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Abstract  Various thermal-hydrologic models have been developed to simulate thermal-
hydrologic conditions in emplacement drifts and surrounding host rock for the proposed
high-level nuclear waste repository at Yucca Mountain, Nevada. The modeling involves
two-phase (liquid and gas) and two-component (water and air) transport in a fractured-rock
system, which is conceptualized as a dual-permeability medium. Simulated hydrologic pro-
cesses depend upon calibrated system parameters, such as the van Genuchten « and m, which
quantify the capillary properties of the fractures and rock matrix. Typically, these parameters
are not calibrated for strongly heat-driven conditions, i.e., conditions for which boiling and
rock dryout occur. The objective of this study is to modify the relationship between capillary
pressure and saturation, P (S), for strongly heated conditions that drive saturation below the
residual saturation (S — 0). We offer various extensions to the van Genuchten capillary-
pressure function and compare results from a thermal-hydrologic model with data collected
during the Drift-Scale Test, an in situ thermal test at Yucca Mountain, to investigate the suit-
ability of these various P extension methods. The study suggests that the use of extension
methods and the imposition of a capillary-pressure cap (or maximum) improve the agree-
ment between Drift-Scale Test data and model results for strongly heat-driven conditions.
However, for thermal-hydrologic models of the Yucca Mountain nuclear waste repository,
temperature and relative humidity are insensitive to the choice of extension method for the
capillary-pressure function. Therefore, the choice of extension method applied to models
of drift-scale thermal-hydrologic behavior at Yucca Mountain can be made on the basis of
numerical performance.
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1 Introduction

Radioactive heat of decay from waste packages emplaced in drifts (tunnels) in the
proposed high-level nuclear waste repository at Yucca Mountain results in strongly heat-
driven conditions, involving boiling, vapor flow, condensation, and condensate flow. Strongly
heat-driven conditions cause dryout of the host rock, affecting the thermal-hydrologic envi-
ronment within the emplacement drifts. Buscheck et al. (2002) developed the MultiScale
ThermoHydrologic Model (MSTHM) to predict the range of thermal-hydrologic condi-
tions within emplacement drifts, in the adjoining host rock, and across the entire Yucca
Mountain repository (Buscheck et al. 2006; SNL 2007). The MSTHM calculates thermal-
hydrologic variables, such as temperature, gas-phase pressure, saturation, evaporation/
condensation rates, etc. Engineered design parameters, such as drift and waste-package spac-
ing and waste-package heat generation rate, and natural-system parameters, such as percola-
tion flux and thermal-hydrologic properties in the host rock, are all important to system-wide
thermal-hydrologic behavior (SNL 2007).

The sensitivity of thermal-hydrologic variables to host-rock thermal-hydrologic property
uncertainty and variability has been studied for the Yucca Mountain nuclear waste reposi-
tory (Glascoe et al. 2004; Sun et al. 2006; Buscheck et al. 2006). Although the impact of
the specific capillary-pressure relation when calculating overall site response appears to be
small based on previous parameter-sensitivity studies (Buscheck et al. 2006), the choice of
extension to capillary-pressure relation on local temperature and saturation has yet to be
addressed in detail.

Residual saturation is usually defined as the saturation level below which fluid drainage
under natural conditions will not occur (the effective permeability would be zero). In practice,
the residual saturation is often measured in an experiment under room temperature. In previ-
ous research, capillary pressure is assumed to increase indefinitely as saturation approaches
the residual value (Nitao and Bear 1996). However, under strongly heat-driven conditions,
saturation may be reduced below this theoretical limit. Subject to an excessive capillary
pressure, the boiling point would increase to a non-physical value because of the vapor-
pressure lowering. Under strongly heat-driven conditions, capillary pressure does not go to
infinity at residual saturation; instead, capillary pressure should have a reasonable upper
bound as saturation approaches zero (Webb 2000; Li and Horne 2005). Although several
capillary-pressure relationships are available, the van Genuchten (1980) formulation is most
widely used because its few parameters are easily fit to experimental data. Similar to other
relationships (Brooks and Corey 1996; Luckner et al. 1989), the van Genuchten (1980) rela-
tion may need to be modified for strongly heat-driven conditions below residual saturation.
In order to apply those relation equations over the full range of saturation from zero to one,
a physically reasonable extension (non-asymptotic) to saturations below residual is needed.
For both physical and computational reasons, it is preferred that the capillary-pressure versus
saturation relation does not have a discontinuity in slope.

Webb (2000) reviewed the modification methods for extending capillary-pressure relations
below residual saturation; these and subsequent methods are listed in Table 1.

Since Ross et al. (1991) recalibrated the Campbell (1974) equation to strongly heat-driven
conditions using the power law method with a CPC (10° Pa), several methods including
power laws and linear or exponential functions have been applied to extend capillary-pressure
relations to low saturations both with and without recalibration of the capillary-pressure
parameters. For example, Webb (2000) proposed a simple exponential extension without
recalibration and Spycher et al. (2003) applied a linear extension to avoid numerical difficul-
ties associated with the extremely high capillary pressure.
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Table 1 Extension methods of capillary pressure curves

Reference Capillary-pressure curve Extension method
1 Ross et al. (1991) Campbell (1974) Power function
2 Campbell and Shiozawa (1992) van Genuchten (1980) Exponential function
3 Rossi and Nimmo (1994) Brooks and Corey (1996) Power function
Exponential function
4 Nitao (1998) Brooks and Corey (1996) Linear function
van Genuchten (1980)
5 Finsterle (2002) Brooks and Corey (1996) Linear function
van Genuchten (1980) Flat cap value
6 Spycher et al. (2003) van Genuchten (1980) Linear function
7 Morel-Seytoux and Nimmo (1999) Brooks and Corey (1996) Exponential function
Rossi and Nimmo (1994)
8 Webb (2000) van Genuchten (1980) Exponential function
9 Nieber et al. (2005) Brooks and Corey (1996) Exponential function
10 Khlosi etal. (2006) Kosugi (1999) Adsorption equation

Campbell and Shiozawa (1992)

For the Yucca Mountain Project, data from desaturation experiments under ambient condi-
tions (Flint 1998) are used to calibrate van Genuchten parameters o and m (Zhou et al. 2003).
In order to apply van Genuchten parameters to strongly heat-driven conditions relevant to the
Yucca Mountain nuclear waste repository, a reasonable extension of the capillary-pressure
relation is worth investigating. In particular, it is useful to determine whether such extensions
would have an impact on simulated temperatures and relative humidities across the Yucca
Mountain repository.

To our knowledge, capillary-pressure extension methods have not been studied in a system-
atic manner to interpret thermal-hydrologic behavior. In order to avoid recalibration efforts
for van Genuchten parameters over the entire saturation range, we prefer to use the originally
calibrated parameters in the wet region and to apply simple extensions in the dry region.
Here, we define a transition saturation, Sj, that divides the dry and wet saturation regions.
Simulations with a flat capillary-pressure cap (CPC) in the dry region are computationally
expensive because of the slope discontinuity in the capillary pressure as a function of satu-
ration, Pc(S). When using an exponential extension, the dry region is much wider (and ;
larger) than that from a linear or flat extension. A wider wet region is preferred because it
is defined with a calibrated, physics-based relation. Although extension of capillary curves
into the dry region improves numerical performance by avoiding extremely high capillary
pressures, such methods may be case specific. Further insights into the physical mechanisms
and impacts of extension methods are necessary. In this work, we investigate the influence
of various extension methods on simulated thermal-hydrologic behavior and conclude that a
linear extension with a CPC reasonably represents strongly heat-driven conditions at Yucca
Mountain, with relatively low computational effort.

2 Capillary-Pressure Curve Extension Methods

The van Genuchten (1980) function describing the relation between capillary pressure and
saturation has been successfully used in flow models at moderate to high saturations; however,
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504 Y. Sun et al.

the singularity in the van Genuchten function can be problematic when applied to strongly
heat-driven systems. For example, data from the Drift-Scale Test (DST), an in situ thermal
test at Yucca Mountain (SNL 2007), demonstrate that when temperatures remain above boil-
ing for a long time, the host rock around the heated drift is completely dried. In order to
better represent strongly heat-driven thermal-hydrologic behavior between zero and residual
saturation, it may be necessary to apply an extension method to modify the van Genuchten
retention curve specified for ambient conditions.
The relation between capillary pressure and saturation is (van Genuchten 1980):

1
1.1 " S—8
Po=—(S"—-1) ., Se=—""", 1

C a(e ) c Sm—Sr ()

where o [Pa~!] and m [—] are curve-fitting parameters, n = 1/(1 — m), and S, S;, and
Sm are effective, residual, and maximum saturations, respectively. For a given porosity, the
saturation is calculated using volumetric water content. Note that the calibrated van Genuch-
ten curves are valid in the saturation range from S; to Sy,. However, for saturation less than
residual saturation (S < S;), there is a pressure singularity P, — oo when S — 0. Equa-
tion 1 is used for both fracture and matrix continua in dual-permeability models. Because of
the small fracture porosity (and small residual saturation in the fractures), we considered it
unnecessary to investigate P.(S) extension for the fracture continuum; therefore, extensions
of capillary-pressure curves are only considered for the matrix. Ideally, the maximum capil-
lary pressure should be identified by fitting the P.(S) curve over the entire saturation domain
for each rock material and under a specific thermal condition. In the literature, the maximum
P, value at zero liquid saturation ranges from 1.5 x 10° (Fayer and Simmon 1995) to 10°
(Ross et al. 1991; Webb 2000). Because of the lack of experimental data in the dry region
(S < S,), the maximum P, value is assumed to be 108 Pa in this study.

Various methods are proposed in Table2 and Fig. 1 to extend the van Genuchten capil-
lary-pressure curve below S;. The impacts of these methods on simulated thermal-hydrologic
behavior are analyzed. In order to keep this article compact, acronyms of extension methods
are used throughout.

2.1 Flat Capillary-Pressure Extension (FCPC)

The simplest extension methods of the van Genuchten capillary-pressure curve is a flat
(FCPC) curve, which assigns a constant CPC in the dry region (Finsterle 2002; Kolditz and
De Jonge 2004) and follows the van Genuchten curve in the wet region (curve ABE of Fig. 1a)

Table 2 Extension methods

Extension method Acronym  Curve in Fig. 1
0  No Extension Van Genuchten NEVG VBE (a),
VGE (b)
1 Flat extension with CPC FCPC ABE (a)
Note: CPC capillary-pressure 2 Exponential extension with CPC ~ ECPC ADE (a)
cap, E exponential, F flat, L 3 Linear extension without CPC LNOC FGE (b)
linear, NE no extension, VG van . . .
4 Linear extension with CPC LCPC ACE (a)(b)

Genuchten
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Fig. 1 Comparison of capillary-pressure curves for host-rock unit tsw35 at Yucca Mountain (SNL 2007),
where @ = 3.38 x 1070 [Pa*IJ,m = 0.216, and S, = 0.12. a Comparison of the FCPC, ECPC, and LCPC
with a CPC of 108 Pa. b The comparison of the original van Genuchten (NEVG) curve, with the LCPC and
LNOC extensions. Three vertical dashed lines in a represent the transition saturation, Sj, respectively for
FCPC, LCPC, and ECPC methods

Py § <5

Pe=1, (1 , @
&(se —1) S5

where Py is the maximum capillary pressure. For this case, the transition saturation is

Si—

Sj=Sc+[1+ @Po)"] ™" (Sm — Sp. ©)
2.2 Exponential Extension with Capillary-Pressure Cap (ECPC)

An exponential (ECPC) extension was introduced by Morel-Seytoux and Nimmo (1999) to
modify Corey and van Genuchten capillary-pressure curves (curve ADE of Fig. 1a, Webb
2000),

Py exp(—BS) § <
1
Po=1, (-t \* : @)
5 (Se - 1) MY
where B is the slope of the capillary-pressure curve at Sj. Taking the first derivative of capillary

pressure with respect to saturation yields

—BPyexp(—BS) S <
dPC = _1 Mmoo 14m . (5)
ds ) (Se " 1) Se " Sz

Variables Sj and 8 are determined through the solution of the following nonlinear equations
(continuity of P; and its first derivative):
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where

N
Sm — S
Note that the original van Genuchten capillary pressure is defined in the range from S; to

Sm rather than that between 0 and 1. The transition saturation, Sj, is re-scaled as Sj in the
domain between S; and S,.

Sej = SJ > Sr. (7)

2.3 Linear Extension without Capillary-Pressure Cap (LNOC)

For a given §; > S;, the linear extension of the capillary-pressure curve is made in the dry
region using the gradient at ;. This method was introduced for numerical considerations;
however, it does not address the need for a finite maximum capillary pressure (Nitao 1998;
Finsterle 2002). Taking the first derivative of capillary pressure from Eq. 1 at §; yields

dPe(S) 1 1 M _lim
-1 . ™ 8
ds  a(l—n) (S ) Sg " ®

and the capillary pressure in the dry region is defined linearly

Py —sBE g < g
Pc = _ 1 % . (9)
é(Se"’—l) N

LNOC extension is different from others (FCPC, LCPC, and ECPC) in that the maximum
capillary pressure depends on S;j. That is, the maximum capillary pressure is not bounded;
rather, it is a function of the transition saturation, Sj, and the first derivative of the capil-
lary pressure, d P (S;j)/dS. LNOC is the default option in the NUFT code (Nitao 1998). The
transition saturation is chosen as §; = S; 4+ 0.05(Sm — Sp).

2.4 Linear Extension with Capillary-Pressure Cap (LCPC)

A linear (LCPC) extension of the capillary-pressure curve was applied by Spycher et al.
(2003) to avoid numerical difficulties associated with the extremely high capillary pressure.
For a given CPC at zero saturation, the transition saturation can be calculated to ensure a
smooth slope. For this case, the capillary pressure is

Py—BS § <5
1
Po=1 (=L \# : (10)
3 (Se — 1) S>3
and the first derivative of P is
—B § <5
dF — M l4m . (11)
ds a(l D (S - 1) Se NEY

The variable Sj and B are identified by solving the following nonlinear equations:

1
_1 n
Py — BS; 1 (se. "o 1) ,
e (12)
_ﬂ = a= n)(S mo__ ) Sejm'
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3 The Thermal-Hydrologic Model

The MSTHM was developed to address thermal-hydrologic processes occurring at a scale of
a few tens of centimeters around individual waste packages and emplacement drifts, and for
heat flow at the multi-kilometer scale around the nuclear waste repository at Yucca Mountain
(Buscheck et al. 2006). The MSTHM integrates the results of four families of submodels
of various scales, dimensionality, and heat-source representation. Three of the submodel
families represent thermal conduction at different scales, as well as thermal radiation in the
emplacement drifts. The fourth submodel family, called the two-dimensional, line-averaged,
drift-scale thermal-hydrologic (LDTH) submodel, represents thermal-hydrologic processes
in the MSTHM. Contrary to thermal conduction/radiation models, the LDTH submodel
results are sensitive to the capillary-pressure function; hence, we use the LDTH submod-
el (SNL 2007) to investigate the impact of various extensions with and without a CPC.
In addition, a three-dimensional, thermal-hydrologic model has been developed to repre-
sent thermal-hydrologic behavior for the (DST) at Yucca Mountain. Descriptions of the test,
including analyses of the experimental data, are provided by Birkholzer and Tsang (2000),
Rutqvist et al. (2005), and Mukhopadhyay et al. (2007). In the thermal-hydrologic mod-
els, the fractured rock is represented as a dual-permeability system (Buscheck et al. 2002).
The transport in the fracture continuum is further modified using the active-fracture concept
(Liu et al. 1998). The thermal-hydrologic models describe mass and heat transport of two
components (water and air) in two phases (liquid and gas) by advection, dispersion, thermal
conduction, and thermal radiation. Simulations are conducted using the NUFT v3.0.1s code
(Nitao 1998).

3.1 Governing Equations

The MSTHM solves the balance equations for water, air, and energy components in liquid,
gas, and nondeformable solid phases (Buscheck et al. 2002). The mass balance equations for
the water and air components in liquid and gas phases are

ad
D St == DV gpeSe (0fve +UE). c=woa f=lg (3
3 &

where 7 [s] is the time, ¢ denotes the component (water or air), and & denotes the fluid phase
(liquid or gas), ¢ [—] is the porosity, pg [kg m~3] is the phase density, Sg¢ [—] is the saturation
of phase &, a)g [—]is the mass fraction of component ¢ in phase &, ve [ms™ 11is the advective

phase velocity, and Jg [ms~!] is the combined diffusive and dispersive flux. The diffusive
and dispersive flux term is described by a Fickian-type law

Ji = -D{ Vo, (14)
and the advective flux is described by Darcy’s Law
ke (Sg)
#Seve === (VPe+ prgVa). S =l (15)

with S} + S, = 1 for the dual-phase system. The symbol Dg [m? s~ 1] denotes the combined

diffusion and dispersion coefficient, kg [m?] is the permeability function, ug [Pas] is phase
viscosity, P¢ [Pa] is phase pressure, and g [m s~2] denotes the gravitational acceleration. The
gas- and liquid-phase pressures are related by the capillary pressure
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Pi=Py— P, (16)
where P| and Py are the liquid- and gas-phase pressure, and the capillary pressure P is

defined by the modified van Genuchten relation (Liu et al. 1998)
LNOC|FCPC|ECPCILCPC S < §;

1
Pe=1 (-1 " . (17)
1 (se - 1) §=S

The parameter y denotes the connectivity of the fracture network with zero for no connec-
tivity and one for full connectivity. Note that y always equals one in the matrix continuum.
The relative permeability is given by

0 S < S
ke = _r z\"7? . 18
' s§2[1—(1— e)] N {19

The definition of y is opposite to that of Liu et al. (1998), and Eqs. 17 and 18 are adjusted
accordingly. Figure 2 illustrates the relationship between the relative permeability and the
capillary pressure modified using the LCPC and ECPC extensions. For example, the relation
for the LCPC can be expressed as:

0 §<5
2

1 m
Po—Pc—BS: _ _ Po—Pc—BSk m .
ko= | AIS) [1 [1 ( A5 ) ] ] Si<S<§ (19)

2
[1-@Py " 1+@Po]
(I+@P)m?

NEY

Although capillary pressure is artificially modified in the dry region (S < ), relative
permeability keeps the original form. The gas-phase permeability is assumed to be com-

10°

~ = = Original

10°

107

P_(Pa)

10° b

10° . \\

10-12 10710 1078 10 107 1072 10°

Fig.2 Relationship between capillary pressure and relative permeability for the LCPC and ECPC extensions.
S =0.12,a =3.38 x 1070 [Pa~!], and m = 0.216
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plementary to the liquid-phase permeability. In principle, the extension of capillary pressure
is applied to both rock matrix and fractures. However, because the residual saturation in
fractures is assumed to be zero, the calculated transition saturation, Sj, in fracture materials
is also close to zero. Thus, the dry region of fracture materials is insignificantly narrow, and
only LNOC should be used for fracture domain.

The energy balance equation is (Buscheck et al. 2002)

T oneusse + (1= Doy~ 1) | = = X3 [V gl (wfve + )]
§ ¢ &
+V.KVT, (20)

where T [°C] denotes the temperature, ¢, [J kg~! °C~!] is the specific heat capacity of the
solid phase, ps [kg m—3] is the solid density, ug [J kg_l] is the specific internal energy,
hg [Tkg™!] is the partial specific enthalpy, K [Wm~!' °C~!] is the thermal conductivity,
and T’ [°C] is a reference temperature. Heat is transported by thermal conduction, advective
and diffusive heat fluxes, and radiative heat transfer in the drift open space. Radiative energy
flux is calculated from Stefan-Boltzmann equation

0 =c(T} -1 1)

where 77 is the absolute temperature of the radiator, 73 is the absolute temperature of the
receiver, and c is a coefficient defined by ¢ = AFeo, where A is the area of the radiating
surface element, F is the radiative view factor (Buscheck et al. 2002), ¢ is the emissivity, and
o is Stefan-Boltzmann constant.

Our model utilizes a dual-permeability approach in which the fracture and matrix systems
are treated as two separate continua with a complete set of governing equations and compu-
tational grid for each continuum. Each continuum has coupling terms for mass and energy
fluxes between two continua. These terms have the general form ¢ = ax Au/L, where q is the
flux of mass or energy per unit bulk volume, Au is the difference in pressure or temperature
across continua, and « is a transfer coefficient (Buscheck et al. 2002).

3.2 Study Domains and Grids

The DST was designed to investigate in situ thermal-hydrologic processes at the scale of a
single emplacement drift (Birkholzer and Tsang 2000; Rutqvist et al. 2005; Mukhopadhyay
et al. 2007). Figure 3 shows the plan view of the physical system.

As shown in Figs. 4 and 5a, the cross section, orthogonal to the heater axis, of a three-
dimensional model, utilizing a five-level nested mesh, was developed to represent drift-scale
thermal-hydrologic behavior in the DST. The model domain covers the entire unsaturated
flow region from ground surface to the water table and includes the detailed geometry of the
heater drift. Grid-block sizes range from a few tens of centimeters around the heated drift to
tens of meters in the far field. The conceptual model based on a dual-permeability represen-
tation of overlapping fracture and matrix continua, modified from traditional approach such
that only a portion of connected fractures actively advect in liquid-phase (Liu et al. 1998;
Birkholzer and Tsang 2000). In this study, we focus on the influence of the extension methods
to the van Genuchten capillary-pressure function on simulated drift-scale thermal-hydrologic
behavior.

Initial conditions for the thermal-hydrologic model were obtained by running the model
for 10° years using constant boundary conditions at the ground surface and water table, and
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Fig. 3 Plan view of the DST
area (modified from SNL 2007) @ '
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Fig. 4 The five-level nested mesh for the DST model at y = 20m from the thermal bulkhead, which is
roughly the midpoint along the longitudinal direction of the heater drift, including a Level 1 mesh, b Level
2mesh, ¢ Level 3 mesh, and d Level 4 mesh

net infiltration flux, resulting from rainfall and snowmelt. Both ground surface and water
table are assumed to have the constant boundary conditions in pressure, temperature, air
mass fraction, and relative humidity. The no-flow boundary conditions for both mass and
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Fig. 5 a The Level 5mesh of the region around the heated drift of the DST at y = 20m from the thermal
bulkhead. The red and yellow zones are heater and drift blocks, respectively. The blue zone is the invert at
the bottom of the drift. b The mesh of the region around the emplacement drift in the LDTH submodel of the
MSTHM (SNL 2007) at a typical location close to the repository center

energy are assumed horizontally (in x and y directions) since the model domain is extended
by 1,000 m from the origin (center of the bulkhead).

3.3 System Parameters

The original calibrated van Genuchten relation is always applied over the saturation range
from S; to S, while between Sj and zero saturation, the appropriate extension is applied. The
unsaturated zone hydrostratigraphy at Yucca Mountain consists of 39 welded- and nonweld-
ed-tuff hydrostratigraphic units. The van Genuchten parameters, « and m, as well as residual
and maximum saturations, were previously calibrated using iTOUGH (Finsterle 2002) for
ambient conditions (Zhou et al. 2003); therefore, strictly speaking, these parameters are
applicable between S; and Sy,. In order to extend the van Genuchten curves derived for the
wet (ambient) region to the dry region, the four methods listed in Table2 are applied. For a
given hydrostratigraphic unit and maximum capillary pressure, S; is a function of the exten-
sion method. Sj can be calculated for FCPC without an iterative process (Eq.3), but should
be numerically determined for ECPC and LCPC by solving nonlinear equations (Eqs. 6, 12).
Transition saturations subject to a CPC of 108 Pa for the 39 hydrostratigraphic units are shown
in Fig. 6. Blue fill represents the dry regions by linear (LCPC) extension, and the combined
blue and green regions represent the dry regions by exponential (ECPC) extension. The green
regions, with average width of 0.15, indicate that the exponential extension covers a wider
saturation range (S;j is fairly high), while the linear (LCPC) extension minimizes the dry
regions(S; is lower). In general, it is preferred to maintain wider wet regions (low ;) to rely
preferentially on the calibrated P.(S) curves.

The transition saturation is a function of van Genuchten «, m, S;, and S,. In order to
facilitate sensitivity analyses, the transition saturation is tabulated as a library for all hydro-
stratigraphic units as a function of van Genuchten ¢, m, and the maximum capillary pressure.
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Fig. 6 Separation of wet and dry regions for the 39 hydrostratigraphic units at Yucca Mountain for a CPC
of 108 Pa. The dry region for the LCPC extension is shown in blue. The dry regions for the ECPC extension
are shown in blue and green. For drift-scale thermal-hydrologic behavior, the units of interest are the four
host-rock units: tsw33, tsw34, tsw35, and tsw36
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Fig. 7 LCPC Sj values as a function of van Genuchten o and m for the tsw35 hydrostratigraphic unit

(Sr = 0.12) with a CPC of 108 Pa

For example, §; = 0.2 when o = 4.36 x 107%Pa~! and m = 0.35 with a CPC of 10® Pa as

shown in Fig. 7.
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4 Model Results and Analyses
4.1 Comparing Measured and Simulated Results for the Drift-Scale Test

The data for the temperature and saturation from the DST have been collected and com-
piled to help understand drift-scale thermal-hydrologic processes in the proposed high-level
nuclear waste repository at Yucca Mountain. Although interpretations of those data can be
found in previous reports, this study represents the first systematic attempt to achieve better

agreement between measured and simulated thermal-hydrologic behavior for sub-residual
saturation.

4.1.1 Temperature Snapshots

Model results simulated with the NUFT code are compared to DST temperature measure-
ments at different boreholes and times. Simulated temperature results are mapped onto all
the available thermocouple sensors in Resistance Temperature Detector (RTD) boreholes.
As shown in Figs. 8, 9, and 10, twelve snapshots of temperatures at Boreholes 137, 141,
158, 168, 79, and 80 compare DST data to models using the LNOC and LCPC extensions
(see Table 3 for collar coordinates and borehole orientation). Note that simulations with the
LCPC extensions were conducted with CPC values of 103 and 10° Pa. Because we found
that the LCPC extension with a CPC of 108 Pa produces better agreement with measured
temperatures and saturations, we decided to only present the results for a CPC of 108 Pa.
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Fig.8 Comparison of temperature snapshots at boreholes 137 and 141. a Borehole 137 at 365 days, b borehole

141 at 365 days, ¢ borehole 137 at 730 days, and d borehole 141 at 730 days. The y-axis indicates the distance
from the borehole collar at the drift wall
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Fig.9 Comparison of temperature snapshots at boreholes 158 and 168. a Borehole 158 at 365 days, b borehole
168 at 365 days, ¢ borehole 158 at 730 days, and d borehole 168 at 730days

Because models with FCPC, ECPC, and LCPC produce nearly identical temperature snap-
shots, only temperature snapshot from the LCPC model is plotted for an ease of comparison
to LNOC results and field data. Temperature curves simulated using the LCPC extension
with a CPC of 103 Pa (solid green curves) show better agreement with observed data than
those simulated using the LNOC extension (dashed curves). Based on the root-mean-square
error (RMSE) between simulated and measured temperatures, simulated temperatures using
the LCPC extension are 16.7% closer to observed data than those using the LNOC extension.
Figures 8, 9, and 10 illustrate how the LCPC extension results in better agreement between
simulated and measured temperatures than the LNOC extension. As shown in Fig. 10a, when
temperatures are below the boiling point, and wet (ambient) saturation conditions prevail,
the LCPC and LNOC extensions yield identical simulated temperatures. On exceeding the
boiling temperatures, the LCPC results in lower simulated temperatures than the LNOC
extension, which more closely correspond to measured temperatures (Fig. 10b, c, d).

Heat pipes can result from the countercurrent flow of water vapor and liquid water between
the boiling and condensation zones if the vapor and liquid fluxes are of sufficient magnitude.
Because of the high efficiency of latent heat transport, the temperature gradient in the heat-
pipe zone is minimal, resulting in nearly isothermal conditions (Birkholzer 2006). Capillary
pressures play an important role in determining gas-phase flux from the hot end to the cool
end of the heat pipe, and the liquid-phase flux back to the hot side. The absence of a CPC in
the LNOC case causes a larger increase in vapor-pressure lowering than in the LCPC case.
The larger vapor-pressure-lowering effect raises the boiling point, thereby inhibiting boiling
and reducing the magnitude of vapor flow in the heat-pipe zone. Consequently, the smaller
vapor flux in LNOC case results in less efficient heat transfer within the heat-pipe zone than
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Fig. 10 Comparison of temperature snapshots at boreholes 79 and 80. a Borehole 80 at 175 days, b borehole
79 at 365 days, ¢ borehole 80 at 365 days, and d borehole 79 at 1,650 days. The y-axis indicates the distance
from the borehole collar at the drift wall

Table 3 Collar coordinates and

borehole orientation Borehole x (m) y (m) z (m) Orientation
67 —27.73 26.47 4.78 x+
79 9.46 —11.02 3.75 y+
80 —-9.49 —11.06 3.23 y+
133 0.75 2.74 2.40 z+
134 0.73 2.73 1.60 z—
137 0.78 11.92 2.51 z+
141 0.76 11.89 —1.64 z—
158 0.76 22.85 2.57 z+
168 —0.07 31.93 2.45 +

in the LCPC case. As shown in Fig. 11, the LCPC extension better represents the heat-pipe
zone for two vertical (upward-oriented) boreholes.

4.1.2 Temperature Histories
For a given RTD sensor, the simulated borehole temperature history is compared with field

measurements. As illustrated in Fig. 12, the temperature histories simulated with the LCPC
extension show better agreement with the measured data.
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Fig. 11 Heat pipe at a borehole 137 and 730days and b borehole 168 and 730days. Both boreholes are
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Fig. 12 Comparison of temperature history plots at a sensor 52 of borehole 133, b sensor 8 of borehole 134,
¢ sensor 21 of borehole 79, and d sensor 29 of borehole 79

Simulated temperature histories for sub-boiling conditions are the same (e.g., Fig. 12a),
regardless of extension method, because wet (ambient) saturation conditions prevail, and
the respective extension methods have the same capillary-pressure representations for those
conditions. Moreover, for sub-boiling conditions, heat flow is dominated by heat conduction.
Thus, convection, which is influenced by hydrologic properties, does not noticeably affect
temperatures for sub-boiling conditions. When temperatures reach or exceed the boiling
point, phase change and convection exert dominant roles on temperature histories as shown
in Fig. 12¢, d. In the boiling zone, the LNOC extension results in larger capillary pressures

@ Springer



Impact of a Capillary-Pressure Maximum 517

08 .
06} :

0.4

. Field data
-- LNOC 1
— LCPC

02}

(a

0.8

0.6

0.4

0.2

40 0 5 10 15 20 25 30 35 40
Distance (m) Distance (m)

Fig. 13 Comparison of saturation snapshots at Borehole 67 for a 202, b 352, ¢ 890, and d 1,888 days

than the LCPC extension, which increases the magnitude of the vapor-pressure lowering
effect. The larger magnitude of vapor-pressure lowering in the LNOC case raises the boiling
point, which inhibits boiling and reduces the magnitude of vapor flux and heat-transfer effi-
ciency within the heat-pipe zone. The smaller magnitude of vapor-pressure lowering in the
LCPC case results in a greater magnitude of vapor flux and higher heat-transfer efficiency
within the heat-pipe zone, allowing temperatures to be maintained at the boiling point (96°C)
for some period of time (Lin and Sun 2006). Because of the improved representation of boil-
ing and heat transport in the heat-pipe zone, the LCPC case results in better agreement with
measured temperatures, as shown in Fig. 12¢, d.

4.1.3 Saturation Snapshots

Comparisons between measured and simulated saturation profiles are consistent with com-
parisons of measured and simulated temperatures discussed above. Larger capillary pressures
in the LNOC case increase the magnitude of vapor-pressure lowering, which elevates the boil-
ing point, inhibiting boiling and rock dryout. This explains why the dryout zone produced
in the LNOC case is smaller than that produced in the LCPC case. As shown in Fig. 13c, d,
the minimum saturation simulated in the LCPC case (as well as the LNOC case) is generally
lower than the minimum saturation measured during the boiling period. This could be the
result of uncertainty and heterogeneity of porosity, which is used to convert the measured
water content to saturation.

4.2 Drift-Scale Thermal-Hydrologic Model Results

The model results presented in this subsection are generated using a two-dimensional drift-
scale thermal-hydrologic model of a typical emplacement drift in the proposed high-level
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Fig. 14 Drift-wall temperature (a) and saturation (b), and drip-shield temperature (¢) and relative humidity
(d) at a location close to the repository center

nuclear waste repository at Yucca Mountain. This model is derived from the LDTH submodel
of the MSTHM (Buscheck et al. 2006). A line-averaged heat source is calculated for the entire
waste package inventory over the entire heated footprint of the repository. The LDTH model
is a two-dimensional version, oriented perpendicular to the emplacement drifts, of the 3-D
mountain-scale thermal-hydrologic system. Besides its specific purpose within the context of
the MSTHM methodology, the LDTH submodel also serves as a useful stand-alone model,
providing information and insight about drift-scale processes and parametric dependencies.
Here, we investigate the influence of various capillary pressure extensions on simulated
drift-wall temperature and saturation for a typical location close to the center of the Yucca
Mountain repository. Earlier in this article, we demonstrated that a van Genuchten P.(S)
curve extension with a CPC resulted in better agreement with temperatures and saturations
measured in the DST than the one without a CPC, LNOC. Here, we compare flat (FCPC),
linear (LCPC), and exponential (ECPC) extensions to the van Genuchten curve with a CPC
of 108 Pa.

Figure 14 shows the drift-wall temperature and saturation, and drip-shield temperature
and relative humidity, all of which are simulated using FCPC, LCPC, and ECPC exten-
sion methods at a typical location close to the repository center (SNL 2007). The time
history is divided into heating (a1) and cooling periods, with the cooling period further split
into an above-boiling cooling (a») period and a sub-boiling cooling (a3) period. Figure 14a,
¢, d shows that for all time, the selected extension method has a barely discernible (but
insignificant) influence on simulated drift-wall and drip-shield temperature, as well as on
drip-shield relative humidity. Only for drift-wall saturation, and only during a portion of the
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Fig. 15 Relation between drift-wall temperature and saturation at the location close to the repository center

above-boiling cooling (ay) period, does the selected extension method have any discernable
(but small) influence on the simulation (Fig. 14b). Moreover, during the latter portion of the
above-boiling cooling (a;) period, the simulated drift-wall saturations for all the three exten-
sion methods converge. Thus, as cool-down approaches the boiling point (and thereafter), the
selected extension method has an insignificant influence on simulated drift-wall saturation.

For the above-boiling cooling (a2) period, the FCPC extension results in slightly higher sat-
uration, and the ECPC extension results in slightly lower saturation than the LCPC extension.
Notice that the differences in simulated saturation only occur for dry conditions, with satura-
tion values less than 0.4. For above-boiling, low-saturation conditions, rewetting is affected
by vapor transport and condensation, while for higher saturation conditions, rewetting is dom-
inated by liquid-phase flow, primarily driven by the local percolation flux (Buscheck et al.
2006). For low saturation, differences in saturation history reflect the distinct rates of rewett-
ing resulting from capillary condensation. The higher values of capillary pressure in the FCPC
case (see Fig. 1) cause a greater vapor-pressure lowering effect, resulting in faster rewetting
by capillary condensation. The lower values of capillary pressure in the ECPC case cause a
smaller vapor-pressure-lowering effect, resulting in slower rewetting by capillary condensa-
tion. Once saturation values exceed 0.4, rewetting is dominated by liquid-phase rewetting,
which is controlled by the local percolation flux (Buscheck et al. 2006). Thus, rewetting to
ambient (wet) saturation conditions is unaffected by the choice of extension method.

The relationship between drift-wall temperature 7' and saturation S is shown in Fig. 15.
During both the heating (a;) and sub-boiling cooling (a3) periods, the 7-S relations for
the three extensions are identical. For reasons discussed earlier, during the above-boiling
cooling (ay) period, the FCPC and ECPC extensions result in faster and slower rewetting,
respectively, than that resulting from the LCPC extension. Note that the influence of capillary
condensation on vapor-phase rewetting begins at a temperature of about 117°C.

Because all the three extension methods with a CPC result in similar simulated thermal-
hydrologic behavior for a typical location in the Yucca Mountain nuclear waste repository
(virtually identical with respect to temperature and relative humidity), it is reasonable to
consider computational efficiency to help select the preferred extension method.
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Fig. 16 Numerical performance of FCPC, LCPC, and ECPC extensions in a the two-dimensional drift-scale
thermal-hydrologic model of a typical location in the Yucca Mountain repository and b the three-dimensional
nested Drift-Scale Test (DST) model

Table 4 Comparison of root-mean-square error

Extension 175 days 365 days 730 days 1,096 days 1,500 days 1,650 days
FCPC 4.24 3.50 6.96 9.25 10.85 8.44
LCPC 421 3.51 7.00 9.27 10.86 8.44
ECPC 4.20 3.53 7.13 9.34 10.96 8.45
LNOC 5.14 4.88 7.46 9.36 10.82 12.50

4.3 Numerical Performance and Overall Comparison

We have demonstrated that an extension of the van Genuchten capillary-pressure curves with
a CPC provides better agreement between the measured DST data and the simulated results
than that provided by an extension without a CPC (see Figs. 8, 9, 10, 11, 12,13). More specif-
ically, we showed that the LCPC extension results in better agreement with temperature and
saturation measurements in the DST than that resulting from the LNOC extension. We also
showed that all the three different extension methods with a CPC of 108 Paresult in essentially
the same simulated thermal-hydrologic behavior at a typical location in the Yucca Mountain
nuclear waste repository. Therefore, it is reasonable to choose an extension method on the
basis of computational efficiency. To this end, we investigate the numerical performance of
the FCPC, LCPC, and ECPC extensions.

Figure 16 compares computational efficiencies for the two-dimensional drift-scale ther-
mal-hydrologic model of a typical location in the Yucca Mountain repository and for the
DST model for the three extension methods. At early stages (corresponding to the pre-boil-
ing period), there are no significant differences in terms of simulation speed. During the
boiling and rewetting periods, the LCPC and ECPC extensions result in nearly equal simu-
lation speeds, while the FCPC extension has a significantly slower speed. During the boiling
period of the DST model, the LCPC extension results in faster simulation than the FCPC
and ECPC extensions. However, during the rewetting period, the ECPC extension results in
slightly more efficient simulation than the LCPC extension. It is noted that the simulation
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using LNOC extension failed to reach the end of the simulation period for the DST model
because of the unrealistically high capillary pressure, which causes rewetting to be too fast.
The RMSE between simulated and measured temperatures is calculated for all the avail-
able boreholes at six different times, as shown in Table 4. All the three extension methods with
a CPC of 103 Pa result in better agreement with temperature data than the LNOC extension,
which has no CPC. For 365, 730, 1,096, and 1,500 days, the FCPC extension yields a slightly
lower RMSE compared to LCPC and ECPC. However, the marginal improvement in RSME
does not warrant the additional computational expense of the FCPC extension. Therefore,
we prefer the use of the LCPC extension to the van Genuchten capillary-pressure curves.

5 Conclusions

Applicability of the van Genuchten curves calibrated under ambient (wet) conditions to the
strongly heat-driven (dry) conditions expected at the Yucca Mountain nuclear waste reposi-
tory is addressed in this article; this question had not been previously addressed in great detail.
In this article, various mathematical expressions are used to describe capillary pressure as
a function of saturation under strongly heat-driven conditions, and the concept of transition
saturation is used to divide dry and wet regions. The van Genuchten curves calibrated for
ambient conditions are used in the wet region while synthetic extensions are used in the
dry region. The extension of capillary-pressure curves not only eliminates the singularity
at residual saturation, but better reflects the fact that capillary pressure should be capped at
some finite, physically reasonable value (i.e., less than the rock yield stress).

Measured temperature and saturation data in the DST are used to test various extension
methods with and without CPCs. Agreements between simulated and measured values of
both temperature and saturation are compared across all extension methods. It is found that
all the three extension methods with a CPC of 108 Pa result in significantly better agreement
between simulated and measured values than that resulting from an extension method with no
CPC. Moreover, the RMSE between the simulated and measured temperature is similar for
the three extensions with CPC, and is significantly smaller than the RMSE for the extension
method with no CPC.

The three transition methods with a CPC of 108 Pa are applied to a two-dimensional,
drift-scale thermal-hydrologic model of a typical location close to the center of the Yucca
Mountain repository. All the three extension methods result in essentially identical simula-
tions of drift-wall and drip-shield temperature, as well as drip-shield relative humidity. With
respect to liquid saturation at the emplacement drift wall, the three transition methods result in
the same simulated dryout behavior, and similar rewetting behavior, with the minor exception
of very dry conditions, when capillary condensation dominates rewetting behavior. There-
fore, for extensions with a CPC of 108 Pa, the selected extension method has an insignificant
influence on simulated drift-scale thermal-hydrologic behavior for a typical location in the
Yucca Mountain repository. Thus, the selection of a preferred extension method can be based
on (1) computational performance and (2) the extent to which the van Genuchten curves,
calibrated for ambient (wet) conditions, are utilized. The transition saturation of the LCPC
extension is much smaller than that of the ECPC; thus, the LCPC extension utilizes a greater
saturation range of the van Genuchten curves than the ECPC extension. For this reason, the
LCPC extension is preferred over the ECPC extension. The FCPC extension is found to be
much more computationally expensive than either the LCPC or ECPC extensions. For this
reason, the LCPC extension is preferred over the FCPC extension.
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In this article, we conducted numerical experiments using various extension methods to
the van Genuchten capillary-pressure function and demonstrated better agreement with the
measured data from the DST, and no undue computational expense, when using the linear
(LCPC) extension method with a CPC of 108 Pa. It is acknowledged that other parameters not
addressed by this study may also affect thermal-hydrologic behavior. Although this article is
limited to the study of the impact of capillary pressure curves, the mathematical models of
the extended capillary-pressure curves can be applied to other thermal-hydrologic problems
under heat-driven conditions. Some assumptions, such as the maximum capillary pressure
(103 Pa) at zero saturation do not reduce the generality of the model concept, and alternative
assumptions could be incorporated as needed (e.g., a CPC of 10° Pa yielded poorer model fits
to data and was not presented in this study). Numerically and physically, there must be a CPC
when saturation approaches zero. For a given rock material, this cap value can determine the
transition saturation and thermal-hydrologic behavior in the dry region.
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