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Abstract 1. Introduction

To safely and permanently store high-level nuclear The U.S. Department of Energy (DOE) is investigat-
waste, the potential Yucca Mountain repository system ing the suitability of Yucca Mountain as a potential site for

must mitigate the release and transport of radionuclides for the nation's first high-level nuclear waste repository. The
tens of thousands of years. In the failure scenario of site consists of a series of fractured, nonwelded to densely

greatest concern, water would contact a waste package, welded tuff units and is located about 120 km northwest of
accelerate its failure rate, and eventually transport radionu- Las Vegas, Nevada, in an area of uninhabited desert, l The
clides to the water table. Our analyses have demonstrated potential repository location is in Topopah Spring moder-

that the only significant source of liquid water is fracture ately to densely welded tuff, approximately 350 m below
flow from: (1) natural infiltration, (2) condensate drainage the ground surface and 225 m above the water table. 2
generated under boiling conditions, and (3) condensate Favorable aspects of Yucca Mountain relate primarily to its
drainage generated under sub-boiling conditions. The first arid nature, which results in unsaturated conditions at the
source of liquid water arises from the ambient system; the potential repository horizon.
second and third sources are generated by repository heat. To safely and permanently store waste, the potential
Buoyant, gas-phase flow, occurring either on a sub-repository repository system must limit gas- or liquid-phase transport
scale or on a mountain scale, may play an important role in of radionuclides to the accessible environment for tens of
generating the second and third sources of liquid water. By thousands of years. In the failure scenario of greatest
considering a wide range in bulk permeability of the concern, water would contact a waste package, accelerate
fractured rock, we identify a threshold bulk permeability at its failure rate, and eventually transport radionuclides to the
which buoyant, gas-phase convection begins to dominate water table. The degradational mechanisms of greatest

hydrological behavior. At 10 times this threshold, convec- concern for waste package integrity, such as stress and
tion begins to dominate thermal behavior. These effects can pitting corrosion or microbial attack, require the presence
dominate moisture movement in the unsaturated zone on of liquid water. The rates for many of these degradational

the order of 100,000 yr. We find that the development of a mechanisms are enhanced under warm, moist conditions. It
large above-boiling zone suppresses the effects of buoyant should be noted that most of the potential high-level
vapor flow. Zones of sharply contrasting bulk permeability nuclear waste repository sites under consideration by other
also influence condensate generation and drainage. Of nations are below the water table in the saturated zone,
particular concern are conditions that focus vapor flow and where 100% of the rock pore space is filled with liquid
condensate drainage, which could result in persistent water. Therefore, for a repository located in the saturated
refluxing at the repository, causing water to drip onto waste zone, the presence of liquid water is a given, and the
packages. These effects can occur under both sub-boiling degradational mechanisms depend primarily on the

and boiling conditions. Long-term in situ heater tests are geochemistry near the waste packages.
required to diagnose the potential for major repository- For a repository located in the unsaturated zone, the
heat-driven sources of fracture flow. primary concern is whether liquid water may contact the



waste package. This contact can arise fl'om two effects, particular concern are conditions that prornote the
First, mobile liquid water, particularly flowing in fractures, focusing of w_por and condensate flow, which could
may contact the waste package. Second, if the relative cause water to drip onto waste packagcs (Fig. Ic).
humidity of the gas phase is sufficiently high, a liquid film Repository heat also drives buoyant, liquid-phase
can exist on the surface of the waste package even if convection in the saturated zone (Fig. Ib). Analyses of this
mobile liquid water is absent. Note that the relative type of flow indicate that it is likely to be the dominant
humidity depends on the temperature and the liquid means of driving radionuclide transport in the saturated
saturation in the surrounding rock. The liquid saturation is zone for tens of thousands of years. 6.7A bulk permeability
defined as the fraction of the rock pore space that is filled distribution that facilitates deep convective mixing of
with liquid water. If either the liquid saturation is suffi- radionuclides in the saturated zone would be more likely to
ciently low, or the temperature is sufficiently high, the meet a dose-based standard than a stagnant water table,
resulting low relative humidity will substantially reduce the Table I summarizes the time and length scales
rates of many of the degradational mechanisms. Moreover, involved in how repository heat influences the three major
even for breached waste packages, waste-form dissolution sources of fracture flow. Mountain-scale effects depend on
would be minimal if liquid water is absent, the overall heating conditions for the entire repository. We

have shown -s-8that the most useful macroscopic thermal
I.A Major Potential Sources of Fracture Flow loading parameter quantifying the time-integrated heat

content of the waste in the repository is the Areal Mass
The fractured rock mass at Yucca Mountain Loading [(AML), expressed in metric tons of uranium per

consists of fractures and rock matrix. Fluid flow in the acre, MTU/acre]. Mountain-scale effects depend primarily
unsaturated zone involves the movement of liquid water on the AML of the entire repository, and they are insensi-
(the liquid phase) and gas (the gas phase) through the tive to the details of waste package emplacement, such as
fractures and rock matrix. Under ambient conditions, waste package size and spacing, and fuel age. These effects
the gas phase contains about 98.5% air and 1.5% water also depend on the distribution of thermal and hydrological

vapor. Most of the liquid water is tightly held in the properties throughout the unsaturated zone.
pores of the rock matrix by capillary forces. Typically, Sub-repository-scale effects depend on the local
more than half of the matrix pore space is occupied heating conditions around waste packages. Important
with liquid water, with the remaining pore space factors include (I) the number of spent nuclear fuel
occupied by gas. Except for regions with a perched assemblies per waste package, (2) the spacing between
water table, capillary forces cause most of the fractures waste packages, and (3) the age of the spent nuclear fuel.
to be drained of liquid water; consequently, the frac- In general, the number of fuel assemblies per waste
tures are mostly gas filled. In studies of high-level package is directly related to the waste package size.
radioactive waste isolation, modeling and theoretical Larger waste packages are capable of containing a larger
advances in nonisothermal, multiphase flow have number of assemblies; consequently, they have a higher
demonstrated the critical importance of disequilibrium thermal output. Younger fuel has a higher thermal output
flow processes between the fractures and the matrix. 3-4 than older fuel for some period of time. The Local Areal
Matrix permeability at Yucca Mountain is extremely small, Mass Loading (LAML) depends on the waste package size

so matrix flow is of little concern for repository perfor- and spacing. For a given LAML, sub-repository-scale
mance. Rather, fracture flow is the most likely means of effects are very different, depending on whether widely
generating a significant source of mobile liquid water, spaced, large waste packages or tightly spaced, small waste
This water may arise from three potential origins: packages are used. These effects also depend on the near-

(I) natural infiltration of rainfall and snowmelt, field distribution of thermal and hydrological properties
(2) condensate generated under boiling conditions, and within a few tens of meters of the waste packages.
(3) condensate generated under sub-boiling conditions. In addition to generating condensate flow, repository

The first source of liquid water arises from the ambient heat can redistribute the liquid saturation in the unsaturated
system; the second and third sources are generated by zone, causing regions of dry-out below the repository and
radioactive decay heat, primarily from spent nuclear liquid saturation buildup above. These changes can impact
fuel. Heat-driven, buoyant vapor flow, occurring either ambient fracture flow, possibly amplifying the effects of

on a sub-repository scale or on a mountain scale (Figs. natural infiltration in regions of increased liquid saturation
Ia and b), may play an important role in generating the and attenuating those effects in regions of dry-out. These
second and third sources of liquid water. Zones of changes, along with temperature changes, can alter the
sharply contrasting bulk permeability of the fractured intrinsic hydrological, geochemical, and geomechanical
rock mass can also influence vapor and condensate properties that influence fluid flow and radionuclide
flow, under both boiling and sub-boiling conditions. Of transport in the unsaturated zone. Our analyses 5-_have



indicated that repository-heat-driven changes in the influence of sub-repository-scale and mountain-scale,
saturation distribution can persist for more than !00,000 yr, buoyant vapor flow on thermo-hydrological behavior for
even for low AMLs that never drive temperatures close to both sub-boiling and above-boiling thermal loads. Soil
the boiling point, scientists have observed that gas-phase diffusion of water

It is important to note that some of our past reposi- wq_or is enhanced trader nonisothermal conditions as

tory-scale analyses assume the repository thermal load to compared with soil trader isothermal conditions. Accord-
be uniformly distributed over a disk-shaped area with ingly, we also investigate the impact that the diffusion
areally uniform thermo-hydrological properties. -s-7The enhancement effect may have on thermo-hydn)h_gical
vertical distribution of thermo-hydrological properties was behavior at Yucca Mountain.
included, assuming the major hydrostratigraphic units are
horizontal. Effectively, the results of those calculations are I.B Heat-Driven Flow Processes
representative of averaged, mountain-scale, thermo-
hydrological behavior, in this paper, we examine how the An important feature of the unsaturated zone at Yucca
spatial variability of heating conditions and hydrological Mountain is its high fracture density. Moreover, the
properties causes local thermo-hydrological behavior to Topopah Spring tuff, which occt, rs at the potential reposi-
deviate from averaged behavior. We also examine the tory depth, is one of the most densely fractured hydrostrati-
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graphic units. This is significant because, without fractures, blocks. Accordingly, dry-out due to boiling is moru

the rock throughout most of the unsaturated zone (including suppressed in sparsely fractured regions (with large

the repository horizon) would be extremely impermeable, in matrix blocks) and less suppressed in intensely frac-

general, repository heat moves moisture by (I) vaporiza- lured regions (with small matrix blocks). As boiling

lion, (2) driving water vapor from high to low gas-phase continues, water vapor displaces air away from tile

pressure, (3) condensation, and (4) gravity- or capillary- waste packages and may replace it cc_mpletely for

driven flow of condensate. Without fractures, the rock sufficiently high AMLs. The question of whether (or

would be too impermeable to allow significant vaporization how long) air is displaced from the repository is

and movement of water vapor. The flow of condensate irnportant in assessing the impact of oxidation corrosion

would also be very slow. A system of connected fractures on waste package integrity.

facilitates significant repository-heat-driven fluid flow as Most of the water vapor reaching the fi'acture

well as natural infiltration. Enhanced gas-phase diffusion network is eventually driven away from the emplacement

of water vapor may significantly contribute to vaporization drift by higher gas-phase pressures in the boiling zone to

in unfractured (relatively impermeable) rock. where cooler temperatures cause it to condense along

Heat flow away from the waste packages occurs as fracture walls (Fig. 2). Buoyant, gas-phase convection can

heat conduction, the convection of latent and sensible cause more _,i":'--_ vapor flow to be driven upward to where

heat, and thermal radiation. Because of the large bulk it condenses above tn_ ,-4,'y-out zone. In general, regardless

permeability of fracture networks, gas-phase pressures of where the condensate i, generated, there are three
in the fractures remain very close to atmospheric, even things that can happen to it:

during boiling. Consequently, as temperatures reach the (I) It can drain away from the boiling zone.

nominal boiling point (=96°C), boiling first occurs (2) It can drain back toward the boiling zone.

along fractures (Fig. 2) and proceeds into the matrix (3) it can be imbibed by the matrix.

Table I. The various time and length scales involved in how repository heal influences the three major sources of fracture flow.

Natural
infiltration .......

Buoyant, gas-phase convection Boiling and

Affectedby and condensate drainage * condensate drainage

repository-heat-driven ISub-repository scale Mountain scale Sub-repository scale Mountain scale
changesto the

• moisture distribution Local heating Global heating Local heating Global heating
conditions conditions conditions conditions

• intrinsic hydrological, Local Areal Mass Loading Areal Mass Loading Local Areal Mass Loading Areal Mass Loading

geochemical, and Waste package size Repository size Waste package size Repository size

geomechanical Waste package spacing Repository location Waste package spacing Repository location

properties

Near-field Unsaturated zone-scale Near-field Unsaturated zone-scale

thermo-hydrological thermo-hydrological thermo-hydrological thermo-hydrological
properties properties properties properties

II I

t< 1000 yr ** 1000 < t< 100,000 yr t< 50 yr ** t< 1000 yr

t < 2000 yr *** t < 400 yr °**
for 27 MTU/acre

t < 100,000 yr
t < 1000 yr ** for residual effects
for49MTU/acre

t< 50yr
for155MTU/acre

Sub-boiling Above-boiling Marginal-boiling Above-boiling
heater tests heater tests heater tests healer tests

* Can occur under both sub-boiling ** Assuming small *** Assuming large
and boiling conditions waste packages waste packages



Because the small matrix permeability limits the rate at I.C Thermal l,oading Strategies
which the matrix can imbibe the condensatc by capillary
suction, it can drain for considerable distances down fi'actures The extent to which the three major sources of

before being completely imbibed. Below the boiling zonc, fracture flow may impact waste package intcgrity,
condensate drainage is away from the boiling zonc (Fig. 2), waste-form dissolution, and radionuclide migration is
enhancing the dry-out rate. Above the boiling zone, conden- critically dependent on site conditions as well as on the
sate tends to drain back toward the boiling zone, where it thermal loading stratcgy that will eventually bc adopted
reboils, thereby retarding the net rate of dry-out, for the Mined Geological Disposal System (MGDS) at

The return flow of condensate back toward the heat Yucca Mountain. With respect to repository-heat-

source causes refluxing, which is the counter-current flow driven, thermo-hydroiogical performance, there are
of water vapor and condensate. It is important to note that three primary thermal loading strategies (or options).
refluxing does not require boiling conditions. 8 Heat- These three strategies are best framed as three funda-
driven, buoyant gas-phase flow can drive refluxing under mental questions:
sub-boiling conditions. Under boiling conditions, reflux- ( I ) Can the thermal load be limited and distributed
ing results in a heat transfer mechanism (driven by the such that it has a ncgligiblc impact on hydrological
convection of latent heat) called the heat-pipe effect, pcrformance?

Given adequately high mass flux rates of water vapor and (2) For intermediate thermal loads, will the impact
condensate, heat pipes are capable of sustaining a given of thermo-hydrological processes and our understand-
heat flux with a much flatter temperature gradient than is ing of those lzrocesses allow us to demonstrate that the
associated with heat conduction. Consequently, heat pipes MGDS meets regulatory compliance?

are manifested by a flat temperature profile, with tempera- (3) For higher thermal loads with the potential of
tures close to the nominal boiling point. Pruess and others 9.1° generating extended-dry conditions, will the impact of
were the first to model the heat-pipe effect in the context thermo-hydrological processes and our understanding of
of thermo-hydrological pertbrmance at Yucca Mountain. those processes allow us to demonstrate that the MGDS
Depending on the AML, these effects can occur at the sub- meets regulatory compliance?
repository scale or on a mountain scale (Table !). The goal of the first thermal loading strategy is to

minimize the hydrological impact of repository heat so

Figure 2. Schematic of hydrothermal flow near the that the primary concern in assessing hydrological
emplacement drift. Rock dry-out occurs as boiling drives performance is the ambient hydrological system.
water vapor out of the rock matrix. Upon reaching the Therefore, this strategy requires that ( I ) we demon-
fracture network, vapor is driven away from the boiling strate that repository heat has a negligible impact on
zone to where cooler temperatures cause it to condense hydrological performance, and (2} the behavior of the
along fracture walls. Because the small matrix permeability ambient hydrological system and our understanding of
limits the rate of matrix imbibition, condensate drainage that behavior are sufficient to demonstrate that the
persists for considerable distances down fractt, res. MGDS meets regulatory compliance. The motivation

for this strategy is to avoid any potentially adverse

effects of repository heat.
The goal of the third thermal loading strategy is to

demonstrate that, for some period of time, repository

heat is capable of dominating the ambient system with
above-boiling conditions surrounding the repository.
Ideally, this would result in (!) the absence of liquid
watcr in the vicinity of the waste packages as long as
boiling persists, and (2) the continuation of sub-ambient
liquid saturation conditions for some lime following the
above-boiling period without incurring adverse effects
that may offset the benefits of dry-out. The primary
motivations for this strategy are to (a) minimize the
sensitivity of repository performance to hydrological

variability, (b} extend the period of radionuclidc
containment in the cngineered barricr system, and,
(c) during the period of radionuclide migration, reduce
two factors: the probability of water top.tatting waste
packages, and thc flow rates associated with transport.



Another important motivation is to delay the period of II.B Equivalent Continullm Model (ECM)

significant radionuclide migration until the inventory of
radionuclides has been substantially diminished by Because of lhe impracticality of discrelely ac-

radioactive decay, counting for all of the fractures at Yucca Mountain, it was
The second thermal loading strategy falls between the necessary to account fl_r fractures using the ECM. The

first and third strategies. All three strategies require an assumption of capillary pressure and thermal equilibrium
adequate understanding of both the ambient hydrological between fractures and matrix allows the fracture and matrix
system and how heat perturbs fluid flow in that system, properties to be pore-volume-averaged into an equivalent

It is important to note that what effectively consti- medium. The bulk porosity, _h, bulk saturation, SI,, and
tutes a "cold," ambient-system-dominated repository or bulk hydraulic conductivity, Kh, of the equivalent medium
a "hot," extended-dry repository is not well understood, are given by:
Presently, we lack adequate knowledge of ambient site

conditions to define where the transitions from cold to _h = _f + ( 1 - _r)_m (1)
intermediate or from intermediate to hot thermal loads

occur. We have analyzed how site conditions will
influence the deiermination of these transitions, s In Sb = St'_f + Sm(I - _r)_m (2)
particular, the influence of buoyant, gas-phase convec- _f + (I - _f)_m
tion and how hydrogeological heterogeneity may focus
vapor and condensate flow are critical to determining h'b = Kin( 1 - _f) + KtCf (3)
what thermal loads are sufficiently "cold" to render
hydrothermal impacts of repository heat as negligible, where q_m,Sin, _f, and Sf are the porosity and saturation of

The influence of these processes will also largely the matrix and fractures, respectively, and Km and K r are
determine what thermal loads are sufficiently "hot" (or the hydraulic conductivities of the matrix and fractures.
whether any such thermal loads exist) to allow us to Because of the small Kmin the unsaturated zone (UZ), Kb
demonstrate that extended-dry conditions will prevail is almost completely dominated by Kf and _ffor most
for some time in the vicinity of waste packages, fracture spacings and permeabilities.

Generally speaking, site conditions that are
beneficial to a "cold" repository also benefit the II.C Thermo-Hydrological Properties
performance of a "hot" repository. If we find that the
bulk permeability is too small to promote significant All major hydrostratigraphic units in the UZ at Yucca
buoyant, gas-phase flow and that heterogeneity does not Mountain are included in the models (Table II). 12.13The

result in significant focusing of vapor flow and conden- hydrostratigraphic profile employed here has been used in
sate drainage, it may be possible to demonstrate that a previous modeling studies.3,5-8 The wet and dry thermal
sub-boiling repository has a negligible impact on the conductivity, Kth, data were obtained from the Reference

ambient hydrological system. These same site condi- Information Base (RIB).I-_ We assume the steady-state
tions are also beneficial for extending the period of liquid saturation profile obtained for a net rech_ge flux of
above-boiling temperatures and, during that time, 0 mm/yr, yielding a repository horizon saturation of 68%.3
minimizing the presence of mobile liquid water in the
vicinity of waste packages.

Table II.

II. Numerical Models and Assumptions Hydrostratigraphic units in models.

II.A V-TOUGH Hydrothermal Flow Code Units Depth interval (m)

TCw 0 to 30

All hydrothermal calculations were carried out PTn 30 to 67.4
using the V-TOUGH (vectorized transport of unsatur-

ated groundwater and heat) code. I i V-TOUGH is TSwl 67.4 to 197.5
Lawrence Livermore National Laboratory's enhanced TSw2 197.5 to 387.5
version of the TOUGH code, which is a member of the TSw3 387.5 to 403.4

Mulkom family of multiphase, multicomponent codes CHnv 403.4 to 407.9

developed at Lawrence Berkeley Laboratory by CHnz 407.9 to 539.6
Pruess. I' V-TOUGH is a multidimensional numerical

simulator capable of modeling the coupled transport of PPw 539.6 to 568.1
water, vapor, air, and heat i_ fractured porous media, w = welded n = nonwelded v = vitric z = zeolitized



Previous work -s--:;also considered the steady-state satura- assumption does not significanlly affect the interpreta-
tion profile obtained for recharge fluxes of 0.045 and tion of our results. The initial temperature and sattnration
0.132 mm/yr, resulting in repository saturations of 85 and at the repository hori,'on in the UZ model are 23.3°C and
95%, respectively. 68%, respectively.

The reference case assumed a bulk permeability, kb, We eondtnct most of our calculations with a UZ-SZ
of 2.8 x 10-13in" (280 millidarey), which is equivalent to model (which includes hydrothermal flow in the upper
three 100-pro fractures per meter. The sensitivity of 1000 m of the SZ). Conductive and convective heat flow,
buoyant, gas-phase convection, boiling and dry-out including buoyancy flow, are modeled in the SZ. Because
pertbrmance to kh was examined by considering the the RIB 14lacks thermal property and hydrological data

following values of kb: 1.9 mierodarcy (no fractures), 10 below the PPw trait (the lowermost hydrostratigraphic trait
microdarcy (three 3-lure fractures per meter), 100 in our UZ model), we assumed that the PPw data were
microdarcy (three 7-p.m fractures pen"meter), 1 millidarey applicable to the upper 1000 m of the SZ (down to the

(three 15-_m fractures per meter), 10 millidarcy (three 33- lower botnndary of the UZ-SZ model). The lower botmdary
D,mfractures per meter), I darcy (three 153-pro fractures of the UZ-SZ model has a constant temperature of 53.5°C
per meter), 5 darcy (three 262-p.m fractures per meter), !0 and a fixed pressure corresponding to the hydrostatic
darcy (three 330-p.m fractures per meter), 20 darcy (three pressure and temperature profile of the upper 1000 m of
416-J.tm fractures per meter), 40 darcy (one 78 i-_m the SZ. The initial temperature and saturation at the
fracture per meter), 84 darcy (one 1000-I.tm fracture per repository horizon in the UZ-SZ model are 23.5°C and
meter), 168 darcy (one !260-p,m fracture per meter), 414 68%, respectively.
darcy (one 1700-pro fracture per meter), and 840 darcy
(one 2 !50-_m fracture pen"meter). II.E Repository-Scale Model

II.D Initial and Boundary Conditions For the reference thermal load in the Site Character-
ization Plan-Conceptual Design Report 15(SCP-CDR),

The vertical temperature distribution, 7",in the with 10-yr-old spent nuclear fuel (SNF), an Areal Power
models is initialized to correspond to the nominal Density (APD) of 57 kW/acre, and an AML of 49.2

geothermal gradient in the region. The atmosphere at MTU/acre, we assumed that the heated area of the
the ground surface is represented by a constant-property repository is 1747 acres. For a 1747-acre repository, the
boundary, with T and gas-phase pressure fixed at 13°C repository-scale model represents the repository as.a 3-
and 0.86 arm, respectively. The relative humidity at the km-diameter, 4.6-m-thick, disk-shaped heat source with a
ground surface is also fixed at a value that represents uniformly distributed thermal load. Repository areas of
thermodynamic equilibrium with respect to the initial 559, I1!8, and 3162 acres were also modeled for AMLs of
saturation conditions at the top of the TCw unit (see Table 154.7, 77.3, and 27. I MTU/acre, respectively. The model,
It). Therefore, under initial (ambient) saturation and which is similar to models used by Pruess and Tsang, l_'

temperature conditions, there is no mass flux of water utilizes an axisymmetric coordinate system centered at the
vapor between the atmosphere and upper TCw. In previous repository center. This model is useful for calculating
work) it was assumed that because of the large fracture temperature and saturation behavior (averaged from one
permeability, buoyant convective mixing in the saturated emplacement drift to the next) as a function of location
zone (SZ) results in it acting as a heat sink. The large kh relative to the center (or edge) of the repository area. The
and storativity of the SZ were also assumed to result in the assumption was al._;omade that the thermal loading of the

water table being at a fixed depth. For the drift-scale repository can be represented by the heat generation curve
calculations reported her{:, we also assume that the water of pressurized water reactor (PWR) SNF of an average

table has a fixed depth (: = 568. I m) and a constant age. Calculations were made fl)r APDs ranging from !0 to
temperature (3 I°C). The constant-temperature water table 114 kW/acre and SNF ages of 10, 20, and 30 yr with a
assumption causes the water table to act as a heat sink. burnup of 33,000 MWd/MTU.
Because this model does not explicitly model hydrother-
real flow in the SZ, it is called the "UZ" model. In II.F Sub-Repository-Scale Models
comparing the UZ model with the UZ-SZ model, which is
described below, we found that, for the first 1000 yr, Because it areally averages the thermal load, the
repository temperatures are insensitive to the treatment repository-scale model cannot represent differences in
of heat flow at the water table. _.-;Because the primary temperature and saturation behavior within (i) the pillars
use of the drift-scale model is to examine sub-reposi- (i.e., the rock separating neighboring emplacement drifts),
tory-scale, lhermo-hydrological behavior during the (2) the emplacement drifts, or (3) the waste packages

first 1000 yr, the c°nstant-temperature water table (WPs) themselves. The drift-scale model is a lwo-dimen-



sional cross-sectional model that explicitly relwesenls the scale m¢wemeni of water vapor. I_,Sections III.A discusses
details of the WPs and emplacement drifts in Ihc plane motmlain-scale phenomena, while Section !11.13addresses

orthogonal to the drift axes. This modci is useful in the impact of laycrcd heterogeneity on that phenomena.
representing details of thermo-hydrological behavior at the Section III.C summarizes thc intquence of sub-rcpository-
drift (or sub-repository) scale, in particular, we are inter- scalc, bu_yant, gas-phase flow. Section IlI.D addresses
csted in how sub-repository-scale, buoyant, gas-phase gas-pha._c diffusion, while Section lll.E cxamincs the
convection (which is driven by temperature differences potential role of heterogcncity on focusing vapor and

between the drifts and pillars) affects vapor and condensate condensate flow. Section iI1.F discusses the use of hypoth-
flow and thermal performance. To take advantage of csis testing in model validation.
symmetry, the drift-scale model assumes an i_ffinite
repository with uniformly spaced emplacement drifts. The III.A Mountain-Scale Boiling and Buoyant,
assumption of an infinite repository area is applicable to Gas-Phase Flow
the interior of the repository, which is not affected by
cooling at the edge. This region includes most of the If the bulk permeability, kb, of the fractured rock
repository area during (at least) the first 1000 yr. mass is sufficiently large, repository heat can lead to the

The drift-scale model assumes the 38.4-m center-to- development of large-scale, buoyant convection cells
center spacing between emplacement drifts that is found in transporting water vapor from regions below the repository
the SCP-CDR. 15The model represents a symmetry element to regions above. These cells also have the potential to
from the symmetry plane down the center of the WP to the redistribute heat within the mountain and cool repository
symmetry plane in the pillar between neighb,,_ring drifts, temperatures. We conducted a mathematical analysis 17and
The thermal load is axially averaged along the axis of the a numerical modeling study 8 to determine thc conditions
drift. The WP has a cross section of 1.6 × 1.6 m and is under which these effects may be significant.
located in the center of an emplacement drift that is 4.8 m Mountain-scale, buoyant, gas-phase convection

high by 6.0 m wide. The drifts are assumed to remain open: occurs within fracture networks having a connectivity with
therefore, heat flow from the WP surface to the drift wall length scale comparable to the UZ thickness and reposi-
occurs as thermal radiation, convection, and conduction, tory width (Fig. i b). For the modeling study we used the
The drift-scale model can represent heterogeneity that repository-scale, UZ-SZ model, and considered a wide

occurs at the scale of the drifts. For some of our calcula- range of kb values and AMLs, including 27. !, 49.2 (the
tions, a 1.6-m-wide, high-kb zone is oriented vertically, reference SCP-CDR thermal load), and 154.7 MTU/acre.
intersecting either the midline of the emplacement drift or We analyzed these effects for ( 1) a homogeneous and
the midline of the pillar separating the drifts. The kt, of this isotropic kh distribution, and (2) a layered, heterogeneous
zone can be several orders of magnitude larger than kb kb distribution. Because the matrix permeability is so
throughout the rest of the model (the nominal-kh zone), small for most of the UZ, differences in kh reflect
The center-to-center spacing between the high-kh zones is differences in fracture permeability. We start with a
38.4 m (the same as the center-to-center drift spacing), discussion of the mathematical analysis.

Heterogeneity that occurs at a larger scale is repre- As repository heat propagates into the rock, a column
sented by a third model, which we call the cross-sectional of warmer, less-dense gas develops that encompasses the
uniform heat flow (CSUHF) model. Like the drift-scale repository area (Fig. l b). The result is that gas-phase
model, the CSUHF model assumes an infinite repository, pressures, especially those at the lowest portion of the

thereby enabling it to take advantage of symmetry. The column, are lowered relative to those at the same depth in
CSUHF model represents an infinite series of vertical, the cooler, denser column of gas outside the repository

uniformly spaced, i.0-m-wide, high-k b zones. We consid- footprint. Consequently, gas from outside the repository
ered high-kb zone spacings of 100 and 1000 m. For the footprint is drawn into the region below the repository and
high-kb zones, we considered 10, 84, 414, and 840 darcy, flows upward through the repository, in a fashion similar to
For the nominal-k b zones, we considered 1.9 and 100 the updraft in a chimney. Buoyant, gas-phase convection
microdarcy; 1, 10, 100, and 280 millidarcy; and 10 darcy, cells develop as the warmer, less-dense column of gas

within the repository footprint is displaced by the cooler,
III. Discussion of Model Results denser gas from outside the repository footprint. As the

initially cooler gas is heated up, its relative humidity is
The following sections discuss the mountain-scale and lowered, causing it to evaporate water from the rock matrix

sub-repository-scale thermo-hydrological phenomena that below the repository. This warm moist air is convected
are summarized in Fig. i and Table 1. In addition to the upward to where it cools above the repository, generating
effects listed in Table I, gas-phase diffusion of air and condensate that drains down fractures back toward the
water vapor may play an important role in large- and small- repository and/or is imbibed by the matrix, causing a



saturation buildup above the repository. Because water function of time, the threshold permeabililies are functions

removed belov¢ the repository may be replenished by water of time. Effective values of qw averaged over time, should
,. thud blh

imbibed from the SZ, this process can result in a net be applied in making estirnates or Kb" and "h '
buildup of liquid water in the UZ, For large enough kb, We note, in both cases, that the critical bulk
mountain-scale, buoyant, vapor flow can dominate mois- permeabi!ities, k hyd and th"b kb , are proportional to the
lure movement on the order of 100,000 yr (Table i). repository heat load, qH' and inversely proportional to the

Under sub-boiling conditions, this phenomenon average increase in temperature, ATav. The latter term

always occurs and is significant unless the kb is very small, depends on qH and is approximately proportional to qH
Under boiling conditions, steam generation causes a gas under sub-boiling conditions so that increasing qH only

pressure buildup that can dominate the buoyancy forces, weakly affects k_h . Therefore, under sub-boiling condi-
thereby suppressing large-scale buoyant convection cells, lions, the likelihood of buoyant, gas-phase convection
For either large kb, or as boiling diminishes, the gas impacting repository temperatures is relatively insensitive

pressure buildup may not be sufficient to suppress buoy- to AML. Note that k_ yd is not applicable to sub-boiling
ancy, and convection cells form. As these cells develop, conditions. Under above-boiling conditions, the term ATav
they can transport steam (or moist air) from belt;',,, the depends weakly on qH because most of the energy goes
repository to the conaensat_on zone above, toward latent heat of boiling. Therefore, under boiling

....... hyd th
For buoyant convection cells to dominate over the condmons, the crmcal bulk permeabdmes, k b and kl_ ,

boiling-generated, gas-phase pressure buildup, kb must be are approximately proportional to qH' Consequently,
k hvd higher AMLs reduce the likelihood of the impact oflarger than a threshold bulk permeability, kb > "h" '

where k hyd is given by buoyant, gas-phase convection celly by increasing the'_b

critical bulk permeabilities for both moistm c anJ
thermal transport.

k_Yd qH Lb Limb ]'/g It is also important to note that because psitf.,, :-pghg,= -- (4)
hfgps L ATav Pg.ambg the following approximate relationship holds:

where "bt'hya- Lb k_h (6)
L

qH is the instantaneous areal heat load (W/m-'),

hfg is latent heat of vaporization (J/kg), and, therefore,
p_ is steam density (kg/m_).,

Pg,amb is mean gas-phase density under ambient bhyd th
conditions (kg/m_), "b < k b (7)

Lb is thickness of the boiling zone around the
repository (m), Values of kb that are large enough for large-scale,

buoyant convection to affect repository temperatures will
L is thickness of the thermally perturbed zone (m), also be large enough to affect the large-scale movement of
Tam b is the mean ambient unsaturated zone water vapor produced by boiling. Conversely, if k b is

temperature (K), small enough for the large-scale movement of water
ATav is the mean vertical change in temperature vapor to be negligible, then large-scale, buoyant

from ambient (K), convection cells will not be significant enough to cool
_g is gas-phase viscosity (kg/m-s), and
g is gravity acceleration (m-'/s). repository temperatures. Although this method of

analysis is approximate, it gives a good order-of-

Large-scale, buoyant convection cells will cool magnitude estimate of critical bulk permeabilities that
repository temperatures when gas-phase convective heat have been verified by numerical simulations.

As an example, we consider a repository with qH =
flow through the repository domain is significant compared 14.! W/m-', which is equivalent to an APD of 57 kW/acre.
to the areally averaged heat load. This condition occurs

b th where the We use Tamb = 300 K and ATav = 50 K. 'Values for Ps, hg,when kb is sufficiently large, that is, kh > "b
th and hfg were taken at conditions for saturated water vapor

threshold bulk permeability, kb , is given by at a temperature of 95°C. The values for the lengths were

L = 400 m and Lb = 20 m. We then obtain kbhyd = 0.7
k_h = qH Tamh ,t/g th

h_pg ATav Pg.amb_ (5) darcy, and kh = 14 darcy.Ref. 8 reports our observation that mountain-scale,

Here, h# is specific enthalpy of the gas phase (J/kg), buoyant, gas-phase convection does not influence tern-
and pg is the gas-phase density (kg/m3). Because qH is a peratures at the repository center until, - they peak.



Depending on the AML and kh, the cooling effect of liquid saturation distribution (Fig. 4b); however, signifi-
mountain-scale, buoyant, gas-phase convection can cant refluxing occurs, with buoyant vapor flow being

substantially reduce the duration of the boiling period, tbp, balanccd by condcnsatc drainage and imbibition. For kb >
in the repository. Depending on the proximity to the outer 280 millidarcy, condensate drainage and imbibition cannot
edge of the repository, edge cooling can also substantially keep up with buoyant vapor flow, and regions of net dry-

reduce tbp. Ref. 18 gives the details of how these cooling out below the repository and condensate buildup above
effects influence tbp throughout the repository, develop and persist for tens of thousands of years. With

Figure 3 shows the area-weighted boiling period the ECM, we cannot determine whether the resulting

duration, ibp, as a function of kb for the 49.2- and conden'_ate flux results in nonequilibrium fracture flow
154.7-MTU/acre cases. Because /'bp is the boiling down to the repository horizon (and possibly down to the
period duration averaged over the entire repository area, water table). However, the potential for nonequilibrium
and the repository-scale model assumes a uniform condensate drainage exists even for situations that do

AML, tbp effectively, represents an "average" WP not result in a net redistribution of liquid saturation.
location. For kb < kbn, ibp is insensitive to kb. For an Large-scale in situ heater tests, conducted under both
AML of 154.7 MTU/acre, k_h is about 5 darcy, while sub-boiling and above-boiling conditions, are needed to
for 49.2 MTU/acre, it is about I darcy. For kt, > k_h, determine the potential for mountain-scale, buoyant,
/bp decreases with increasing kb. The cooling effect of vapor flow to drive nonequilibrium condensate drainage
mountain-scale, buoyant, gas-phase convection in- in the vicinity of WPs. 19'20

creases with proximity to the edge of the repository. For an AML of 27. I MTU/acre, AVI increases gradually
Relative to the i-millidarcy case, increasing kb to I until it peaks, and declines even more gradually (Fig. 4a).

darcy only reduces /bp by 2.4% for an AML of 154.7 A substantial AVI persists well beyond 100,000 yr for the
MTU/acre, while for 49.2 MTU/acre, it is reduced by high-kb cases. The peak AV Ioccurs at 20,000, 20,000,

19.7% (Fig. 3). Increasing kl_ to 5 darcy reduces tbp by 30,000. 40,000, and 40,000 yr for the 168-, 84-, 40-, 20-,
11.4% for an AML of !54.7 MTU/acre, while for 49.2 and I0-darcy cases, respectively (Figs. 4a and b). For the

MTU/a,,.c, the reduction is 48.9%. Consistent with 280-millidarcy case (Fig. 4b), the peak occurs beyond
Equation (5), boiling behavior for the 49.2-MTU/acre 100,000 yr. For kb > 10 darcy, the maximum AV I (called
repository was found to be more sensitive to mountain- AV_ _ax) increases nearly linearly with kb. Because it
scale, buoyant, gas-phase convection than for the 154.7- cannot represent nonequilibrium fracture-matrix flow, the
MTU/acre repository. The boiling-generated, gas-phase ECM probably underpredicts the condensate drainage flux
pressure buildup increases with AML, and it opposes the and, consequently, may overpredict AVi. However, AV I is a
tendency for thermal buoyancy for s,-" ,e period of time. s useful indicator of the overall magnitude of condensate

We compared the net build,q, of liquid water above drainage and buildup effects. The slope of the AV I vs t
the repository, AVI, for all of the thermal loads and kb curve is indicative of the overall rate of condensate
cases considered (Fig. 4). For an AML of 27. ! MTU/acre generation that arises from mountain-scale, buoyant, vapor
and kb < 280 millidarcy, mountain-scale, buoyant, gas- flow. For high AMLs, it is indicative of the competition
phase convection results in a very small net change to the between vapor flow driven by the gas-pressure buildup due

to boiling and vapor flow driven by thermal buoyancy.

Figure 3. Area-weighted duration of the boiling period For an AML of 49.2 MTU/acre, AV t increases
as a function of bulk permeability for AMLs of 49.2 gradually until it peaks, and declines even more gradually
and 154.7 MTU/acre. Note that the time scales differ by (Fig. 4c). A substantial AVI persists well beyond 100,000 yr
a factor of 10. for the high-k h cases. The peak AV Ioccurs at 20,000,

i5,000, 15,000, I0,000, 6600, 5000, and !300 yr for the

800 '__':='"_2'.: ::222. _ '_ ' ....... ' '' ......' -]8000 168-, 84-, 40-, 20-, 10-, 5-, and l-darcy cases, respectively

_ _...-.._ 1_ (Figs. 4c and d). For the 280- and 10-millidarcy cases, the

"-__ _1 AV Ioccurs at 1000 yr (Fig. 4d). For AMLs of 27. I and 49.2

._ 600 6000 MTU/acre, AV1is never less than zero."O

a. For an AML of 154.7 MTU/acre, the high-kb cases

_: _ 400 "", '_4000 (kb > 5 darcy) show two peaks in the AV Icurve, with an

| ,, ] early peak occurring at 300 to 500 yr and a late peak

d_ ._ 200 154.7 MTO/aere '" _12000 occurring beyond 20,000 yr (Fig. 4e). For the I-darcy
<: '_ ....... 49.2 MTO/aere case, the early and late peaks occur at 900 and 20,000 yr,

"'"- respectively (Fig. 4f). The early peak approximately0 _ ........ ' ........ _ .... :''_ 0
10-3 10-2 10-1 100 10_ 102 coincides with the maximum vertical extent of boiling

Bulk permeability(darcy) conditions and is related to the interaction of the heat-

10



pipe effect and mountain-scale, buoyant, gas-phase darcy cases, respectively. For 10 rnillidarcy < kb < I darcy,

convection. After the initial peak, AV I quickly declines for there is no early peak in AV I, and a late peak occurs at

the high-k b cases, with a trough occurring at 3000 yr, 20,000 yr (Fig. 4f). For kb < 10 millidarcy, afler a brief early

coinciding with the maximum vertical extent of dry-out, period with very small positive wdues, AV I is always negative

For the 40-, 84-, and 168-darcy cases, AV I declines to (Fig. 413. Thcrefore, if the large-scale connected kb is small

below zero. After the trough occurs, AV I resumes a gradual enough, mountain-scale, buoyant, gas-phase convection does

increase until a late peak occurs. This peak occurs at 60,000, not result in a liquid water buildup above the repository for

50,000, 50.000, and 25,000 yr for the 168-, 84-, 40-, and 5- the 154.7-MTU/acre case.

Figure 4. Net buildup of liquid water above the repository for various values of k h and AMLs of 27. ! MTU/acre (a and b),

49.2 MTU/acre (c and d), and 154.7 MTU/acre (e and f).
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Figure 5 shows the AVI__axas a function of kb for kb distribt, tion spans a significant fraction of the range
AMLs of 27. !, 49.2, and 154.7 MTU/acre. Notice that shown in Fig. 5 (including regions ill which kl, > 10 darcy),

the shape of this curve varies significantly among the then mountain-scale hydrothcrmal behavior will bc
various AML cases. For an AML of 154.7 MTU/acre, more variable for low-to-intermediate AMLs than for

the slope of the curve is nearly constant, with AV_lax high AMLs. If the kl_distribution only spans the lower
increasing gradually with kh. For AMLs of ?7. ! and end of the kb range (k b < I darcy), then mountain-scale
49.2 MTU/acre, the slope is highly variable. For small hydrothermal behavior will be less wtriablc for all AMLs.
kb, the slope is very shallow. For an AML of 49.2 MTU/acre,
the slope increases abruptly at kh = I darcy, while for III.B Impact of Layered Heterogeneity on
27. ! MTU/acre, it increases abruptly at i0 darcy. Mountain-Scale Phenomena
Therefore, the dependence of AVt__axon kb is very
nonlinear for AMLs of 27. ! and 49.2 MTU/acre. We also considered cases in which the kb distribu-

Over the range of ! millidarcy to 168 darcy, the tion varies vertically, which results in a layercd hetero-
following observations can be made from Fig. 5. For geneous kh distribution. This was done in consideration
kb < 20 millidarcy, the 154.7-MTU/acre case has the of the unpublished kb data of Weeks. 2-_which indicates
smallest AV_ ax , with the 49.2-MTU/acre case having considerable layering of kb. In particular, it appears that
the largest AV__aax. For 20 < kb < 50 millidarcy, the kb may be far smaller in the nonwelded vitric units
49.2-MTU/a,:re case has the largest AV_ _ax. For 50 (PTn and CHnv) and the nonwelded zeolitized unit
millidarcy < kb < 2.5 darcy, the 154.7-MTU/acre case (CHnz) than in the welded units (TCw, TSwl, TSw2,
has the largest AVt_mx. For 2.5 darcy < kb < 100 darcy, and TSw3). The depth intervals of the hydrostratigrahic
the 49.2-MTU/acre case has the largest AVt_ax . For units are given in Table II. For AMLs of 27. i and 154.7
kb > 100 darcy, the 27. I-MTU/acre case has the largest MTU/acre, we considered four kb distribt, tions:

AVZ_lax . Where the impact of mountain-scale, buoyant, ( I ) kb = 84 darcy everywhere.
gas-phase convection is greatest, low-to-intermediate (2) kb = 320 millidarcy in the PTn: otherwise,

AMLs result in the largest AVI__ax. For intermediate kb = 84 darcy.
kb (280 millidarcy to I darcy), where the impact of (3) kh = 280 millidarcy in the CHn; otherwise,

mountain-scale, buoyant, gas-phase convection is rela- kb = 84 darcy.
tively moderate, AV_ ax for the various AML cases (4) kb = 320 millidarcy in the PTn and 280
generally varies by less than a factor of 2. millidarcy in the CHn; otherwise, kh = 84 darcy.

It is likely that the kb distribution at Yucca Moun- Figure 6 shows the net buildup of liquid water above
tain will be highly variable. Some of that variability the repository, AVI, for these four cases. For the 27. I-
will be random, while some may be correlated with MTU/acre repository, a reduced kh in the PTn reduces
discrete hydrological features such as fault zones or AVI by half (Fig. 6a). For the uniforrn-kb case, moun-
hydrostratigraphic units like the nonwelded vitric tuff tain-scale, buoyant, gas-phase convection behaves as
units (PTn and CHnv). According to Weeks, -'_kh at the though it is in an "open" system with respect to the
repository horizon in the TSw2 may be 200 darcy. If the ground surface, in this open system, the gas-phase

velocity vectors are orthogonal to the ground surface in
Figure 5. Maximum net buildup of liquid water above the vicinity of the ground surface. Buoyant vapor flow

the repository as a function of bulk permeability for results in a substantial increase in liquid saturation from
various AMLs. the repository horizon all the way to the ground surface.

........ , ........ , ........ . ........ , ........ ._ When kb in the PTn is reduced, this unit functions as a

_-_,= 16 1-1/1 gas-phase flow barrier or "vapor cap." Consequently,

_ -- 27.1 MTU/aere 1] the direction of gas-phase flow below the PTn/TSwi
12 ..... 49.2 MTOlacre /,'-1 contact becomes tangential to this contact rather than"o ,C..

'- - - 154.7 MTU/acre ,'" , ,,'/ J"/ i crossing it. The PTn effectively isolates the buoyant,

._ gas-phase, convection cells from tile ground surface,8 - thereby causing the convective system to be "closed"
Q e,J
-, _ with respect to the ground surface. The resulting
"O "-

"5 _ decrease in the gas-phase flow velocities causes an

,,,...,...,® 4 ," .4/'....--. / overall reduction in AV1(Fig. 6a).

•-.,."'-" " " For the 154.7-MTU/acre repository, a reduced kh in
...+:..--S.2-/

0 ............. ...,-..-'---_.a._.----- the PTn has a much different effect on AV I (Fig. 6b). As
....... ,I ........ I , , ,,,,.I , ....... I , , ,,,,,,I

10-3 10-2 10-1 100 101 102 in the 27. I-MTU/acre case, the reduced k b in the PTn

Bulk permeability (darcy) causes the buoyant convective system to be closed with
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respect to the ground surface, reducing the magnitude moisture to the atmosphere is impeded, Irapping much
of gas-phase flow. Tile resulting decrease in the gas- of the moisture convecled to upper LIZ. Consequently,
phase flow velocities reduces the initial peak in AV I by tile trough in the AV Icurve is less pronounced, and the
40% (Fig. 6b). Recall that for the high-kh cases (Fig. following increase in AV I is steeper (Fig. 6b).
4e), we observed an initial peak in AV I at about 300 to For the 154.7-MTU/acre repository, the reduced kh
500 yr, followed by a steep decline (and trough) in the in the PTn causes the second peak in lhc AV Icurve to
AV I curve. The steep decline arises from buoyant occur much earlier ( 15,000 yr) than in the uniform-kh
convection driving water vapor to the ground surface, case (50,000 yr). The carlicr occurrence of the second
Figure 6b clearly indicates that an open convective peak is caused by the gas-phase diffusive loss of
system driven by a high-AML repository results in a moisture to the atmosphere. Note that the value as-
substantial loss of water vapor to the atmosphere, sumed for the effective diffusion factor, z,:fr ('td.r = 0.2),
However, an open convective system driven by a low- may be low compared to cxperimental values measured
AML repository does not result in such a loss. The key by soil physicists (sec Section III.D). A largcr value of

difference is that boiling in the high-AML case drives _cff would result in a larger diffusive loss of moisture to
most of the moisture buildup to the upper 100 m of the the atmosphere and an overall reduction in AV I.
unsaturated zone (UZ), while for the Iow-AML case, For the 27. I-MTU/acrc repository, a reduced kh in
the moisture buildup is spread over the upper 340 m of the CHn reduces AVI by half, which is almost identical
the UZ. Proximity of the moisture buildup to the ground to the effect that a reduced-k b PTn has on AVI (Fig. 6a).

surface, and larger gas-phase velocities, facilitates the The reduction in kb in the CHn impedes buoyant flow
loss of moisture to the atmosphere for the high-AML through it, effectively decoupling it from from thc
case. When the PTn acts as a vapor cap, the loss of mountain-scale, buoyant convective system. The

resulting reduction in the vertical extent of the buoyant
convective system has the effect of reducing the gas-

Figure 6. Net buildup of liquid water above the phase velocities and the quantity of water that can be
repository for various vertical kb distributions and vaporized and convected from below the repository to
AMLs of (a) 27. I, and (b) 154.7 MTU/acre. Uniform above, where it condenses. Reducing kb in both the PTn
kb = 84 darcy. The value of kb in the PTn is reduced to and CHn reduces AV I by another factor of 2 relative to
320 millidarcy, and in the CHn, to 280 millidarcy, the case with the reduced kt, in the PTn (Fig. 6a).

10 ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' For the 154.7-MTU/acrerepository, areducedkbin

(a) the CHn reduces AV Iby nearly half (Fig. 6b), which is

E Figure 7. Duration of the boiling period at various
_:_ 6 / - - - Reduced/%inCHn repository locations for various vertical kh distributions

/ -- __ ReducedkbinPTnandCHn"" and an AML of 154.7 MTU/acre. Uniform kb = 84
_" 4 / _'_'_"-" ......... darcy. The value of kb in the PTn is reduced to 320
o ," _ millidarcy, and in the CHn, to 280 millidarcy. The
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similar to the effect shown for the 27. I-MTU/acre reposi- from that study concerns tile substantial difference between

tory (Fig. 6a). Reducing kh in both the PTn and CHn thcrmo-hydrological performance predicted by repository-
reduces AV Iby nearly half relative to the case with the scale models and that predicted by drift-scale models. For
reduced kb in the PTn (Fig. 6a). Figure 7 shows the impact an AML of 24.2 MTU/acrc, the repository-scale model

that a reduced kb in the PTn and CHn has on the boiling predicts a peak temperature, 7"pc,_k. of 65°C, while the drift-

period duration, tbp. The reduction in gas-phase velocities scale model predicts Tpc_k of up to 172°C on the WP
decreases the overall convective cooling effect, thereby surface and 144°C in the rock adjacent the drift. While the

increasing tbp, particularly at the outer repository area. repository-scale model predicts no boiling period, the drift-
scale model predicts a boiling period duration,/bp, of 183

III.C Sub-Repository-Scale, Boiling and Buoyant, to 202 yr in the rock and 300 to 350 yr on the WP surfacc.
Gas-Phase Flow Similarly, the repository-scale model predicts no boiling

period for an AML of 35.9 MTU/acrc, whilc the drift-scale

Sub-repository-scale, buoyant, gas-phase convection model predicts thp of 955 to !014 yr in the rock and I I I I
occurs within fracture networks having a connectivity with to 1155 yr on the WP surface.

length-scale comparable to the distance between the hot Another important observation about sub-rer_ository-

and cold regions of the repository (Fig. Ia). Buoyant, gas- sc:_le pert'ormance is that Tpcak varies modestly tk_rAMLs
phase convection cells develop as the warmer, less-dense ranging from 24.2 to 55.3 MTU/acre. Is Because it occurs

column of gas within the footprint of the waste packages so early (12 to 25 yr),/'peak is insensitive to whether tile
(WPs) is displaced by the cooler, denser column of gas in distance to the adjacent cmplacemcnt drift is 43.4 m or
the adjacent areas. As the initially cooler gas is heated up, 99.0 m. For the high-AML cases, the drift spacing is small

its relative humidity is lowered, causing it to evaporate enough to cause Tpc_,k to be sensitive to drift spacing.
water from the rock matrix below hot regions of the Consequently, Tpcak is significantly greater for the i !0.5-
repository. This warm moist air is convected upward to MTU/acre case than for the 83.4-MTU/acrc case. Is

where it cools above the WPs. This generates condensate Another important observation is that/bp is insensitive
that drains down fractures back toward the repository to sub-rer_ository-scale, buoyant, gas-phase convection
and/or is imbibed by the matrix, causing a saturation tbr both the low- and high-AML cases (24.2, 35.9, and
buildup above the WPs. High AMLs result in a large zone i 10.5 MTU/acre). For intermediate-AML cases (55.3 and

of above-boiling temperatures, which suppresses the 83.4 MTU/acrc), tbp is modestly sensitive. For high
effects of sub-repository-scale, buoyant vapor flow. s AMLs, the extent of dry-out is insensitive to sub-reposi-
Sub-repository-scale, buoyant, gas-phase convection tory-scale, buoyant, gas-phase convection. For low AMLs.
continues as long as significant temperature differences the extent of moisture movement (i.e., dry-out and
persist within the repository. We find that it can domi- condensate buildup) is very dependent on the magnitude

nate moisture movement for up to 1000 yr for the drift of sub-repository-scale, buoyant, gas-phase convection.
spacing described in the Site Characterization Plan- Some have equated the term "sub-boiling repository"
Conceptual Design Report (SCP-CDR). 15 with a repository system for which the hydrological

More recently, there has been considerable momen- impact of heat is insignificant. Some also define a "sub-
turn toward the use of the multi-purpose container (MPC), boiling rcpository" to bc one in which the average rcposi-
which, compared with the WP described in the SCP-CDR, tory temperature is below the boiling point. Our analyses
is much larger, contains more fuel assemblies, and there- show that boiling conditions can persist arotmd an
fore has a higher thermal output per WP. The larger drift emplacement drift even if the average repository tempera-
spacing, which is consistent with the use of larger WPs, ture is well below boiling. Moreover, if buoyant, gas-phase
will result in temperature differences within the repository convection is found to be significant, it can drive st|bstan-
persisting longer. Consequently, the effects of sub-reposi- tial vapor and condensate fluxes whether or not boiling
tory-scale, buoyant vapor flow will also be more persistent, ever occurs. On the other hand, if buoyant, gas-phase
possibly lasting thousands of years, ts If, as Weeks 21suggests, convection is found to be insignificant, a boiling period of

kb at the repository horizon is found to be on the order of sufficiently limited duration may be shown to generate
200 darcy, the impact of sub-repository-scale, buoyant, gas- condensate fluxes that have a minor impact on waste

phase convection will be extremely significant, package performance and radionuclidc transport. The
Ref. 18 analyzes sub-repository-scale performance for absence of local boiling conditions is not, in itself, an

large WPs containing either 21 PWR or 40 BWR spent adequate indicator of whether repository heal drives
nuclear fuel (SNF) assemblies with a center-to-center WP significant vapor and condensate flow. Average repository
spacing of 12 m. These calculations also apply to a 12- temperatures are an even poorer indicator of whcthcr
PWR/21-BWR SNF emplacement scenario with a center- repository-heat-driven hydrothermal flow significantly
to-center WP spacing of 6.86 m. An important observation impacts the performance of a Iow-AML repository.
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Diagnosing whether sub-boiling conditions can be which is consistenl with the above theory. The diffusion
equated with the absence of significant repository- enhancement factor, rl, appears to have been measured only
heat-driven effects will require in sit, heater tests for soils. Cass and others -'4obtained values of rI for sand
conducted under sub-boiling as well as above- that ranged t'rom unity at 0% liquid saturation (i.e., no
boiling conditions. 19.20 enhancement) to 12 at 80% liquid saturation. The value of

rl appears to decrease with increasing temperature. Thc
III.D Gas-Phase Diffusion of Water Vapor maximum value of 1"1decreased by almost 50% as tempera-

ture was increased from 3.5 to 32.5°C. This trend can be

Transport of water vapor in the gas phase takes place explained by the theory of Philip and de Vries. At greater
by two mechanisms: (I) advective transport from move- temperatures, the higher latent heat carried by diffusive
ment of the gas phase, and (2) diffusive transport by the transport enhances heat transfer across the gas phase

process of molecular diffusion. The binary diffusive mass between blockages. The resulting decrease in gas-phase
flux of a component in a gas phase is governed by Fick's temperature gradients reduces the vapor-pressure gradients
law, which for a porous medium takes the form that drive diffusive transport.

The values of rl are not directly input to the V-TOUGH

q = -dpSgpgT_rlDVo) (8) code. Instead, V-TOUGH requires an effective gas-phase
diffusion factor, "tcrf, which combines rl with the tortuosity

where _ is porosity, Sg is gas-phase saturation, 9g is gas factor, z, as follows:
density, 1:is the tortuosity factor, rl is the diffusion en-
hancement factor, D is the binary diffusion coefficient, and a:cn.= rl'_ (9)
o_is the mass fraction of the component. The tortuosity
factor, 't, is the reciprocal of the tortuosity and takes into V-TOUGH treats 1:elras a constant. If we take _ to be
account the increased path length within the porous 9.2, and consider the upper value of 12 measured for rl by
medium. Its value is always less than or equal to unity. Cass, we would get a value of 2.4 for "telf. For the 154.7-

The diffusion enhancement factor, rl, which appears in MTU/acre, 280-millidarcy case, we considered three values

Equation (8), can be taken to be unity for a noncondensible of "ceil-:0.2, I, and 2, which nearly span the range that n-my
component or isothermal conditions. For diffusion of a be applicable to this problem. Note that, unless specified
condensible component, such as water vapor, driven by a otherwise, our calculations assume a value of 0.2 for '_cff.

thermal gradient, the diffusive flux is enhanced, so that 11is Increasing "con.from 0.2 to I (thereby increasing gas-phase
greater than unity. The well-known paper by Philip and de diffusion) results in a minor cooling effect (Fig. 8a). This
Vries 23gives an explanation for this enhancement. Nor- cooling effect, which arises because of the increased
mally, diffusive transport of water vapor is obstructed by transport of latent heat away from the repository, reduces

liquid water that blocks pore throats; consequently, the area-weighted boiling period duration, t-hp,from 7984
diffusion is reduced at higher liquid saturations. However, to 7622 yr. Increasing "_cfffrom 0.2 to 1 also has a minor
the thermal gradient sets up a vapor pressure gradient in the drying effect, modestly reducing the net buildup of liquid
gas phase which causes water to evaporate from a blockage water above the repository, AV I (Fig. 8c). The maximum
and diffuse in the gas phase to a cooler blockage, where it value of AV I is only reduced by 3.2%.
condenses. The process continues as the water evaporates As in past studies, 7'8when analyzing dry-out and re-
on the other side of the blockage. The mechanism whereby wetting behavior, we use the term, normalized liquid
liquid water flows through a blockage is the pressure saturation, SI, which is given by
difference caused by the difference in meniscus curvature

between the two sides. SI -" SI (10)
Another phenomenon further increases diffusive Si.inil

fluxes under nonisothermal conditions. The gas-phase
thermal conductivity is much less than that in the liquid where SI is the current liquid saturation, and Si.init is the

and solid phases, so that the temperature gradient in the gas initial (or ambient) liquid saturation. In Ref. 18 we
phase between liquid blockages is greater than the average examine the re-wetting behavior of various AMLs by
temperature gradient of the bulk porous medium. The comparing the duration of time that SI in the repository is
resulting increase in water vapor concentration gradients below 90% of ambient as a function of repository location.
within the gas phase further increases diffusive fluxes Because SI = 0.9 when SI has been restored to 90% of
compared to isothermal systems, ambient, we call this time t( SI = 0.9). The area-weighted

The diffusion enhancement factor is a function of value of t( SI = 0.9) for the entire repository is called
liquid saturation and appears to increase significantly at { ( SI = 0.9), which is essentially the mean re-wetting

sufficiently large saturations when blockages can occur, time for the repository.

15



Figure 8b utilizes t( S1= 0.9) to illustrate re-wetting hanced gas-phase diffusion of water vapor incn'eases tile
behavior as a function of repository location lbr a range ot+ duration of time that most of the n'epositt_ryis below

tcff. Notice that the drying effect that results from ca- ambient saturation. For the innmr 25% of Ihc repository,
t( '_'1= 0.9) in rcdtnccd somewhat (Fig. 8bl because of the

Figure 8. Duration of the boiling period (a) and dura- reduction of tbp (Fig. 8a). Because temperatures decrease
tion of time below 90% of ambient liquid saturation with vertical distance from the repository horizon, gas-

(b) at various repository locations for an AML of 154.7 phase diffusion drives water vapor vertically aw,ay from the
MTU/acre, kb = 280 darcy, and various values of the repository. Because temperatures also decrease with
effective diffusion factor, rcff. The repository locations increasing radial distance, gas-phase diffusi(m also drives

water vapor radially away l'rom the repository. Notice thatare identified as the percentage of the repository area
enclosed, with 0% corresponding to the repository the enhanced dry-out effect is greatest at the outer rcposi-
center, and 100% corresponding to the muter perimeter, tory area, where tcmpcrattnrc gradients drive water vapor
(c) The net buildup of liquid water above the repository radially as well as vertically away from the repository.
is also plotted for these cases. Increasing_ totTfrom 0.2 to I has the cffcct of increasing

t( SI = 0.9) for the otnter 75% of the repository. Consc-
12,000 ''','.' , • ' ' , ' ' ' , ' • ' qucntly,/(S--1=0.9) is incrcascd from 63,436 to 68.721yr

$ _ (a) for the entire repository.
•o 10,000 - .:.&.:._... Increasing "Ecff from 0.2 to 2 results in a more
o _,'., - from 7984 Io
a._ 8000 ",,<,:<, substantial cooling effect, reducing tbp

"M,, 7323 yr (Fig. 8a). The greatest cooling effect occurs at the
c "_'" repository center (where the highest temperatures occur)"o 6000 ,_/,
,', and decreases with increasing distance from the repository

"_ 4000 _ ten = 0.2 center. At the repository edge, the cooling effect is minor.c:
o ....... ten = 1.0 Increasing tcr f from 0.2 to 2 also has a drying effect.

2000 ten = 2.0 reducing the maximum value of AV1by 9.7% (Fig. 8c).

0 , , , , , , , , , , , , . . . , . . . The drying effect also increases t( S I =0.9) forthe_outer
0 20 40 60 80 100 80% of the repository (Fig. 8b). Consequently, [ ( SI = 0.9)

Percentage of repository area enclosed (%) is increased from 63,436 to 77,423 yr for the entire

"c'>, 12b. , . , . . . , , . . , . . • , . , . rcpository, ingencral, forthcrangcoftef tconsidercd,

'_ _ 10_L-- (b) enhanced gas-phase diffusion results in a minor cooling

_ effect and a minor drying effect. We plan to consider
"-'7 _ larger values of tcff and a larger range of AMLs in

."_" -_ examining the infltnence of enhanced gas-phase diffusion.

E _ 6 ... _ The issue has been raised concerning the role that""- _ enhanced gas-phase diffusion might play in transporting
'_ "5 4 _",,,_ water vapor from the water table to the repository at late
I= o"o '-- time. As shown below, this late time occurs well after

_ 2 have dropped below boiling. Becausetemperatures gas-

e,, _ 0 . , . , . , . , , , . , . , , , . . . phase diffusion is primarily driven by temperaturegradi-
m 0 20 40 60 80 O0 ents, it is useful in plot the temperature difference between

Percentageof repositoryarea enclosed(%) the top of the saturated zone (SZ) and the repository

_., 1.0 , , , _ , , , _ , , , T , , , , , , , horizon (Fig. 9). Because the repository is the primary
E 0.8 (c) source of heat flow for a hmg period of time, temperatures

_ .......................... at the repository exceed those at the top of the SZ tbr a
•o "_ 0.6 /","- .-_ "" long period of time. An long as this occurs, thc diffusive

"" '/"" " _ flux of water vapor below the repository will be downward

'_., (away from the repository). Eventually, the geothermal flux
_o 0.2 will again dominate the vertical temperature profile,

_ 0 causing it to be reversed (i.e., directed from the SZ back"o •
t._ _ toward the repository). Figures 9a and b show this effect

$ -0.2 for AMLs of 27. I and 154.7 MTU/acrc. For an AML of
o

=" _ -0.4 27.1 MTU/acrc, it takes 3000 yr before the vertical
0 10,000 20,000 30,000 40,000 50,000 temperature gradient reverses at the outer edge of the

Time (yr) repository, and 5850 yr at the repository center (Fig. %).
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For an AML of 154.7 MTU/acrc, it takes 20.400 yr in considering the potential significance of ca-
before the temperature gradient reverses at the outer hanced vapor diffusion ill transporting water vapor from
edge of the repository, and 34.400 yr at the repository the SZ, it is uset'ui to compare the repository-heat-
center (Fig. 9b). Consequently. the diffusive flux of driven temperature gradients with the initial geothermal
water vapor from the SZ will be directed up toward a gradient. At the center of the repository, the tempcratt, rc
Iow-AML repository long before it is for a high-AML gradient never exceeds the initial geothermal gradient
repository. Figures 9a and b show that the vertical (Figs. 9a and b). At the repository edge, the maximum
temperature gradients that drive water vapor from the temperature gradient is 45% greater than the initial
SZ to the repository ( I ) are steeper, (2) occur over a geothermal gradient. Compared to the measured range
greater percentage of the repository area, and (3) last in the diffusion enhancement factor, q, the range of
longer for the 27. l-MTU/acre case than for the 154.7- variability for the vertical temperature gradient below
MTU/acre case. Therefore, the contribution of the the repository is negligible. In considering the impact
diffusive flux of water vapor from the SZ to the overall of enhanced vapor diffusion on the repository moisture
moisture balance at the repository will be greater for balance at late time, it is important to note that not only
low AMLs than for high AMLs. is water vapor diffusing up from below the repository

but also away from the repository, both vertically and

Figure 9. Temperature differenc ',-tween the top of radially. Water vapor diffuses radially because tempera-
the saturated zone (SZ) and the rep _itory horizon at tures decrease radially away from the repository, and it

various radial positions for kb = 280 millidarcy. Curves diffuses vertically upward because temperatures
are plotted for (a) an AML of 27. ! MTU/acre, and decrease with height above the repository. It should be
(b) an AML of i54.7 MTU/acre. Note that a positive noted that the vertical temperature gradient above the
temperature difference corresponds to the temperature repository is always greater than the gradient below.

at the top of the SZ being greater than that at the Moreover, the vertical temperature gradient above the
repository horizon. The radial positions are identified repository and the radial temperature gradient are
as the percentage of the repository area enclosed, with greater for higher AML. These observations corroborate
0% corresponding to the repository center, and 100% what was shown in Figs. 8b and c: that the net effect of
corresponding to the outer perimeter, enhanced vapor diffusion on the moisture balance at the
_" repository is to make it drier rather than wetter.

,_..,12 ' ' _ ' ' ' w ' ' ' _ ' ' ' . ' ' ' |
(a) "l III.E Focused Vapor and Condensate FlowN 10

•,= - - -" -- .-.- - -.-......._"" / Reflexing, or the heat-pipe effect, is important to

"" ,' "1 consider becat, se it can affect repository performance in•_ - - -/- -l

/ //_ two ways. First, refluxing maintains local temperatut'cs/ near the boiling point, making it more difficult to dry
6

• ! I .'/ .... Initial geothermalgradient
4 i I/'/ ....... 95.30/0.." the rock out. Consequently, the relative humidity may

it//" - - • 68.5*/. remain high, increasing the likelihood of a liquid film
N 2 ,I// - . • 29.7*/. on waste package (WP) surfaces. Second, reflexing can

r.n® !I_/ - - - 5*/, bring mobile liquid water in contact with WPs, affect-
0 :" ' , , . . , _ , . , , , . , , . . . ingwaste-formdissolutionandradionuclidetransport.

'3 12 1 , , , , , , , , , , , _ , , , , , , , To investigate the impact of heterogeneity on the

.go .... Initialgeothermalgradient focusing of vapor flow and condensate drainage (and
c 10 93.1"/. how that focusing affects the development of heat

69.7*/. pipes), we used a cross-sectional drift-scale model and• 8 30'5% °".......... " a cross-sectional uniform heat fh)w (CSUHF) model. _.o 3.1% ,,"/ ....

- - , Y- ;" 7,..--: ".--.:_-"-'"_'-- " Both models are used to investigate the effect of lateral6 ///_ variability of kb. in particular, we consider the situation

•"- 011,///__/_///_ in which kh in vcrtica,,y contiguous high-k h zones is

¢: 4 "'"
:6 much larger than kh throughout the rest of the fractured
.o rock (the nominal-kh zones). These models specifically

: 2 ,,,,,f
'_ address how focused condensate drainage might arise
l_ , _ , , , H , , , from gas-phase focusing. Recent analytical work by
_: 0 .....• 0 20,000 40,000 60,000 80,000 100,000 Nitao and others 25 addresses how focused condensate
I-- Time (yr) drainage might arise from liquid-phase focusing.

17



The degree of vapor flow fl_cusing into the high-kh zones to result in the local condensate drainage flux being
zone, and the resulting duration of refluxing at the reposi- substantially greater than the mean condensate flux.
tory horizon, depends on three factors. First, kh in the Effectively. the high-kt, zones are competing for a finite
nominally fractured zone must be large enough not to quantity of w_por flow and condensate generalion. Conse-
significantly throttle the rate of vapor generation due to tjuently, there is a trade-off between the duration of retluxing
boiling (or due to evaporation under sub-boiling condi- and the number of locations where it can occur in the
tions). Second, a large contrast in kb between the high- and repository. If there are leo many such zones, there will be
nominal-kb zones results in a gas-phase pressure differen- insufficient condensate focusing to cause persistent refluxing
tial between these zones that preferentially drives vapor at the repository horizon. The degree of t_.'using necessary
flow into the high-k b zone (Fig. lc). If enough vapor enters to cause persistent refluxing limits the number of locations
and condenses in the high-kh zone, the return condensate where it can occur. Therefore, it is unlikely that refluxing
flux will be large enough to maintain refluxing at the can dominate the overall thermal behavior in the repository.

repository horizon, possibly resulting in water dripping Figure I0 shows the effect of focused vapor and
onto WPs. Third, there must be sufficient spacing between condensate f'l_w on the normalized liquid saturation. St.
the high-k b zones to drive enough water vapor into these distribution [_ee Eq. t10)] in the vicinity of an cmi'lacc-

Figure 10. Dimensionless liquid saturation distribution orthogonal lo an emplacement drift containing 30-yr-oid SNF, for
an AML of 154.7 MTU/acre and an APD of 114 kW/acre. Within the 1.6-m-wide, high-kt, zone, kl_ -- 84 darcy; otherwise,

kt, = 10 millidarcy. Distributions are shown at time t of (a) 8, (b} 30, and (c) 200 yr for a kt, distribution in which the high-k h
zone intersects the center of the emplacement drift. Distributions are also shown at time t of (d) 30, (e} 40, and (f} 200 yr for

a kb distribution in which the high-k b zone intersects the center of the pillar separating the emplacement drifts. The me-
dium-shaded area surrounding the drift corresponds to a region that is drier than ambient saturation {dry-out zone}. The
dark-shaded areas correspond to regions that are wetter than ambient saturation (condensation zones). The lighter shading
surrounding the dark-shaded areas corresponds to a decreasing buildup in saturation (outer edges of condensation zones).

No shading indicates no change in saturation. Note that the transition from drier to wetter conditions is shown as a white
ring at early time, which becomes a white band at later time.
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ment drift containing 30-yr-old spent nuclear fucl (SNF) c(mdenscs ill this zonc, thc condensate drainage llux will
with an AML of 154.7 MTU/acre for two cases of a be largc enough to maintain refluxing in thc rel'_ository. The

heterogeneous kb distribution. For both cases, 1.6-m-wide, resulting heat-pipe effect cnablcs the tcmpcraturc at thc top
168-darcy, high-kb zones alternate with 36.8-m-wide, 10- of thc drift to rcmain at the boiling point, causing a
millidarcy, nominal-kb zones. For the first case of kl_ depression in the dry-out zone (Figs. IOa). In spite of
heterogeneity (Figs. 10a_'), the high-kb zones are verti- persistent refluxing, the tempcraturcs along most of the
cally aligned along the axis of the emplacement drifts. For remainder of the drift wall, the air in thc drift, and the WP
the second case of kl-,heterogeneity (Figs. IOd-f), the high- itself arc well above boiling. Therefore, although liquid
kb zones are vertically aligned along the midline of the water may be dripping in the drift, thc relative humidity
pillar separating emplacement drifts. For the first case, we around the WP can still be low.
also considered an AML of 49.2 MTU/acre for 10-yr-old The heat-pipc zone attracts heat flow (mainly by

SNF (Figs. ! la-c) and 20-yr-old SNF (Figs. I Id-e). conduction) from the neighboring, nominal-kh rock. in
For the first case of kb heterogeneity, the gas-phase effect, the heat-pipe zone functions as a "cooling fin" that

pressure differential between the high- and nominal-kb is manifested by an elongated region of liquid saturation
zones drives water vapor back toward the drift and into the buildup (Fig. I0). The process of gas-phase focusing into

high-k b zone (Figs. IOa and b). Water vapor flows up the the heat-pipe zone develops more quickly than the process
high-k b zone until it condenses and drains back down. in of attracting heat from the neighboring rock. Within 8.5 yr,
effect, the emplacement drift functions as a manifold that enough heat is being conductcd into the heat-pipe zone for
enhances the gas-phase communication between the high- the 154.7-MTU/acre case to overwhelm the heat pipe,
and nominal-kb zones. If enough water vapor enters and causing the top of the drift to begin to dry out. Although

Figure 11. Dimensionless liquid saturation distribution orthogonal to an emplacement drift containing SNE for an AML of
49.2 MTU/acre. Within the 1.6-m-wide, high-kl_ zone, kh = 84 darcy; otherwise, kb = l0 millidarcy. Distributions are shown
at time t of (a) 62, (b) 663, and (c) 1000 yr for IO-yr-old SNF and an APD of 57 kW/acre. Distributions are also shown at
time t of (d) 159, (e) 661, and (f) 2534 yr for 20-yr-old SNF and an APD of 43.7 kW/acre. Shading values are as described

in Fig. lO.
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the top of the drift has dried out, focused vapor and predicts matrix-dominated condensate drainage at I000 yr
condensate flow continues to cause refluxing in the high-kb (Fig. II c). With the ECM, we cannot determine whether
zone, resulting in a depression in the upper dry-out zone this condensate flux results in nonequilibrium fracture

(Fig. 10b). Preferential heat conduction into the high-kh flow and dripping onto WPs.
zone continues to dry it out, and the manifestation of We also analyzed a 49.2-MTU/acre case, with the
lbcused vapor and condensate flow on the dry-out zone subtle difference that it contains 20-yr-old SNF rather

gradually diminishes, until at 200 yr, it is no longer evident than the 10-yr-old SNF in the previous cxai,q-_le, in past
(Fig. lOc). Thereafter, the dry-out zone continues to studies, wc found that long-term, mountain-'qcale,
develop as though the rock had a homogeneous kh of 3.5 thermo-hydrologicai performance primarily depends on
darcy, which is the bulk average of rock comprised of a AML and is less sensitive to SNF age. However, at the
1.6-m-wide, 84-darcy zone and a 36.8-m-wide, drift scale, sub-to-marginal boiling conditions result in
IO-millidarcy zone. thermo-hydrological behavior that is extremely scnsi-

For the second case of kt, heterogeneity, the duration rive to SNF age. For 20-yr-oid SNF and an AML of 49.2
of refluxing at the repository horizon (Figs. IOd and e) is MTU/acre, refluxing (with a mobile liquid phase in the
considerably longer (40 yr) than in the first case (Fig. IOa). fractures) persists at the top of the drift for at least 1575
However, the ramifications of refluxing on WP perfor- yr (Figs. lid and e; note that 1575 yr is not shown).
mance are beneficial for the second case rather than This thermal load generates marginal boiling condi-
deleterious as in the first case of kt, heterogeneity. Instead tions, which last only 160 yr, and is insufficient to
of potentially contributing to liquid contact on the WE the coalesce the dry-out zones between neighboring drifts.

refluxing zone in the pillar provides a conduit for conden- There is also not enough heat to overwhelm the heat
sate drainage through the repository horizon. This shedding pipe and dry out the rock at the top of the drift. At 2534
of condensate around the emplacement drift may benefit yr, the liquid saturation in the high-kl_ zone is quite high
WP performance by mitigating the buildup of condensate relative to ambient conditions (Fig. II f), although it is
above the repository horizon. Notice that the refluxing less than the critical saturation for a mobile liquid phase
zone continues to completely penetrate through the dry-out in the fractures. However. with the ECM, we cannot
zone at 30 yr (Fig. IOd). As in the preceding example, the determine whether this condensate flux results in
refluxing zone functions as a cooling fin that preferentially nonequilibrium fracture flow and dripping onto WPs.
attracts heat flow from the neighboring rock. However, The effect of gravity-driven refluxing is evident in Figs.
when the refluxing zone is removed from the heat sources 1l e and f. Notice that, although focused condensate
(the WPs), as it is in the pillar, it takes longer for preferen- drainage ceases below the repository horizon, it contin-
tial heat flow to overwhelm the refluxing zone and begin to ues above. The condensate buildup in the high-kh zone
dry it out (Fig. IOe). At 200 yr, the manifestation of persists for more than 5000 yr. To diagnose the poten-
focused vapor and condensate flow on the dry-out zone is tial for these effects to impact WP pcrtk_rmancc and
no longer evident, and the two cases have nearly identical radionuclide transport, in situ heater tests conducted

dry-out zones (Figs. IOc and f). Thereafter, the dry-out under sub-boiling and above-boiling conditions will bc
zone continues to develop as though the rock had a required. 19.20

homogeneous kb of 3.5 darcy. Figure 12 shows the temperature history at variot, s
For 10-yr-oid SNF and an AML of 49.2 MTU/acre, locations in the emplacement drift, including the WP

refluxing persists at the top of the drift for 65 yr (Fig. surface, for AMLs of 49.2, 77.4, and 154.7 MTU/acrc.
! Ia), which is considerably longer than the 8.5-yr duration This example is similar to the first case of kt, heterogeneity
of refluxing for the 154.7-MTU/acre case (Fig. IOa). described above with one difference; for the high-kb zone,
Notice that focused vapor and condensate flow continues kh = 414 darcy rather than 84 darcy. We made this change
to cause a depression in the upper dry-out front (Figs. I Ib to further enhance the degree of gas-phase focusing and
and c). It is important to note that this case is only able to the resulting duration of refluxing in the vicinity of the
generate marginal boiling conditions; consequently, there drift. For all three examples, focused vapor and condcn-
is insufficient heat to coalesce the dry-out zones between sate flow causes refluxing to persist in the high-kh zone at

neighboring drifts. Moreover, the local heat flux from the the top of the drift. As long as refluxing persists at the top
WP is at best only sufficient to drive the re-wetting front of the drift, it prevents the temperature there from exceed-
in the high-k b zone !.5 m away from the top of the drift ing the boiling point. For the I0-yr-old SNF, 49.2-MTU/
(Fig. ! Ib). After boiling ceases, condensate drainage in acre case, refluxing persists at the top of the drift for more
the high-kb zone re-wets the top of the drift (Fig. I !c). than 2000 yr, long after boiling has ceased (Fig. 12a). For
However, the liquid saturation is less than the critical the 30-yr-old SNE 77.4-MTU/acrc case, refluxing persists
saturation for a mobile liquid phase in the fractures; at the top of the drift for 150 yr (Fig. 12b), while for the
consequently, the Equivalent Continuum Model (ECM) 154.7-MTU/acre case, refluxing persists for 30 yr
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(Fig. 12c). During the lime thai retluxing prevented the the high-kl, zone) managed Io climb to 105, III, and
temperature ill the high-kb zone from exceeding the 144°C t(_r the 49.2-, 77.4-, and 154.7-MTt I/acre cases,
boiling point, temperatures throughout the rest of drift respectively (Fig. 12). The corresponding WP surface
were well above boiling. For example, the temperature temperatures were 12I, 128, and 176°C (Fig, 12).
at the tipper corner of the drift (only 2.8 m away from Based on experience with geothermal reservoirs, some

have suggested thai heat-pipe zones, spaced every 100 m,

Figure 12. Temperature history at various locations have the potential of convecting enough heal away from the
in the emplacement drift for (a) lO-yr-old SNI_ an repository Io prevent its temperature from rising above the
APD of 57 kW/acre, and an AML of 49.2 MTU/acre; boiling point. However, we found in these examples,

(b) 30-yr-old SNF, an APD of 57 kW/acre, and an covering a wide range of AMLs, Ihat the heat-pipe zone
AML of 77.4 MTU/acre; and (c) 30-yr-old SNF, an could not prevent the teml)c,'aturc at a location only 2.8 m
APD of ! 14 kW/acre, and an AML of 154.7 MTU/acrc. away from exceeding the boiling point. Convection-

Vertically oriented, 1.6-m-wide, 414-darcy zones are dominated heat flow occurs in the heat-pipe zonc, while in
separated by 36.8-m-wide, 10-millidarcy zones, the neighboring rock, heal flow primarily occurs as heat

condt|ction. Heat must be condt,cted from the heat sources

12o ,(';') ' ' ' ' ' ' ' _,. - (the WPs) to the heat-pipe zone in order for that zone to

" ,, , .. - . ...... Tb .. significantly influence repository temperatures. Heat100 cannot be conducted in relatively low thermal condt, ctivity
rock unless a significant temperature gradient is eslab-

80 lished, thereby causing temperatures away from the heat-

- - - Surface of waste package pipe zone to be elevated above the boiling point.60 -- -- - Lower corner of drift
Upper corner of drift

III.F Hypothesis Testing40 (2.8 m away from high-kbzone)
Center of drift ceiling

20 (in high-kbzone) Much of the preceding discussion has emphasized
repository-heat-driven processes that may increase the

I I I I ,I I , I ,l

00 200 400 600 800 1 100 likelihood or quantity of liquid water conlacling a waste

, package (WP) and driving radionuclide transport. However,

120 r(b) " -... _ depending on the thermal loading conditions, repository

" _ .... heat may also be instrumental in reducing the likelihood100 "-" "-" ""-" -•-. .--- _ .................... and quantity of liquid water reaching the repository for ao
o_ Tb considerable period of time. The Site Characterization

80 Plan 15includes the concept of a (300 to 1000 yr) period of=
'_ "substantially complete containment" of radionuclides inI,,,,,

60 WPs. This concept was developed largely on the basis of
E the assumption that, for the reference thermal loading40

conditions, a region of above-boiling temperatures sur-
20 rounding WPs would keep them dry for 300 to 1000 yr.

The "extended-dry" or "hot" repository is simply tin
O I ,, I Ii I , ,I , I i I i

0 50 100 150 200 250 300 extension of this concept.
200 , i , , , i , i ,' Our model studies 5-7 show that the duration of boiling

(c) conditions is primarily dependent on the Areal Mass

160 Loading of the repository and less sensitive to fuel age. For
...... __ r - an Areal Mass Loading of 154.7 MTU/acre, we calculated

f _ the duration of the boiling period to be ! 1,500 yr at the120 / center of the repository and about 4000 yr at the outer
Tb edge. We also found that boiling can result in a dry-out_,w,w,m _,,i,,,_m, __ .............................

80 - zone extending 300 m vertically (200 m above and 100 m
below the repository horizon), with re-wetting of the

" repository horizon back to ambient conditions requiring40- --
" more than 100,000 yr, long after boiling has ceased. Many
- of the calculations assumed averaged thermal loading

O0 , I , I , I , I ,20 40 60 80 00 conditions and did not represent how heterogeneity [night

Time (yr) cause focused vapor and condensate flow. However, more
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recent calculations, which address the impact of heteroge- because the absence of mobile water benefits WP integrity

neity and spatially varying thermal loading conditions, and eliminates advective liquid flow as a mechanism for
have yielded similar results for high thermal loads. _ mobilizing and transporting radionuclides.

It is important to point out that the calculations for the The first four hypotheses also relate to r_ost-boiling
extended-dry repository (or for any other thermal load) period performance, which benefits from a persistent zone
have been conducted with idealized models that have not of sub-ambient liquid saturation surrounding the rcposi-
been validated and with limited data. The process of tory. The first three hypotheses arc the basis for predicting
building confidence in our ability to conservatively predict the spatial extent of the dry-out zone, and the fourth is the
performance is greatly facilitated by the use of the hypoth- basis for how long that zone persists.
esis tests we have listed below. 8For the extended-dry Hypotheses (5), (6), and (7) arc critically important
repository, the critical questions involve how confidently for any thermal loading strategy. It would be advantageous
we can predict the extent of above-boiling temperatures, to repository performance if they wcrc shown to bc,hdse.
whether such conditions correspond to the absence of For a strategy that relies on a sub-boiling thermal load
mobile liquid water near WPs, and how long the dry-out having a negligible impact on hydrological performance,
zone persists after the end of the boiling period. These this would be essential. The absence of significant buoyant,

questions are addressed by the first four hypothesis tests, gas-phase convection and condensate focusing is beneficial
For a low-AML or "cold" repository, the critical question to both above-boiling and below-boiling performancc.

is to what extent can we neglect the hydrological impact of These three hypotheses address the major repository-heat-
heat and thereby focus hydrological performance assess- driven sources of fracture flow, as well as a mechanism for
ment on the ambient system. This question is addressed by building up the liquid saturation above the repository and
the last three hypothesis tests, which are also crucial to re-wetting the dry-out zone. The only conclusive means of
any thermal loading concept. At this stage, we have addressing these hypotheses is through long-term, in sire
identified the following hypothesis tests: heater tests 1'_.20and long-term monitoring of the thermo-

(!) whether heat conduction dominates heat flow, hydrological behavior of the repository system
(2) whether a region of above-boiling temperatures

surrounding the repository corresponds to the absence of IV. Conclusions
mobile liquid water at the WP environment,

(3) whether fracture density and connectivity are The radioactive heat-of-decay from spent nuclear fuel
sufficient to promote rock dry-out due to boiling and will play a dominant role in the performance of a potential

condensate shedding, repository at Yucca Mountain. Coupled hydrothermal-
(4) whether re-wetting of the dry-out zone back to geochemical processes can strongly affect the composition

ambient saturation lags significantly behind the end of the and flow rates of gas and liquid around the waste packages.
boiling period, Waste package degradation, waste-form dissolution, and

(5) whether mountain-scale, buoyant, gas-phase radionuclide release will critically depend on these
convection may eventually dominate moisture movement processes. Repository heat will also play a dominant role in
in the UZ, the evolution of the flow field that will drive gas-phase and

(6) whether sub-repository-scale, buoyant, gas- liquid-phase transport. In addition, coupled hydrothcrmal-
phase convection dominates moisture movement at the geochemical phenomena may significantly affect the
repository, and performance of natural barriers underlying the repository.

(7) whether heterogeneity results in focusing enough Depending on the thermal-loading management strategy
vapor flow and condensate drainage to cause persistent (which will affect the design and operation of the reposi-
local liquid flow at the WP environment, tory) and site conditions, repository heat may either

The first four hypotheses apply to a thermal loading substantially increase the likelihood of water contacting
strategy that utilizes heat to keep moisture away from WPs waste packages and the magnitude of release and transport
for some period of time. Ideally, the first four would be of radionuclides or preclude, or at lca_,t minimize, these
shown to be true. The first two apply to performance effects for some period of time.
during the above-boiling period. If conduction dominates In our modeling studies, our approach has been to
heat flow, we should be able to reliably predict the region identify conditions that could potentially generate adverse
of above-boiling conditions surrounding the repository, performance. Accordingly, we have considered a wide
because the adequacy of heat flow models will depend range in bulk permeability and examples of heterogeneity
primarily on accurate accounting of the thermal properties that may be extreme. It is likely that the bulk permeability
and thermal loading conditions, which are more readily distribution at Yucca Mountain will bc highly variable.
determined and much less variable than many hydrological Some of that variability will be random, while some may
parameters. The second hypothesis being true is favorable be correlated wilh discrete hydrological features such as
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fault zones or hydrostratigraphic units. If the bulk perme- arises from preferential, liquid-phase focusing of conden-

ability distribution includes significantly large regions in sate, as well as from combinations of gas-phase and
which the bulk permeability exceeds 10 darcy, then liquid-phase focusing, including consideration of infiltra-
mountain-scale hydrothermal behavior will be more tion from meteoric sources.
variable for low to intermediate AMLs than for high Some have equated the term "sub-boiling repository"

AMLs. If the bulk permeability distribution only includes with a repository system for which the hydrological
values less than ! darcy, then mountain-scale hydrothermal impact of heat is insignificant. Some also define a "sub-
behavior will be less variable for all AMLs. boiling repository" Io be one in which the average reposi-

Because sub-repository-scale, buoyant, gas-phase tory temperature is below the boiling point. Our analyses
flow only requires fi'acture networks to be connected over show that boiling conditions can persist around an
short distances, it has a greater likelihood of significantly emplacement drift even if the average repository tempera-
impacting hydrological performance than does mountain- ture is well below the boiling point. Moreover, buoyant,
scale, buoyant, gas-phase flow. Depending on the waste gas-phase convection can drive significant vapor and
package size and spacing, these effects can persist for condensate fluxes whether or not boiling ever occurs. The
thousands of years. For high AMLs, a large, persistent absence of local boiling conditions is an inadequate
boiling zone suppresses the effects of sub-repository- indicator of whether repository heat drives significant
scale, buoyant, gas-phase flow. For low AMLs, the vapor and condensate flow. Average repository tempera-
extent of moisture movement is extremely dependent on tures are an even poorer indicator of whether repository-
the magnitude of sub-repository-scale, buoyant, gas- heat-driven hydrothermal flow significantly impacts the
phase convection, performance of a Iow-AML repository. Diagnosing

Zones of sharply contrasting bulk permeability may whether sub-boiling conditions can be equated with the
also ir,luence condensate drainage. If the permeability absence of significant repository-heat-driven effects will
contrast between neighboring zones is large enough, then require in situ heater tests conducted under sub-boiling as
gas-phase pressure differentials can drive water vapor into well as above-boiling conditions.
the high-permeabiLty zone, where it condenses and drains, This work provides a context for understanding the
possibly causing persistent refluxing and water dripping relative importance of various hydrogeological properties
onto waste packages. These effects can occur under both and features that will be determined during site character-

sub-boiling and boiling conditions. Because the high- ization. This work also shows that the challenge of ad-
permeability zones are competing for a finite quantity of equately understanding repository-heat-driven, vapor and
vapor flow and condensate generation, there is a trade-off condensate flow is at least as formidable for sub-boiling

between the duration of refluxing and the number of conditions as for above-boiling conditions. Long-term in
locations where it can occur in the repository. If there are situ heater tests, conducted under both sub-boiling and
too many such zones, there will be insufficient condensate above-boiling conditions, are required to determine the

focusing to cause persistent refluxing at the repository potential for the major repository-heat-driven sources of
horizon. The degree of focusing necessary to cause fracture flow to impact waste package performance and
persistent refluxing limits the number of locations where it radionuclide transport.
can occur. Therefore, it is unlikely that refluxing can
:_ominate the overall thermal behavior in the repository. Acknowledgments
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