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Abstract I. latroductkm 

Heal generated as a result of emplacing spent nuclear 
fuel will significantly affect the pre- and post-closure 
performance of the Mined Geological Disposal System 
(MGDS) at the potential repository site in Yucca Mountain. 
Understanding thermo-hydrological behavior under 
repository thermal loads is essential in (a) planning and 
conducting the site characterization and testing program, 
(b) designing the repository and engineered barrier system, 
and (c) assessing performance. The greatest concern for 
hydrological performance is sources of water that would 
contact a waste package, accelerate its failure rale, and 
eventually transport radionuclides to the water table. The 
primary sources of liquid water are: (I) natural infiltration. 
(2) condensate generated under boiling conditions, and 
(3) condensate generated under sub-boiling conditions. 
Buoyant vapor flow, occurring either on a sub-repository 
scale or on a mountain scale, may affect the generation of 
the second and third sources of liquid water. A system of 
connected fractures facilitates repository-hcal-driven gas 
and liquid flow us well as natural infiltration. With the use 
of repository-scale and sub-repository-scale models, we 
analyze thermo-hydrological behavior for Arcal Mass 
Loadings (AMLs) of 24.2, 35.9, 55.3, 83.4, and 110.5 
MTU/acre for a wide range of bulk permeability. Wc 
examine the temporal and spatial extent of the temperature 
and saturation changes during the first 100,000 yr. We also 
examine the sensitivity of mountain scale moisture 
redistribution to a range of AMLs and bulk permeabilities. 
In addition, wc investigate how boiling and buoyant, gas-
phase convection influence thcrmo-hydrological behavior 
in the vicinity of emplacement drifts containing spent 
nuclear fuel. The effort was done in support of a thermal 
loading systems study being performed 1o evaluate the 
impact of various thermal loads on the MGDS. 

The U.S. Department of Energy is investigating the 
suitability of Yucca Mountain as a potential site for the 
nation's first high-level nuclear waste repository. The site 
consists of a scries of fractured, nonweldcd to densely 
welded luff unils and is located about 120 km northwest of 
Las Vegas. Nevada, in an area of uninhabited desert.1 The 
potential repository location is in Topopah Spring moder
ately !o densely welded luff, approximately 350 m below 
the ground surface and 225 m above the water table.2 

Favorable aspecls of Yucca Mountain relate primarily to its 
arid nature, which results in unsaturated conditions at the 
potential repository horizon. 

Heal generated as a result of emplacing spent nuclear 
fuel (SNF) will play a significant role in the pre- and post-
closure performance of the Mined Geological Disposal 
System (MGDS) at the potential repository site in Yucca 
Mountain. Undcrslanding the effects of thermal loading on 
the MGDS will be essential to (1) ihe design of a reposi
tory and engineered barrier system that will meet the 
necessary requirements, and (2) the demonstration, with 
adequate confidence, that the MGDS meets regulatory 
compliance. Achieving an understanding of the effects of 
thermal loading will require integration of detailed model
ing studies, a comprehensive testing and characterization 
program, and performance assessments. The purpose of 
this paper is to discuss Ihe modeling and analysis of 
ihcrmo-hydrological behavior at Yucca Mountain that was 
conducted in support of the 1993 Thermal Loading 
Systems Study.•* 

This paper examines ihc effects of repository-heat-
driven hydrothermal flow in Yucca Mountain over a 
wide range of thermal loading conditions in the reposi
tory. In Ihc failure scenario of greatest concern, water 
would contact a waste package (WP), accelerate its 
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failure rate, and eventually transport radionuclides lo 
the water lable. Analyses have shown that the only 
significant source of mobile liquid water is from 
fracture flow, originating from: 

(1) meteoric sources, 
(2) condensate generated under boiling conditions, and 
(3) condensate gcneralcd under mb-boHing conditions. 

The first source of liquid water arises from the ambient 
system, while the second and third sources arc generated 
by repository heat. Buoyant vapor flow, occurring cither on 
a sub-repository scale or on a mountain scale, may play an 
important rote in the generation of the second and third 
sources of liquid water. The likelihood of buoyant vapor 
flow generating significant quantities of condensate 
depends on whether fracture networks result in a bulk 
permeability, Av that is sufficiently large and sufficiently 
connected over the length scales at which buoyant convec
tion occurs.4 Zones of sharply contrasting Aj, also influence 
condensate generation and drainage under both boiling and 
sub-boiling conditions. Of particular concern are condi
tions that promote the focusing of vapor flow and conden
sate drainage. Whether this focusing may result in persis
tent dripping onto WPs depends on the degree of heteroge
neity of fracture permeability and connectivity, and the 
local thermal loading conditions.4 

In addition to the effect of repository heal on generat
ing vapor and condensate flow, heat may also change the 
properties of the fractured rock. Reposilory-hent-driven 
geochemical or geomechanical changes may, under some 
situations, alter hydrological properties (e.g., Ah) and 
transport properties (e.g., retardation factor, A"j). These 
changes may either improve or degrade waste containment 
and isolation, depending on where and when they occur. It 
will be necessary to understand and quantify these pro
cesses to be able to account for their impact on hydrother-
mal behavior and the performance of the MGDS. 

The models used in this study are similar to those 
used in preceding studies. 4 -* As in past work, 4 - 1 1 we use the 
term Areal Mass Loading (AML) as a synonym for thermal 
loading conditions. Therefore, a high thermal loading case 
is referred to as a high-AML case and a low thermal 
loading case as a low-AML case. For a given bumup 
[expressed as megawatt-days per metric ton of initial heavy 
metal (MWd/MTU)], the most useful macroscopic thermal 
loading parameter in analyzing long-term thermal perfor
mance is the AML [expressed in metric tons of uranium per 
acre (MTU/acrc)]. Generally, early-temperature perfor
mance (including the peak temperature, 7*p,.a|J is sensitive 
lo the age of SNF, while the duration of the boiling period, 
fbj>. and post-boiling-period thermal performance arc 
determined by the AML and are insensitive lo SNF age. 
Consequently, we prefer using AML to identify the thermal 
loading conditions rather than the Areal Power Density 
[(APD) expressed in kW/acrc]. 

Because of the widespread interest in the spatial and 
temporal extent of the effects of repository heat, this report 
emphasizes the details of the perturbed temperature and 
saturation distributions for a wide range of AMLs. Less 
emphasis is placed on describing the Ihermo-hydrological 
flow processes and regimes. The reader is encouraged to 
read Ref. 9 for a more thorough discussion of these 
processes and regimes. 

II. Thermal Loading Strategics 

The extent to which the three major sources of 
fracture flow ai Yucca Mountain may impact waste package 
integrity, waste-form dissolution, and radionuclide migra
tion is critically dependent on site conditions as well as on 
the thermal loading strategy that will eventually be adopted 
for the MGDS, With respect to repository-heut-driven, 
thermo-hydrological performance, there arc three primary 
thermal loading strategics (or options). These three 
strategics arc best framed as three fundamental questions: 

(1) Can the thermal load be limited and distributed 
such that it has a negligible impact on hydrological 
performance? 

(2) For intermediate thermal loads, will the impact of 
thermo-hydrological processes and our understanding of 
those processes allow us to demonstrate that the MGDS 
meels regulatory compliance? 

(3) For higher thermal loads, which could generate 
extended-dry conditions, will the impact of thermo-
hydrological processes and our understanding of those 
processes allow us to demonstrate that the MGDS meels 
regulatory compliance? 

The goal of the first thermal loading strategy is to 
minimize the hydrological impact of repository heat so that 
the primary concern in assessing hydrological performance 
is the ambient hydrological system. Therefore, this strategy 
requires that (1) we demonstrate that repository heat has a 
negligible impact on hydrological performance, and (2) the 
behavior of the ambient hydrological system and our 
understanding of thai behavior are sufficient to demonstrate 
that the MGDS meets regulatory compliance. The motiva
tion for this strategy is lo avoid any potentially adverse 
effects of repository heal. 

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 abovc-
boiling conditions surrounding the repository. Ideally, this 
would result in (I) the absence of liquid water in the 
vicinity of the waste packages as long as boiling persists, 
and (2) the continuation of sub-ambient liquid saturation 
conditions for some time following the above-boiling 
period without incurring adverse effects that may offset 
the benefits of dry-out. The primary motivations for this 
strategy arc to (a) minimize the sensitivity of repository 



performance to Kydrological variability, (b) extend the 
period of radionuclide containment in the engineered 
barrier system, and, (c) during the period of radionuclide 
migration, reduce two factors: the probability of water 
contacting waste packages, and the flow rates associated 
with transport. 

The second thermal loading strategy falls between the 
first and third strategies. All three strategies require an 
adequate understanding of both the ambient hydrological 
system and how heat perturbs fluid flow in that system. 

Ii is important to note that what effectively consti
tutes a "cold," ambient-system-dominated repository or a 
"hot," extended-dry repository is not well understood. 
Presently, we lack adequate knowledge of ambient site 
conditions to define where the transitions from cold to 
intermediate or from intermediate to hot thermal loads 
occur. We have analyzed how site conditions will influ
ence the determination of these transitions. J 1 J In particular, 
the influence of buoyant, gas-phase convection and" how 
hydrogcological heterogeneity may focus vapor and 
condensate flow are critical to determining what thermal 
loads arc sufficiently "cold" to render hydrothcrmal 
impacts of repository heat as negligible. The influence of 
these processes will also iargely determine what thermal 
loads are sufficiently "hoi" (or v* hether any such thermal 
loads exist) to allow us to demonstrate that exiended-dry 
conditions will prevail for some lime in the vicinity of 
waste packages. 

Generally speaking, site conditions thai are beneficial 
to a "cold" repository also benefit the performance of a 
"hot" repository. If we find that the bulk permeability is 
too small to promote significant buoyant, gas-phase flow 
and that heterogeneity does not result in significant 
focusing of vapor flow and condensate drainage, it may be 
possible to demonstrate that a sub-boiling repository has a 
negligible impact on the ambient hydrological system. 
These same site conditions are also beneficial for extend
ing the period of above-boiling temperatures and, during 
that lime, minimizing the presence of mobile liquid water 
in the vicinity of waste packages. 

III. Numerical Models, Physical Data, 
and Assumptions 

III.A V-TOUGH Hydrolhermal Flow Code 

All hydrothcrmal calculations in this study were 
carried out using the V-TOUGH (vectorized transport of 
unsaturated groundwater and heat) code. 1 0 V-TOUGH is 
Lawrence Livermorc National Laboratory's enhanced 
version of the TOUGH code, which was developed at 
Lawrence Berkeley Laboratory by Prucss." V-TOUGH 
is a multidimensional numerical simulator capable of 

modeling the coupled transport of water, vapor, air, and 
heat in fractured porous media. Our models include 
boiling and condensation effects, the convection of 
latent and sensible heat, and thermal radiation. 

lH.lt Equivalent Continuum Model 

Because of the impraclicality of discretely ac
counting for all of the fractures at Yucca Mountain, it 
was necessary to account for fractures using the 
equivalent continuum model (ECM). The assumption of 
capillary pressure and thermal equilibrium between 
fractures and matrix allows the fracture and matrix 
properties to be pore-volumc-averagcd into an equiva
lent medium. The bulk porosity, <|>h, bulk saturation, S\>, 
and bulk hydraulic conductivity, K^, of the equivalent 
medium are given by: 

(t>h = <|>r+(l-<M<l>m ( 0 

= Sr4»f + SnQ - frt)4>m n ) 

b Of + d - <fri<t>m 

Kh=Klt](\-^) + K^ (3) 

where 0 m , Sm. <j>j. and Sfarc the porosity and saturation 
of the matrix and fractures, respectively, and Km and Kf 
arc the hydraulic conductivities of the matrix and 
fractures. Because of the small Km in the unsaturated 
zone (UZ). K^ is almost completely dominated by Kf 
and $f for most fracture spacings and permeabilities. 

III.C Thermo-Hydro logical Properties 

All major hydroslraligraphic units in the UZ at 
Yucca Mountain are included in the models. 3- 1 2 The 
hydrostraiigraphic profile employed here has been used 
in previous modeling studies.-Mi-y.i.i j n c W C ( a n d dry 
thermal conductivity, KXh, data were obtained from the 
Reference Information Base (RIB). 1 4 In this study we 
use the RIB Version 4 K^ values. We assume the 
steady-stale liquid saturation profile obtained for a net 
recharge flux of 0 mm/yr, which yields a repository 
horizon saturation of 689&.13 

For the primary suite of calculations, a uniform 
fracture permeability is assumed. Because the bulk 
permeability, k^, is dominated by the fracture perme
ability, this assumption yields a Ah distribution that is 
nearly uniform. The reference case assumes a &h of 2.8 
x I0-'- 1 m- (280 millidarcy). which is equivalent to 
three 100-pm fractures per meter. We also considered 
the following values of k^: 1 millidarcy (three 15-p.m 
fractures per meter), 10 millidarcy (three 33-p.m 
fractures per meter), 84 millidarcy (three 68-p.m 
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fractures per meter), I darcy (three 153-|4in fractures 
per meter), 10 darcy (Ihrcc 330-u,m fractures per meter), 
40 darcy (one 78l-u;m fracture per meter), 84 darcy 
(one 1000-jim fracture per meter), and 168 darcy (one 
1260-p.in fraclure per meter). 

III.I) Initial and Boundary Conditions 

The vertical temperature, 7", distribution in the models 
is initialized (o correspond to the nominal gcolhcrmal 
gradient in the region. The atmosphere at the ground 
surface is represented by a couMaul-properly boundary, 
with '/"and gas-phase pressure, p g , fixed at 13°C and 0.86 
atm. respectively. The relative humidity at the ground 
surface is fixed so that it is in thermodynamic equilibrium 
with the initial saturation conditions at the top of the TCw 
unit (the uppermost unit in our models). Therefore, under 
initial (ambient) saturation and temperature conditions, 
there is no mass flux of water vapor between the atmo
sphere and upper TCw. 

We conducted our repository-scale calculations with 
an unsaturated zone/saturated zone (UZ-SZ) model thai 
explicitly includes hydrolhcrmal flow in the upper 1000 m 
of the SZ. Conductive and convcctivc heat flow, including 
buoyancy flow, are modeled in the SZ. Because the RIB 1 4 

lacks thermal property and hydrologic data below the PPw 
unit (the lowermost unit in our UZ model), we assumed 
thai the PPw data were applicable to the upper 1000 m of 
the SZ (down to the lower boundary of the UZ-SZ model). 
The lower boundary of Ihe UZ-SZ model has a constant 
temperature of 53.5°C and a fixed pressure corresponding 
to the hydrostatic pressure and temperature profile of the 
upper 1000 m of the SZ. 

In some of the previous work,6 it was assumed that 
because of the large fracture permeability, buoyant convec-
tive mixing in the saturated zone (SZ) results in it acting as 
a heal sink. The large k\> and storativily of the SZ were also 
assumed to result in the water table being at a fixed depth. 
For the drift-scale calculations reported here, we also 
assume that the water table has a fixed depth (z = 568.1 m) 
and a constant temperature (31 °C). The constant-tempera
ture assumption causes the water tabic to act as a heal sink. 
Because Ihis model does not explicitly model hydrolhcrmal 
flow in the SZ, il is called the "UZ" model. In comparing 
the UZ model with the UZ-SZ model, wc found that, for 
the first 1000 yr. repository temperatures arc insensitive to 
the treatment of heal flow at the water tabic. 7* Because the 
primary use of the drift-scale model, which is described 
below, is to examine sub-rcposilory-scalc thermo-hydro-
logical behavior during the first 1000 yr, (he constant-
lemperalurc water table assumption does not significantly 
affect the interpretation of our resulis. The initial tempera
ture and saturation at (he repository horizon in both the UZ 
and UZ-SZ models arc 23.5CC and 68%, respectively. 

III.E Repository-Scale Models 

In conducting our modeling studies, wc have repre
sented the repository al several different scales. The 
repository-scale models assume radial symmclry about the 
center of the repository and represent the repository as a 
disk-shaped heal source with a uniformly distributed 
thermal load over the heated area of the repository. 
Because of their radial symmclry, these models assume 
arcally uniform thcrmo-hydrological propcrlies. Layered 
heterogeneity (i.e.. property variability that occurs in the 
vertical direction) can be represented by these models. Wc 
modeled repository areas of 570, 744, 1139, 1755, and 
2598 acres. For 63.000 MTU of SNF, these repository 
areas correspond to AMLs of 110.5, 83.4, 55.3. 35.9, and 
24.4 MTU/acre. For 22.5-yr-old SNF, these AMLs corre
spond approximately to APDs of 114, 86, 57, 37, and 25 
kW/acrc, respectively. The repository-scale models are well 
suited for representing mountain-scale behavior, such as 
mountain-scale, buoyant, gas-phase convection. These 
models employ a relatively fine gridblock spacing at the 
outer perimeter of the repository to more accurately 
account for the effect of edge-cooling. Wc assume a 
Youngesl Fuel First (YFF) SNF receipt scenario with a 10-
yr cutoff for the youngest fuel. This scenario is referred to 
as YFF{ 10). We account for, in yearly increments, the 
emplaced inventory of boiling water reactor (BWR) WPs. 
containing 40 assemblies per WP. and pressurized water 
reactor (PWR) WPs. containing 21 assemblies per WP. The 
waste receipt schedule was dciermined by King.1-1 For the 
110.5-MTU/acrc case, we considered the following values 
of Jtb: 1. 10, 84. and 280 millidarcy; and 1, 10, 40, and 84 
darcy. For the 24.4-. 35.9-, 55.3-, and 83.4-MTU/acre 
cases, wc considered A> values of 280 millidarcy and I, 10. 
40. and 84 darcy. 

III.F Sub-Rcpository-Scale Models 

Because it areally averages the thermal load, the 
repository-scale model cannot represent differences in 
temperature mid saturation behavior within (I) the pillars, 
i.e., the rock separating neighboring emplacement drifts, 
(2j the emplacement drifts, or (3) the WPs themselves. The 
drift-scale model is a two-dimensional cross-sectional 
mode! that explicitly represents the details of the WPs and 
emplacement drifts in the plane orthogonal to the drift axes. 
This model is useful in representing details of thermo-
hydrologieal behavior at the drift (or sub-repository) scale. 
Wc arc interested in the detailed temperature distribution 
within and in the immediate vicinity of the emplacement 
drifts. Wc arc also interested in how sub-repository-scale, 
buoyant, gas-phase convection, which is driven by tem
perature differences between the drifts and pillars, affects 
vapor and condensate flow and thermal performance. 
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To take advantage of symmetry, the drift-scale 
model assumes an infinite repository with uniformly 
spaced emplacement drifts. The assumption of an 
infinite repository area is applicable lo the interior of 
the repository, which is not affected by cooling at the 
edge. This region includes most of (he repository area 
during at least the first 1000 yr. The drift-scale model 
represents a symmetry clement from the symmetry 
plane down the center of (he WP to the symmetry plane 
in the pillar between neighboring drifts. The thermal 
load is nxially averaged along the axis of the drift. The 
WP has a cross section of 1.6 x 1.6 m and is located in 
the center of an emplacement drift that is 4.8 m high by 
6.0 m wide. This drift cross section is reasonably 
representative of a circular drift with a 7-m diameter. 
The drifts arc assumed to remain open; therefore, heat 
flow from the WP surface to the drift wall occurs as 
thermal radiation, convection, and conduction. This 
model can represent heterogeneity that occurs at the 
scale of the drifts. 

The drift-scale calculations apply the 21-PWR/40-
BWR WP receipt scenario assumed in the repository-
scale models with one important distinction. Rather 
than blending all of the WPs received over the 23-yr 
emplacement period, wc assumed a WP receipt scenario 
which is more realistic. Wc blended the heat output for 
the first 63 2 l-PWR WPs and 46 40-BWR WPs re
ceived during the first two years of repository opera
tion. Calculations were done for ccntcr-to-ccntcr drift 
spacings of 99, 66.8. 43.4. 28.8, and 21.7 m for AMLs 
of 24.2, 35.9, 55.3. 83.4. and 110.5 MTU/acre, respec
tively. In order lo analyze the impact of s ub-repository-
scale, buoyant, gas-phase convection, we considered 
values of A:h of 10 and 280 millidarcy, and 168 darey. 
For the 21-PWR and 40-BWR WP receipt scenario, a 
ccnler-to-Lcntcr WP spacing of 12 m was assumed. 
Note that these calculations arc also applicable lo a 12-
PWR/2I-BWR WP receipt scenario with a ccntcr-lo-
cenlcr WP spacing of 6.86 m. 

IV. Discussion of Repository-Scale Model Results 

I V.A Thermo-Hydrological Behavior 

With the use of the repository-scale model, we 
modeled 26 cases, including 5 AMLs and 8 different 
values of bulk permeability, k^. Table 1 summarizes the 
thermal performance at two locations in ihe repository 
for all 26 cases. All cases were modeled for a minimum 
of 100.000 yr. Rather than presenting the vertical 
temperature and saturation profiles for all 26 eases, wc 
examine the profiles in detail for the suile of 280-
millidarcy cases. In previous work.*1-* wc found that the 
threshold k^ where mountain-scale, buoyant, gas-phase 

convection begins to dominate moisture movement is 
about I darcy. Below this threshold, the effects of 
boiling tend lo dominate the effects of buoyant, gas-
phase convection. We chose lo focus on the 280-
millidarcy suile of cases, not because 280 millidarcy is 
considered to be the most likely value of fy,. but rather 
to more readily discern the impact of boiling behavior 
on moisture movement without the competing influence 
of mountain-scale, buoyant, gas-phase convection. A 
detailed examination of the impaci of that convection 
on Ihcrmo-hydrological performance is presented in the 
following sections. 

Figure I shows the lempcralure and saturation 
histories at various locutions in the repository for the 
110.5-, 83.4-, and 55.3-MTU/acrc cases. Peak tempera
tures, TpCiik, occur within the first 120 yr. In this report, we 
refer lo radial location with respect to percentage of the 
repository' area that it encloses. Therefore, a radial position 
of 0% corresponds lo ihe repository center, while 100% 
corresponds to the outer perimeter. Notice that edge 
cooling effects do not pcnctralc lo the inner 75% of the 
repository in the first 120 yr; consequently, T^ak1S about 
the same for the inner 75% of the repository (Fig. 1 a). For 
example. T ^ i ; is I87.2°C at the repository center and 
186.0°C at the 75% radial position. Edge cooling reduces 
Tpciik f ° r l n c outer 25% of the repository relative lo the 
center. At the outer edge of the rcposiiory, 7'pca(( is only 
112.4CC. Edge cooling eventually penetrates into the center 
of the repository, reducing the duration of boiling, / h p i even 
at the repository center. 

Liquid saturation in the repository remains below 
ambient condilions long after boiling conditions have 
ceased for most of the repository. The inner 75% of the 
repository remains below ambient saturation for at least 
100,000 yr (Fig. I b). The inner 99% of the rcposiiory 
remains below ambient saturation for at least 10,000 yr, 
while the outer 1% rc-wcts nearly back lo ambient 
saturation wilhin 5000 yr. 

The vertical temperature and saturation profiles 
arc given for three different radial distances from 
the repository center (Figs. 2-4). The first value of 
/• (/• = 0 m) corresponds lo the center of the repository. 
The second value of r corresponds to the radial position 
that encloses 50% of the repository. This position is 
representative of "average" conditions in the repository 
because half of the WPs are inside this radial position. 
The third value of ;• corresponds lo ihc radial position 
that encloses 95% of the repository and is a good 
representation of conditions at the repository edge (or 
perimeter) because only 5% of the WPs lie outside of 
this position. 

Figure 2 shows the vertical temperature and saturation 
profiles for the 110 5-MTU/acrc case at various times after 
emplacement. Notice thai the thermal and dry-out pcrfor-

5 



mancc is very similar for the 0 and 50% radial positions 
of the repository for the first thousand years and that 
edge cooling affects at least the ouicr 5% of the reposi
tory. The flattening of the temperature profile at the 
nominai boiling temperature, 7*h (=96°C). eorrcsponds 
to iwo-phasc flow effects, which result from condensate 
drainage. These effects arc described in more detail in 
other repor ts . 4 - 9 Dry-out due to boiling results in a 200-
to 300-m-lhiek dry-out zone for the inner 50% of the 
repository. Edge cooling substantially reduces the 
vertical extent of dry-out. Temperatures at the outer 
edge of the repository drop below boiling at about 2000 
yr (Fig. la), while the center remains above 7"(, for more 

than 7000 yr. Temperatures for the entire repository 
have declined to below T\> within 10.000 yr: however, a 
large zone of sub-ambient saturations persists long after 
that (Figs. 2b and e). The outer 5% of the repository re-
wets back to ambient saturation within 50.000 yr. while 
the center remains below ambient saturation for more 
than 100,000 yr (Fig. la). 

The temperature and liquid saturation histories for the 
83.4-MTU/acre ease (Fig. 3) arc similar to those of the 
110.5-MTU/acrc case, except that (he duration of boiling 
and sub-ambient liquid saturation conditions is less (Figs. 
le and d). The inner 75% of the repository shows a similar 
7PL-;ik (146°C). At the outer edge. Tv^k is only 97.8°C. 

Table I 
Averaged thermal performance at two locations in the repository 

Thermal loading conditions 
and bulk permeability, Ah 

Center of 
repository 

97% radial position 
in the repository 

AML APD 
(MTU/acre) (kW/acrc) 

Area 
(acres) (darcy) <°C) 

'pei lk 'po;lk 

(°C) (yr) 
'bp 

(yr) 
^KMHly 

(°C) 
r p M k 
CO 

'pc»k 

(yr) 
'hp 

(yr) 

24.2 25 2598 0.28 62.9 65.7 145 NA 48.3 59.7 86 NA 
24.2 25 2598 10 63.0 65.7 145 NA 47.9 59.7 86 NA 
24.2 25 2598 40 63.1 65.7 145 NA 46.2 5 9 6 86 NA 
24.2 25 2598 S4 61.6 65.7 145 NA 42.2 59.3 86 NA 
35.9 37 1755 0.28 81.6 85.8 143 NA 58.7 74.8 72 

72 
NA 

35.9 37 1755 1 81.6 85.8 143 NA 58.6 74.8 
72 
72 NA 

35.9 37 1755 10 82.0 85.9 143 NA 57.2 74.7 72 NA 
35.9 37 1755 40 79.6 85.5 137 NA 50.3 74.0 72 NA 
35.9 37 1755 84 77.2 84.9 140 NA 45.8 72.6 69 NA 
55.3 57 1139 0.28 105.1 108.8 122 2152 73.1 96.7 61 85 
55.3 57 1139 1 103.5 107.6 121 2092 73.1 96.4 60 60 
55.3 57 I P 9 10 100.0 105.1 100 1471 69.4 93.7 50 0 
55.3 57 1139 40 S3.8 103.6 81 762 59.2 89.4 61 0 
55.3 57 1139 84 89.4 102.3 80 403 54.7 86.8 50 0 
83.4 86 755 0.28 139.3 146.0 181 5086 95.8 118.3 60 991 
83.4 86 755 1 135.9 144.9 180 4811 92.8 117.4 61 814 
83.4 86 755 10 128.0 134.6 121 4171 81.7 112.0 60 328 
83.4 86 755 40 123.3 132.2 100 3724 73.8 110.4 60 189 
83.4 86 755 84 119.6 130.4 100 2917 68.6 108.7 60 150 
110.5 114 570 0.001 183.4 197.5 100 7988 116.4 153.2 60 2272 
110.5 114 570 0.01 P8.I 190.4 120 8091 114.0 148-1 60 2248 
110.5 114 570 0.28 175.8 187.2 121 8105 112.4 144.0 60 2150 
110.5 114 570 1 176.3 186.3 121 8125 108.7 142.0 60 1814 
110.5 114 570 10 162.2 170.9 120 7997 97.1 131.6 50 1060 
110.5 114 570 40 159.2 170.2 402 7743 89.2 132.3 61 721 
110.5 114 570 84 156.5 169.8 202 6790 83.7 132.3 60 548 



Most of the repository re-wcls back to ambient saturation 
within 100,000 yr. Edge cooling causes the outer I % of the 
repository to never undergo significant dry-out (Fig. Id). 

Figure 4 shows the vertical temperature and saturation 
profiles for the 55.3-MTU/acrc ease. Notice that the 

thermal and dry-out performance is similar to that of the 
83.4-MTU/acrc case except that the vertical extent of 
boiling and dry-out effects is substantially less. Moreover, 
the duration of boiling and sub-ambicnl liquid saturation 
conditions is substantially less for the 55.3-MTU/acrc case 

Figure 1. Temperature history (a) and liquid saturation history (b) at various repository locations relative to the repository 
center for an AML of 110.5 MTU/acrc. Also plollcd are temperature history (c) and liquid saturation history (d) for an AML 
of 83.4 MTU/acre, and temperature history (c) and liquid saturation history (f) for an AML of 55.3 MTU/acre. The locations 
arc identified as the percentage of the repository area enclosed, with 0% corresponding to the repository center, and 100% 
corresponding to the outer perimeter of the repository. Note different temperature and time scales. 
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(Figs. Ic and f) than for Ihc 83.4-MTU/acrc cast (Figs. 
Ic and d). Temperatures jn the ouicr 3% of ihc rcjxisi-
lory never exceed 7"h, and 7" r c i l k at ihc outer edge is only 
74.7°C. Liquid saturations for the inner half of the 
repository re-wot back to ambient conditions in about 
30,000 yr. Between Ihe 50 and 75% radial positions, 
liquid saturations re-wet back to ambient conditions in 
about 20.000 yr. Rc-wctting lakes about 10.000 yrat the 
84% radial position, 2000 yr at the 90% position, and 
700 yr at the 94% position. At the 97% radial position; 

rc-wctting takes about 150 yr, and dry-out never occurs 
for the outer 3% of the repository. 

Figure 5 shows the temperature history for the 
35.9- and 24.2-MTU/acre cases, respectively. Because 
of the large repository areas, cooling effects do not 
penetrate as far into the repository. Consequently, T^^ 
is about the same for the inner 90% of the repository 
(Figs. 5a and b). For Ihc inner 50%, the entire tempera
ture history is very similar. For the 35.9- and 24.2-
MTU/acrc cases. 7*nt, 

Figure 2. Vertical temperature profiles at various radial distances, /•, from the repository ccntcrline for an AML of 110.5 
MTU/acre at (a) t = 1000 yr, (b) t = 10,000 yr, and (c) r = 36,000 yr. Note different temperature scales. Vertical liquid 
saturation profiles are also plotted at (d) / = 1000 yr. (c) / = 10.000 yr. and (f) t = 36,000 yr. 
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Udge cooling reduces T n ^ for the ouler 10% of ihc 
repository relative to the center. Al the oulei t „ f c c . /'|U.;,t 
is 58.2 and 47.8°C for •he 35.9- and 24.2-MTU/aere 
cases, respectively. 

Figure 6 shows the vertical lempeiviure profiles for 
the 35.9- and 24.2-MTU/aerc cases. Notice thai the 
repository-scale model docs not predict temperatures to 
exceed 7|,, indicating that averaged temperature condi
tions throughout ;lie repository remain below boiling. 
However, as will be discussed later local temperatures 

around the emplae- men* drift may be well above 
boiling for WPscontcii.ling a large number of SNF 
assemblies. Because of the absence of boiling -jondi-
tions in the rcpositoty-scale model, and because 2K0 
millidatcy is below ihc threshold where mountain-scale, 
buoyant, ^as-phase convection results in significant 
moisture movement, the 24.2- and 35.9-MTU/ac.e eases 
slnw u minor change in saturation relative to ambieni 
conditions. Therefore. \vc did not provide the vertical 
saiuru'.'ort profiles for these Iwo wises. 

Figure 3. Vertical temperature profiles at various radial 'iislanccs, r, from the repository eciiierline for an AML of rt3,4 
MTU/acre at (a) t = 1000 yr, (b) t = 10.000 yr, and (c) I - 33.000 yr. Note different temperature .scales. Vertical liquid 
saturation profiles are also plotted at (d) / = 1000 yr. (e); = 10.000 yr, and (f) / = 33.000 yr. 
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As in past studies,111 when analyzing dry-out and re-
wetting behavior, we use the term, normalized liquid 
saturation. Sj, which is given by 

(4) 

where S\ is the current liquid saturation and Si\n\\ is the 
initial (or ambienl} liquid saturation. To compare the re-
wctting behavior of various AMLs, we compared the duration 

of time that S\ in the repository is below 90% of ambient 
(Fig. 7) as a function of repository location. Because S\ = 0.9 
when S\ has been restored to 90% of ambient, we call this 
time /(5J = 0.9). For the inner 12.5% of the repository, 
/(5| = 0.9) is 118.413 and 77,290 yr for 110.5 and 83.4 
MTU/acre, respectively. For the inner 50% of the 55.3-
MTU/acre repository. /(S, = 0.9) is 22.150 yr 

Edge cooling substantially reduces /(S\ = 0.9) for 
the outer repository area (Fig. 7). The impact of edge 
cooling on r{S\ = 0.9) at the repository edge increases 

Figure 4- Vertical temperature profiles al various radial distances. r, from the repository ccntcrlinc for an AML of 55.3 
MTU/acre al (a) / = 1000 yr. (b) / = 10.000 yr, and (c) / = 36.000 yr. Vertical liquid saturation profiles arc also plotted al 
(d) / = 1000 yr. (e) / = 10.000 yr. and (0 t = 36.000 yr. 
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wt i l i decreasing A M L . A l ihc 9 0 % repository loca t ion , 
/( S, = 0.9) is 30.339. 20,442, and 1172 y r f o r A M L s o f 
110.5. 83.4. and 55.3 MTU/ac rc , respectively, For 55.3 
MTU/ac re , dry-ou i never occurs for the outer 3% o f (he 
repository. A t the ouicr edge ( 100% repository loca
t ion) . / ( 5 t = 0.9) is 1996 and 289 y r fo r 110.5 and 83.4 
MTU/ac re , respectively. We also calculated the area-
weighted t( 5j = 0.9). wh ich we ca l l / ( J , = 0,9). Th is is 
e f fect ive ly equivalent to t{ S\ = 0.9) fo r an "average" 
W P in the repository. For A M L s o f 110.5. 83.4. and 
55.3 MTU/ac rc . ((Si = 0 . 9 } is 71.712, 57.414.and 
14.929 yr, respectively. 

Figure 8 shows the durat ion o f ihe bo i l ing per iod, 
T|,p. as a funct ion o f radial posi t ion fo r the 110.5-. 83.4-, 
and 55 .3-MTU/acrc cases and al l o f the values o f Ah 
considered. The inf luence o f edge coo l ing is evident, 
Not ice ihc effeel that increasing k^ has on decreasing 
'tip- Mountain-scale, buoyant, gas-phase convection 
begins to s ign i f icant ly cool repository tcmperalures for 
k\^> 1 darcy. F o r A ^ < I darcy. / ^ is insensitive to ki# 

F igure 5. Temperature history at various repository 
locations for an A M L o f (a) 35.9 MTU/acrc . and (b) 24.2 
MTU/acre. The locations arc identi f ied as the percentage 
o f the repository area enclosed, w i th 0% corresponding 
to ihe repository center, and 100% corresponding to Ihc 
outer perimeter. 
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Notice that the sensitivity o f fy, to Jrh increases w i lh 
decreasing A M L . 

Figure 9 shows the area-weighted boi l ing period 
duration, f ^ , for various k\> values as a function o f A M L . 
For the 280-milI idarey cases. i h ( t is 5446 .3391 . and 1424 
yr f o r A M L s o f 110.5. 83.4. and 55.3 MTU/acre, respec
tively. The cool ing effect that mountain-scale, buoyant, 
gas-phase convection has on ty^ increases wi th decreasing 
A M L . Accordingly, the 110.5-MTU/acrc case is least 
sensitive to this effect. For Ihc 110.5-MTU/acrc. I-darcy 
case, this cool ing effect reduces 'bp by 2.9% relative to the 
280-mil l idarcy case, while for 83.4 and 55.3 MTU/aere, 
f h p is reduced by 8.3 and 4.3%. respectively. For the 
110.5-MTU/acrc, 10-darcy case. i b p is reduced by 17.5% 
relative lo the 280-mil l idarcy ease, while for 83.4 and 55.3 
MTU/acre, the reduction is 29.2 and 34.9%. respectively. 
For the 110.5-MTU/acrc, 40-darcy case, /,, is reduced by 
28.6% relative to the 280-milI iddrcy case, whi le for 83.4 
and 55.3 MTU/acrc. the reduction is 39.4 and 73.7%. 
respectively. For the 1 10.5-MTU/acre. 84-daicy ease, f ^ 
is reduced by 40.7% relative to the 280-mil l idarcy case, 
while for 83.4 and 55.3 MTU/acre, the reduction is 53.1 
and 88.5%. respectively. 

IV.B Mountain-Scale Moisture Redistribution 

We compared Ihc net bu i ldup o f l iqu id water above 
the repository. AV] , fo r a l l o f the thermal loads and j t h 

cases (F ig . 9) . For the high-( t h . h i g h - A M L cases (10, 40 , 
and 84 darcy; 83.4 and 110.5 MTU/acre) , a very early peak 
in A l ' | occurs at 500 to 800 yr (Figs. 9c- e). co inc id ing 
w i th Ihe m a x i m u m extent o f bo i l i ng condi t ions. A f te r 
the in i t ia l peak. AV ( declines for the h igh-Av h i g h - A M L 
cases, w i t h a t rough occurr ing at 3000 yr, co inc id ing 
w i th the max imum vert ical extent o f dry-out . For 110.5 
MTU/ac r c , AV\ declines lo be low zero (Figs. 9d and e). 
For 83.4 MTU/ac r c . the t rough is less pronounced as 
AV| stays we l l above zero (Figs- 9c -e ) . A f te r the trough 
occurs in the 83.4- and 110.5-MTU/acrc cases, the 
increase in AV| resumes unt i l a second peak in AV] 
occurs al around 20.000 to 30,000 yr. For the 55.3-
MTU/ac re ease, there is no t rough, and the increase in 
AV| is uninterrupted (Figs. 9a-c)- For 10, 40 . and 84 
darcy. the 55.3- , 83.4-. and 110-5-MTU/acre cases 
undergo the same in i t ia l rale o f increase in AKj unt i l 500 
yr, when the 110.5-MTU/acrc case reaches its in i t ia l 
peak, and 800 yr. when the 83. J -MTU/ac rc case reaches 
its in i t ia l peak (Figs. lOc-c ) . Th is in i t ia l peak is related 
to the interact ion o f the heat-pipe effect and mounta in-
scale, buoyant, gas-phase convect ion. 

It is important to note that AV] is always greater in 
ihc 55.3- and 83 .4 -MTU/acre cases than in the 110-
MTU/ac re case. We plot the max imum AVj (cal led 
A V 1 / 1 3 * ) for a l l o f t h e A M L s and values o f & h considered 



2.6. and 2.5 times greater than in the 110.5-MTU/acre 
case for 280 millidarcy and 1,10, 40, and 84 darcy, 
respectively. For 83.4 MTU/acrc. Al'f1"1 is 1.5. 1.7, 
1.4, 1.4, and 1.5 limes greater than in the 110.5-MTU/ 
acre case for 280 millidarcy and 1,10,40, and 84 darcy, 
respectively. To the first order, for intermediate to high 
AMLs, AVl|,lax is proportional io the repository area. 
For the 110.5-MTU/acrc case and k^< 10 millidarcy, 
AV\ is always negative (i.e., (here is a net decrease in 
liquid saturation). Consequently, if the large-scale 

connected l'n is small enough, mountain-scale, buoyant, 
gas-phase convection does not result in a liquid water 
buildup above the repository. 

For 280 millidarcy, AVf" for 24.4 and 35.9 
MTU/acrc is 26 and 34% of Al'T"* for the 110.5-
MTU/acrc case; however, AVf;l< for the latter case is 
relatively small to begin witii. For 10 darcy. AW"'"X for 
24.4 and 35.9 MTU/acrc is 50 and 105% of &V!'la for 
the 110.5-MTU/acrc case. For 40 darcy, AV^1" for 
24.4 and 35.9 MTU/acre is 1.7 and 2.9 limes greater 
than in the 110.5-MTU/acre case. For 84 darcy, AV'i""1 

Figure 6. Vertical temperature profiles at various radial distances, r, from the repository ecnterline for an AML of 35.9 
MTU/ acre at (a) /= 1000 yr, (b) I = 10,000 yr, and (c) / = 32,000 yr. Vertical temperature profiles for an AML of 24.2 
MTU/acrc are also plotted at (d) I = 1000 yr, (c) / = 10.000 yr, and (f) 1 = 30,000 yr. Note different temperature scales. 
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F igu re 7. Durat ion o f l ime dur ing wh i ch l i qu id satura
t ion at various repository locations is be low 9 0 % o f the 
ambient value, for Jtb = 280 m i l l i da rcy and various 
A M L s . The locations arc ident i f ied as the percentage o f 
the repository area enclosed, w i t h 0% corresponding to 
the repository center, and 100'& corresponding to the 
outer perimeter. 

fo r 24.4 and 35.9 MTU/ac re is 2.8 and 3.4 t imes greater 
than in the 110.5-MTU/acre case. The re fo re , fo r l o w 
*h (*h < 1 da rcy ) , the l o w - A M L cases resul t i n less 
net l i q u i d water b u i l d u p than the h i g h - A M L cases, 
w h i l e f o r h igh k^ (k\, > 40 da r cy ) , A V " m is propor
t iona l to the repos i to ry area. 

It is important to note (hat because the E C M 
cannot represent noncqu i l i b r ium fracture-matr ix f low, it 
undcrprcdiclr. the condensate drainage f lux and. conse
quent ly, ovcrprcdicts AV) . However, AV) is a useful 
ind icator (or surrogate) o f the overal l magnitude o f 
condensate drainage f lux and saturation bu i ldup effects. 
The slope o f the AVj vs / curve is indicat ive o f the 
overal l rale o f condensate generation thai arises f rom 
mountain-scale, buoyant vapor f low. For h igh A M L s . it 
is indicat ive o f the compet i t ion between vapor f l o w 
dr iven by the gas-pressure bu i ldup due to bo i l i ng , and 
vapor f l ow dr iven by thermal buoyancy. 

It is also important to point out that the purpose o f 
this study is to i l lustrate the general sensi t iv i ty o f large-
scale thcrmo-hydro log ica l behavior to a w ide range o f 

F igu re 8. Duration o f the boi l ing period at various repository locations for A M L s o f (a) 110.5, (b) 83.4. and (c) 55.3 
MTU/acre. The locations are identi f ied as the percentage o f the repository area enclosed, w i th ti% corresponding to the 
repository ccnicr, and \Q09c corresponding to the outer perimeter, (d) Area-weighted duration o f the boi l ing period as a 
function o f A M L . 
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conditions through the use of macroscopic parameters such 
as fyp, AV|, and AV™®1. Any attempt to make specific 
inferences of this behavior on waste package performance 
and radionuclide transport would require a far more detailed 
look at the spatial distribution of the repository-heat-
driven changes to temperatures, liquid saturations, and 
vapor and liquid fluxes than can be addressed in this report. 

It is likely that (he Ah distribution at Yucca Mountain 
will be highly variable. Some of that variability will be 
random, while some may be correlated with discrete 
hydrological features like fault zones orhydrostratigraphie 
units such as the nonwclded vitric tuff units (PTn and 
CHnv). According to Weeks,"''" in at least some portions 
of the repository horizon in the TSw2, k\y may be on the 

Figure 9. Net buildup of liquid water above the repository vs time for various AMLs and tj, values of (a) 280 millidarcy 
and (b) I, (c) 10, (d) 40. and (c) 84 darcy. (fj Maximum net buildup of liquid water above the repository as a function of 
AML for various values of kh. 
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order of 200 darcy, while in other units such as the PTn, 
CHnv, and CHnz, it is much smaller (k\, < I darcy). As in 
other studies,4'*'' ihis study considered a very wide range 
of/.h in order to identify where distinct changes in Ihcrmo-
hydrological behavior occur. These sensitivity analyses are 
needed lo assist in the development of a robust site 
characterization and testing program that will obtain the 
requisite data for establishing repository performance. 

It should be pointed out that (his sensitivity study of 
mountain-scale moisture movement was done for the 
idealized situation of a uniform Jth distribution. Rcf. 9 
considers the situation in which the k^ distribution varies 
vertically, which results in a layered heterogeneous kf, 
distribution. That study found that a reduction in k^ over 
relatively narrow depth intervals can substantially influ
ence mountain-scale moisture movement. 

V. Discussion of Sub-Repository-Scale Model Results 

V.A Temperature History in the Vicinity of the 
Emplacement Drift 

The preceding analysis represents averaged thcrmo-
hydrological behavior in the repository. To investigate the 

details of behavior in the vicinily of WPs, it is necessary lo 
use sub-rcpository-scalc (or drift-scale) models. Using the 
drift-scale model, we conducted calculations for AMLs of 
24.2, 35.9, 55.3. 83.4. and 110.5 MTU/acre. In order to 
analyze the impact of sub-repository-scalc, buoyant, gas-
phase convection, we considered values ofk\, of 10 and 
280 millidarcy, and 168 darcy. Table II summarizes the 
thermal performance on the waste package (WP) surface 
and in the rock 0.7S m above the drift ceiling for all of the 
cases considered. Our earlier drift-scale calculations,1 

which blended 23 yrof WPs received by the repository, 
resulted in peak WP temperatures occurring al /p C a ^ = 125 
yr. In those calculations, the heat output from an indi
vidual WP is ramped up in the same fashion as in the 
repository-scale model rather than being instantaneously 
raised to the full-power equivalent of an individual WP. 
Using the WP receipt schedule that more realistically 
accounts for local heating conditions, the drift-scale 
models in this study predict 12 < / p C i l t i < 70 yr (Table IIj. 

A critical issue to address in analyzing the thermo-
hydrological performance in the vicinily of the cm-
placement drifts is the potential for sub-repusitory-
scale, buoyant, gas-phase convection, which can occur 
within fracture networks having a connectivity with 

Table II 
Thermal performance lor 21-PWR WPs and 40-BWR WPs with 12-m 

ccntcr-to-center spacing between WPs; also applicable to 12-PWR 
WPs and 21-BWR WPs with 6.86-ra center-to-center WP spacing 

Thermal loading conditions 
and bulk permeability, kf, 

Waste package 
surface 

0.75 m above the drift 
ceiling in the rock 

AML APD Drift spacing * h 

(MTU/acre) (kW/acrc) (m) (darcy) 
7"l000 sr 

<°C) 
'peak 'pLiik 
CC) (yr) 

'bp 

(yr) 
T'llKHIyr 

CC)' CC) 
'peak 
(yr) 

'hp 
(yr) 

24.2 25 99.0 0.01 80.0 171.8 12.6 350 76.2 144.1 14.4 202 
24.2 25 99.0 0.28 79.4 170.4 12.8 310 75.8 142.2 17.6 195 
24.2 25 99.0 168 79.0 164.0 12.5 300 75.4 133.0 14.5 183 
35.9 37 66.8 0.01 99.3 172.5 14.1 1155 96.3 146.1 19.3 1014 
35.9 37 66.8 0.28 99.2 170.7 12.4 1148 96.2 144.4 25.2 1010 
35.9 37 66.8 168 97.7 165.2 12.8 1111 94.9 135.4 19.0 955 
55.3 57 43.4 0.01 125.3 184.6 25.1 2438 123.0 165.5 35.3 2379 
55.3 57 43.4 0.28 120.5 181.6 20.0 2394 118.0 160.7 25.0 2316 
55.3 57 43.4 168 120.1 169.0 14.3 2029 117.7 136.8 18.1 1828 
83.4 86 28.8 0.01 162.6 219.9 50.0 3964 160.9 208.8 60.1 3885 
83.4 86 28.8 0.28 157.2 202.0 40.1 3966 155.4 1880 45.8 3873 
83.4 86 28.8 168 154.0 169.0 40.0 3415 152.1 182.8 60.3 3338 
110.5 114 21.7 0.01 203.3 269.9 60.0 5725 201.9 262.7 60.0 5594 
110.5 114 21.7 0.28 192.5 247.5 50.2 5574 190.9 238.2 60.7 5430 
110.5 114 21.7 168 188.1 242.2 60.0 5548 186.4 233.6 70.4 5408 



length scale comparable to the distance between the hot 
and cold regions of the repository. Buoyant, gas-phase 
convection cells develop as the warmer, less-dcnsc 
column of gas within (he footprint of the WPs is 
displaced by the cooler, denser column of gas in the 
adjacent areas. As the initially cooler gas is heated up, 
its relative humidity is lowered, causing it to evaporate 
water from the rock matrix below hot regions of the 
repository. This warm moist air is convccled upward to 
where it cools above the WPs. generating condensate 
that drains down fractures back toward the repository 
and/or is imbibed by the matrix, causing a saturation 
buildup above the WPs. 

High AMLs result in a large zone of above-boiling 
temperatures that suppresses the effects of repository-
scale, buoyant vapor flow."1'' Sub-repository-scale, buoy
ant, gas-phase convection continues as long as significant 
temperature differences persisi within the repository. It can 
dominate moisture movement for up to 1000 yr for the 
drift spacing described in the Site Characterization Plan-
Conceptual Design Report (SCP-CDR). J I* The larger drift 
spacing that is consisleni with the use of larger WPs will 
result in temperature differences wilhin Ihe repository 
persisting longer. Consequently, the effects of sub-
repDsitory-scale, buoyant vapor flow will also be more 
persistent, possibly lasting thousands of years. In previous 
work.4 we found that the threshold k^ where sub-rcposi-
tory-scalc, buoyant vapor flow begins to dominate 
moisture movement is about I darcy. If. as Weeks"1 

suggests, A"h at the repository horizon is found to be on Ihc 
order of 200 darcy, the impact of sub-repository-scalc, 
buoyant, gas-phase convection will be extremely significant. 

The most important observation about sub-repository-
scale performance concerns the substantial difference 
between thermal performance predicted by repository-
scale models and that predicted by drift-scale models. For 
an AML of 24.2 MTU/acre, the repository-scale models 
predict a peak temperature, T^.^, of 65°C, while the drift- £" 
scale models predict TpCtiii of up to 171.8°C on the WP *-
surface and I44.1°C in the rock adjacent to the drift. a 
While the repository-scale model predicts no boiling £ 
period (Fig. 5b), the drift-scale model predicts a boiling 
period duration. / h p , of 183 io 202 yr in the rock and 
from 300 to 350 yr on the WP surface (Table II). Simi
larly, the repository-scale model predicls no boiling period 
for an AML of 35.9 MTU/acre (Fig. 5a>. However, the 
drift-scale model predicts i^p of 955 to 1014 yr in Ihe rock 
and f 111 lo 1155 yr on the WP surface (Table II). 

Another important observation about sub-rcpository-
scale performance is that Tp,..^ varies modestly for AMLs 
ranging from 24.2 to 55.3 MTU/acre (Figs. 10a and b). 
Because it occurs so early (12 to 25 yr), Tp^ is relatively 
insensitive lo whether the distance to the adjacent em
placement drift is 43.4 m or 99.0 m. For the high AMLs, 

the drift spacing is small enough to cause Tpi:iik l n be 
sensitive to ccnler-to-cenlcr drift spacing. Consequently, 
7*penk >s significantly greater for the 110.5-MTU/acrc 
case than for ihc 83.4-MTU/acre case (Figs. 10a and b). 

V.B S ub-Rcposi to rj-Scale Moisture Redistribution 

Figure 11 plots the dimensianless liquid saturation 
distribution orthogonal to an emplacement drift contain
ing either (1) 21-PWR and 40-BWR WPs with a 12-m 
center-to-center spacing between WPs, or (2) 12-PWR 
and 21-BWR WPs with 6.86-m spacing between WPs. 
The center-to-center drift spacing is 99 m, yielding an 
AML of 24.2 MTU/acre. Figure 11 is plotted at 300 yr, 
which is about the end of the boiling period for the WP 
surface. For the uniform 10-millidarcy case, boiling has 
resulted in a small dry-out zone surrounding Ihc emplace
ment drift (F:g. I la), while for the uniform 168-darcy 
case, the dry-out zone is considerably larger (Fig. 11c). 
The difference in dry-out volume between these two cases 

Figure 10. Temperature history (a) on Ihc WP surface, 
and (b) in the rock 0.75 in above the ccnlcr of the drift 
ceiling for k^, = 280 millidarcy and various AMLs. The 
heating curve is a composite for 46 40-BWR WPs and 
63 21-PWR WPs received during the first two years of 
repository operation. 
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can be attributed to the influence of sub-repository-scale, 
buoyant, gas-phase convection. Buoyant convection is also 
responsible for driving all of the condensate buildup above 
the drift (Fig. 11 c). Buoyant convection continues to drive 
significant vapor and condensate flow for aboul 2000 yr (long 
after boiling conditions have ceased). 

Many of our calculations''" have assumed a homo
geneous kb distribution and therefore do not address 
how heterogeneity might cause focused vapor and 
condensate flow. In Pig. 1 lb we use a highly idealized 
example to illustrate how heterogeneity at ihe sub-
rcpository-scale might result in focused vapor and 
condensate flow in the vicinity of an emplacement drift. 
In this example, a 1.6-m-widc, high-it^ /one is aligned 
along the axis of the WP and flanked by low-A-h zones. The 
gas-phase pressure differential between these zones drives 
water vapor back toward the drift and into the high-/.-), 
zone. Water vapor flows up the high-Aj, zone until it 
condenses and drains back down. Enough water vapor 
enters and condenses in this zone to cause the condensate 
drainage flux to be large enough to maintain refiuxing in 

the repository. The resulting heat-pipe effect enables the 
temperature at the lop of the drift to remain at the 
nominal boiling point for the entire duration of the 
boiling period (about 300 yr), causing a depression in 
the dry-out zone. This rcfluxing zone persists for more 
than 2000 yr. long after boiling has ceased. This 
example is similar to calculations conducted in a 
previous study.4 where we showed that spatial variabil
ity of hydrological properties can sirongly influence 
t he rmo-hydro logical behavior under sub-boiling 
conditions. We applied the same three k^ distributions 
shown in Fig. 11 to AMLs of 24.2. 35.9. 55.3, 83.4. and 
110.5 MTU/acre. For the 83.4- and 110.5-MTU/acre 
cases, the thermo-hydrological behavior was virtually 
the same for the three different k^ distributions. 

In general, we found thai /(,p is insensitive to sub-
rcpository-scale. buoyant, gas-phase convection for the 
low- and high-AML cases (24.2, 35.9, and 110.5 MTU/acre). 
For the inlermcdiatc-AML cases (55.3 and 83.4 MTU/acre), 
/hp is modestly sensitive to sub-rcpository-scalc, buoyant, 
gas-phase convection. For the high-AML cases, the extent 

Figure 11. Dimensionless liquid saluraiiun distribution orthogonal to an emplacement drifl for an AML of 24.2 MTU/acre 
at t ~ 300 yr. The healing curve is a composite for 46 40-BWR WPs and 63 21 -PWR WPs received during the first two years 
of repository operation. Dimensionless liquid saturation distributions arc shown for (a) a uniform k^ ot! 10 millidarcy. (b) a 
heterogeneous A'h distribution consisting of alternating 1.6-m-widc. 168-darcy, high-jth zones and 97.4-m-wide, 10-milli-
darcy zones, and (c) a uniform Jth of 168 darcy. The medium-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 arc wetter than ambient 
saturation (condensation zones). The lighter shading surrounding Ihc dark-shaded areas corresponds to a decreasing buildup 
in saturation (outer edges of condensation zones). No shading indicates no change in saturation. 
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of dry-out is insensitive to sub-repository-scalc, buoyant, 
gds-phase convection. For the low-AML cases, the extent of 
moisture movement (i.e., dry-cot and condensate buildup) is 
extremely dependent on the magnitude of sub-repository-
scale, buoyant, gas-phase convection. 

There has been considerable debate over what 
constitutes a "cold" repository. One view is that a "cold" 
repository is one in which local temperatures never exceed 
boiling. Another view is that it is only necessary for the 
average repository temperature never to exceed boiling. 
What is not usually stated, but sometimes implied, is that 
sub-boiling temperatures can be equated with (he absence 
of significant repository-heat-driven effects. Our analyses 
show that boiling conditions can persist around an cm-
placement drift even if the average repository temperature 
is well below the boiling point. Moreover, if buoyant, gas-
phase convection is found to be significant, it can drive 
substantial vapor and condensate fluxes whether or not 
boiling occurs. On the other hand, if buoyant, gas-phase 
convection is found to be insignificant, a boiling period of 
sufficiently limited duration may be shown to generate 
condensate fluxes that have a minor impact on perfor
mance. However, the absence of local boiling conditions is 
not. in itself, an adequate indicator of whether rcposiiory 
heat drives significant vapor and condensate flow. Average 
repository temperatures are an even poorer indicator of the 
significance of repository-hcal-drivcn hydrothcrmal flow in 
the performance of a low-AML repository. Diagnosing 
whether sub-boiling conditions can be equaled with the 
absence of significant repository-heal-driven effects will 
require in situ heater tests conducted under sub-boiling as 
well as above-boiling conditions. I 9- 2" 

VI. Conclusions 

The radioactive beat-of-decay from spent nuclear fuel 
will play a dominant role in the performance of a potential 
repository at Yucca Mountain. Coupled hydrothermal-
geochemical processes can strongly affect the composition 
and flow rates of gas and liquid around the waste packages. 
Waste package degradation, waste-form dissolution, and 
radionuclide release will critically depend on these 
processes. Repository heat will also play a dominant role in 
the evolution of the flow field that will drive gas-phase and 
liquid-phase transport. In addition, coupled hydro t hernial-
geochemical phenomena may significantly affect the 
performance of natural barriers underlying the repository. 
Depending on the thermal-loading management strategy 
(which will affect the design and operation of the reposi
tory) and site conditions, repository heat may cither 
substantially increase the likelihood of water contacting 
waste packages and the magnitude of release and transport 
of radionuclides or preclude, or at least minimize, these 
effects for some period of time. 

In our modeling studies, our approach has been to 
identify conditions that could potentially generate 
adverse performance. Accordingly, we have considered 
a wide range of bulk permeability values and examples 
of heterogeneity that may be extreme. This work 
provides a context for understanding the relative 
importance of various hydrogeological properties and 
features that will be determined during site character
ization. This work also shows that the challenge of 
adequately understanding rcposilory-heat-drivcn vapor 
and condensate flow is at least as formidable for sub-
bailing conditions as it is for above-boiling conditions. 
Long-term HI situ heater tests, conducted under both 
sub-boiling and above-boiling conditions, are required 
to determine the potential for the major repository-heat-
driven sources of fracture flow to impact waste package 
performance and radionuclide transport. 
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