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SIMULATION OF TWO-PHASE CARBON-14 TRANSPORT

AT YUCCA MOUNTAIN, ,NEVADA

Mark D. White, Mark D. Freshley, and Paul W. Eslinger

Pacific Northwest Laboratorya
Richland, Wa.

Abstract

In support of Pacific Northwest Laboratory's (PNL) preliminary total system performance
assessment of the proposed high-level nuclear-waste repository at Yucca Mountain, transport of
carbon-14 (C14) in the unsaturated zone was numerically modeled with the Multiphase Subsurface
Transport Simulator (MSTS). Total system performance assessments are being conducted to
estimate potential cumulative releases and doses from radionuclides being transported through
different pathways to the accessible environment from the proposed waste repository. Transport411

of radionuclides in the gaseous and liquid phases are pathways through which some of the
inventory in the proposed repository could reach the accessible environment. Carbon- 14 transport

: irt the unsaturated zone at Yucca Mountain was estimated with MSTS by considering two-phase
diffusion, advection, phase partitioning, and radioactive decay. Transport results were based on a
two-dimensional physical and hydrogeological system that represented an east-west cross section
throu_ Yucca Mountain. MSTS solves the nonlinear, partial-differential, conservation equations
for water mass, air mass, and thermal energy with an implicit (i.e., forward time-differenced),
finite-difference soludon scheme. The nonlinearities in the governing partial-differential equations
and corresponding f'mite difference forms are converted to linear form by the Newton-Raphson
iteration technique. To compute species _rt, MSTS solves a dilute species concentration
conservation equation, which assumes that the species may be modeled as a passive scaIar with
respect to the other governing conservation equations. Liquid and gas-phase transport within the
unsaturated zone were assumed to be driven by surface water recharge and radioactive-decay heat

= generation within the proposed repository. Carbon- 14 source rates from failed repository waste
canisters were estimated from the source term modeling subtasks associated with Plq'L's total

" system performance assessment of the proposed Yucca Mountain repository. Simulation results
• included estimates of liquid, gas, heat, and C1,1transport within the unsaturated zone at Yucca

Mountain. Predictions of C14distributions surrounding the proposed nuclear waste repository
within Yucca Mountain and a brief description of the thermal-hydrogeologic computer code MSTS
are presented.

aPacific Northwest Laboratory is operated by Battelle Memorial Institute for the U. S.
Department of Energy' under Contract DE-AC06-76RLO 1830.
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Introduction

Yucca Mountain, Nevada, has been selected by the U.S. Department of Energy (DOE) as a
potential site for construction of a proposed deep geologic repository for the permanent storage of
high-level radioactive waste. The site is now being characterized (studied) to determine its
suitability for waste storage. The strategy for site characterization has been outlined in the Site
Characterization Plan (SCF; DOE 1988) by the DOE Office of Civilian Radioactive Wasm
Management (OCRWM). Data coUected during the site characterization phase ofrepository
analysis willbeused to evaluate the performance of the proposed repository with respect to the
statutory requirements of the Nuclear Waste Policy Act (Public Law 97-425), the Nuclear Waste
Policy Amendments Act (Public Law 100-203), l0 CFR 60, and 40 CFR 191. DOE is required to
submit a license application to the U.S. Nuclear Regulatory Commission (NRC).

Performance assessment analyses are being conducted on an ongoing basis to determine if
unfavorable conditions e:dst that would preclude licensing a potential repository at Yucca
Mountain. Performance assessment analyses also provide input to site characterization activities.
To date, data collection activities conducted at Yucca Mountain provide irtidal estimates of
hydraulic and geochemical properties. These initial estimates of Yucca Mountain properties
provide the basis for OCRWM to begin development of performance assessment tools and
strategies that will be used in the license submittaI to NRC. Of primary importance are conceptual
and numerical models that increase the current understanding of conditions at Yucca Mountain and.
provide direction to the field and laboratory activities described in the SCP.

As part of the studies at Yucca Mountain, the Yucca Mountain Site Characterization Project
©ffice is conducting a series of Total Systems Performance Assessment (TSPA) exercises. The
TSPA exercises are intended to provide opportunities to evaluate and review the capabilities to
predict the performance of the geologic repository over a period of 10,000 years after waste
emplacement. A principal concern of performance assessment involves the prediction of
cumulative radionuclide releases tothe accessible environment and radiation doses received by
individuals in the accessible environment. Radioactive carbon-14 (C1`*)has been included among
the listed radionuclides that will be considered for predicting cumulative radionuclide releases.
Predictions of cumulative radionuclide releases require predictions of r',_tionuclide transport from
the waste package canister to the accessible environment. This paper describes the simulations of
C14transport from the I:rroposedrepository horizon to the ground surface and water table for
specified Ct,* source rates, repository thermal Ioadings and prescribed hydrogeoloNc properties for
the vadose zone. Because Ct,*would exist as gaseous carbon-dioxide and dissolved carbonate in
the aqueous phase, Ct`*transport at Yucca Mountain was numerically modeled as a two-phase
system.

Previous predictions of CV*migration at Yucca Mountain (Ross 1988) have been restricted
to gas-phase migration under steady-state conditions. The predictions reportedinthis paper
consider the transient transport of C1`*within both the aqueous and gas phases, for a two-
dimensional, domain, over a period of 10,000 years after waste emplacement. The thermal and
hydrogeologic fields within the computational domain were computed based on steady-state
surface recharge rates and the transient design basis therm',d loading for the proposed repository.

This paper gives a brief site description, followed by an overview of the numerical, model
Multiphase Subsurface Transport Simulator (MSTS), which generated the reported simulation
results. An overview discussion of the results are preceded with a problem description in terms of
_hephysical and computational domains and the hy_ogeological system. The paper concludes
w-itha discussion of physical and numerical assumptaons and a perspective on future prediction
techr'Aques.

Site Description

Yucca Mountain consists of a thick sequence of both welded and nonwelded volcanic ruffs
that dip 5 to 10 degrees to the east (Montazer and Wilson 1984). The tufts form a thick
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unsaturated zone 0rodextend well below the water table. The densely welded rafts am wpically
highly fractured with low sanu"amd matrix hy&'auhc conductivities (Peters and Klave_er 1988).
The nonwelded ruffs that are ,citric have few fractures and relatively high saturated mawix hydraulic
conductivities, while the zeolitic nonwelded tufts axe characterized by relatively few ffa.ctur_s and
low matrix hydraulic conductivines. The unsaturated zone at Yucca MountaJn is characterized by a
low recharge rate. The fractures present in the welded and nonwelded turfs at Yucca Mountain
represent heterogeneifies whom the flow properties vary by several orders of magnitude,
depending on the local hydraulic conditions. Current desi_s for the proposed geologic repository
locate the underground facilities within the vadose zone, approximately 450 m below the mountain
ridge and 250 m above the water table. This repository horizon positions the proposed
underground facilities primarily ha the welded tuff of the Topopah Springs Member.

Numerical Model

Computer codes that simulate transport processes in geologic media am typically classff'zed
according to capabilities related to phases, components, saturations, transport and dimensionality.
Under this classification strategy, MSTS would be classified as a two-phase, two-component,
three-dimensional numerical simulator, for variably saturated geologic media, with dilute species
transport capabihfies. This ctassificadon arises because MSTS models two phases (liquid and
gas), two components (water and air), and solves equations tor dilute species transport through
variabty saturated geologic media. MSTS uses a finitz-difference based numerical scheme to solve
a nonlinear systemof conservation and constitutive equations. The conservation equa6ons in
partial differential form for the conservation of water mass, air mass, thermal energy, and species
concent:radon (Equations I through 4) appear as follows:

_t [na y_' pl sl + na x_' pz sz] = V[ y_' "ffk'I pI (V PI + pl g'_)]/.zl

+ v[Y''kkr:_P'(VPz+p_g_)+ "¢gndp,szDa_VX.,] + rh_,#z (I)

atLnaYaP/st+na:capzsz] V .Yak/.ztk,./pl(VPt +Plg

+ v[Y"'_k"P'(VP,+p,g'_), zznap, s,D. Vx.] +ma#_ (2)

3C

_ (4)
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The water_d air massconservationequationswere written to include Darcy flow for both
phasesand binary diffusion of watervapor and gaseousair for the gasphase. Molecular diffusion
ofdissolvedairi.ntheliquidphaseisignored.The thermalenergyconserv,adonequa!ionincludes
heattransferthroughadvectionoffluidsforbothphasesandheattransferoy conaucnonthrough
thesolidandliquidphases.A mcch,'micaldispersioncoefficientmay beinvokedtomodelthe
phenomenaofkinematicdispersion,whichoccursbecauseoftheheterogeneiWofthemicroscopic
velocitieswithintheporousmedium.Heattransferbyconductionandheattransferbybinary
diffusionwithinthegasphasehavebeenignored.

MSTS allowsformultipleporosities:totalporosity,diffuseporosity,andeffective
rosi.The totalorosityrepresentstheentirefractionalporespacewithinthegeologicmedium.

"_e dif_fuseporosi7 accounts for the fractional pore space that is connected, and the effective
porosity represents the diffusive porosity less the fractional pore space occupied by the residual
moisture.

The species concentration conservation equation includes species wartsport by advection
and diffusion for both phases. As with the thermal energy conservation equation, a mechanical
dispersion coefficient may be specified to model kinematic dispersion. Radioactive decay of the
species concentration may be modeled, without n'acking decay products.

The primary dependent variables for the water mass, atr mass, thermal energy, and species
concentration conservation equations are, respectively: liquid pressure, gas pressure, temperature,
and species concenwation. The constitutive equ'_dons are complex expressions that relate the
orimary dependent variables to the secondary variables that appear as coefficients in the governing
conservation equations. The nonlinear dependencies of the secondary variables on the prima.ry
dependent variables yield nonlinearities in the finite-difference based algebraic expressions of the
governing conservation equations. The constitutive equations may be lumped into two categories,
physical property relationships and hydrogeologic relationships. The physical property
relationships pro_de dependencies for the primary dependent variables to physical proper_es such
as density, viscosiw, internal ener_, enthalpy, saturation pressures, and component mass
fractions for both phases. Water physical properties a.recomputed from ASME steam table
functions (ASMIE 1967); whereas, air phy.sical properties are computed from empirical functions
and the ideal gas law. Gas-phase propernes are computed by combining air and water vapor
physical roperties throu_ either Dalto.n's par}i'alpr,ess.ure ide_ga.s, law.s_or f_'om1_e relationships- 7'P ' -_-..... _"=,-,.mixtures Ine hv_ogeotogtc consntuuv= =quau,.,,,_ ,_.,,.,,,,the primaryfor me mnenc meoryu_=_ • .,

endent variables to hydrogeologic characteristic and transport properties such as liquid and gas
_eP,_,.4_,-,_nh_¢ relative t_m-me_bilities,_d effective therrn_ condu.c_vi,ty.,'l_ehycl.rogeoiogic
_%,_"_',_%'_'_,__,",_ ' ns are __ene"rally based on empirical and semi-empmc,a.t retauonsmpssL__. 1
_,vt so_,,_,_-,.., v-.t',---l_O _ -- . ......

'r_.. _._._.i.__nn_rvationeouauons are solved by discretazmg me= Parnm u.u_=_=,_,_

formswitha.flnite-differencescheme.Spataaldiscretmanoniscurrentlylimited
multi.dimensional,regularandirregular,Cartesianorcylindricalgridsystems,wherethe
cylindrical grid systems are limited to cylinders aligned with the gravitational field. Temporal
discmtization is fully-implicit. Interface diffusion conductances, such as hydraulic and thermal
conductivities, may be specified with arithmetic, geometric, or harmonic means or an upwind
wei_ting scheme. Geometric mean interface diffusion conduc_mztceswere used for the reported
simulations. The water and air mass conservation equations use upwind weighting for d'te diffused

' 'es The advection terms of the thermal energy conservation equation are formulated with andensln.. . , _.__.L_ .._...... .'!...-_ ' s"whereas, the s ecies conservation .equation' ' tin scheme tor uL=_,,,_-_-.,.,e,,_e,-rite , P .upwma weigh g .... de nd=nt wet-law scheme
combines the advecnon and diffumon terms with a Peclet number pe po
(Patankar 1980) formulated for two-phase flow. "I_e two-phase power-law scheme for combining
the advection and diffusion components of the species conservation equation is shown in
Equations 5 throu_ 7 fora single dimension; where a_represents the transport coefficient for the
nei_boring cell at the upper nodeindex, awrepresents the transport coefficient for the neighboring
cell at the lower node index, and % representsthe transport coefficient for the local cell.

The dilute concentration assumption associated with the species conservation equation.

implies that the _ecies responds as a passive scalar with respect to the other governing equanons.
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aw = DI. O, I-----D/--_--j.U + , ' Dg. _ ' (6) '

% = a, + _ + Ft, + Fg,- FI,,- F_,, (7)

That is, the physical and transport properties of the other governing equations are assumed to be
independent of species concentrations. This assumption allows the species conservation equation
to be decaupled and salved independently from the other governing equations. The Finite-
difference forms of the governing extuaaans for water mass, air mass, and thermal energy are
solved simultaneously in an iterative scheme. The nonlinear finite-difference equations are
converted to a linear form, and solved iteratively fallowing the Newtan-Raphson technique far
multiple variables. The computed gas- and liquid-phase flaw fields, from a converged solution far
the coupled mass and heat _'misport equations, are then applied to the solution of the species
transport equations. For single-phase, nonisotherTnal flaw problems only the water mass and
thermal energy transport equations are solved in a coupled manner. Likewise, for' single-phase,
isothermal flaw problems only the water mass transport equation is salved.

Physical and Hydrogeological System

The physical and hydrogeolagical system relevant to the Yucca Mountain TSPA exercises
consisted of a two-dimensional domain divided into five hydragealagic strata, as shown in
Figure 1. The physical domain extended vertically from the water table to the ground surface, and
horizontally as an east-west tr_msectthat extended from borehole USW H,.5 at the crest of Yucca
Mountain ta rou_dy 500 m east of borehole UE-25a#]. The repository is illustrated by a
downward sloping Lineat elevations of 1030 m beneath the crest of Yucca Mountain and 895 m at
the eastern facility boundary. The repository horizon was modeled using the thermal and
hydrogeological transport properties of welded tuff with a decaying internal heat generation source.
Heat generation was computed assuming a design repository loading (Schelling 1987) of 49.9
MTt-_Uacre camposed of 40% 27,500 MWd/lVITt-{MBWR fuel and 60% 33,000 MWd/lVI'I"HM
PWR fuel (5 yr spent fuel); thus, producing an initial heat source of roughly 67 kW/acre.

The camputational model used to simulate the physical domain was structured on a uniform
two-dimensional Cartesian grid with 50 rows and 94 columns. The vertical and horizantal grid
dimensions were uniform over the camputatianal domain at 15 and 30 m, respectively. Of the
4700 nodes within the camputatianal damain 776 nodes were treated as noncomputational nodes,
which yields 3924 active camputatianal nodes. The nancamputatianal nodes were used ta generate
the irre_lar boundary of the Yucca Mountain ground surface with a stair-stepped approach.

The water table was modeled as a saturated boundary far the Liquid phase, a zero tim,(
boundary far the gas phase, a constant temperature boundary (30°C) for heat transport, and a zero
Ct'*concentration boundary for species transport. The ground surface was modeled with "stair
stepped" horizontal boun 'dories with, specified uniform liquid recharge rates for the Liquid phase,
standard atmospheric gas pressu._s far the gas phase, 10% relative humidity for vapor binary
diffusion, a constant temperana'e boundary (20°C) for heat transport, and a zero Ct,*concentration
boundary for species transport. Vertical boundaries were modeled as zero flux boundaries. Initial
conditions were those computed for steady-state saturation condidans with the applied surface
recharge and reported Yucca Mountain geothermal gradient (Schelling 1987).
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The hycLrogeologicstratigraphy shown in Figure 1 and the hydrogeologic properties
associated with tuff layer were specified in conjunction 'with the Yucca Mountain TSPA exercises b,
The data were reported separately for matrix and fracture properties as shown in Tables 1 and 2,
MatrL'<properties were derived from Peters et al. (1984) and fracture properties were derived from
Carset and Pa_ish (1988) and Spengler et al, (1984).

_, Matrix Hydrogeologic Properties

Tuff Hydraulic __ van Oenuchten Parameters_.__

Laver Conduct_vi_, m/s _ _ .___. Porosity

Welded 2.00 x 10-_ 0.0057 1.798 0.080 0.11

Vitrophyre 3.01 x 10-tr 0.0033 1.798 0.052 0.09
Vitric 7.99 x I0.t_ 0.0265 2.223 0.164 0.21
Zeolitic 3.01 x I0.tt 0.0220 1.236 0.010 0.41
Partially Welded 1.40 x 10.s 0.0140 2.640 0.066 0.24

TB._. Fracture Hydrogeologic Properties

Tuff Hydraulic van Oenuchten._P_ameter_

L_s.a&_. Conductivi_, m/s _. !/m _ _._S__ _Porosity

Welded 8.25 x 10.5 14.5 2.68 O.10465 0.00663
Vitrophyre 8.25 x 10-5 14.5 2.68 0.10,465 0.00835
Vitric 8.25 x 10.5 14.5 2,68 0.10465 0.00047
Zoolidc 8.25 x 10-5 14.5 2,68 0.10465 0.00038

Partially Welded 8.25 x 10-5 14.5 2,68 0.10465 0.01032

_ Letter report from P. Kaplan, G. Gainer, H. Dockery, and R. Barnard, Sandia National
Laboratories, Albuquerque, New Mexico, July 25, 1991. Distributions of HydrogeoloNc
Parameters fbr the TSA problem.



MatrLxand fmcmmhydrogeologic properties were combined, using a dual-porosity model,
to form equivalent continuumproperties tor each mff layer. Equivalent continuum models
represent thecombined effects of the matrix and fracturepropertiesthrough equivalent bulk
properties, with the primary assumptionof pressureequilibrium between the medium matrix anti
fractures. The equivalent continuum relations for bulk saturation, saturated hydraulic conductivity,
and tiquid relative permeabilityare shown in Equations8 through 10, respectively. Bulk gas-
phase relative permeabilitieswere assigned a value of 1.0 minus the liquid-phase relative
pem'_eability.Tortuosities, shown in Equations 11and 12,wen computed from the bulk
properties for porosity and phase saturation using thesaturation dependent formulation developed
by Millington and Quirk (1959).

s /,, (1- n:) n,, + st:n:
s/z, = (1 . n:) n,,, + n: (8)

_b (i0)

: _:/= na1°:3s# :3 ,,:g = na1°:3sg4_ (11,12)

The Yucca Mountain tuff layers arecharacterizedby smatIpore,sizes and large matric
potentials under tow Liquidsaturation conditions. Becauseof the lc)catdesaturation, which would
occur around the repositoryafter waste emplacement,the phenomena of vapor pressure lowering
was included in the reported simulations. Vapor pressta_ lowering, as shown in Equation 13, is
a.nexperimentally observedphenomena (Nitao 1988)wl_ch effectively lowers the vapor pressure
above the pore water, i.e., raises the pore water boiling point.

The transportof C14within the vadose zoneat Yucca Mountain is stron_y dependent on
complex geochemical interactionsand equilibriumconditions. Equilibrium conditions for Cia
between the gas, aqueous, and solid phases will depend on the local thermal, hydmgeologic;3.i,and
geochemicalenvironment. For the reported simulations,CI,*equilibrium conditions were
computed in termsof a partitioncoef_clent, based on a _mperaktre._pendent carbon equilibriu.rn
modeldeveloped by Amteret al. (1988) for estimatesof the geochemicalconditions in the
unsaturatedzone at YuccaMountain. Ammfs geochemicalmodel predicts a partitioncoefficient
that expresses carbonequilibrium conditions betweencarbondioxide in the gas-phase and.
dissolved carbonates in the aqueous phase. The modelpredicts liquid- and gas-phase
concentrations of carbonate species at 27°C equal to 1.3mmol/Land 0.04 retool/L, respectively.
Lower ratios of Liquid-to gas-phase concentrationswould occur at higher temperatures.
Partitioningbetween the liquid- and solid-phasehasbeen ignored for the reported simulations.
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' i!Simulation _,esults
J
J

Two ca.culatioi'tswere performed that variedi.nsurface rechargerates and waste p,.,,.,,,,.,=..
failure times, ecause;wastepackage failure times were not coordinatedwith the _,e,rmaland.
hyd.rogeolo_c _istorieil_computed by these calculations, thesecalculdtions should only
considered as xempla:rwith respect to predicting total system performance, tn the first simutation
constant surt'a,:e recha;ge rateof 0.0 mm/yr wasassumed,over the entire t0,0OO-yeo..rsimulation
period, The Wtastec_ister failureswere assumed,to occur such that a constant release rate of C:a
was produced.loverthe period from 2,000 to 5,000 years, hnthesecond simulation a consta.nt
surfacerecha.r_gerateof 0.01 mm/yrwas assumed,over the entire 10,000-yearsimulation period.
For the highe( surfacerecharge simulation,waste canisters were assumed to fail over a period from

,_ot.the zero recharge case were300 to 10,00Qyears. ,Carbon-14releases from the was_ canisters _',"'

assumed to cxI:curas instantaneousreleases to the gas phase fo_ow',it_,ga waste package failure,
Conversety tibrthe 0,01 mm/yr recharge case, instantaneous gas releases of CI_ were assumed to
precede Limit,i'dr=tea:/_esto the aqueousphase. Chemicaland isotopicequilibrium between the
carbon elemeJntexisd.ngas carbondioxide irt the gas phase and carbonate in the aqueous phase
were assumect;thereli'ore,reteasemodes were essentially ignored,except for timing and rates,

The Calcutadonperiodstarts after waste emplacementboreholes, repository drifts, and
accessboreholeshavebeencompletelybackfiIled.Emplacementhistoriesando_rationaR
conditionshavebeenignored.Theambientthermalandhydrogeo,[o_calconditionssurrounding
the _positoi'y were assumed to be those of the undisturbedsaturauonfields andgeothermal
gradients. After !.C()years, the simulated,thermaland liquid saturation fields surrounding the
repositoryare =ornputed:o havechanged for the zerorecharge case (Fi_mires2 and 3). The
repository,reached peak temperatures,and boil.ingof the water immediate to the repository,has
resultedin a relativetydry,,"e¢onwithin and immediatelyadjacentto the repository,. Water

t evaporated from therepositoryrecondensed beyond the desaturatedzones• This structure of a high

:emperamredesatumtedzoneadjacenttoa coolersaturated rene produces a dynamic heat pipe
(counter-currentgas- and tiquid-phaseflows), which g-reatlyincreases heat transfer rates away
,':mm_hereposito_/. Such heat ptpe flow is considered dynamic because the heat pipe Iocarion

. -- _' _ _ _, o tmigratesrelative .C)therepositoryduring the thermaltra.nslent. Accumulated water at the outer
boundariesof ,,heheat pipezone starts _otravel down the sloped,repository at fracture flow rates.

VerticalExaggeraaon = _X
l_.._

Ground
----m.__. Surface

'I

-_--__.__ 30,0-_-__.__

__,_ ,,_so,o ____,__'_ \
I

i Water Table
V30.0-'-,-.....,._ j

_. Temperature Contours,_C(ac[CO,.,'rs,0.0 mm/w Recharge Case)
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After 2,0,C0years, simulation results predict temperature and liquid saturation fields ,.viii
have decayed consiO,embty _'_m _eix peak :emperamre structures (Fi=mares4.and 5), .Mz'_imu.m
_.emce,'a_aresof 68.5_C, which are predicted along ",.herepository horizon, axe i.nsuff',cient :o

s" heat oice flow smacmres observed at earlier d.mes, The steep Liquid saturation _ad.ieatssu_,r.ai.n',.he, . . . _ v and the re ositor",' aorizon
• bse ectaround "..hereNsi:ory at t00 years disappea._d at .,0_, ears, . P ,.._ .-
.o :_.._ .... ,,,-,,,..-,,_,_ .n .:he;ai6al state After o,_0 years, the waste camsters were assum,.a _o
aa_ nc_,j _._y,,.-._,_'.-:_'.' • : ,. -;---r L...... ;,,',-, horizon which creamd a constant C. "_
have been failing Lna umtorm _asnton _ong a_ _,oo,_,..-.7
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(Figure 6 and 7) display ctassical dZffusioa-,'?'pe :ranspon of CIJ, towards _hegroundwater ar.d
,,round surface. "Faopeak C_. concentrations ,"tearthe eastern end of :he repository, horizon ar
_,0O0vents result" ". ,rom :he nigher local saturations generated during the thermal _a.nsiea_ vef, ect.
Akhough C :_a'ans_rt was mc,de!cd considering both advection and diffusion cr_sport processes
;n the gas and aqueous phases the dominate mc'de ofa-ansport for the physical, system described by
_is TSFA exercise was by diffusion d'u:oughthe gas phase.
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The simulationmsu2tsfor the0.0t mm/yrrecharge casequaEtadvety resemble those for :.he
zero :ech'a.r_.ecase. The arimary di.florencebetween the _,vosimulationsresultsfrom the goner:rally
':'.i_z_'.eriquid saturations"fromsurfacerecharge. Higher inidal saturations around d'terepository
.-es'i:ed m '.owerpeak:empemturesandincreasedmigrationof liquidwater down the slope of_,enu'adon
.,,.,o_,or'/horizon. Becausehigher saturationsdecrease gas phase transport of Ct.*,conce
nror_.[esof C'..*for He 0.0l m_vr rechargecase were significa_dy narrower Motagthe repository.
_,V!5'a.-es?ect:o Ct.*tra.nsponto the groundwateror g'roundsurface, r.henet resul.tof _e higher
_c?','_ger3.tewas :o reducereteo.ses.Because the geochemicalequilibriumstate tbr Cia ,_thm the
','zdcsezone ztYucca .Mountainputs nearly97% of the carbonelement by volume into the aqueous
_?:_.se,higher rechargeratescould result in increased C''t transportto the _oundwa, ter. Releases
!o "2".e_'ound,,v_tercouldbecomesigrd.ficantif _cture pathwaysparticipate in the aqueous-phase
mi_oj_._on.

Qu_dta_ve compas,sons of _e two simulatedTSPA exercise cases are shown L,'aterms of
ce" :ra.,,'tsport:o the groundsurface and water table in Figures 8 and 9. Cumulative canister
:-e!e_es,-e_resentthe :o_ amountof CI,treleased from the failed waste canisters into the system
',-educedby ±e amountof Ct-*_pteted throughradioactivedecay andthe amount of Ct,: [eav_g
i'vesystem by crossingthe surfaceor groundwaterbound_es. Travel times andtr_sport r3.tesfor
:J:emillion of Ct'*to the surfaceand groundwaterwere predicted to be greater for the 0.0 mm/yr
case ,¢e,"sus_e 0.0t mm/yrcase, because of the _gher liquid saturation levels observed for _e
hig_._rechargecase.

Assumptions and Conclusions

"E'_ecurrentYucca..MountainTSPA exercises ,,,,,ere_si_e_ to evaluar_ the execunon of
vW.ousnum_c_Jmodelstoperformca.tculadonsLasupoortof site performance issues _[ated :o
'2censi.ng:-eg'u.tadons.Tr',eseexercises were intended to_ iterative where results, peer review,
., .,e,d ,data,_d exve6.mentaltestswould _ide the refinementand apptica.r2onof the numefic__e',v = I

.,'-nc_e!s.BecauseseveralindependentLavestigadonsareoccurrL,ag concurretatlyon each _cec: of
s'.s_.m?e_ormance, _ere are &i.fferentnumericalmethods for predicting performa.t:ce,which
_'c,,v be,,',ch_'n_g com_a.risons.The _al performa.nceca.tc_ar'ions:'elated to site lic_nsLng..vii



#

lxlO 6 ' , ,

...... Cumulative Canister

lx105 _ .... Release, Ci° 1•-, lxI04
._ Camulafive Surface
> lxl03

_ Release, Ci

o,1

N lxl ,,
t,1

lxl01 / Rate, Ci/yr Cumulative Water

"2 Ix 10°-] Table Release, Ci

lxl0"2-_
IxlO-3-],-,,,, ,, ,, l,,,/,,, ,, ,,, ,,

Time, yrs

HGURE 8. Cl,*Release Histories, 0.0 mm/yr Recharge Case•

lx106-1
!xI05-_

Cumulative Canister

° o.__ lxl Release, Ci

> 1x1_
;¢1

_a 1x 102 .,i Cansiter Release
"_ i/ aam, ci/yrlx101
"_' Cumulative Surface
-'-- txl0 ° ---- ...... --- Release, Ci

_ lxl0-1 :

lx 10u2" Cumulative Water
Table Release, Ci

lx 10-3 -_

Time, yrs

HGURE 9. Ct,, Release Histories, 0.01 mmlyr recharge case.

represent the culmination of information and experience gained during these preliminary
performance assessment exercises. Because of the iterative nature of these exercises, no specific
conclusions ,,viii be drawn on the cumulative releases of Ct,, or doses to the accessible
environment. Instead., a discussion of modeling and physical assumptions is offered, with
emphasis on Cia a'ansport within the vadose zone at Yucca Mountain.
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Yucca Mountain's topography, hydrogeologic stratigraphy, and proposed repository
composes a complex three-dimensional system. The surface of Yucca Mountain has differing east
,'rodwest slopes, with numerous washes. The mountain is composed of highly fractured tuff
layers with contrasting and heterogeneous properties, which are transected with various faults that
include local faults related to the formation of calderas and longer faults of the basin-and-range
type. Although incomplete, the repository conceptual design involves a network of drifts,
emplacement panels, and boreholes large enough to accommodate the equivalent of 70,000
MTH?vl. The two-dimensional system modeled here ignores aLIthree-dimensional aspects of the
physical system, and the coarse mesh, designed for investigating far-field transport is incapable of
capturing repository-scale phenomena. For example, repo.rmd peak repository ternperatums of
108°C are considerably lower than those reported from camster-scale thermal and hydrogeolo_c

models. These lower temperatures are primarily due to the application of repository decay heat
powers over larger volumes than those for individual waste canisters. Another critical modeling
assumption was to neglect the Ghost Dance Fault.

The primary assumption associated with the equivalent continuum model for fracture and
matrix flow through partially saturated porous media is that pressure equilibrium occurs between
the fracture and matrix over times sufficiendy shorter than the time constants for the flow
phenomena of interest. Recent research by Nitao and Buscheck (1989) have shown that this
assumption may be inconsistent with the fracture flow phenomena within Yucca Mountain. One

: other assumption associated with the equivalent continuum model that may prove inconsistent with
experimental data is that the fractures ,'u'esufficiently random in orientation to be considered
isotropic.

Because of the saturation-dependent tortuosities used for the reported simulations, gas-
phase d.iffusion of CI,*was strongly dependent on the saturation fields. Simulations of repository
performance at higher recharge rates predicted lower gas-phase transport ofCI,*,because ofthe
inhibition of gas-phase advection and diffusion by the liquid saturation barrier surrounding the
repository. The accuracy of saturation-dependent tortuosities relative to gas-phase diffusion of Cia
in the vadose zone at Yucca Mountain is not completely known.

The spatial and temporal extent of the thermally driven liquid saturation field surrounding
the repository is critical to predicting canister failures and radionuclide transport. CapilJar,/
hysteresis has been ignored, but may prove to be a critical phenomena for predicting saturation
fields immediate to the repository because of the drying and rewetting events produced by the
thermal transient. Vapor pressure lowering, a model used for the reported results, effectively
lowers peak temperatures and limits pore desaturation. Because the vapor pressure lowering
model was based on experiments conducted at room temperature, it may significantly over predict
the amount of absorbed water. To accurately model this phenomena temperature-dependent water
remndon characteristic data would be required.

Nomenclature

Rom___.,_cte_

C species concentration, (mol,Ci)/m3
Cg gas-phase species concentradon, (mol,Ci)/m3 gas
CI liquid-phase species concentration, (mol,Ci)/m3 liquid
ct liquid-phase specific heat, J/kg K
D/ liquid mechanical dispersion coefficient, m2/s
Dog,Dci gas species diffusion coefficient, liquid species diffusion coefficient, mZ/s
D_e,O _ gas diffusion coefficient upper face, liquid diffusion coefficient upper face, m/s
D_, D _ gas diffusion coe,fficient lower face, liquid diffusion coefficient lower face, m/s
F_e, F_ gas advection coefficient upper face, liquid advection coefficient upper face, m/s
F_,,,,,F,_ gas advection coefficient lower face, liquid advection coefficient lower face, rru's



g acceleration of _avity, m/s2
ha, hw air enthalpy, water enthalpy, J/kg K
h_,, hl gas enthalpy, liquid enthalpy, J/kg K
k intrinsicpermeability,buLk,mamx, fracture,ma

,_:e equivaJentthermalconductivity,W/m K

kt;, kt/ gas relative permeability, liquid relative permeability
rh,,,, rha air mass source, water mass source, kg/m3 s
na, he, nt diffuse porosiW, effective porosity, total porosity
P_, PI gas pressure, liquid pressure, Pa
Pcap, Psat, Pv capillary pressure, saturation pressure, vapor pressure, Pa

thermal energy source, W/m3
/_c species decay rote, 1/s
R I liquid-phase gas constant, J/kg K

._c species source, (mol,Ci)/m3 s
sg, sl gas saturation, liquid saturation
t tixrle, S
T temperamre,°C or K
us, ul, u_ gas internal ener_, liquid internal ener_, solid internal energy, J/kg K
V,_, VI gas Darcy velocity vector, liquid Darcy velocity vector, m/s
.va,x,, gas-phase air mass fraction, gas-phase water mass fraction
y_, y,, liquid-phase air mass fraction, liquid-phase water mass fraction
z vertical heist, m

Qreek Character.

rts extended diffuse porosity

#g, #/ gas viscosity, liquid viscosity, Pa s

: pg, pl gas density, liquid densiw, k_m3

rg, r/ gas tormosity, liquid tormosity

>Iat4hemati¢_

- tensor
,- unit vector

partial derivative

7 gradient
_x, y_ maximum function

b,m,f bulk, matrix, fracture properties
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