 input parameter formats are given in Pruess (1987) and Pruess (1991a). The inputparameters for diffusion, adsorption, radioactive decay, and volatilization in EOS7R are providedthrough the SELEC block and two new parameters in the ROCKS block. Some input is neededonly by T2DMR and is labeled accordingly in the descriptions below. Note that recordscontaining only dispersion input (e.g., SELEC.4) must still be present, although the actual inputvariable fields can be left blank.MULTIformat(4I5)NK, NEQ, NPH, NBNKNumber of components. Set NK = 4 for water, brine, parent, and daughter.Set NK = 5 for water, brine, parent, daughter, and air.NEQNumber of equations per grid block. Set NEQ = NK for isothermalproblems. Set NEQ = NK + 1 for nonisothermal problems.NPHNumber of phases. Set NPH = 2.NBNumber of secondary parametes. Set NB = NK + 6 for six secondary parameters plus one molecular diffusivity for each component.

19PARAM.1format(2I2, 3I4, 24I1, 2E10.4)NOITE, KDATA, MCYC, MSEC, MCYPR, (MOP(I), I = 1, 24), DIFF0, TEXPSee TOUGH report (Pruess, 1987), TOUGH2 informative printout,and the T2DM report (Oldenburg and Pruess, 1993) for description of all of the above parameters except the following:MOP(19)Selects type of INCON format;0: INCON file or INCON block is in EOS7R format.1: INCON file or INCON block is in standard EOS7 format. All radionuclide components are initialized with X(k) = 0.MOP(21)Selects type of linear equation solver;0: defaults to DSLUCS (Bi-conjugate gradient (Lanczos type) with incomplete LU factorization).1: Direct solver MA28.2: DSLUBC (Bi-conjugate gradient with incomplete LU factorization).3: DSLUCS (Bi-conjugate gradient (Lanczos type) with incomplete LU factorization).4: DSLUGM (Generalized minimum residual conjugate gradients with incomplete LU factorization).DIFF0Not used in EOS7R.TEXPExponent for temperature dependence in gas-phase diffusivity equation as described in TOUGH manual. Must be non-zero to activate temperature-dependent gas-phase diffusivity.

20ROCKSkeyword to introduce material parameters.ROCKS.1.1format(8E10.4)COM, EXPAN, CDRY, TORTX, GK, XKD3, XKD4TORTXTortuosity factor. If input as zero or blank, molecular diffusive fluxes are not calculated for that material.XKD3Distribution coefficient for parent radionuclide, component 3, in the aqueous phase, m3 kg-1.XKD4Distribution coefficient for daughter radionuclide, component 4, inthe aqueous phase, m3 kg-1.(See Pruess (1987, 1991a) for description of other ROCKS input parameters)SELECkeyword to introduce a data block with reference brine, geometry, dispersion, and radioactive decay data.SELEC.1format(8I5)IE(1), NGBINP(1), NGBINP(2), NGBINP(3), NFBL, NFBR, NFBT, NFBBIE(1)set equal to 6 to read six additional data records of brine, geometry, dispersion and decay data.The 7 input variables following IE(1) are for T2DMR only and can be left blank ifT2DMR is not used.NGBINP(1)number of grid blocks in X (must always be equal to 1).NGBINP(2)number of grid blocks in Y.NGBINP(3)number of grid blocks in Z.NFBLnumber of the first ("left") column of grid blocks within the flow domain (defaults to 1 if zero or blank).

21NFBRnumber of the last ("right") column of grid blocks within the flow domain (defaults to NGBINP(2) if zero or blank).NFBTnumber of the first ("top") row of grid blocks within the flow domain (defaults to 1 if zero or blank).NFBBnumber of the last ("bottom") row of grid blocks within the flow domain (defaults to NGBINP(3) if zero or blank).SELEC.2format(3E10.4)P0, T0, rbP0reference pressure, Pa.T0reference temperature, �C.rbbrine density at (P0,T0), kg m-3.For P0, T0, and rb equal to zero or blank, default values of P0 = 1 x 105 Pa, T0 = 25 �C, rb = 1185.1 kg m-3 will be used. If P0 < 0,brine will have the same thermophysical properties as pure water (see EOS7 User’s Guide; Pruess, 1991b)SELEC.3format(3E10.4)v(i), i=1,3v(i)coefficients for salinity correction in aqueous phase viscosity (see EOS7 User’s Guide; Pruess, 1991b). For v(i) = 0, default values will be used. Specification of pure water in record SELEC.2 will override viscosity specifications.

22SELEC.4format(2E10.4)ALPHAT, ALPHALThe following 2 input variables are for T2DMR only.ALPHATtransverse dispersivity, m.ALPHALlongitudinal dispersivity, m.SELEC.5format(6E10.4)FDDIAG(NP,NK), NK=1,2,5; NP=1,2FDDIAG(NP,NK)Molecular diffusivities: first diffusivity for water, brine, and air in phase 1 (gas), then diffusivity for water, brine, and air in phase 2(aqueous) (see Table 2). Note that the tortuosity of each material in the ROCK block of the input file must be set to some non-zero value to model molecular diffusion effects. If FDDIAG(NP,NK) isinput as a negative number, the absolute value is used for the phasemolecular diffusivity (dbk ) of Eqs. 5 and 6 without modification byS and t (saturation and tortuosity) and without pressure or temperature effects in the case of gas diffusivity.SELEC.6format(7E10.4)XHALF(3), XMW(3), (FDDIAG(NP,NK), NK=3; NP=1,2), blank, blank, HCRN1XHALF(3) half-life of parent radionuclide, component 3, in seconds.XMW(3)molecular weight of component 3, in g/mole.FDDIAG(NP,3)Molecular diffusivity of component 3 in phase 1 (gas), followed bymolecular diffusivity of component 3 in phase 2 (aqueous). If FDDIAG(NP,3) is input as a negative number, the absolute value is used for the phase molecular diffusivity (dbk ) of Eqs. 5 and 6 without modification by S and t (saturation and tortuosity) and

23without pressure or temperature effects in the case of gas diffusivity.HCRN1inverse Henry’s constant for parent radionuclide, Pa-1.SELEC.7format(7E10.4)XHALF(4), XMW(4), (FDDIAG(NP,NK), NK=4; NP=1,2), blank, blank, HCRN2XHALF(4) half-life of daughter radionuclide, component 4, in seconds.XMW(4)molecular weight of component 4, in g/mole.FDDIAG(NP,4)Molecular diffusivity of component 4 in phase 1 (gas), followed bymolecular diffusivity of component 4 in phase 2 (aqueous). If FDDIAG(NP,4) is input as a negative number, the absolute value is used for the phase molecular diffusivity (dbk ) of Eqs. 5 and 6 without modification by S and t (saturation and tortuosity) and without pressure or temperature effects in the case of gas diffusivity. HCRN2inverse Henry’s constant for daughter radionuclide, Pa-1.

24Table 2. Molecular diffusivities for two phases and five components.______________________________________________________________________phasecomponent(NP,NK)inputunits______________________________________________________________________gaseouswater (1,1)FDDIAG(1,1)m2 s-1brine (1,2)FDDIAG(1,2)m2 s-1air (1,5)*FDDIAG(1,5)*m2 s-1rn1 (1,3)FDDIAG(1,3)m2 s-1rn2 (1,4)FDDIAG(1,4)m2 s-1aqueouswater (2,1)FDDIAG(2,1)m2 s-1brine (2,2)FDDIAG(2,2)m2 s-1air (2,5)*FDDIAG(2,5)*m2 s-1rn1 (2,3)FDDIAG(2,3)m2 s-1rn2 (2,4)FDDIAG(2,4)m2 s-1* the order of listing diffusivities reflects the order in input file. See SELEC.5, 6, and 7.______________________________________________________________________5. Example Problems5.1. One-Dimensional Radionuclide Transport with Adsorption and DecayIn this section, we present two variations of an example problem of one-dimensionalradionuclide transport with adsorption and radioactive decay. The first variation considers theone-dimensional transport of radionuclides in a homogeneous saturated porous medium ofporosity 30% with a steady flow field of 0.1 m/day pore velocity. The results are compared toanalytical solutions for verification. The second variation considers the same problem with two-phase conditions. The problem domain is shown in Fig. 2.

25

07 m

YZFig. 2. Domain for one-dimensional transport problem.In the first variation, transport is by advection and hydrodynamic dispersion withlongitudinal dispersion length equal to 0.1 m. In a fully saturated constant velocity one-dimensional flow field, transport by Fickian longitudinal hydrodynamic dispersion is equivalentto molecular diffusion. From Eq. 5, we see that a Darcy velocity of 3.486e-7 m s-1 (pore velocityof 1.162e-6 m s-1, or 0.1 m/day at 30% porosity) and longitudinal dispersivity of 0.1 mcorresponds to a dispersion coefficient of 3.486e-8 m2 s-1. Using the same porosity andassuming tortuosity of 1.0, the equivalent molecular diffusivity is 1.162e-7 m2 s-1. Thusidentical results will be obtained using EOS7R and molecular diffusivity equal to 1.162e-7m2 s-1 as with T2DMR with longitudinal dispersion coefficient equal to 3.486e-8 m2 s-1. Theinput file shown in Fig. 3 includes a diffusivity of 1.162e-7 m2 s-1 and is for running without thedispersion module. The mesh file for this one-dimensional flow problem is 2 grid blocks wide inthe Z-direction to conform to requirements of the dispersion module and facilitateintercomparison between EOS7R and T2DMR. An analytical solution for this problem is givenin Javandel et al. (1984). The numerical solution is accomplished by specifying constantpressure boundary conditions which will give rise to a steady-state flow field with pore velocityequal to approximately 0.1 m/day.

26*SAMR1* 1-D RADIONUCLIDE TRANSPORT (NO GRAVITY) Note new parameters XKD3 and XKD4 in ’ROCKS’ block. XKD3 is set to 1.62e-04 which gives rise to a retardation factor of 2 for this single-phase flow problem with porosity of .30. Note tortuosity is set equal to 1.0.ROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8FINE 2 2650. .30 1.24E-09 1.24E-09 1.24E-09 1.8 1030. 1. 1.62e-04 0.00E-00 1 0. 0. 1. 1. 1 0.e6 0. 1.START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 MOP(19) = 0, INCON is in EOS7R format. MOP(19) = 1, INCON is in EOS7 format.PARAM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 3 121 1211 00 0031 40 0 1.728e6 -1. 2.e4 0.00000 3.e+01 1.E-05 1.E0 1.0000E5 0.0 0.0 0.0 25.MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 4 4 2 10TIMES----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 1 1.728e6 Records 1 and 4 in ’SELEC’ block include parameters needed by the dispersion module only. 1. IE(1),NGBINP(1),NGBINP(2),NGBINP(3) Read in number of records (6) of dispersion and radionuclide data, and the number of gridblocks in the X-, Y-, and Z-directions. The parameters NGBINP(1,2,3) are needed only for the dispersion module, T2DM. 4. ALPHAT, ALPHAL Transversal and longitudinal dispersivities. Used only by T2DMR. Records 6 and 7 in ’SELEC’ block specify radionuclide parameters. 6. XHALF(3),XMW(3),FDDIAG(NP,NK),(NK=3,NP=1,2),HCRN1 Read half-life, in s, molecular weight, diffusivities, and the inverse Henry’s Constant for radionuclide component 1, the parent. Note for this single-phase problem, the volatilization has been neglected by setting the inverse Henry’s Constant very large. 7. XHALF(4),XMW(4),FDDIAG(NP,NK),(NK=4,NP=1,2),HCRN2 Read half-life, in s, molecular weight, diffusivities, and the inverse Henry’s Constant for radionuclide component 2, the daughter. Note for this single-phase problem, the volatilization has been neglected by setting the inverse Henry’s Constant very large.SELEC----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 6 1 24 2 -1.e5 0.e-0 0.e-1 0.e-6 0.e-6 0.e-6 1.162e-7 0.e-6 0.e-6 1.728e06 234.0 0.e-6 1.162e-7 1.e+30 1.00e40 230.0 0.e-6 1.162e-7 1.e+30INCON----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8A11 1 100001.75 .0 0.01 0.0 25.A21 1 100001.75 .0 0.01 0.0 25.A1O 1 1.E5 .0 0.0 0.0 25.A2O 1 1.E5 .0 0.0 0.0 25.GENER----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8ENDCYMESHM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8XYZ 0.NX 1 1.NY 1 1.e-6NY 1 .1250NY 12 .25NY 2 .3125NY 6 .50NY 1 .25NY 1 1.e-6NZ 2 1.ENDFIFig. 3. Input file for one-dimensional radionuclide transport.

27The MESH files were created with MESHMAKER and then edited "by hand" to give theleft- and right-hand side columns of grid blocks volumes larger than 1.e50 m3 so that theirpressures and component mass fractions remain effectively constant. We specified initialconditions such that the pressure difference between the left and right sides gives rise to a porevelocity of 1.162e-6 m s-1 (» 0.1 m/day). The concentration of parent radionuclide (RN1) is setto 1.e-2 in the left-hand side (grid blocks A11 1 and A21 1). These initial conditions are shownin the INCON block of the input file in Fig. 3. Note that by making the reference pressurenegative, the brine is made a tracer chemical component with identical thermophysical propertiesas pure water. It should be pointed out that the radionuclide concentration could be consideredeither a mass fraction or a mole fraction since this concentration will have no effect whatsoeveron the transport properties of the liquid. Furthermore, since only the decay of the parent is beingconsidered, the ratio of molecular weights does not enter the equations and we have arbitrarilyset the molecular weight of the decaying component to 234 g/mole. We present results from simulations using a coarse (24 x 2 grid blocks) and a fine (112 x2 grid blocks) spatial discretization. Concentration profiles for the transport of radionuclide 1(RN1, the parent) at t = 20 days are shown in Figs. 4 and 5, for the coarse and fine grids,respectively. The analytical solutions calculated after Javandel et al. (1984) are shown by thelines. Four different cases are plotted: (1) no decay (half-life of RN1 is infinite, no adsorption (R= 1); (2) half-life of RN1 is 20 days, R = 1; (3) half-life of RN1 is 20 days, R = 2; and (4) nodecay, R = 2. The plotted symbols are at the nodal points and show mass fraction (X). Resultsfor the two different discretizations show the expected trend toward diminished numericaldispersion and improved agreement with the analytical solution as the spatial discretization ismade finer. The time-step size was held to a maximum of 2.e4 seconds for both the fine and thecoarse discretizations. Note that this maximum time step is approximately 1/100 of the shorterhalf-life.

28

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

0.0000

0.0020

0.0040

0.0060

0.0080

0.0100

T1/2=20 days, R=1

T1/2=20 days, R=2

Y (m)

Symbols: TOUGH2/EOS7R

Lines: Analytical

X T1/2=infinite, R=2

T1/2=infinite, R=1

Fig. 4. Parent radionuclide mass fraction after 20 days for the coarse grid (24 x 2). Symbolsshow numerical result, lines are analytical solution. 29

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

0.0000

0.0020

0.0040

0.0060

0.0080

0.0100

T1/2=20 days, R=1

T1/2=20 days, R=2

Y (m)

Symbols: TOUGH2/EOS7R

Lines: Analytical

X T1/2=infinite, R=2

T1/2=infinite, R=1

Fig. 5. Parent radionuclide mass fraction after 20 days for the fine grid (112 x 2). Symbols shownumerical result, lines are analytical solution.

30The second variation of the problem considers two-phase flow. In the problem, two-phase conditions are prescribed on the left-hand side of the domain. The inverse Henry’sconstants (solubilities) for the parent and daughter are set to the relatively small value of 1.0e-6Pa-1 so that parent and daughter partition into the gas phase. Molecular diffusivities for air,parent, and daughter components have also been made non-zero for the gas phase. The input filefor this variation is shown in Fig. 6. Coarse grid (24 x 2) results showing concentration of parentand daughter in the gas phase are presented in Fig. 7.SAMR1* 1-D RADIONUCLIDE TRANSPORT (NO GRAVITY) This input file is for a two-phase variation of samr1. Note the relative permeability and capillary pressure functions.ROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8FINE 2 2650. .30 1.24E-09 1.24E-09 1.24E-09 1.8 1030. 1. 1.62e-04 0.00E-00 1 .2 0. 1. 1. 1 0.e6 0. 1.START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 MOP(19) = 0, INCON is in EOS7R format. MOP(19) = 1, INCON is in EOS7 format.PARAM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 3 121 1211 00 0031 40 0 1.728e6 -1. 2.e4 0.00000 3.e+01 1.E-05 1.E0 1.0000E5 0.0 0.0 0.0 10.6 25.MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 5 5 2 11TIMES----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 1 1.728e6 Note in SELEC.6 and SELEC.7 the value of the inverse Henry’s Constant is set to 1.e-06 which will make both parent and daughter partition into the gas phase.SELEC----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 6 1 24 2 -1.e5 0.e-0 0.e-1 0.e-6 0.e-6 1.e-5 1.162e-7 0.e-6 0.e-6 1.728e06 234.0 1.e-5 1.162e-7 1.e-06 1.00e40 230.0 1.e-5 1.162e-7 1.e-06INCON----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8A11 1 100001.75 .0 0.01 0.0 10.6 25.A21 1 100001.75 .0 0.01 0.0 10.6 25.A1O 1 1.E5 .0 0.0 0.0 10.6 25.A2O 1 1.E5 .0 0.0 0.0 10.6 25.GENER----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8ENDCYMESHM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8XYZ 0.NX 1 1.NY 1 1.e-6NY 1 .1250NY 12 .25NY 2 .3125NY 6 .50NY 1 .25NY 1 1.e-6NZ 2 1.ENDFIFig. 6 Input file for the two-phase variation of SAMR1. 31

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

0.000

0.010

0.020

0.030

0.040

0.050

0.060

0.0000

0.0100

0.0200

0.0300

0.0400

0.0500

0.0600

X

Y (m)

g o Parent

Daughter

Fig. 7. Parent and daughter mass fractions in the gas phase after 20 days for the two-phasevariation of SAMR1.

325.2. One-Dimensional Transport and Decay of AmmoniumIn this problem, we compare results from EOS7R with analytical solutions for theproblem of the microbially mediated first-order oxidation of ammonium ("parent") to nitrite("daughter"), and the subsequent oxidation of nitrite. This problem was considered first by Cho(1971) and subsequently by vanGenuchten (1985) and McNab and Narasimhan (1993). Theproblem considers the flow of ammonium at a rate of 1 m/day pore velocity in a one-dimensionalcolumn 2 m in length. Two different discretizations were tested: (1) coarse, 102 grid blocks inthe Y-dimension; and (2) fine, 402 grid blocks in the Y-dimension. Although the dispersionmodule is not used for this problem, the MESH was created with the needs of T2DMR in mind,thus NZ = 2 even for this one-dimensional problem. The half-lives of ammonium and nitriteused by Cho (1971) are 2.5e5 s and 2.5e4 s, respectively. The ammonium is adsorbed onto thesolid grains with retardation factor R = 2; nitrite is not adsorbed. To achieve a retardation factorof 2 for the parent, we specify Kd = 9.43e-5 m3 kg-1; then from Eq. 16, we have R = 1. + (0.8 x2650. x 9.43e-5)/0.2 = 2. The diffusion coefficient is d = 5.e-9 m2 s-1. Consistent with priorwork (Cho, 1971; vanGenuchten, 1985; McNab and Narasimhan, 1993), we consider theconcentration of decaying components to be in molar units. With this assumption, the ratio ofmolecular weights disappears from Eq. 25; we set the ratio equal to unity by assigning eachmolecular weight to that of ammonium (18 g/mole). Note that the choice of concentration unitsis arbitrary in this problem because the transport properties are entirely independent of theconcentration of the decaying components. Although we formally use mass fractions forcomputing the solution with EOS7R, we present the results as if they were mole fractions tocompare with the analytical solution. The input file for the problem is shown in Fig. 6. Note inthe input file that the maximum delta-t (DELTMX of PARAM.2) is set to 2.5e3 s, or 1/10 of thesmallest half-life. If the time-step size were allowed to grow to be comparable to or greater thanthe shortest half-life, severe time-discretization errors would arise.The MESH files were created with MESHMAKER and then edited "by hand" to give theleft- and right-hand side columns of grid blocks volumes larger than 1.e50 m3 so that their

33pressures and component concentrations are effectively constant. We specified initial conditionssuch that ammonium is held in the left-hand side (grid blocks A11 1 and A21 1) at aconcentration of 1.e-2 and the pressure difference between the left and right sides gives rise to aDarcy velocity of 5.56e-7 m s-1. These initial conditions are shown in the INCON block of theinput file in Fig. 8. Concentration profiles from EOS7R for ammonium (the parent) and nitrite(the daughter) are shown after 200 hours for the two grids in Figs. 9 and 10 along with analyticalsolutions. Note that we show only every fifth point with a symbol for the numerical solution.Agreement with analytical solution is good, with better results for the finer discretization.*SAMR2* 1-D DECAY AND TRANSPORT OF CHO (Can. J. Soil Sci,51,339-350,1971).ROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8FINE 2 2650. .20 1.00E-12 1.00E-12 1.00E-12 1.8 1030. 1. 9.43e-05 0.00E-00 1 0. 0. 1. 1. 1 1.e6 0. 1.START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8PARAM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 3 301 3011 00 0031 40 0 0 7.200e5 -1. 2.50e3 0.00000 3.e+01 1.E-05 1.E0 1.0000E5 0.0 0.0 0.0 25.MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 4 4 2 10TIMES----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 2 3.60e05 7.200e5SELEC----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 6 1 102 2 -1.e5 0.e-0 0.e-0 0.e-6 0.e-6 0.e-6 5.000e-9 0.e-6 0.e-6 5.00e05 18.0 0.e-6 5.000e-9 1.e+30 2.50e04 18.0 0.e-6 5.000e-9 1.e+30GENER----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8INCON----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8A11 1 100989.70 .0 .01 0.0 25.A21 1 100989.70 .0 .01 0.0 25.C1W 1 1.E5 .0 0.0 0.0 25.C2W 1 1.E5 .0 0.0 0.0 25.ENDCY----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8MESHM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8XYZ 0.NX 1 1.NY 1 1.e-6NY 100 .0200NY 1 1.e-6NZ 2 1.ENDFIFig. 8. Input file for one-dimensional transport and oxidation of ammonium. 34

0.0 0.5 1.0 1.5 2.0

0.0000

0.0025

0.0050

0.0075

0.0100

0.0000

0.0025

0.0050

0.0075

0.0100

ammonium, R = 2

Y (m)

nitrite, R = 1

Symbols: TOUGH2/EOS7R

Lines: Analytical χ

Fig. 9. Mole fraction profiles after 200 hours for the ammonium oxidation problem for thecoarse grid (102 x 2 grid blocks). Symbols (every fifth point is shown) show numerical resultswhile lines show analytical solution. 35

0.0 0.5 1.0 1.5 2.0

0.0000

0.0025

0.0050

0.0075

0.0100

0.0000

0.0025

0.0050

0.0075

0.0100

ammonium, R = 2

Y (m)

nitrite, R = 1

Symbols: TOUGH2/EOS7R

Lines: Analytical χ

Fig. 10. Mole fraction profiles after 200 hours for the ammonium oxidation problem calculatedon the fine grid (402 x 2 grid blocks). Symbols (every fifth point is shown) show numericalresults while lines show analytical solution.

36 5.3 Two-Dimensional Radionuclide Transport in a Salt-Dome EnvironmentThis problem considers the transport of hypothetical radionuclides in a steady-state flowfield near a salt dome patterned after the conditions at Gorleben, Germany (Langer, et al., 1991;Oldenburg and Pruess, 1995). A schematic of the problem is shown in Fig. 11. The salt-domeflow problem involves large density changes due to salinity and is by itself a very challengingproblem because of the strong coupling of the solute transport to the flow field. Becauseradionuclides are expected to act as trace components with negligible effects on liquid density,the radionuclide components do not affect the flow field. Thus, for this problem, we utilize theEOS7R capability of reading from a standard EOS7 INCON file consisting of the steady-stateflow field calculated without consideration of radionuclide tracers. The method of solution is asfollows. We first calculate the steady-state flow field for the salt-dome flow problem usingT2DM as it is presented in Oldenburg and Pruess (1993, 1995). We then take the calculatedsteady state for brine and water alone and use it as the flow field for simulating the transport ofradionuclides in the steady state. To do this, we use MOP(19) = 1 to read from the standardEOS7 INCON file which contains the steady-state results for the salt-dome flow problem. Wethen specify a constant generation rate of 1.6e-6 kg/s for component 3 (the parent, RN1) in theGENER block to model the leakage at a constant rate of radionuclide at a specific location.Alternatively, if one wanted to specify constant mass fraction in a grid block, one could readfrom the EOS7 INCON file (MOP(19) = 1), go forward one very small time step (say, 1.e-9seconds), and edit the SAVE file to specify the desired mass fraction of radionuclide in one gridblock. Subsequently, this SAVE file is used as INCON, MOP(19) is set back to zero, and theradionuclide transport simulation is run using a MESH file with the appropriate volume for theradionuclide source grid block. If constant mass fraction of parent is desired, the source gridblock volume must be set to a value larger than 1.e50 m3. For decaying parent in the source gridblock, the volume should be made smaller than 1.e50 m3.We inject parent radionuclide into a region of 30 m x 15 m = 450 m2, centered at Y = 150m, Z = -232.5 m (Fig. 9). The half-life for the parent radionuclide is chosen as T 1/2 = 50 years,

37and the half-life of the daughter is 250 years. The flow field and concentrations for the parentand daughter radionuclides after t = 20, 60, 100, and 1400 years are shown in Figs. 12 and 13.The travel time across the domain is about 50 years. In Fig. 12, we see the parent transporteddownstream and undergoing decay such that it is in approximate steady state by t = 100 years. InFig. 13 we see the interesting result that the maximum daughter concentration at t = 1400 yearsdoes not occur downstream from the parent source, but instead occurs in the weak recirculationregion. A more detailed analysis (Oldenburg and Pruess, 1996) reveals that parent enters theweak recirculation zone by transversal dispersion and resides there for a sufficiently long time sothat significant amounts of daughter are produced. Once produced, the daughter cannot escapethe weak recirculation; its half-life is long enough that it accumulates there as the parent decays.

38Fig. 11. Variable density brine flow and dispersion problem. (a) Top pressure boundarycondition. (b) Schematic of flow domain, with top and bottom boundary blocks shown filled bydiagonal lines. (c) Flow domain discretization of 30 x 20 blocks with DY = 30 m and DZ = 15m. Shaded grid block indicates location of radionuclide injection. Grid blocks that are verysmall or outside the flow domain are not shown. 39

0 300 600 900

-300

-200

-100

0

Y (m)

Z(m) time = 100 years (c) Level XRN1 9 0.001 8 0.000885 7 0.000770 6 0.000655 5 0.000540 4 0.000425 3 0.000310 2 0.000195 1 8.099E-5

0 300 600 900

-300

-200

-100

0

Y (m) time = 1400 years (d) Level XRN1 9 0.001 8 0.000885 7 0.000770 6 0.000655 5 0.000540 4 0.000425 3 0.000310 2 0.000195 1 8.099E-5

0 300 600 900

-300

-200

-100

0

Y (m) time = 60 years (b) Level XRN1 9 0.001 8 0.000885 7 0.000770 6 0.000655 5 0.000540 4 0.000425 3 0.000310 2 0.000195 1 8.099E-5

0 300 600 900

-300

-200

-100

0

Y (m) time = 20 years (a) Level XRN1 9 0.001 8 0.000885 7 0.000770 6 0.000655 5 0.000540 4 0.000425 3 0.000310 2 0.000195 1 8.099E-5

Fig. 12. Flow field and parent (RN1) radionuclide mass fractions at different times. Note theparent decays such that it is approximately at steady state after 100 years. 40

0 300 600 900

-300

-200

-100

0

Y (m)

Z(m) time = 100 years (c) Level XRN2 9 0.00015 8 0.000132 7 0.000115 6 9.781E-5 5 8.041E-5 4 6.301E-5 3 4.562E-5 2 2.822E-5 1 1.082E-5

0 300 600 900

-300

-200

-100

0

Y (m) time = (d) 1400 years_{Level XRN2}

9 0.00015 8 0.000132 7 0.000115 6 9.781E-5 5 8.041E-5 4 6.301E-5 3 4.562E-5 2 2.822E-5 1 1.082E-5

0 300 600 900

-300

-200

-100

0

Y (m) time = 60 years (b) Level XRN2 9 0.00015 8 0.000132 7 0.000115 6 9.781E-5 5 8.041E-5 4 6.301E-5 3 4.562E-5 2 2.822E-5 1 1.082E-5

0 300 600 900

-300

-200

-100

0

Y (m) time = 20 years (a) Level XRN2 9 0.00015 8 0.000132 7 0.000115 6 9.781E-5 5 8.041E-5 4 6.301E-5 3 4.562E-5 2 2.822E-5 1 1.082E-5

Fig. 13. Flow field and daughter radionuclide (RN2) mass fraction at different times. Note thatmaximum daughter concentration occurs in the weak recirculation zone in the lower right-handcorner of the domain.

415.4 One-dimensional Volatile Tracer TransportIn order to test and demonstrate the partitioning of tracer components between gas andaqueous phases, we examine the problem of downward transport of a stable volatilizing tracer forwhich an analytical solution has been presented by Shan and Stephens (1995). The current testproblem considers the vadose zone transport by infiltrating water of an initial inventory ofcontaminant. The contaminant dissolves in the aqueous phase, volatilizes into the gas phase, andadsorbs onto the solid grains. The gas phase is immobile. Parameters for the problem areidentical to those used in the problem of Fig. 6 in Shan and Stephens (1995) and are presentedhere in Table 3. The domain and boundary conditions are shown in Fig. 14.Table 3. Parameters for the volatile tracer transport problem.ParameterSymbolValue porosityf0.5 liquid saturationSl0.1 permeabilityk1.030 x 10-12 m2 pressure differenceDP10.0 Pa initial mass fraction Xl,0(k)1.0 x 10-4 effective diffusivity (w)dw(k)1.80 x 10-11 m2 s-1 effective diffusivity (g)dg(k)5.88 x 10-7 m2 s-1 distribution coefficientKd7.64 x 10-4 m3 kg-1

(Henry’s constant)-11/ Hgl(k)1.83 x 10-8 Pa-1 42 3.0 md =1

10 md =33.1 md =2

P = 100010. PaP = 100000. Pa v = 0.01 cm/dayl

X l,0= 1.0 x 10-4k

12Figure 14. Domain and boundary conditions for volatile tracer transport problem. The initialmass fraction in the region .30 m < d < .31 m is 1.0 x 10-4.

43The domain was discretized into 100 grid blocks of 10 cm (0.10 m) each, with oneboundary grid block on both the top and bottom for pressure and concentration boundaryconditions. Fresh water enters at the top, while at the bottom the diffusive mass flux is specifiedas being zero. This boundary condition is implemented by specifying tortuosity (t) of zero forthe bottom gridblock. The EOS7R input file is presented in Fig. 15. Note that the moleculardiffusivities are input as negative numbers and are equal to the effective diffusivities (Table 3)divided by porosity (f = 0.5). The negative value signals EOS7R to ignore phase saturation andmaterial tortuosity (S and t) for the calculation of diffusive fluxes. The division by f was doneto maintain the values shown in Table 3 for the calculation of diffusive fluxes in EOS7R wherediffusivities are multiplied by f. Results of the EOS7R solution and the analyical solution areshown in Fig. 16, where we plot the gas-phase concentration in the units used by Shan andStephens (1995). Agreement is good. The smaller amount of diffusive smearing of the EOS7Rsolution relative to the analytical solution near the initial inventory arises because the numericaltreatment cannot resolve the very large concentration gradient near the initial step-distributionleading to smaller diffusive flux away from the initial distribution. The initial inventory wasdiscretized as one grid block. Note in the input file (Fig. 15) that major component diffusion isturned off, i.e., dw(H2O) = d g (air) = 0. This was necessary to avoid multiphase effects where airwould diffuse into the source grid block. As the relative permeability of gas in the source blockis zero, this would lead to unphysical pressure buildup, the release of which can only occur byexpulsion of aqueous phase from the source grid block.

44*VOLAT* 1-D VOLATILE TRACER TRANSPORTROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8FINE 2 2300. .50 1.03E-12 1.03E-12 1.03E-12 1.8 1030. 1. 7.64e-4 1 0. 1. 1.e-9 1.0000001 1 0.e6 0. 1.TOP 2 2300. .50 1.03E-12 1.03E-12 1.03E-12 1.8 2.e04 1. 1 0. 1. 1.e-9 1.0000001 1 0.e6 0. 1.BOT 2 2300. .50 1.03E-12 1.03E-12 1.03E-12 1.8 2.e04 0. 1 0. 1. 1.e-9 1.0000001 1 0.e6 0. 1.START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8PARAM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 3 100 1001 0 00 0031 40 0 1. 4.32e07 -1. 0.00000 3.e+01 1.E-05 1.E0 1.0000E5 .00 0.0 0.0 10.60 25.MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 5 5 2 11TIMES----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 3 8.640e6 2.592e7 4.320e7SELEC----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 6 1 1 1 -1.e5 0.e0 0.e0-1.176e-06 0.00e-05 0.00e-05 0.00e-11 0.00e-11 -3.60e-11 1.728e46 131.-1.176e-06 -3.60e-11 1.83e-08 1.0e40 233.-1.176e-06 -3.60e-11 1.0e+51INCON----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8A11 1 100010.00 .0 0.e-6 0.e-7 10.60 25.AW1 1 100000.00 .0 7.40e-5 0.e-7 10.60 25.GENER----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8ENDCYMESHM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8XYZ 0.NX 1 1.NY 1 1.NZ 1 1.e-5NZ 100 .10NZ 1 1.e-5ENDFIENDCYENDFIFig. 15. Input file for the volatile tracer transport problem. 45

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

-10.

-9.0

-8.0

-7.0

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0 0.0

CG ( g/cm ) μ 3

Z (m)

t = 500 d t = 300 d t = 100 d

analytical numerical o

Fig. 16. Analytical and numerical (EOS7R) results at three different times for the volatiletransport problem.

466. Final NotesSummary of important points to remember in using EOS7R and T2DMR:¥EOS7R is an extension of EOS7 that includes parent and daughter radionuclide components and models diffusion, adsorption, and decay.¥T2DMR is a combination of EOS7R and T2DM. All of the information necessaryfor successful use of EOS7R and T2DM must be considered for successful use ofT2DMR.¥MOP(19) selects the type of INCON file or block to be read from. For MOP(19) = 0, the INCON file is expected to be in the EOS7R format with up to 6 primary variables. For MOP(19) = 1, the INCON is expected to be in standard EOS7 format with up to 4 primary variables.¥The adsorption is specified by distribution coefficients Kd rather than by retardation factors R. Distribution coefficients may be specified separately for each domain by the new ROCK parameters XKD3 and XKD4.¥If a grid block volume is greater than or equal to 1.e50 m3, the mass fractions of the radionuclide components will be held constant there. If the volume is less than 1.e50 m3, then the mass fractions of the radionuclide components will change by first-order decay and production. This choice allows implementation of "constant concentration" as well as "fixed inventory" boundary conditions.¥EOS7R adds two components to EOS7 for a total of up to 6 components (NEQ = 6). Because the order of the Jacobian matrix is NEL x NEQ, users should expect execution times to increase significantly when radionuclide components are included. MOP(21) options allow selection of preconditioned conjugate gradient solvers for fast linear equation solution with execution times increasing approximately linearly with problem size.

47¥If molecular diffusivity is input as a negative number, the absolute value of this number is used for the phase molecular diffusivity without modification by S andt (saturation and tortuosity) and without pressure or temperature effects. However, no diffusive fluxes are calculated for grid blocks where t is input as zero or blank regardless of the phase molecular diffusivity.¥Pressure (P) affects gas diffusivity by the factor 1.e5/P (Pruess, 1987). For example, if pressure is 2.e5 Pa, the corresponding effective molecular diffusivity for the gas is one-half the input value.¥Temperature affects gas diffusivity by the factor ((T + 273.15)/273.15)TEXP (Pruess, 1987)). If TEXP is input as zero, temperature effects on gas diffusivity are neglected.

48Appendix 1. Program units in EOS7R.MAINSUBROUTINE CYCIT SUBROUTINE MULTI SUBROUTINE OUTDF SUBROUTINE INPUT SUBROUTINE RFILE SUBROUTINE INDATA SUBROUTINE WRIFI SUBROUTINE EOS SUBROUTINE PP SUBROUTINE VISCO SUBROUTINE OUT SUBROUTINE BALLA SUBROUTINE QLOSSTable A1. Summary of changes for program units in EOS7R.Program unitBasic changes for radionuclide transport

MAINAdditional common blocks, changes in parameter statements toaccommodate increased number of primary variables, new MOP options.

CYCITChanged to call OUTDF to printout dispersive fluxes.

MULTIAdded calculation of molecular diffusion for all components in allphases. Added calculation of first-order decay and adsorption for theparent and daughter components.

OUTDFChanged to specify that fluxes are from diffusion only.

INPUTChanged to accommodate increased number of primary variables.Added distribution coefficients as rock properties.

RFILEChanged to read from standard EOS7 SAVE file.

INDATAChanged to accommodate increased number of primary variables.

WRIFIChanged to accommodate increased number of primary variables.

EOSChanged to handle two additional volatile tracer components.

OUTChanged to accommodate increased number of primary variables.

BALLAChanged to accommodate increased number of primary variables.

49Appendix 2. Program units in T2DMR. MAINSUBROUTINE CYCITSUBROUTINE LINEQSUBROUTINE DISFSUBROUTINE DOTSUBROUTINE MESHM SUBROUTINE GXYZ SUBROUTINE OUTDFSUBROUTINE SUMDUPSUBROUTINE SUMDUP2Table A2. Summary of changes for program units in T2DMR.Program unitBasic changes for calculating dispersive fluxes

MAINNew common blocks, changes in parameter statements to accommodateincreased number of primary variables and to account for 6 neighbor gridblocks used in calculation of dispersive fluxes, new MOP options.

CYCITChanged to call DISF to calculate dispersive fluxes, and SUMDUP toadd duplicate entries in the Jacobian.

LINEQChanged to call DISF upon pivot failure.

DISFChanged to neglect molecular diffusion if EOS7R was used.

DOTNo changes from T2DM.

MESHMNo changes from T2DM.

GXYZNo changes from T2DM.

OUTDFNo changes from T2DM.

SUMDUPNo changes from T2DM.

SUMDUP2No changes from T2DM.

50ReferencesBear, J., Hydraulics of Groundwater, McGraw-Hill, pp. 268—269, 1979.Cho, C.M., Convective transport of ammonium with nitrification in soil, Can. J. Soil Sci., 51, pp.339—350, 1971.Cussler, E.L., Diffusion mass transfer in fluid systems, Cambridge University Press, 1984.deMarsily, G., Quantitative Hydrogeology, Academic Press, 440 pp., 1986.Javandel, I., C. Doughty, and C.-F. Tsang, Groundwater Transport, Handbook of MathematicalModels, American Geophys. Union, pp. 14-19, 1984.Langer, M., Schneider, H., and K. K�hn, The salt dome of Gorleben—target site for the Germanradioactive waste repository, pp. 57—66, in Witherspoon, P.A., Proceedings of the WOrkshopW3B, 28th International Geological Congress, Washington, D.C., July 19879, LawrenceBerkeley Laboratory Report, LBL—29703, January, 1991.McNab, W.W. Jr., and T.N. Narasimhan, A multiple species transport model with sequentialdecay chain interactions in heterogeneous subsurface environments, Water Resources Research,29(8), pp. 2737—2746, 1993.Moridis, G., and K. Pruess, Flow and transport simulations using T2CG1, a package of conjugategradient solvers for the TOUGH2 family of codes, Lawrence Berkeley Laboratory Report LBL-36235, Berkeley, California, April, 1995.

51Oldenburg, C.M., and K. Pruess, A two-dimensional dispersion module for the TOUGH2Simulator, Lawrence Berkeley Laboratory Report LBL-32505, Berkeley, California, September,1993.Oldenburg, C.M. and K. Pruess, Dispersive transport dynamics in a strongly coupledgroundwater-brine flow system, Water Resources Research, 31(2), 289—302, 1995, andLawrence Berkeley Laboratory Report LBL-34487, Berkeley, California.Oldenburg, C.M. and K. Pruess, Mixing with first-order decay in variable velocity porous mediaflow, Transport in Porous Media, 22, 161—180, 1996, and Lawrence Berkeley Laboratory ReportLBL-35735, Berkeley, California, June 1994.Pruess, K., TOUGH User’s Guide, Nuclear Regulatory Commission, Report NUREG/CR-4645,June 1987 (also Lawrence Berkeley Laboratory Report LBL-20700, Berkeley, California, June1987).Pruess, K., TOUGH2 - A General Purpose Numerical Simulator for Multiphase Fluid and HeatFlow, Lawrence Berkeley Laboratory Report LBL-29400, Berkeley, California, May 1991a.Pruess, K., EOS7, An equation-of-state module for the TOUGH2 simulator for two-phase flowof saline water and air, Lawrence Berkeley Laboratory Report LBL-31114, Berkeley, California,August 1991b.Shan, C., and D.B. Stephens, An analytical solution for vertical transport of volatile chemicals inthe vadose zone, J.ournal of Contaminant Hydrology, 18, 259—277, 1995.

52vanGenuchten, M. Th., Convective-dispersive transport of solutes involved in sequential first-order decay reactions, Computers and Geosciences, 11(2), pp. 129—147, 1985.AcknowledgmentsThis work was supported in part by the Assistant Secretary for Energy Efficiency andRenewable Energy, Geothermal Division, and by a gift from NAGRA, Switzerland, under theU.S. Department of Energy contract No. DE—AC03—76SF00098. Initial work was supported bythe WIPP project, Sandia National Laboratories. The authors acknowledge helpful discussionswith Steve Webb during the course of this work. We also thank Stefan Finsterle and AkhilDatta-Gupta for reviews of an earlier draft.Nomenclaturedmolecular diffusivitym2 s-1ceffective solute densitykg m-3CGgas-phase concentration of mg cm-3Shan and Stephens (1995)Ddispersion coefficientm2 s-1

Ddispersion tensorm2 s-1f adsorption ratio—FDarcy flux vectorkg m2 s-1gacceleration of gravity vectorm s-2Hgl(k)Henry’s constantPajdiffusive fluxkg m-2 s-1ktime-step index Kddistribution coefficientm3 kg-1Mmass accumulation termkg m-3MWmolecular weightg mole-1

53ninward unit normal vectorNEQnumber of equations per grid blockNKnumber of mass components (species)NPHmaximum number of phases presentpiteration indexPpressurePaRretardation -RN1,2radionuclide 1 and 2qsource termkg m-3 s-1Sphase saturation-ttimedaysT1/2half-lifesvcoefficients of viscosity (see EOS7 report)umagnitude of the Darcy velocity vectorm s-1uDarcy velocity vectorm s-1Vvolumem3UY-component of Darcy velocitym s-1Xmass fraction-YY-coordinatemZZ-coordinatemGreek symbolscmole fraction-Gsurface aream2ldecay constants-1mdynamic viscositykg m-1 s-1fporosity—Fvariable time-weighting parameter

54rdensitykg m-3ttortuosity—Subscripts and superscriptsaairggas phaselliquidRrockwaqueous phase0reference valuebphasekmass components