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ABSTRACT

To safely and permanently store high-level nuclear waste, the poten-
tial Yucca Mountain repository site must mitigate the release and
transport of radionuclides for tens of thousands of years. In the
failure scenario of greatest concem, water would contact the waste
package (WP), accelerate its failure rate, and eventually transport
radionuclides to the water table. In a concept called the "extended-
dry repository,” decay heat arising from radioactive waste extends the
time before liquid water can contact a WP. Recent modeling and
theoretical advances in nonisothermal, multiphase fracture-matrix flow
have demonstrated (1) the critical importance of capillary pressure
disequilibrium between fracture and matrix flow, and (2) that radioac-
tive decay heat plays a dominant role in the ability of the engineered
and natural barriers to contain and isolate radionuclides. Our ana-
lyses indicate that the thermo-hydrological performance of both the
unsaturated zone (UZ) and saturated zone (SZ) will be dominated by
repository-heat-driven hydrothermal flow for tens of thousands of
years. For thermal loads resulting in extended-dry repository condi-
tions, UZ performance is primarily sensitive to the thermal properties
and thermal loading conditions and much less sensitive to the highly
spatially and temporally variable ambient hydrologic properties and
conditions. The magnitude of repository-heat-driven buoyancy flow
in the SZ is far more dependent on the total mass of emplaced spent
nuclear fuel (SNF) than on the details of SNF emplacement, such as
the Areal Power Density [(APD) expressed in kW/acre] or SNF age.

INTRODUCTION

The Yucca Mountain Site Characterization Project (YMP) of
the U.S. Department of Energy (DOE) is investigating the suitability
of the fractured, tuffaceous rocks occurring in the unsaturated zone
(UZ) at Yucca Mountain, Nevada, for high-level nuclear waste
storage. Prior to 1991, efforts in hydrological performance assess-
ment modeling largely focused on either far-field infiltration under
ambient conditions or hydrothermal flow in the near-field waste pack-
age (WP) environment. Numerical modeling studies have predicted
the time-dependent temperature distribution within the emplacement
boreholes or drifts and surrounding host rock for various repository
design concepts, thermal loading conditions, and waste receipt and
operating scenarios.!? These studies involve either finite-element
codes of thermal radiation and heat conduction or spatial and tem-
poral superposition of heat conduction calculations to account for the
emplacement of individual heat sources over the operational life and
post-closure performance of the repository. Because these models do
not account for fluid phase changes or heat transfer mechanisms other
than thermal radiation or heat conduction, they cannot be used to
explicitly predict dry-out performance. On the basis of the assump-

tion that temperatures greater than the nominal boiling temperature
(T\,) correspond to the absence of liquid water, the heat conduction
models have been used to estimate the minimum time that WPs
remain dry.

Nitao considered details of temperature, saturation, and gas-
phase composition in the hydrothermally disturbed zone using a
model that assumed the repository to be infinite in areal extent.?
Using a model that averages the repository heat load over a 3-km-
diameter disk, Tsang and Pruess conducted repository-scale calcula-
tions with an emphasis on thermally driven natural convection.® Using
a similar 3-km-diameter, disk-shaped model of the repository, we
considered a suite of repository-scale calculations, examining the
hydrothermal response of the UZ to radioactive heat of decay for
200,000 yr resulting from Areal Power Densities (APDs) ranging
from 20 to 114 kW/acre for 30- and 60-yr-old spent nuclear fuel
(SNF).> Smaller disk-shaped repository areas were also modeled.
Calculations were made with a drift-scale model representing the
actual dimensions and spacings of drift-emplaced WPs and the
emplacement drifts in order to examine the differences between the
detailed boiling and dry-out performance of the near-field with the
averaged performance predicted by the repository-scale model. The
drift-scale model assumed an areally infinite repository with regularly
spaced emplacement drifts. The repository-scale model calculations
showed that edge-cooling effects at the repository perimeter affected
temperatures and saturations in the outer third of the repository area.
For the inner two-thirds, the temperature and saturation histories were
effectively those of an areally infinite repository. Consequently, the
drift-scale calculations were found to be applicable to the inner two-
thirds of the repository area.

Our previous work® showed the duration of boiling conditions,
t4p, 10 be primarily dependent on the Areal Mass Loading (MTU/acre)
of the repository and is much less sensitive to SNF age. For an APD
of 114 kW/acre and 60-yr-old SNF, we calculated tp, = 10,000 yr at
the center of the repository, with ¢y, = 5000 yr at the outer edge of
the repository. We also found that boiling can result in a dry-out
zone extending 300 m vertically (200 m above and 100 m below the
repository horizon) and re-wetting of the repository horizon back to
ambient conditions requiring 200,000 yr.

It is important to note that our previous work® assumed the
water table to be at a fixed depth and at a constant temperature, caus-
ing the saturated zone (SZ) to act both as a heat sink and as a reser-
voir for re-wetting the dry-out zone. In this report we conduct calcu-
lations utilizing the same fixed-depth and constani-temperature
assumptions for the water table. We also conduct an extensive suite
of calculations with a model that explicitly represents hydrothermal
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flow in the upper 1000 m of the SZ in order to examine the impact of
our previous assumptions about the water table. In addition to inves-
tigating the impact of SZ heat flow on hydrothermal performance in
the UZ, we also examine the impact of repository-heat-driven
hydrothermal flow on the thermo-hydrologic performance of the SZ.

This report describes our modeling of the hydrothermal
response of the UZ and SZ to the radioactive heat of decay for
200,000 yr for APDs ranging from 20 to 114 kW/acre and 30- and
60-yr-old SNF with a burnup of 33,000 megawatt-days per metric ton
of heavy initial metal (MWdMTU). Two extreme SNF selection
scenarios were also considered with the "oldest fuel first" (OFF)
scenario yielding an average fuel age and burnup of 26 years and
39,585 MWd/MTU and the "youngest fuel first" (YFF) scenario yield-
ing an average fuel age of 21 years and bumup of 43,573
MWdJ/MTU. Our models include boiling and condensation effects,
the convection of latent and sensible heat, and thermal radiation. The
implications of repository-heat-driven hydrothermal flow on site
suitability/characterization, total system performance, and in situ test-
ing are discussed.

Overview of Unsaturated Zone Hydrology at Yucca Mountain

Yucca Mountain consists of a series of variably fractured,
nonwelded to densely welded tuff units with an eastward tilt of 5 to
30 deg® The UZ thickness varies from 500 to 750 m. The potential
repository location is in Topopah Spring (TSw2) moderately to
densely welded tuff, which is about 350 m below the ground surface
and 225 m above the water table.” Montazer and Wilson report the
absence of perennial streams at Yucca Mountain.’ Therefore, recharge
due to rainfall or snowmelt occurs episodically.

The matrix properties of the hydrostratigraphic units at Yucca
Mountain are summarized by Klavetter and Peters.” The units gen-
erally fall into two categories: (1) the welded tuffs (TCw, TSwl,
TSw2, and TSw3) and the nonwelded zeolitized unit (CHnz), all of
which have low matrix permeability, k,, and low-to-medium matrix
porosity, ¢, and (2) nonwelded vitric tuffs of high &k, and ¢, (PTn
and CHnv). The welded PPw has medium k. and ¢, The kns of
the nonwelded vitric tuffs are 4 to 5 orders of magnitude greater than
those of the welded tuffs and the CHnz.

Infilration at Yucca Mountain has been modeled with a one-
dimensional steady-state equivalent continuum model (ECM) for
recharge fluxes of 0, 0.045, and 0.132 mm/yr, resulting in repository
horizon saturations of 68, 85, and 95%, respectively (Fig. 1).2 On the
basis of the assumption of instantanecus capiliary pressure equili-
brium between fracture and matrix, the ECM volume-averages the
fracture and matrix into an equivalent (or effective) continuum.
Saturation values obtained from the Reference Information Base
(RIB) are also included in Fig. 1. Notice the good agreement
between the saturation profile calculated for zero recharge flux and
the RIB values in the low-k, units (TCw, TSwl, TSw2, TSw3,
CHnz, and PPw). The RIB values are significantly higher than the
calculated profile for the high-k, units (PTn and CHnv). The satura-
tion profile in the small-k,, units is very sensitive to variations in
recharge flux. Because of their large kg, the PTn and CHnv can sus-
tain a relatively large steady-state recharge flux at small saturations.
Nonequilibrium fracture flow through the TCw, TSwl, TSw2, and
TSw3 is a likely cause for the apparent inconsistency between the
RIB data in the PTn and CHnv and the saturation profile predicted by
the one-dimensional, steady-state ECM.?

Nitao'® found that the flow behavior of a two-dimensional,
unsaturated fracture-matrix system is characterized by a critical flux,
qr , given by

q; = ¢m(ss"5i)Dm (1)

where ¢, is the matrix porosity, S is the maximum matrix saturation,
S, is the initial matrix saturation, and D is the matrix imbibition
diffusivity coefficient. If the flux ¢¢ into the fracture satisfies
qs>q;, the flow field is fracture-dominated, whereas if gr<«gqg, the
flow field is matrix-dominated and the system behaves as a single
equivalent porous medium with capillary equilibrium between fracture
and matrix. If the fracture entrance is ponded, the critical fracture
hydraulic conductivity K , or corresponding critical aperture b° from
the "cubic” law, controls the flow behavior instead of the critical flux,
Rocks with fracture aperture b sufficiently large such that b>>b"?
have fracture-dominated flow, while rocks with fracture aperture
sufficiently small such that 5%« b"? are matrix-dominated.

Numerous performance assessment calculations have been car-
ried out for the potential Yucca Mountain repository site. Most of
these have utilized a steady-state ECM that, for the assumed recharge
fluxes, effectively constrains flow to be matrix-dominated.®'® Because
of the very low k., prevalent through most of the UZ, the steady-state
ECM calculations have repeatedly shown that matrix-dominated flow
will not result in significant vertical transport of radionuclides. More-
over, field evidence indicates that fracture-dominated flow can occur
to considerable depth.!! Therefore, fracture-dominated flow is the
only credible mechanism capable of bringing water to the WPs and
transporting radionuclides to the water table. The impact of
repository-heat-driven hydrothermal flow on fracture-dominated flow
is critical to repository performance.
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Figure 1. ECM-calculated liquid saturation profile for various steady-
state, one-dimensional recharge fluxes vs data from the Reference
Information Base (RIB).”



Given that liquid flow along preferential fracture fiow paths
provides the most likely means of generating adverse WP conditions
and transporting radionuclides to the water table, three general
features or mechanisms tend to mitigate the potential release and tran-
sport of radionuclides. The first is discontinuity in preferential frac-
ture flow paths. The second is liquid-phase dispersion in fracture net-
works, which results as flow branches from a preferential fracture
pathway into lateral fractures. The third mechanism is fracture-matrix
interaction. For thermal loading conditions that result in sub-boiling
conditions, the predominant mode of fracture-matrix interaction is
capillary-driven fracture-to-matrix flow, called matrix imbibition. For
APDs resulting in marginal boiling conditions, the variability in the
heat generation rate among the WPs may result in condensate flow
from hotter to cooler WPs, increasing the adverse effects of fracture
flow. For higher APDs, boiling effects and enhanced imbibition
resulting from rock dry-out will significantly add to the capacity of
the UZ to retard fracture-dominated flow.

The characterization and assessment of fracture flow retardation
under sub-boiling or ambient conditions in the UZ at Yucca Mountain
are extremely formidable. The main problems arise from the very
strongly nonlinear dependence of fracture flow on the highly hetero-
geneous distribution of fracture and matrix properties, uncertainty in
characterizing net recharge flux under either current or future (wetter)
climate conditions, and the impracticality of incorporating the com-
plex detils of variable aperture fracture networks in numerical
models. The travel time for a wetting front traveling down a fracture
varies inversely with b%, where b is the fracture aperture.® Moreover,
the contrast between fracture and matrix permeability can exceed ten
orders of magnitude.

For higher APDs, a large region of above boiling conditions
makes fracture flow at the repository horizon extremely unlikely.
Therefore, under long-term above-boiling conditions, hydrologic per-
formance is governed by the system’s thermal loading conditions and
thermal properties. These factors can be more readily determined and
are much less variable than are many of the parameters associated
with the ambient hy(rogeological system. Moreover, because the
liquid flux associated ‘with condensate generation is found to be much
greater than net rechsrge fluxes associated with plavial climate condi-
tions, hydrologic perfonmnance under long-term above-boiling condi-
tions is much less sensitive to climatic variability. Because the ther-
mal diffusivity is much larger than the re-wetting diffusivity of most
of the UZ, temperature tends to equilibrate back to ambient condi-
tions much more quickly than does matrix saturation. Consequently,
the matrix saturation within the dry-out zone extending above and
below the repository horizon will remain below ambient long after
boiling has ceased. Sub-amnbient matrix saturations will add to the
capacity of the UZ to retard fracture flow during the post-boiling-
period.

Hydrothermal Flow at the Repository Horizon

Much of our current understanding of repository-heat-driven
hydrothermal flow in unsaturated fracmred tuff is based on observa-
tions made during the heater tests in G-Tunnel'? and associated
modeling studies.'*'* For drift emplacement without backfill, the pri-
mary mode of heat transfer from the WP to the wall of the emplace-
ment drift is thermal radiation (Fig. 2). If backfill is present, heat
flow through the backfill will be dominated by heat conduction.

Both the G-Tunnel heater test modeling analysis' and the per-
formance analysis of repository-heat-driven hydrothermal flow® have
indicated that heat flow in the UZ will be dominated by heat conduc-
tion. Because of the large bulk permeability of fracture networks,
gas-phase pressures, p,, in the fractures remain very close to atmos-
pheric, even during boiling. Consequently, as temperatures reach the

nominal boiling point (T, = 96°C), boiling first occurs along the frac-
ture faces, i.e., the perimeter of the matrix blocks, and proceeds in
toward the center of the matrix blocks. Because of the small k., at
the repository horizon, boiling results in large p gradients (with pg
increasing from the perimeter to the center of the matrix blocks),
causing 2 rise in the boiling temperature, ATy, above the nominal
boiling point, T,. Because p; gradients increase with matrix block
size, AT, increases with matrix block size. Accordingly, boiling is
more suppressed in sparsely fractured regions and less suppressed in
intensely fractured regions. For regularly spaced fractures, the
volume of the dry-out zone was found to be proportional to vk./B,
where b is the effective fracture spacing.'!* For the G-Tunnel test, B
was apparently small enough (relative to k) that the effect of AT, on
rock dry-out was negligible. The sensitivity of the dry-out volume to
fracre aperture, b, was also examined.” For 5>20 pm, the
volume of the dry-out zone was found to be insensitive to b. For the
fractures observed in G-Tunnel, flow resistance in the fractures does
not appear to throttle the rate of dry-out.

At early time, a small percentage of the water vapor that
reaches the fracture network in the immediate vicinity of the WP
flows back toward the emplacement drift (Fig. 2). Otherwise, most of
the water vapor reaching the fracture network is driven (by higher ps
in the boiling zone) away from the emplacement drift to where cooler
temperatures cause it to condense along fracture walls. Because the
small k. limits the rate of matrix imbibition, condensate drainage
down fractures persists for considerable distances before being
imbibed by the matrix. In the region below the boiling zone, conden-
sate drainage is away from the boiling front (Fig. 2), enhancing the
rate of rock dry-out. Above the boiling zone, condensate terds to
drain back toward the boiling zone, thereby retarding the net rate of
dry-out (Fig. 2).

During the G-Tunnel test, regions above the heater were
observed to dry out more slowly than regions below the heater.!?
Because vapor flow in fractures tends to be radially away from the

Figure 2, Schematic of hydrothermal flow near the emplacement drift.
Rock dry-out occurs as boiling drives water vapor out of the rock matrix.
Upon reaching the fracture network, vapor is driven away from the
boiling zone to where cooler temperatures cause it to condense along
fracture walls. Because the small &, limits the rate of matrix imbibition,
condensate drainage persists for considerable distances down fractures.



Figure 3. A "hydrothermal umbrella” is established along each of the
emplacement drifts because of condensate being shed off the top and
down the sides of the boiling zone.

heat source and condensate drainage is vertically downward, succes-
sive refluxing cycles in fractures eventually result in condensate being
shed off the top and down the sides of the boiling zone (Fig. 3). This
"hydrothermal umbrella” effect was manifested during the G-Tunnel
test in the temperature history of several thermocouples along the
flank of the boiling zone. This concept was first mentioned by Rose-
boom in the context of emplacing high-level nuclear waste in the
UZ.1 The "umbrella” mechanism may significantly enhance near-field
dry-out, at least until the dry-out zones of neighboring emplacement
drifts (or panels) have coalesced.

DISCUSSION OF NUMERICAL MODELS, PHYSICAL DATA,
AND ASSUMPTIONS

V-TOUGH Hydrothermal Flow Code

All hydrothermal calculations in this stundy were carried out
using the V-TOUGH ("vectorized transport of unsaturated groundwa-
ter and heat") code.'® V-TOUGH is Lawrence Livermore National
Laboratory’s enhanced version of the TOUGH code, which is a
member of the Mulkom family of multiphase, multicomponent codes
developed at Lawrcnce Berkeley Laboratory by Pruess.’” V-TOUGH
is a multidimensional numerical simulator capable of modeling the
coupled transport of water, vapor, air, and heat in fractured porous
media.

Equivalent Continuum Model

Because of the impracticality of discretely accounting for all of
the fractures within the repository block, it was necessary to account
for fractures using the ECM. The assumption of capillary pressure
and thermal equilibrium between fractures and matrix allows the frac-
ture and matrix properties to be pore-volume-averaged into an
equivalent medium. The bulk porosity, ¢, bulk saturation, Sy, and

bulk hydraulic conductivity, Ky, of the equivalent medium are given
by:

b= ¢+ (1 -0 )

= Sf¢f+sm(1_¢{)¢m (3)

Pk (1-000n

Kp= Kn(1-¢p + K¢y : C))

where ¢n, Sm, ¢, and Sy are the porosity and saturation of the matrix
and fractures, respectively. Because of the small X, in the UZ, K, is
almost completely dominated by K¢ and ¢; for most fracture spacings
and permeabilities.

In general, the ECM is appropriate for situations in which the
fracture spacing is small enough to result in a negligible lag in the
wetting or drying response in the matrix relative to that of the frac-
tures. The use of the ECM implicitly assumes that flow resistance to
liquid and vapor flow between the fractures and matrix is negligible.
In the modeling analysis of the G-Tunnel heater test, the ECM-
calculated saturation profile compared very well with the measured
saturation in the dry-out zone.'* Apparently, the fracture spacing was
sufficiently small so that, during boiling, the resistance to vapor flow
from matrix to fracture was negligible. Although the ECM predicted
a pronounced rise in liquid saturation in the condensate zone, the G-
Tunnel data showed no significant rise in liquid saturation outside of
the boiling zone. With respect to matrix imbibition of condensate,
the fracture spacing was not sufficiently small to validate the assump-
tion of capillary pressure equilibrium in the condensate zone. More-
over, the lack of a rise in liquid saturation outside of the boiling zone,
as well as some of the temperature data along the side of the boiling
zone, indicated the "hydrothermal umbrella” effect of condensate
shedding off the top and down the sides of the boiling zone.

The ECM-calculated temperature profile agreed very well with
the measured G-Tunnel data'* This close agreement was also
obtained for a model that only accounted for heat conduction, indicat-
ing that heat flow around the G-Tunnel heater was dominated by heat
conduction. On the basis of the G-Tunnel model validation effort,
and given the similarity between the fracture and matrix properties of
Grouse Canyon welded tuff in G-Tunne! and the Topopah Spring
welded tuff at the repository horizon, the ECM should yield accurate
predictions of temperature performance and conservatively low pred-
ictions of the spatial extent and duration of rock dry-out. In light of
the capillary hysteresis effect observed for Grouse Canyon welded
tuff,'>!® the ECM-calculated time required to re-wet the dry-out zone
may be considerably less than actual.

Thermo-Hydrologic Properties

All maijor hydrostratigraphic units in the UZ at Yucca Mountain
are included in the models.”® This hydrostratigraphic profile has
been used in previous modeling studies.>® The wet and dry thermal
conductivity, Ky, data were obtained from the RIB.° In previous
hydrothermal calculations, RIB Version 3 Ky, values were used.>!* In
this study we use the RIB Version 4 Ky values. Calculations for
various repository thermal loads were repeated for initial saturation
conditions corresponding to the steady-state saturation profiles
obtained by Buscheck, Nitao, and Chesnut® for net recharge fluxes of
0 and 0.132 mm/yr, which resulted in repository horizon saturations
of 68 and 95%, respectively (Fig. 1). Previous work® also considered
the steady-state saturation profile obtained for a net recharge flux of
0.045 mm/yr, resulting in a repository horizon saturation of 85%.
This range in initial steady-state saturation distribution should ade-
quately span the range in saturation conditions that could arise from
extreme pluvial climatic conditions.



The reference case assumed a bulk permeability, ky,, of
2.8x107m? (three 100-um fractures per meter). The sensitivity of
boiling and dry-out performance to k, was examined by considering
ky=19x10"®m? (no fractures). Previous work® also considered
ky=1.0x 10""!m? (approximatcly three 346.5-um fractures per meter)
and &, = 8.3x107°m? (one 1000-um fracture per meter).

Initial and Boundary Conditions

The vertical temperature, T, distribution in the models is initial-
ized to correspond to the nominal geothermal gradient in the region.
The atmosphere at the ground surface is represented by a constant-
property boundary, with T and p,; fixed at 13°C and 0.86 atm, respec-
tively, The relative humidity at the ground surface is also fixed so
that it is in capillary equilibrium with the initial saturation conditions
at the top of the TCw unit. Therefore, under initial (ambient) satura-
tion and temperature conditions there is no mass flux of water vapor
between the atmosphere and upper TCw. In previous work® it was
assumed that because of the large fracture permeability, buoyancy-
driven convective mixing in the SZ results in the SZ acting as a heat
sink. The large bulk permeability and storativity of the SZ is also
assumed to result in the water table being at a fixed depth. For some
of the calcujations in this report we also assume that the water table
has a fixed depth (z=568.1 m) and a constant emperature (31°C).
The fixed-depth water table assumption causes the SZ to effectively
act as an infinite reservoir of liquid water for re-wetting the dry-out
zone. The constant-temperature water table assumption causes the
water 1able 1o act as a heat sink. Consequently, these assumptions are
conservative with respect to predictions of the extent and duration of
boiling conditions and rock dry-out effects. Because this model does
not explicitly model hydrothermal flow in the SZ, it is called the
"UZ" model. The initial temperature and saturation at the repository
horizon in the UZ model are 23.3°C and 68%, respectively.

The geothermal gradient was found to result in a two-phase
recirculation of vapor and liquid water in the UZ.® For both the previ-
ous study® and this study, the reference case assumes an initial satura-
tion distribution that arises from a 0 mm/yr one-dimensional steady-
state recharge flux (Fig. 1). Note that the recharge flux values listed
in Fig. 1 are the net downward moisture flux. Because of the relative
humidity gradients that result from the natural geothermal gradient, a
0 mm/yr net moisture flux tums out to be the net effect of an upward
flux of water vapor that condenses and is balanced by an equivalent
downward flux of liquid water. At the repository horizon, this
steady-state counter-current flow system results in a downward liquid
flux of 0.01 mm/yr. Although low APDs do not result in significant
boiling effects, the repository heat is sufficient to significantly
increase the vertical temperature gradient, thereby enhancing the
counter-current flow of vapor and liquid water. The repository-heat-
driven downward flux of condensate may be large relative to the net
recharge flux under ambient conditions.

A fundamental objective of this study was to establish the spa-
ual domain over which the thermo-hydrological performance of the
engineered and natural barriers is critically dependent. Because
model boundaries generally have assigned property values such as
pressure and temperature or assigned fluxes, it is important to deter-
mine whether these boundaries are located sufficiently far from the
repository heat source so that they do not artificially interfere with the
thermo-hydrological performance of the engineered and natural bar-
riers. Because of the large magnitude of convective mixing in the
atmosphere, we felt that assigning a constant-property boundary at the
ground surface was reasonable. However, we felt it was necessary to
test the assumption that sufficient buoyancy-driven convective mixing
occurs in the SZ to result in the water table functioning as a heat

sink. Moreover, if SZ buoyancy-driven convective mixing is
sufficient to result in the water table functioning as a heat sink, then
those same convective effects should also dramatically affect the per-
formance of the natural barriers in the SZ.

We conduct a suite of calculations with a "UZ-SZ" model
(which includes hydrothermal flow in the upper 1000 m of the SZ)
and compare those calculations with those of the "UZ" model in order
to directly assess the impact of assuming a fixed-depth, constant-
temperature water table. Conductive and convective heat flow,
including buoyancy flow, are modeled in the SZ. Because the RIB’
lacks thermal property and hydrologic data below the PPw unit (the
lowermost hydrostratigraphic unit in our UZ model), we assumed that
the PPw data was applicable to the upper 1000 m of the SZ (down to
the lower boundary of the UZ-SZ model). The lower boundary of the
UZ-SZ model has a constant temperature of 53.5°C and a fixed pres-
sure corresponding to the hydrostatic pressure and temperature profile
of the upper 1000 m of the SZ. The initial temperature and satura-
tion at the repository horizon in UZ-SZ model is 23.5°C and 67.7%,
respectively. As will be discussed later, we find that buoyancy-driven
convective mixing in the SZ is not sufficient to cause the water table
to function as a heat sink. Accordingly, we conduct much of this
study, particularly those sub-sections which examine the sensitivity of
thermo-hydrological performance to thermal loading conditions, with
the UZ-SZ model (which includes hydrothermal flow in the SZ).

For a 1747-acre repository, the repository-scale model
represents the repository as a 3-km-diameter, 4.6-m-thick, disk-shaped
heat source with a uniformly distributed thermal load. Repository
areas of 348, 559, 1118, and 3162 acres were also modeled. The
model utilizes an axisymmetric coordinate system centered at the
repository center. This model is useful for calculating temperature
and saturation behavior (averaged from one emplacement drift to the
next) as a function of location relative to the center (or edge) of the
repository area. The assumption is also made that the thermal load-
ing of the repository can be represented by the heat generation curve
of pressurized water reactor (PWR) spent fuel of an average age.
Calculations were made for APDs ranging from 20 to 114 kW/acre
and SNF ages of 30 and 60 yr with a burnup of 33,000 MWd/MTU.
Two extreme SNF selection scenarios were also considered with the
“oldest fuel first" (OFF) scenario yielding an average fuel age and
burnup of 26 years and 39,585 MWd/MTU and the "youngest fuel
first" (YFF) scenario yielding an average fuel age of 21 years and
burnup of 43,573 MWd/MTU.

DISCUSSION OF MODELING RESULTS
Overview of the Parameter Sensitivity Study

In this section, we examine the sensitivity of thermo-
hydrological performance in the unsaturated zone (UZ) and saturated
zone (SZ) to a range of (1) thermal loading design parameters and (2)
thermo-hydrological properties and boundary conditions. The first
four sub-sections address the sensitivity of thermo-hydrologic perfor-
mance to thermal loading parameters with the use of the UZ-SZ
model and "reference case" properties and conditions described in the
previous section. The following five sub-sections address the sensi-
tivity of thermo-hydrological performance to thermo-hydrological pro-
perties and boundary conditions. On the basis of the analysis of the
sensitivity of thermo-hydrological performance to thermo-hydrological
properties, we feel that the UZ-SZ model with the reference proper-
ties and conditions is the best model for representing large-scale repo-
sitory performance. We feel that this model is particularly useful for
high thermal loads resulting in long-term boiling conditions at the
repository horizon.
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Figure 4. Vertical temperature profiles along the repository centerline for 30-yr-old SNF, a net recharge flux of 0 mm/yr, and APDs of (a) 20 kW/acre,

(b) 57 kW/acre, and (c) 114 kW/acre.

The tenth sub-section examines the sensitivity of thermo-
hydrological performance in the SZ to thermal loading design param-
eters as well as the thermo-hydrological properties. The eleventh and
final sub-section summarizes thermo-hydrological performance with
the use of major hydrothermal flow regimes.

For this study, we focus much of our attention on the tempera-
ture history at the repository horizon because of its importance to WP
integrity, potential release, and transport of radionuclides. As will be
shown, it is likely that we can reliably predict the thermal perfor-
mance at the repository horizon (particularly for high thermal load-
ings). The ability of reliably predicting the durazion of boiling condi-
tions in the vicinity of WPs will be extremely useful in determining
the duration of time that WP failure, radionuclide release and tran-
sport is very unlikely because of the lack of liquid water.

Temperature Profiles as a Function of Thermal Load

The next four sub-sections examine the sensitivity of thermo-
hydrological performance to thermal loading design parameters. We
begin our investigation with a look at the vertical temperature profile
in the UZ and SZ for three thermal loading cases covering a broad
range in thermal loading conditions and thermo-hydrological perfor-
mance. Note, that because our model homogenizes the thermal load
over the repository area. predicted temperatures should be considered
to be "averaged" temperature conditions (particularly at the repository
horizon). The effect of spatially averaging the thermal load over the
repository area has a diminishing effect on temperatures with increas-
ing distance from the repository horizon. The effect of spatially
averaging the thermal load also diminishes with time. Therefore,
there may be significant differences between detailed temperature
behavior (e.g., in the pillar separating WP emplacement drifts) and
the average temperature predicted for the repository. On the other
hand, locations far out in the natural barriers feel the effects of the
average thermal loading conditions rather than the discrete details of
the heat load distribution. The three cases considered in this sub-
section in.iude a "sub-boiling" case, a "marginal-boiling” case, and a
"long-tcrm, extended-dry" case.

For 30-yr-old SNF and a recharge flux of 0 mm/yr, the vertical
temperature profile along the repository centerline is plotted for APDs
of 20, 57, and 114 kW/acre (Fig. 4a—c). The ground surface is
located at z =0 m, the repository horizon is centered at z =343.1 m,
and the water table is located at z =568.1 m below the ground surface
(225 m below the repository horizon). Notice that the water table
begins 10 experience a temperature buildup, AT, at ¢ =100 yr. Even
for 20 kW/acre, AT at the water table is substantial, persisting for
tens of thousands of years (Fig. 5a). For 20 kW/acre, the water table
peaks at 46.9°C (AT = 16.5°C) at r =6900 yr and remains above 40°C
for 26,350 yr (Fig. Sa). For 114 kW/acre, the water table peaks at
95°C at + =830 yr, remains above 90°C for 670 yr, and remains above
70°C for 12,400 yr. Even 250 m below the water table (475 m below
the repository center), AT is quite substantial (Fig. 5b), with the max-
imum AT, AT,,,, at this depth being 10.8, 21.6, and 22.9°C for APDs
of 20, 57, and 114 kW/acre, respectively.

We have included the reference Site Characterization Plan —
Conceptual Design Repont® (SCP-CDR) case (APD=57 kW/acre;
10-yr-old SNF) in Fig. S5a and b in order to illustrate that the refer-
ence SCP-CDR thermal load very substantially aiters the temperature
of the natural barriers both within the unsaturated zone (UZ) and the
saturated zone (SZ). For the reference SCP-CDR thermal load, AT
at the water table is 29.8°C, occurring at ¢ =4140 yr. At a depth of
250 m below the water table (475 m below the center of the reposi-
tory), AT, is 19.5 °C, occurring at ¢ =8390 yr (Fig. Sb). Approxi-
mately one-third of the way into the CHnz unit (106.5 m below the
center of the repository), AT ., =45.4°C, occurring at 1 = 1635 yr. At
1 =20,000 yr, AT at this location in the CHnz is 21.1°C.

Such a substantial, persistent increase in temperature has the
potential for driving geochemical alteration (such as mineral dissolu-
tion and precipitation along fractures), resulting in significant changes
to the flow and transport properties of potential pathways for radionu-
clide transport in the UZ and SZ. Our calculations also show consid-
erable condensate drainage in the UZ below the repository, driven by
the reference SCP-CDR thermal load. For vertically connected pre-
ferential fracture pathways, our calculations indicate that repository-
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Figure 5. Temperature history at locations below the repository center
for various thermal loading conditions, including (a) the water table and
(b) 25C m below water table.

heat-driven condensate drainage can persist all the way to the water
table. Condensate drainage along fractures may also contribute to the
alteration of flow and transport properties in the natural barriers
underlying the repository.

Recall that previous hydrothermal calculations® assnme that the
water table is at a fixed depth and constant temperature. Moreover,
several of the repository thermal studies involving heat conduction
models also make the same assumption.'Z On the basis of Fig. 5a and
b, it is apparent that maintaining a constant temperature at the water
table has the effect of artificially constraining the magnitude of AT in
the lower UZ, particularly in the CHnz and PPw urits. Artificially
maintaining the water table at a constant temperatime will also be
shown 10 significantly limit the duration of elevated. temperatures at
the repository. Moreover, models that fix the water table temperature
cannot be used to assess the potential impacts of temperature rise and
repository-heat-driven convective flow in the SZ on radion iclide tran-
sport in the SZ,

As will be seen in a following sub-section on hydrothermal
flow in the SZ, our UZ-SZ model predicted substantial repository-
heat-driven buoyancy flow in the SZ; however, heat flow from the
UZ w0 the SZ does not deviate significantly from being heat-
conduction-dominated. We investigated the sensitivity of repository-
heat-driven buoyancy flow in the SZ to the bulk permeability, ky, in
the SZ and found that it is extremely unlikely that k, in the SZ is
large enough to result in the water table effectively functioning as a
heat sink. Therefore, it is inappropriate to treat the water table as a
heat sink. Accordingly, we conducted most of this study with the
UZ-SZ model which includes hydrothermal flow in the SZ.

The effects of boiling, steam, and condensate flow are apparent
in the 57- and 114-kW/acre cases (Fig. 4b and c). Notice that the
temperature profile is flattened at T, (= 96°C). Steam is driven (by
higher p.s in the boiling zone) away from the repository to where
cooler temperatures cause it to condense. Above the repository hor-
izon, much of this condensate is driven back to the boiling zone, pri-
marily by three processes: (1) capillary imbibition in the matrix, (2)
capillary imbibition in small-aperture fractures, and (3) gravity
drainage in fractures. Gravity drainage in the matrix is not significant
in comparison with matrix imbibition, which is driven by very large
capillary pressure gradients that arise from saturation gradients in the
boiling and condensation zones. Below the repository horizon, only
the first two mechanisms, capillary-driven flow in the matrix and frac-
tures, contribute to condensate flow back toward the boiling zone,
while the third mechanism, gravity drainage in fractures, tends to
drain condensate away from the boiling zone.

The return flow of condensate back toward the boiling zone
establishes a heat transfer mechanism (driven by the convection of
latent heat) called the gravity-driven "heat pipe” effect. Given ade-
quately high mass flux rates of the counter-current flow of steam and
condensate, heat pipes are capable of sustaining a given heat flux
with a much shallower temperature gradient than is associated with
heat conduction. Consequently, heat pipes are manifested by a very
flat temperature profile, with temperatures close to T, (Fig. 4b and c).
Mass fluxes associated with gravity-driven fracture flow are much
greater than those associated with capillary-driven flow in either the
matrix or fractures. Therefore, above the repository, gravity-driven
condensate flow in fractures is the pred: minant source of liquid flow
back to the boiling zone. While the attening of the temperature
profile above the repository is prima ly attributed to the gravity-
driven refluxing or heat pipe effect, t" flattening of the temperature
profile below the repository is attr outed to condensate drainage con-
vecting heat away from the boiling zone.

Classical heat pipes derive much of their thermal efficiency
from their working fluid operating within a closed loop. As discussed
earlier, the "hydrothermal umbrella” effect causes condensate to shed
down the sides of the boiling zone 24 The loss of working fluid
contributes to the migration of the boiling front away from the heat
source because the return flow of ccndensate cannot keep pace with
the rate of vaporization. Incidentally, regardless of whether working
fluid is lost, an adequately high heat flux is capable of driving steam
away from the heat source faster than the rate at which liquid water
can return, thereby causing the dry-out front to advance. Condensate
shedding results in a net loss of working fluid from the heat pipe,
enhancing the rate at which the boiling front migrates away from the
heat source. Because the ECM assumes capillary pressure equili-
brium between fracture and matrix, condensate that woulc have
drained freely under nonequilibrium fracture flow conditions is
artificially held up in the matrix where it is unable to drain freely
away from the boiling zone. Consequently, the ECM tends to under-
predict the dry-out rate.

Repository Temperatures as a Function of Thermal Load

While the last sub-section examined the temperature profile
throughout the UZ and SZ, this sub-section focuses on the thermal
performance at the repository. The temperature history at the reposi-
tory center is plotted for APDs ranging from 20 to 114 kW/acre, a
recharge flux of 0 mm/yr for 30-yr-old SNF (Fig. 6a) and 60-yr-old
SNF (Fig. 6b). Notice that the thieshold APD for significant boiling
effects lies between 36 and 57 kW/acre for 30-yr-old SNF and
between 20 and 36 kW/acre for 60-yr-old SNF. Note that the tem-
perature histories (Fig. 6a and b) are for a 1747-acre repository.
However, we find that the thermal performance at the repository
center is insensitive to repository area (Table 1) for a wide range of
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Figure 6. Temperature history at repository center for a net recharge
flux of 0 mm/yr, including hydrothermal flow in SZ, for (a) 60-yr-old
SNF and (b) 30-yr-old SNF.

areas. Therefore, Fig. 6a and b can be considered to be applicable to
the range of repository areas listed in Table 1. Thermal performance
at the edge of the repository is also found to be insensitive to reposi-
tory area. Our previous study® also found thermal performance at the
repository center and edge to be insensitive to repository area. Notice
that the time to peak temperature is approximately 600 yr for 30-yr-
old SNF and 800 yr for 60-yr-old SNF. Generally, 60-yr-old SNF
attains anywhere from 75 to 87% of its ultimate temperature buildup
within the first 100 years, while 30-yr-old SNF attaic.s about 94% of
its ultimate temperature buildup within the first 100 years.

Repository Temperatures as a Function of Areal Mass Loading

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 Areal Mass Loading {(AML) expressed in metric tons of
uranium per acre, MTU/acre]. We compare cases having the same
AML, but different APD and SNF age for a net recharge flux of 0
mm/yr. As was observed in our previous study, the duration of boil-
ing, typ, is primarily determined by the AML. Notice that for an
AML of 774 MTU/acre (Fig. 7a), ty, at the repository center is
nearly the same, regardless of APD and SNF age. For the APD=57
kW/acre, 30-yr-old SNF case, ty,=3506 yr, while for the APD=36.2
kW/acre, 60-yr-old SNF case, t,,=2931 yr (Table 1). Similarly, for
an AML of 154.7 MTU/acre (Fig. 7b), ty, is nearly the same, regard-
less of APD and SNF age. For the APD=114 kW/acre, 30-yr-old
SNF case, ty, is 11,446 yr, while for the APD="71.7 kW/acre, 60-yr-
old SNF case, {,=12,984 yr (Table 1). For a given AML, the peak
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Figure 7. Temperature history at repository center for a net recharge flux
of 0 mm/yr, including hydrothermal flow in SZ for an AML of (a) 77.4
MTU/acre and (b) 154.7 MTU/acre.

repository temperature, Tpey, for 60-yr-old SNF is significantly lower
than for 30-yr-old SNF (Table 1). Generally, early temperature per-
formance (including Tea) is sensitive to SNF age, while ty, and
post-boiling-period thermal performance is determined by the AML
(and is insensitive to SNF age).

Table 1. Thermal Performance at the Center of 8
Repository Containing Spent Nuciear Fuel (SNF)
with a Burnup of 33,000 MWd/MTU

AML | APD | Area |SNF | T, T %
MTU/ | (kW/ |(acres)| age | Y| P fpoak | fop
acre) | acre) yn | (°C) | (°C) | (yr) | (yn)

271 | 20.0 | 3162 | 30 | 578 | 599 | 729 | NA
271 |1 200 | 1747 | 30 | 578 | 599 | 730 | NA
435 | 20.0 | 1747 | 60 | 63.7 | 744 | 667 | NA
49.2 | 36.2 | 1747 | 30 | 85.1 | 89.2 | 641 [ NA
49.2 | 57.0 | 1747 | 10 | 100.0 | 100.3 | 94 | 666
774 | 36.2 | 1747 | 60 | 95.4 | 106.0 | 800 | 2931
774 | 570 | 1118 | 30 | 109.7 | 1154 | 557 | 3382
774 | 57.0 | 1747 | 30 | 109.7 | 1153 | 601 | 3506
124.3 | 57.0 | 1747 | 60 | 122.3 | 146.8 | 8C0 | 9262
154.7 | 79.7 | 1747 | 60 | 145.9 | 179.9 | 800 | 12884
154.7 | 114.0| 559 30 [ 191.2 | 202.9 | 605 | 11446
154.7 | 1140 1747 | 30 | 190.7 | 202.9 | 653 | 10685
248.5 | 1140] 348 60 | 225.7 | 291.5 | 816 [ 18121
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Repository Temperatures as a Function of SNF Burnup

For this report, as in our previous work,® all hydrothermal cal-
culations have considered 10-, 30-, and 60-yr-old SNF having the
reference SCP-CDR burnup of 33,000 megawatt-days per metric ton
of heavy initial metal (MWd/MTU). In order to investigate the
thermo-hydrological performance of the repository-UZ-SZ system
under repository thermal loads that are more specifically tied to
potential SNF selection options for the repository, we conducted cal-
culations for SNF with other average ages and burnups. Two extreme
SNF selection scenarios were considered with the "oldest fuel first”
(OFF) scenario yielding an average fuel age and burnup of 26 years
and 39,585 MWd/MTU, and the "youngest fuel first" (YFF) scenario
yielding an average fuel age of 21 years and bumup of 43,573
MWAJ/MTU. We considered the 21-yr-old OFF and 26-yr-old YFF
scenarios for APDs of 20 and 114 kW/acre.

For the 20 kW/acre cases, a 3162-acre repository was con-
sidered. For the 21-yr-old YFF scenario, the 26-yr-old OFF scenario,
and the 30-yr-old SNF reference case, an APD of 20 kW/acre results
in an AML of 16.6, 20.4, and 27.1 MTU/acre, respectively. The 21-
yr-old YFF scenario attains a peak average temperature at the reposi-
tory center, Tpey, of 55.5°C at a time to peak temperature, peq, Of
150 yr, while for the 26-yr-old OFF scenario, Toeax=57.9°C at
fpeax =236 yr (Table 2 and Fig. 8a). For the 30-yr-old SNF reference
Case, Tpey=59.9°C at 1,4, =729 yr (Table 2 and Fig. 8a). As has
been previously observed,’ pear increases with average SNF ago.
Although 1., varies considerably among these three cases, there is
very little substantive difference among the respective temperature
profiles because most of the w@mpeiature bui'dup occurs during the
first 100 years. For example, the 30-yr-old SNF case attains 94% of
its ultimate temperature buiiuup during the first 100 years, with the
temperature only increasing another 2.2°C between ¢ =100 and 729 yr
(Table 2 and Fig. 8a). The 2l-yr-old YFF and 26-yr-old OFF
scenarios attain over 99% of their ultimate temperature buildup dur-
ing the first 100 years (Table 2 and Fig. 8a). Therefore, although
fpeax My appear to vary considerably, actual differences in repository
temperature at any given time are relatively minor among the three
20 kW/acre cases (Fig. 8a).

It should be emphasized that T, is the peak averaged tem-
perature at the repository center. Consequently, T o, does not reflect
temperature gradients between the emplacement drift wall and the pil-
lar centers, nor does it reflect spatial temperature variations arising
from the variability in the heat output among WPs. Because peak
temperatures are nearly attained in 100 yr, thermal homogenization
will not have had sufficient time to impact local peak temperatures
within the repository. Therefore, actual distributions of peak tempera-
ture will deviate significantly from the values of Tp., given above.
Depending on the number of fuel assemblies per WP and variations
in the WP heat output, local boiling conditions can persist for hun-
dreds of years even if average repository temperatures might appear
to be indicative of sub-boiling co iditions. If WPs contain more than
two PWR fuel assemblies, loc.. boiling conditions appear to be
likely.
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Figure 8. Temperature history at repository center for a net recharge
flux of 0 mm/yr, including hydrothermal flow in the SZ. {(a) APD = 20
kW/acre and a 3162-acre repository. (b) APD = 114 kW/acre and a 559-
acre repository.

For the 114 kW/acre cases, a 559-acre repository was con-
sidered. For the 21-yr-old YFF scenario, the 26-yr-old OFF scenario,
and the 30-yr-old SNF reference case, an APD of 114 kW/acre results
in AMLs of 94.7, 116.5, and 154.7 MTU/acre, respectively. For the
21-yr-old YFF scenario, Tpeu= 177.5°C at tpu =122 yr. For the
26-yr-old OFF scenario, Tpeu = 188.2°C at £y, =454 yr. For the 30-
yr-old SNF case, Tpex=202.9°C at fp.=605 yr. Although t,oy
varies considerably among these three cases, all three cases are
effectively at their peak temperature within the first 100 yr (Table 3
and Fig. 8b). For the 21-yr-old YFF and 26-yr-old OFF cases, over
99% of the ultimate temperature buildup occurs during the first 100
yr, while 94% of the ultimate temperature buildup occurs for 30-yr-
old SNF case during the first 100 yr, with temperature only rising
another 11.6°C between ¢ =100 and 6072 yr (Table 3 and Fig. 8b).

Table 2. Thermal Performance at the Center of a
3162-Acre Repository With an APD of 20 kW/acre

Table 3. Thermal Performance at the Center of a
559-Acre Repository With an APD of 114 kW/acre

AML |Bumup| 1ED [SNF [T, T
wrwr | (vwa | (Gwar | age| | P osk | fop
acre) | MTU) | acre) | (yr) | (°C) | (°C) | (yn | (yn)

AML |Bumup| IED |SNF (T, T
wrur | awer [ Gwar |age | | P foosk | or
acre) | MTU) | acre) | (yn | (°C) | (°C) | (yr) | (yr)

16.6 | 43573 §53 | 555 | 150 | NA

94.7 | 43573 | 4126 1773 | 177.5 | 122 | 7731

723 | 21
204 | 39585 | 808 | 26 | 57.0 | 578 | 236 | NA
27.1 | 33000 | 894 | 30 | 578 | 599 | 729 | NA

21
116.5 | 39585 | 4612 | 26 | 187.1| 188.2 [ 454 | 5 |
154.7 | 33000 | 5105 | 30 | 191.2 | 2029 605 |1 3




The Integral Energy Density [(IED) expressed in GWD/acre] is
an important macroscopic parameter in evaluating long-term thermo-
hydrological performance. IED is obtained from the product of AML
and bumup. For the 21-yr-old YFF scenario, the 26-yr-old OFF
scenario, and the 30-yr-old SNF reference case, an APD of 114
kW/acre results in IEDs of 4126, 4612, and 5105 GWd/acre, respec-
uvely (Table 3). In our previous study,’ lpp Was found to scale as the
IED'®. For the three 114 kW/acre cases in this sub-section, we found
1y Scales as the IED?!. For the 21-yr-old YFF scenario, the 26-yr-
old OFF scenario, and the 30-yr-old SNF reference case, ¢y, is 7331,
9125, and 11,446 yr, respectively (Table 3 and Fig. 8b). Had we
assigned equal IED (rather than equal APD) to these three scenarios,
typ would have been similar for the three SNF ages, with the 21-yr-
old YFF case having the highest Tp.,. Because of the relatively
large 1y, thermal homogenization within the repository will have
occurred prior to the end of the boiling period. Therefore, spatial
voriability in heat output due to variations between WPs will not
cause local values of ¢y, to significantly deviate from average condi-
tions.

Repository Temperatures as a Function of Thermal Properties

The next six sub-sections address the sensitivity of thermo-
hydrological performance to thermo-hydrological properties and boun-
dary conditions. We begin with a sub-section that examines the sen-
sitivity of thermo-hydrological performance to thermal properties.
Past hydrothermal calculations® utilized the Ky values from the
Reference Information Base (RIB) Version 3. In this study we apply
the RIB Version 4 values of K. Because Version 4 values of Ky,
are generally lower than those found in Version 3, all of the Version
4 cases have longer boiling periods. For example, for 30-yr-old SNF
with an APD of 57 kW/acre, ty, increases from 1800 o 2075 yr (Fig.
9a). For 30-yr-old SNF and an APD of 114 kW/acre, ty, increases
from 5000 to 6503 yr and for 60-yr-old SNF and an APD of 114
kW/acre, 1y, increases from 10,000 to 12,629 yr. Note that these
comparisons were made with the UZ model (which assumes fixed-
depth, constant-temperature water table).

While ty, increases, Tp for the Version 4 cases does not
increase. Contrary to the general trend that K, is less in Version 4
than in Version 3, the dry value of K, for the TSw2 (the repository
horizon) is considerably greater in Version 4 than in Version 3.
Incidentally, the wet value of K, is considerably less in Version 4
than in Version 3. Because the dry value of K, is applicable to the
dry-out zone, the Yersion 4 K, distribution results in greater heat dis-
sipatiun in the dry-out zone (relative to Version 3), thereby reducing
Tpeax- In the region outside of the boumg zone (including the con-
densation zone), the applicable Ky, is much closer to the wet value.
Therefore, the lower K, distribution in Version 4 tends to reduce the
far-field heat loss, thereby extending fy,.

Repository thermal calculations using heat conduction models
have assumed Ky, for TSw2 can be applied to the entire UZ.'? How-
cver, Ky (both wet and dry values) for TSw2 are twice as large as
the wet Ky, for the nonwelded PTn and CHnv units and the welded
CHnz and nearly four times larger than the dry Ky, for the CHnz.
Therefore, applying the Ky, of the TSw2 to the entire UZ tends to
substantially under-represent the insulating cffect of the lower Ky,
values of the far-field units. We repeated our calculations with Xy, of
the TSw2 applied 1o the entire UZ and found that ry, is reduced by
50% relative to the Version 4 X, distribution. For 30-yr-old SNF
and an APD of 114 kW/acre, ty, is reduced from 6503 to 3364 yr
(Fig. 9b). For long-term boiling performance, the depth of the reposi-
tory appears to be optimally located because the highest Ky, is in the
near-field (which lowers T .), and the lowest K, is in the far-field
(which extends ty,,).
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Figure 9. Temperature history at repository center for a net recharge flux
of 0 mm/yr. (a) APD = 57 kW/acre and 30-yr-old SNF. (b) APD = 114
kW/acre and 30-yr-old SNF. (c) APD = 57 kW/acre and 10-yr-old SNF
(reference SCP-CDR thermal load).

Impact of Saturated Zone Flow on Repository Temperatures

In this sub-section we investigate the impact of hydrothermal
flow in the SZ on repository temperatures by comparing results from
the UZ model (which assumes a fixed-depth, constant-temperature
water table) with those obtained with the UZ-SZ model (which
includes hydrothermal flow in the SZ). For all of the cases con-
sidered (20 to 114 kW/acre; 30- and 60-yr-old SNF), the treatment of
the water table and the SZ has very little impact on repository tem-
peratures dun g the first 1000 yr (Fig. 9a—c). Beci = temperatures
peak within 1000 yr, Ty, is not affected by the treatment of the
water table and SZ. For 30-yr-old SNF and an APD of 57 kW/acre,



Tpesx is 114.9 and 115.3°C for the UZ and UZ-SZ models, respec-
tively (Fig. 9a). For 30-yr-old SNF and an APD of 114 kW/are,
Tpear is 201.6 and 202.9°C for the UZ and UZ-SZ models, respec-
tively (Fig. 9b).

For ¢ >1000 yr (after repository temperatures have peaked), the
SZ begins to significantly heat up (Fig. S5a and b), thereby reducing
the rate at which heat can flow from the UZ to the SZ. Conse-
quen'ly, the duration of boiling, ., substantially increases, particu-
larly for higher Areal Mass Loadings, AMLs, (fy, 1000 yr). For
lower AMLS (r1,<1000 yr), the increase in fy, is less substantial.
For the reference SCP-CDR thermal load (APD=57 kW/acre; 10-yr-
old SNF), ¢y, increases from S53 to 666 yr (Fig. 9c). For 3C-yr-old
SNF and an APD of 57 kW/acre, 1, increases from 2075 to 3506 yr
(Fig. 9a). For 30-yr-old SNF and an APD of 114 kW/acre,
increases from 6503 to 11,446 yr (Fig. 9b). For 60-yr-old SNr and
an APD of 114 kW/acre, #, increases from 12,629 w 18,121 yr.

Low AMLs (with Tpey <Ty) are also affected by the treatment
of the water table and SZ. For 30-yr-old SNF and an APD of 20
kW/acre, hydrothermal flow in the SZ extends the duration of time
the repository is above 50°C from 2200 to 3600 yr and extends the
duration of time the repository is above 40°C from 5060 to 14,150 yr.

Impact of Unsaturated Zone Flow on Repository Temperatures

The primary UZ variables of interest are the bulk permeability,
ky, see net recharge fiux. Because the matrix permeability is so
sma: + most of the hydrostratigraphic units in the UZ, differences
in ky, seficct differences in fracture permeability. For 30-yr-old SNF
and APDs of 57 and 114 kW/acre, the sensitivity of repository tem-
peratures to ks is considered for k, ranging from 1.9 x 107®m? (no
fractures) to 2.8 x 107°*m? (three 100-um fractures per meter). When
no fractures are present, there is no significant boiling because the
small mawrix permeability results in very large gas-phase pressures,
causing a rise in the boiling temperaiure, AT,. In the analysis of the
G-Tunnel heater test** the gas-phase pressure, p,, gradients in large
matrix blocks (fracture spacing of 3 m) resulted in p, being tens of
atmospheres above ambient, driving large AT\s, thereby substantially
suppressing boiling. When no fractures are present, the very small
matrix permeability results in negligible gas-phase flow. The absence
of convective and boiling effects results in heat-coaduction-dominated
heat flow and higher T than the case with significant convective
flow in fractures and boiling effects (Fig. 10a and b).

In our previous hydrothermal modeling study® it was found that
for ky,>10""“m?, the dry-out rate is effectively not throttled by flow
resistance in the fractures. For kyp>107'm?, it was also found that
heat convection, resulting from large-scale, buoyancy-driven, gas-
phase flow, begins to influence heat flow. In a modeling study of in
situ heater tests we found that it is necessary for large-scale,
buoyancy-driven, gas-phase, pressure gradients to dominate the local
boiling pressure gradients in order for heat convection to have a
noticeable effect on overall heat flow.? When local boiling pressure
gradients (that drive steam away from the boiling zone) are more
dominant than large-scale buoyancy-driven gas-phase pressure gra-
dients, the flow of steam is vertically symmetrical about the heated
horizon. Because the boiling rate is not throttled for k,>107m?,
increasing &, above this threshold does not increase the rate at which
steam is being generated, but it does increase the tendency for large-
scale (i.e., far-field) buoyancy-driven convection cells to develop.

For the heater test calculations, k,=8.3 x 107!m? was found to
be sufficiently large to allow far-field gas-phase convection. to drive
100% of the steam in the boiling zone to the upper condensation
zone. Although far-field convection compleiely dominated the direc-
tion of steam flow, heat flow was still dominated by heat conduction,
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Figure 10. Temperature history at repository center for 30-yr-old SNF,
a net recharge flux of 0 mm/yr, and a fixed-depth, constant-temperature
water table. (a) APD = 114 kW/acre. (b) APD = 57 kW/acre.

and the duration of the boiling period for the heater test decreased by
only 11% relative to the reference case with k,=2.8 x10"*m? (the
same as the reference case in this study). The effect of heat convec-
tion was to enhance heat flow away from the dry-out zone (relative to
the case where heat-conduction completely dominated heat flow).
Consequently, Tpe Was reduced from 214.1 to 194.2°C and ¢y, was
reduced from 6.5 to 5.8 yr. Incidentally, for the reference case, local
boiling pressure gradients dominate the far-field buoyancy-driven
pressure gradients long enongh for the flow of steam to be vertically
symmetrical about the heated horizon. In general, for
10“m?<k,< 10" 'm?, given sufficiently high AMLs, significant dry-
out occurs (unaffected by flow resistance in the fractures or large-
scale, buoyancy-driven, gas-phase flow), and thermal performance is
relatively insensitive to ky,

As has been covered in our previous study, contrary to the
assumption that the k, distribution is isotropic and homogeneous,
acual fracture distributions show significant variability.’ In one study,
water dripping from fractures was collected along the ceiling of a tn-
nel complex at Stripa, Sweden.2 It was found that 50% of the mass
flux occurred from 3% of the flow area and that very little flow
occurs over 70% of the flow area. It is not certain to what extent this
variability in mass flux was due to stresses induced during the mining
of the drifts. Generally, a large k,, measurement is the result of flow
channeling along a few highly transmissive fracture pathways.
Although we assign a homogeneous, isotropic value of £y, in using the
ECM, the local value of k, is probably orders of magnitude smaller
than the bulk-averaged value for much of the fractured rock mass.



For 30-yr-old SNF and an APD of 57 kW/acre.. 1, *: 2075 and
2194 yr for the reference case (three 100-um fractuizs P4 meter) and
the case with no fractures, respectively (Fig. 10a). For s5u-yr-old SNF
and an APD of 114 kW/acre, #y, is 6503 and 6612 yr for the refer-
ence case and the case with no fractures, respectively (Fig. 10b).
Note that these comparisons were made with the UZ model (which
assumes a fixed-depth, constant-temperature water table). Because
the rise in AT, suppresses boiling, the cases with no fractures have
higher Tpey. For 30-yr-0ld SNF and an APD of 57 kW/acre, Tpey is
114.9 and 122.7°C for the reference case (three 100-um fractures per
meter) and the case with no fractures, respectively (Fig. 10a).

For 30-yr-old SNF and an APD of 114 kW/acre, Ty is 201.6
and 222.7°C for the reference case and the case with no fractures,
respectively (Fig. 10b). For the case with no fractures, the maximum
gas-phase pressure (p;=22.4 atm) at the repository center occurs at
the same time that the temperature peaks (fpeu=527 yr). We find in
the steam tables® that the saturation temperature (equivalent to the
boiling temperature) corresponding to pg=224 atm is 218.2°C.
Because of the vapor pressure lowering cffect due to capillarity, the
actual boiling temperature is slightly higher than the saturation tem-
perature in the steam tables. As was observed for the heat pipe effec:
in the reference case (Fig. 4c), boiling has a pronounced effect o
flattening the temperature profile around the nominal boiling tempera-
ture, T, Because of the large ky in the reference case, p, does not
increase significantly above the ambient pressure of 0.896 atm at the
repository horizon, and the actal boiling temperature coincides with
T,=96°C. In general, until heating can drive the liquid samraticn to
zero, temperatures will be determined by two-phase thermodynamic
equilibrium. In the case of no fractures, high p,s cause the actual
boiling temperature to be much greater than T,. Because of the very
low k,, in the case with no fractures, the thermal load is insufficient to
drive water vapor away, thereby lowering the saturation to zero;
therefore, temperatures continue to be determined by two-phase ther-
modynamic equilibrium.

Although T is relatively sensitive to whether fractures are
present, as long as buoyancy-driven gas-phase flow does not
significantly affect the mass flow of steam, f, is insensitive to
whether fracture flow occurs.?! When buoyancy-driven gas-phase flow
dominates the flow of vapor, T e and t, are reduced somewhat (but
not substantially). For k, = 2.8 x 107*m?, the local boiling pressure
gradients dominate far-field buoyancy, resulting in heat-conduction-
dominated heat flow for both 57 and 114 kW/acre for 30-yr-old SNF.

The impact of pluvial climatic conditions can b conservatively
investigated by assuming a much wetter initial sasawation profile. For
the low-k, units, the ECM-calculated saturation prcsfile corresponding
10 a steady-state net recharge flux of 0.132 mm/yx is at least one stan-
dard deviation wetter than the existing RIB data.}” A steady-state net
recharge flux of 0.132 mm/yr results in an initial saturation of 95% at
the repository horizon as compared to 68% for the reference case of 0
mm/yr (Fig. 1). Given the low &, of most of the UZ, a transition
from the current saturation profile to a profile that would correspond
to pluvial climatic conditions may significantly lag behind the change
in climatic conditions. Assuming that the transition to the wetter
saturation profile has already occurred at the time of emplacement is
clearly a conservative means of investigating the impact of a pluvial
climate. For 30-yr-old SNF and an APD of 114 kW/acre, we find
that in spite of the much wetter initial saturation distribution in the
high net recharge flux case, ¢y, are nearly identical, with ,,=6523
and 6503 yr for the high and nominal net recharge flux cases, respec-
tively (Fig. 11). The high net recharge flux case was associated with
lower T because of the higher initial volumetric heat capacity of
the partially saturated rock, with Tpe=175.5 and 201.6°C for the
high and nominal net recharge flux cases, respectively (Fig. 11). We
also found that the liquid flux associated with condensate drainage
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back to the boiling zone is much greater than the net recharge flux
associated with pluvial climatic conditions. Therefore, it appears that
the duration of boiling conditions is insensitive to a wide range of
climatic conditions (and associated net recharge fluxes).

In general, it appears that convective effects in either the UZ or
SZ ar not sufficient to cause the thermal performance of the reposi-
tory io deviate significantly irom being heat-conduction-dominated.
Therefore, the duration of boiling, !, is primarily sensitive to the
thermal properties and thermal loading conditions and much less se
sitive to the highly spatially and temporally variable ambient hydroio-
gic properties and conditions. The determination of the thermal pro-
perties and thermal loading conditions will be associated with a minor
degree of uncertainty and spatial variability. Therefore, with ade-
quate thermal characterization (via in situ and laboratory heater test-
ing),2! the basis for the reliable assessment of thermal performance of
the repository can be readily established. Moreover, accurate #o=ess-
ment of repository thermal performance is not dependent or. - - ther
hoiling results in large-scale dry-out. Therefore, it is not deycadent
on whether our models are capable of accurately accounting for either
large-scale or small-scale movement of water vapor and liquid in the
UZ. This is not to say that hydrothermal analysis of vapor and liquid
flow is not imponant to hydrologic performance assessment. The
assessment of post-boiling-period hydrologic performance will require
assessing the ability of the dry-out zone to mitigate the impact of
ronequilibrium fracture flow (under pluvial climatic conditions) on
the Engineered Burrier System (EBS) and Nawral Barrier System
(NBS). Post-boiling-period performance of the dry-out zone will
depend on the effectiveness of condensate shedding during the boiling
period. The analysis of nonequilibrium fracture flow of condensate
and major episodes of recharge will b required to establish the
effectiveness of condensate shedding and the robustness of the boiling
zone in mitigating the impact of high-flux fracture flow in the UZ.

For high thermal loads (which are able to rely on long-term
above-boiling conditions to assure dry WP conditions), the characteri-
zadion and assessment of EBS and NBS boiling period performance
will be insensitive to the highly spatially and temporally heterogene-
ous distribution of ambient hydrologic properties and conditions. For
low or intermediate thermal loads (which do not rely on boiling to
assure dry WP conditions), the characterization and assessment of
hydrologic performance of the EBS and NBS will be extremely sensi-
tive to the highly spatially and temporally heterogeneous distribution
of ambient hydrologic propertie. and conditions. The hydrologic per-
formance of low or intermediate thermal loads will also depend on
the spatial variability in the heat generation rate among the WPs that

250 ]
3 0.000 mm/yr
_ 200 - =~ = 0.132 mmiyr
O
<
® 150
=
B
2 100}
§
50

Time (yr)

Figure 11. Temperature history at repository center for 30-yr-old SNF, an
APD of 114 kW/acre, and a fixed-depth, constant-temperature water table.



drive condensate flow from hotter to cooler WPs. As will be dis-
cussed in the following sub-section, repository-heat-driven refluxing
even occurs under sub-boiling conditions.

Impact of Refluxing Under Sub-boiling Conditions

The impact of low AM's (swsulling ir. sub-boiling conditions
and negligible dry-out) on repusiiuc, -Hieat-d.iven refluxing was con-
sidered for 30- and 60-yr-old SINF* »na APDs of 20 and 36.2 kW/acre.
‘We found that even for therm~" “dads fer which the average peak
temperature never exceeds bo..ayg, repository-heat-driven refluxing
will be significant for tens of thousands of years. Under ambient con-
ditions, the geothermal gradient drives ambient refluxing even if the
net flow of moisture is zero. Depending on what is assumed for
naturally occurring net recharge flux, repository-heat-driven conden-
sate drainage (and ambient refluxing) will probably be the dominant
sources of liquid flux in the UZ.

For 30-yr-old SNF and an APD of 36.2 kW/a.:¢ (AML=49.2
MTU/acre equivalent to the reference SCP-CDR case of 57 kW/acre
and 10-yr-old SNF), the avei.ge temperature at the repository center
peaks at 89.2°C. Although boiling temperatures never occur,
repository-heat-driven refluxing results in as much as a 1 mmfyr of
liquid flux at the repository horizon (90 times the ambient refluxing).
For 20-yr-old SNF and an APD of 20 kW/acre, repository-heat-driven
refluxing is at least five times greater than ambient refluxing. There-
fore, boiling conditions are not required to generate significant
vapor-phase and liquid-phase flux due to repository heating. Because
sub-boiling conditions will also not mitigate the occurrence of deep
nonequilibrium fracture flow (from meteoric sources), hydrologic
assessments of low AMLs must account for the superposition of
naturally occurring episodic fracture flow and repository-heat-driven
refluxing for essentially all the time of regulatory concern.

In general, two conditions are required to generate sub-boiling
refluxing: liquid water and sufficient thermal gradients. At the reposi-
tory horizon, there are significant differences between sub-boiling
refluxing generaied by low AMLs (T <7, for all time) and sub-
boiling refluxing generated by high AMLs subsequent to boiling.
Because of the long lag in re-wetting of the dry-out zone subsequent
to long-term boiling, the repository horizon will have minimal liquid
saturation for tens of thousands of years (Fig. 12d and e). By the
time enough liquid water returns to the repository horizon to allow
refluxing, the temperature gradients will have declined (Fig. 12f), and
the potential for repository-heat-driven refluxing will be substantially
reduced. However, because low AMLs are associated with negligible
dry-out, sub-boiling refluxing will be facilitated by the availability of
liquid water during the time that temperature gradients are steepest
(Fig. 4a). Therefore, at the repository horizon, post-boiling-period
refluxing for high AMLs (that generate substantiai dry-out) will prob-
ably be much less than the sub-boiling refluxing associated with low
AMLs (which generate negligible dry-out).

Boiling, Dry-out, and Re-wetting Performance

In the previous sub-sections we primarily focused on the ther-
mal performance. In this sub-section we examine the relationship of
boiling, vapor and condensate flow to the thermal performance of a
high-AML repository (generating long-term boiling and sub-ambient
saturation conditions). We also look at the relationship between ther-
mal performance and re-wetting of the dry-out zone.

The boiling, dry-out, and re-wetting performance at the center
of a »59-acre repository with an APD of 114 kW/acre and 30-yr-old
SNF is examined by plotting the vertical liquid saturation, S), and
temperature profiles (Fig. 12a—f). The temperature distribution is
shown as the heavy solid line and the nominal boiling temperature,
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Ty, is shown as the light dotted line. Notice that the initial §; distri-
bution (shown as as the light solid line in Fig. 12a~f), corresponds to
a net recharge flux of 0 mm/yr (Fig. 1). The S, distribution for
nonzero times is plotted as the dashed line; the dark shaded areas
correspond to §; greater than initial (condensate zones) and the light
shaded areas correspond to §) less than initial (dry-out zone). Notice
that the flattening of the temperature profile coincides with the zone
of condensate buildup (Fig. 12a-c). The flattening of the temperature
profile above the dry-out zone is primarily attributed to the gravity-
driven refluxing, or heat pipe effect, while the flaitening of the tem-
peramre profile below the repository is atributed to condensate
drainage convecting heat away from the boiling zone. Some of the
condensate generated below the repository horizon has drained to the
water table (Fig. 12a). Above the repository, because nonequilibrium
fracture flow is not represented, the ECM does not predict condensate
shedding. Consequently, condensation above the dry-out zone is
manifested by a saturation build-up that persists for at least 100,000
yr (Fig. 12f). On the basis of the observation of the "hydrothermal
umbrella” effect of condensate drainage made during the G-Tunnel
test, the ECM probably significantly overpredicis the tendency for
hydrothermal perching of condensate above the dry-out zone.

Figure 12b is plotted at the time the repository center reaches
its peak temperature (fp =605 yr). This is also when the vertical
extent of the nominal boiling front reaches its maximum, with T 2T,
from 2z =88 to 564 m (necarly to the water table). For this report we
define the dry-out front as comesponding to where the normalized
liquid samration §, = 0.9, where §, is defined as

5= ®

1 St

where §);,; is the initial liquid saturation. In other words, the dry-out
front occurs where s; is 10% percent drier than ambient. At ¢ =605
yr, the vertical extent of the dry-out zone is 253 m, extending from
2 =205 to 458 m. Figuwe 12c is plotted at the time (¢ =2000 yr) the
dry-out zone reaches it; maximum vertical extent (372 m), extending
from z =133 to 505 m (within 63 m of the water table). Note that
most of the zeolitized unit (CHnz) is below ambient saturation.
Notice also that the vertical extent of nominal boiling front has col-
lapsed significantly since repository and UZ temperatures had peaked
(f peak = 605 yT).

The vertical advance and retreat of the rominal boiling and
dry-out fronts are shown in Fig. 13a and b. Notice that nominal boil-
ing front advances faster than the dry-out front prior to fp.« (Fig.
13a). For 605<¢ <2000 yr, although the nominal boiling fronts are
already retreating, the dry-out zone continues to expand. After 2000
yr, the dry-out fronts begin to retreat, but at a slower rate than the
nominal boiling fronts. Because the thermal diffusivity of most of
the hydrostratigraphic units in the UZ is much larger than the wetting
diffusivity, temperature tends to equilibrate back to ambient condi-
tions much more quickly than does saturation. Notice that it requires
nearly 120,000 yr for the repository saturation to re-wet to within
90% of the initial saturation (Fig. 13b). It requires more than
162000 yr for the repository saturation to re-wet to 100% of the
initial saturation.

At ¢ =11,914 yr, although it is 468 yr since the end of the boil-
ing period, the vertical extent of the dry-out zone is still 243 m (Fig.
12d). Long after boiling has ceased, the vertical extent of dry-out is
141 i (¢ =30,000 yr) and the repository has only re-wetted back to
15.5% saturation (Fig. 12e). As long as boiling persists, naturally
occurring fracture-dominated flow is unlikely to penetrate through the
dry-out and boiling zones (thereby reaching the WPs and transporting
radionuclides). After boiling ceases, the capacity of the UZ to retard
naturally occurring fracture-dominated infiltration would continue to
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Figure 12. Vertical temperature (heavy solid curve) and liquid saturation (medium dashed curve) profile along repository centerline for 30-yr-old SNF,
an APD of 114 kW/acre, and a net recharge flux of 0 mm/yr, including hydrothermal flow in the SZ, at (a) = 100 yr, (b) ¢ = 605 yr, (c) ¢= 2000 yr,

(d) = 11,914 yr, (¢) ¢ = 30,000 yr, and (f) ¢ = 100,000 yr. Light shaded arca indicates depths that are drier than ambient liquid saturation (dry-out zone).
Dark shaded areas indicate depths that are wetter than ambient liquid saturation (condensation zones).

be enhanced because of enhanced matrix imbibition within the thick
dry-out zone. Moreover, the capacity to retard fracture-to-matrix-to-
fracture flow along discontinuous fracture pathways would also be
enhanced. This latter effect may be particularly important in the
high-k,, vnits. Under ambient conditions, saturations in the high-kn
units may be quite high. Episodic fracture-dominated flow within
such a unit would not require much wetting of the matrix to develop
a fracture-to-matrix-to-fracture "bridge.” Drying out such a unit would
substantially increase the wetting requirements of the matrix before
such a "matrix bridge" could be established between two fractures.

For a zero net recharge flux, re-wetting of the dry-out zone had
been observed to occur more from below the repository than from
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above.” This observation may not necessarily apply in the case of a
very large net recharge flux, which may be associated with pluvial
climatic conditions. Much of the re-wetting is driven by capillary
imbibition from below the repository, with the saturated zone (SZ)
being the primary source of water (Fig. 12d-f). Had the effect of
condensate shedding been represented in these calculations, satura-
tions above and below the dry-out zone would be less than that calcu-
lated in this study. As long as repository saturations remain below
the initial profile (corresponding to gravity-capillary equilibrium),
matrix-dominated flow below the repository will continue to be
upward, which would tend to transport any radionuclides present in
the matrix back toward the repository.
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Figure 13. Vertical location of the nominal boiling point fiom, T}, and the dry-out/re-wetting front along the repository centerline for 30-yr-old SNF, an
APD of 114 kW/acre, and a net recharge flux of 0 mm/yr, including hydrothermal flow in the SZ, during (a) the first 20,000 yr and (b) the first 120,000 yr.

Hydrothermal Flow in the Saturated Zone

In previous sub-sections we investigated the impaci of hydroth-
ermal flow in the SZ on thermo-hydrological performance in the UZ.
The primary focus in this sub-section is to examine the effects of
hydrothermal flow in the SZ on the thermo-hydrologic performance of
the SZ itself. We examine the sensitivity of SZ thermo-hydrole:. Al
performance to thermal loading design parameters as well ac .- 3
thermo-hydrological properties. We also address the question cf
whether repository-heat-driven hydrothermal flow in the SZ will dom-
inate the hydrological performance of the SZ. We also begin to
investigate the magnitude of heat convective effects on heat flow
between the UZ and SZ.

We compare the magnitude of repository-heat-driven buoyancy
flow in the SZ for three cases of 30-yr-old SNF having the same total
mass of SNF: (1) 20 kW/acre over a repository area of 3162 acres,
(2) 57 kW/acre over 1118 acres, and (3) 114 kW/acre over 559 acres.
We have observed that temperatures in the SZ build up considerably,
even for low thermal loads (Fig. 5a and b). Although heat convection
does not dominate heat flow in the SZ, after approximately 1000
years, heat flow in the SZ appears to dominate fluid flow in the SZ.
This dominant influence of repository-heat-driven flow was found to
occur for all APDs investigated, 20 to 114 kW/acre for 30-yr-old and
60-yr-old SNF. As the SZ temperatures below the repository rise, the
accompanying decrease in mass density results in significant upward
component of flow from considerable depth, generating buoyancy-
driven convection cells.

Repository-heat-driven convection cells in the SZ require tens
of thousands of years to fully develop. As the thermal pulse from the
repository propagates both vertically and radially into the SZ, the
region over which repository-heat-driven convection occurs continues
to expand during (at least) the first 20,000 years (Fig. 142-b and
15a2-b). As this region expands, additional parallel convection cells
are added to the convective system. After 1000 years, two convec-
tion cells have developed (in cross section), extending radially
approximately 2-3 km from the repository center (Fig. 14a); after
5000 years, the radial extent of repository-heat-driven convection is
about 5 km (Fig. 14b); after 10,000 years, the radial extent of the
convection cells is about 8-10 km (Fig. 15a); after 20,000 yr the
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radial extent of the convection cells exceeds 10 km from the reposi-
tory center (Fig. 15b). Because the matrix permeability of the SZ is
presumably quite small, these large-scale, buoyancy-driven convection
cells require large-scale connectivity within the fracture system.

The connectivity and bulk permeability of the fracture system
in the SZ will be determined through the analysis of multiple-well,
multiple-level, packer tests. However, the use of in situ heater tests
in the SZ would give us much more direct evidence that the fracture
properties in the SZ are sufficient to result in significant buoyancy-
driven SZ flow. Because the driving force for buoyancy-driven SZ
flow is primarily propagated by heat conduction (rather than by direct
hydraulic communication through connected fracture networks), the
use of SZ heater tests would provide valuable information about the
bulk fracture network properties, which can not be obtained through
conventional packer tests. The temperature field acts as a signature
for convective effects. Diagnostic thermal probes, which are
extremely sensitive to differences between conductive and convective
heat flow, would also assist in the interpretation of convective
effects.? The SZ heater tests would provide a valuable tool in under-
standing the ambient system as well as how the SZ system responds
to heat. Assessing the potential significance of heat-driven convec-
tion in the SZ with the use of hydrothermal models that were solely
based on packer test data (i.e., without the benefit of SZ heater tests),
may be associated with a high degree of uncertainty.

Although the geometric details of the convection cells differed,
we found that the overall magnitude of repository-heat-driven buoy-
ancy flow is relatively insensitive to APD. For example, at ¢ =5000
yr, the maximum horizontal fracture velocity, (Vpmax, is 1182 m/yr
for 20 kW/acre (Fig. 162a), and 1575 m/yr for 114 kW/acre (Fig. 16b).
Although the APD varies by a factor of 5.7, the difference in (Vp)max
is only 33% between these two cases. Incidentally, for 57 kW/acre,
(Vi)max i8 1513 m/yr at ¢t =5000 yr (Fig. 14b). The fracture velocity
is obtained by multiplying Qpcy by the ratio of the total porosity
divided by the fracture porosity. Using the same bulk permeability,
ks, applied in these calculations (k,=2.8 x 10~'> m?), and applying a
relatively steep hydraulic gradient of 107 m/m results in a v;, of only
63 m/yr. Therefore, it appears that repository-heat-driven flow may
dominate SZ flow for tens of thousands of years,
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Figure 16. Temperature buildup contours above ambient and fracture velocity field in the SZ for 30-yr-old SNF and a net recharge flux of 0 mm/yr at
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Repository-heat-driven buoyancy flow in the SZ is a result of
changes in fluid volume, AV, which occur as the region below the
repository is heated. Because AV increases with AT, the magnitude
of buoyancy flow generally increases with AT. Although AV per unit
volume of heated SZ is less for lower APD, the larger "footprint”
associated with the low APD repcsitory results in a larger overall
region where this heat-driven change in volume takes place (compare
Fig. 16a and b). Consequently, for a given amount of time-integrated
heat, the cumulative effect of repository heating on driving convec-
tion cells in the SZ is similar over a wide range of APD. In general,
the magnitude of repository-heat-driven buoyancy flow in the SZ is
insensitive to the actual design of the repository and is primarily sen-
sitive to the time-integrated heat (i.e., total mass of SNF emplaced in
the repository). Consequently, the hydrothermal and potential geo-
chemical consequences of heat in the SZ should not be considered a
design issue, but rather the inherent response of the SZ o the
emplacement of a given quantity of SNF.

Notice for ¢ 25000 yr, the isotherms of the temperature buildup
(Figs. 14b, 15a, 15b, 16a, and 16b), show significant deviations rela-
tive to what would be expected for heat-conduction-dominated heat
flow. These deviations do not arise from the convection of repository
heat; instead they are caused by the convection of hotter water from
below (hotter because of the geothermal gradient). Because a
constant-property boundary is maintained 1 km below the water table
and liquid flow is both entering and leaving this boundary, the con-
vection cells are not within a closed loop. Consequently, the boun-
dary effect prevents cooler water that enters the boundary from cool-
ing the warmer water leaving the boundary. Therefore, it is possible
that this boundary effect introduces additional heat that would not
have occurred had the finite extent of the convection cell been fully
represented in our model. On the other hand, the close proximity of
a constant-temperature boundary to significant temperature changes

has the tendency of artificially lowering temperatures. It is not clear
whether the net impact of these two effects causes an overall increase
or decrease of heat in the upper 1000 m of the SZ. We analyzed
several cases with no fracture flow (effectively causing heat flow to
be entirely dominated by heat conduction) and found negligible
differences in heat flux crossing the water table. Therefore, the boun-
dary effects which occur 1 km below the water table do not affect UZ
temperatures. It should be noted that very little data exist concerning
the vertical extent of connected fracture networks in the SZ and that
the thermal property data below the PPw unit is lacking in the RIB.
We plan to continue our study of repository-heat-driven hydrothermal
flow zisn the SZ, utilizing other available sources of thermal property
data.

We also examined the sensitivity of buoyancy-driven SZ flow
to bulk permeability, k,. We found that the threshold k, for
significant buoyancy-driven flow effects occurs somewhere in the
range 106<k,<10"°m? Recall that we had found that the thres-
hold k, for significant dry-out effects occurs in roughly the same
range (k,=10""m?). Although there are different phases (liquid-
phase vs gas-phase) involved in these convective processes, it is
interesting to note that approximately the same threshold k, applies.
It is possible that for hydrostratigraphic units that occur both below
and above the water table at Yucca Mountain, heater testing in the SZ
could be used to determine whether fracture densities and connectivi-
ties are sufficient to promote significant dry-out (due to boiling) in the
UZ. Conversely, heater testing in the UZ would indicate whether the
fracture properties are conducive to SZ buoyancy flow.

We also considered the sensitivity of our model results to the
radial boundary (that assumes the initial pressure, temperature, and
saturation distribution remains constant) located at a radial distance,
r, of 15 km from the repository center. While this boundary has no
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impact on hydrothermal flow in the UZ, a small amount of liquid
fiows into and out of the outer radial boundary in the SZ for
1 £50,000 yr. However, this effect does not affect buoyancy-driven
flow for r <13 km. In future work we intend to increase the radial
distance to the outer constant-property boundary and increase the
depth to the lower constant-property boundary. In general, our
analysis indicates that the spatial domain that must be accounted for
in the model extends at least 1 km below the water table and at least
15 km radially away from the center of the repository, indicating the
extensive spatial extent of repository-heat-driven hydrothermal flow
effects.

Major Hydrothermal Flow Regimes and Hydrologic Performance

The validation of performance assessment (PA) models will be
expedited by the development of a methodology for demonstrating
that critically important features and processes are adequately
represented in the detailed hydrological process models that are the
basis for the PA models. The critically important hydrological
processes, and the necessary level of detail required to represent
them, change with time after waste emplacement because of the
impact of repository heat. The impact of repository-heat-driven flow
on hydrological performance can be described as a series of hydroth-
ermal flow regimes (HFRs). Three major HFRs have been identified:
HFR I occurs when boiling (and possibly condensate fiow) dominates
hydrological performance, HFR II occurs during the sub-boiling
period when the fluid distribution and intrinsic hydrological flow and
transport properties are still significantly altered by the repository
heat, and HFR III occurs in the absence of repository-heat-driven
effects on either the fluid distribution or the intrinsic flow and tran-
sport properties. Note that the sub-boiling period pertains to either
pre-boiling or post-boiling conditions or for regions that never attain
boiling conditions.

Each of the first two major hydrothermal flow regimes can be
broken into two sub-regimes. HFR Ia occurs when boiling and con-
densate flow dominate (or significantly influence) hydrological perfor-
mance. HFR Ib occurs when boiling conditions have coalesced and
extend sufficiently far from the WPs so that boiling conditions dom-
inate the hydrological performance of the WP environment. For HFR
Ib, liquid-phase fracture flow in the vicinity of the WP is extremely
unlikely.

During HFR II, fluid flow is dominated by several possible
effects, including (1) residual post-boiling effects of rock dry-out and
condensate buildup, (2) repository-heat-driven refluxing under sub-
boiling conditions, and (3) property alteration arising from changes in
temperature or fluid saturations. These residual repository-heat-driven
effects can be divided into two categories: HFR Ila involves the
impact of flux change and fluid redistribution (the residual diy-out
and condensate zones) and intrinsic property alteration; and HFR IIb
involves the repository-heat-driven alteration of the intrinsic proper-
ties of the hydrologic-geochemical system {e.g., alteration of matrix
permeability, k,, due to dehydration). HFR Ila persists as long as
fluid saturations (and fluxes) are in the process of being re-
equilibrated back to a distribution that is dominated by ambient boun-
dary conditions. HFR IIb persists as long as some of the intrinsic
hydrologic-geochemical properties (e.g., k) remain altered (relative
to their pre-emplacement values). The final hydrothermal flow
regime, HFR III, pertains to when the fluid satvration and flux distri-
bution are dominated by ambient conditions, and the intrinsic
hydrological-geochemical properties have been restored to pre-
empi:.ement values. If the climatic conditions have not changed,
HFR III is the same as pre-emplacement ambient flow. It is likely
that conditions for HFR III will never be attained within the region
that impacts the performance of the EBS and NBS except close to the
ground surface.
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For thermal loading conditions that generate marginal boiling
performance, conditions for HFR Ib will never be attained. Instead
there will be a transition from HFR Ia to HFR Ila. For thermal load-
ing conditions that do not generate boiling conditions anywhere
within the repository, HFR I cannot occur and hydrothermal perfor-
mance will commence with HFR 1la.

The hydrothermal flow regimes can be applied anywhere within
the EBS and NBS, including in the SZ. They are particularly useful
for assessing performance at the WP environment. The HFRs are
plotted for WPs at the center of the repository as a function of AML
(MTU/acre) and time (Fig. 17), based on the average temperatures
predicted by the UZ-SZ model for a wide range of AML scenarios.
Therefore, a given thermal loading scenario is represented by a
unique value of AML (Fig. 17). Because thermal homogenization
takes place prior to the end of the boiling period for high AMLs, the
transition from HFR Io to HFR IIa can be accurately determined on
the basis of average repository temperatures. Because thermal homo-
genization does not take place prior to the end of the boiling period
for low to intermediate AMLs, the transition from HFR Ia to IIa can-
not be accurately determined on the basis of average repository tem-
perature performance. In order to establish the HFR Ia-to-a transi-
tion, detailed calculations accounting for the spatial variability of WP
heat output are required. Future work involving detailed thermal cal-
culations will address the impact of the spatial variability of WP heat
output in order to determine the HFR la-to-Ila transition. The spatial
heterogeneity in HFRs can then be plotted as a function of position in
the repository at various times, or a family of AML-vs-time plots
could be generated, adequately covering the anticipated range of ther-
mal loading variability within the repository.

Because the HFR Ia-to-Ib transition occurs prior to the time of
thermal homogenization, this transition cannot be determined on the
basis of average repository temperature performance. Consequently,
we show this transition as a dotted line (Fig. 17), indicating that
refinements to its location await future detailed thermal modeling.
This transition corresponds to the coalescence of boiling zones
between neighboring WPs. The details of WP heat generation aside,
the time to boiling coalescence decreases linearly with the overall
heating rate (which is proportional to AML). Therefore, for a given
WP heat load distribution, we know that the HFR Ia-to-Ib transition
has a slope of -1.

Areal mass loading, AML (MTU/acre)
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Figure 17. Hydrothermal flow regimes Ia (boiling/condensation-
dominated), Ib (above-boiling-dominated), Ila (sub-boiling, thermally-
altered flow and thermally-altered intrinsic properties), and ITb (ambient
flow and thermally-altered intrinsic properties).



For high AMLs (resulting in a signiiicant rock dry-out zone),
the transition from HFR Ila to HFR IIb can be clearly established
because it is based on the duration of sub-ambient saturation condi-
tions. We found in this study as in previous work® that the time
required to re-wet the repository back to ambient saturation conditions
is anywhere from 10 tc 20 times longer than the duration of the boil-
ing period, f,. The HFR Ila-to-IIb transition is very sensitive to
changes in the hydrologic properties of the fractures and matrix. For
example, dehydration of the matrix may cause significant changes in
k m, affecting the re-wetting diffusivity of the dry-out zone. Because
there is very little data related to the impact of repository heat on the
intrinsic hydrological properties of the UZ, we show the HFR Ila-to-
IIb transition as a dotted line. For low to intermediate AMLs (which
do not result in significant dry-out cffects), the duration of HFR Ila is
based on the duration of significant repository-heat-driven refluxing
under sub-boiling conditions. Because we have not yet evaluated the
threshold for significant refluxing effects, we have tentatively located
the HFR Ila-to-IIb transition for low AMLs (Fig. 17).

CONCLUSIONS

This study examined the impact of repository thermal condi-
tions on long-term hydrological performance of the unsaturated zone
(UZ) and the upper 1000 m of the saturated zone (SZ) at Yucca
Mountain. Hydrothermal fiow calculations were conducted with the
use of the V-TOUGH code and the Equivalent Continuum Model
(ECM) for APDs ranging from 20 to 114 kW/acre and 30- and 60-
yr-old SNF with a burnup of 33,000 MWJ/MTU. We also considered
21-yr-old SNF (with a burnup of 43,573 MWd/MTU) and 26-yr-old
SNF (with a burnup of 39,585 MWdJ/MTU). Our repository-scale
model utilized axisymmetry about the center of the repository, and
averaged the thermal load over a 4.6-m-thick disk with a diameter
corresponding to the repository area being modeled. Our analysis
indicates that the spatial domain, which must be accounted for in the
model, extends at least 1 km below the water table and at least 15 km
radially away from the center of the repository. Our models include
boiling and condensation effects and the convection of latent and sen-
sible heat. In general, these models predict a drying out of the near-
field rock by boiling of the vadose water in the rock matrix and the
flow of water vapor through fractures 10 cooler regions, where it con-
denses. Because of the very low matrix permeability of the host
rock, condensate will drain considerable distances along fractures
before being totally imbibed by the matrix. The combination of
vapor flow away from the heat source and gravity-driven condensate
flow down fractures tends to promote shedding of condensate off the
top and down the sides of the boiling zone. Below the repository
horizon, condensate drains immediately away from the boiling zone,
thereby enhancing the dry-out rate. Because the ECM substantially
underpredicts the beneficial manner in which condensate shedding
enhances rock dry-out, it is conservative with respect to the spatial
extent and duration of boiling conditions.

Given that liquid flow along preferential fracture flow paths
provides the most likely means of bringing liquid water to WPs and
transporting radionuclides to the water table, three general features, or
mechanisms, tend to mitigate the potential release and transport of
radionuclides. The first is discontinuity in preferential fracture flow
paths. The second is liquid-phase dispersion in fracture networks,
which results as flow branches from a preferential fracture pathway
into lateral fractures. The third mechanism is fracture-matrix interac-
tion. For themal loading conditions that result in sub-boiling condi-
tions, the predominant mode of fracture-matrix interaction is
capillary-driven fracture-to-matrix flow, called matrix imbibition. For
APDs resulting in marginal boiling conditions, the variability in the
heat generation rate among the WPs may result in condensate flow
from hotter to cooler WPs (and possibly to the water table), increas-
ing the adverse effects of fracture flow.
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For higher APDs, the resulting large region of above nominal
boiling temperatures makes fracture flow at the repository horizon
exticinely unlikely. We also nnu wa 1t 1S unikely that convective
flow effects will be sufficient to cause heat flow to deviate from being
heit-conduction-dominated. Moreover, the duration of the boiling
period is found to be insensitive to net recharge flux (even for pluvial
climate conditions) and to whether large-scale rock dry-out occurs.
Therefore, under boiling conditions, hydrologic performance is
governed by the system’s thermal loading conditions and thermal pro-
perties. These factors can be more readily determined and are much
less variable than many of the parameters associated with the ambient
hydrogeological system. Moreover, the thermal properties are rela-
tively insensitive to hydrothermally driven geochemical effects.
Because the thermal diffusivity is much larger than the re-wetting
diffusivity of most of the UZ, temperature tends to equilibrate back to
ambient conditions much more quickly than does matrix saturation.
Consequently, the matrix saturation within the dry-out zone extending
above and below the repository horizon will remain below ambient
long after boiling has ceased. Sub-ambient matrix saturations will
add to the capacity of the UZ to retard fracture fiow during the post-
boiling-period.

The characterization and assessment of fracture flow retardation
under sub-boiling or ambient conditions in the UZ at Yucca Mountain
are extremely formidable. The main problems arise from the very
nonlinear dependence of fracture flow on the highly heterogeneous
distribution of fracture and matrix properties, the uncertainty in
characterizing net recharge flux under either current or futre (plu-
vial) climate conditions, and the impracticality of incorporating the
complex details of variable aperture fracture networks in numerical
models.

Depending on the number of fuel assemblies per WP and varia-
tions in the WP heat output, local boiling conditions can persist for
hundreds of years even if average repository temperatures appear to
be indicative of sub-boiling conditions. Depending on what is even-
tually determined for the net recharge flux, the liquid-phase flux asso-
ciated with sub-boiling refluxing may be large relative to the naturally
occurring infiltration. Therefore, even for thermal loading scenarios
that entirely avoid boiling conditions, repository-heat-driven hydroth-
ermal flow will significantly impact flow in the UZ. Repository-
heat-driven buoyancy flow is also found to dominate ambient flow in
the SZ. The magnitude of repository-heat-driven buoyancy flow in
the SZ is far more dependent on the total mass of emplaced spent
nuclear fuel (SNF) than on the details of SNF emplacement, such as
the APD or SNF age. Consequently, the hydrothermal and potential
geochemical consequences of heat in the SZ should not be considered
a design issue, but rather the inherent response of the SZ to the
emplacement of a given quantity of SNF. Even for low thermal load-
ing scenarios, the effects of repository-heat-driven condensate
drainage, buoyancy flow in the SZ, and elevated temperatures are
likely to result in geochemical changes that may significantly alter the
flow and transport properties of the natural barriers in both the UZ
and SZ.

We find for high AMLs (resulting in long-term boiling and
sub-ambieni saturation conditions) that liquid-phase flux associated
with vapor flow and condensate drainage during the boiling period as
well as re-wetting of the dry-out zone during the post-boiling-period
is much greater than the net recharge flux associated with pluvial
climatic conditions. Even for low AMLs (resulting in insignificant
dry-out due to boiling), repository-heat-driven hydrothermal flow will
dominate UZ and SZ flow. Therefore, the most important
consideration in determining whether the Yucca Mountain site is suit-
able for the emplacement of heat-producing, high-level nuclear waste
is how heat moves fluid that is already present at Yucca Mountain;
the impact of water that has yet to infiltrate at Yucca Mountain is of



secondary importance for high AMLs, and is, at best, of equal impor-
tance for low AMLs.

Because of the dominance of repository-heat-driven hydrother-
mal flow, pre-emplacement groundwater travel time has no physical
relevance to hydrological performance. Moreover, conditions that are
conducive to deep nonequilibrium fracture flow in the UZ also benefit
rapid shedding of condensate away from the boiling zone, thereby
promoting effective rock dry-out. Therefore, fast groundwater travel
times in the UZ would be indicative of a site that is well suited for an
extended-dry repository concept. On the other hand, it is possible
(although unlikely) that we might find that fractures in the UZ are
either too sparse or 00 poorly connected to promote either deep frac-
ture flow (from meteoric sources) or large-scale dry-out. The absence
of large-scale dry-out is not indicative of unsuitable conditions
because the same conditions that prevent large-scale dry-out will also
prevent deep fracture flow (from meteoric sources). Therefore, the
groundwater travel time in the UZ does not discriminate whether con-
ditions are suitable or unsuitable for an extented-dry repository con-
cept.

The licensing of a sub-boiling or marginal-boiling repository
will be critically dependent on characterizing the highly heterogene-
ous distribution of fracture and matrix properties as well as the highly
spatially and temporally variable distribution of net recharge flux.
Licensing will also depend on validity of hydrological models which
account for (1) these very complex, variable distributions, (2) the
strongly nonlinear dependence of fracture flow on these heterogene-
ous distributions, (3) how the spatial variability in the heat generation
rate among the WPs will drive condensate flow from hotter 10 cooler
WPs (and possibly to the water table), and (4) the impact of
hydrothermal-geochemical coupling on the flow and transport proper-
ties as well as on the chemistry of water contacting WPs. Because
sub-boiling or marginal-boiling conditions will not mitigate the
occurrence of deep nonequilibrium fracture flow (from meteoric
sources), hydrologic assessments of low thermal loading conditions
must account for the superposition of nawrally occurring episodic
fracture flow and repository-heat-driven refluxing for essentially all
the time of regulatory concern.

The licensing of an extended-dry repository can be based on
three fundamental considerations: (1) the spatial and temporal extent
of above-boiling conditions, (2) how closely the dry-out zone
corresponds to the zone of above-boiling conditions, and (3) how long
it takes the dry-out zone to re-wet back to ambient saturation. The
validation of the performance of the extended-dry concept is greatly
facilitated by addressing several fundamental hypotheses tests: (1)
whether heat conduction dominates heat flow, (2) whether fracture
density and connectivity are sufficient to promote rock dry-out due to
boiling, and (3) whether re-wetting of the dry-out zone significantly
lags behind the end of the boiling period. In addressing these
hypotheses, we will also ask whether hydrothermal-geochemical-
geomechanical coupling must be dynamically accounted for in perfor-
mance models or whether these coupling effects can be conservatively
accounted for by bounding analyses. The use of these hypotheses
tests can greatly focus the critical characterization, modeling, labora-
tory and in situ testing activities required in building robust site
suitability and licensing arguments. The validation of these
hypotheses will profoundly reduce the impact of hydrogeological
uncertainty and variability on the predictability of total system perfor-
mance.

The most conclusive means of testing these hypotheses involves
large-scale in situ heater tests at various hydrostratigraphic intervals
of the UZ.. In situ heater tests will also be extremely useful in deter-
mining whether temperature rise, condensate flow, and buoyancy-
driven SZ flow can drive geochemical changes that significantly alter
propertics within the EBS and NBS. Critical performance issues
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involving hydrothermal-geochemical-geomechanical coupling cannot
be entirely resolved either in the laboratory or through modeling.
Moreover, critical hydrological performance issues cannot be entirely
resolved by ambient property measurements conducted during site
characterization. Therefore, in situ heater tests at various hydrostrati-
graphic intervals (above as well as below the repository horizon) will
be critical to addressing such issues.
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