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Abstract

Thermal-hydrological (T-H) model calculations are conducted with the NUFT code to
guide the design and operational plans for the drift-scale test (DST). The sensitivity of
measured T-H behavior to ambient percolation flux and liquid-phase mobility in the
fractured rock is investigated. The clearest indicators of the magnitude of percolation
flux will be the temperatures measured during the heat-up period and the relative
humidity measured during the cool-down period. Various heating rates and heating
schedules were considered to provide input to help determine how the DST should be
operated to optimize the balance between providing timely information required to
validate process-level models supporting TSPA-LA and generating conditions relevant
to repository thermal loading conditions. A heating schedule with a 2-yr constant-
heating period, followed by a gradual rampdown of the heater power created a quasi-
steady period during which maximum drift-wall temperatures remained close to 2001C.
This heating schedule i zsulted in nearly the same spatial extent of boiling conditions as
a constant-power case that resulted in very high maximum rock temperatures. A key
finding for drift-scale modeling concerns the importance of fully accounting for thermal
radiation inside the heater (or emplacement) drift. The effect of venting gas from the
heater drift to limit gas-pressure buildup was also examined. To prevent gas venting
from distorting the evolution of the air mass fraction in the gas phase, it will be
necessary to limit the re-entry of air through the gas vent during the cool-down period.
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1. Introduction and Background

1. Introduction and Background

This report describes the modeling and analysis that have been used to guide the
refinements made during FY97 to the design and operational plans for the drift-scale
thermal test (DST) in the exploratory studies facility (ESF), which is located in the
unsaturated zone (UZ) at Yucca Mountain, Nevada. The model calculations described
in this report were conducted with the NUFT code (Nitao, 1993, 1995). Most of the
calculations are three-dimensional, accounting for the geometric details of the heater
drift and nearby drifts; these calculations include the discrete representation of the in-
drift heaters, thermal radiation occurring within the heater drift, and the thermal
bulkhead that separates the unheated portion of the heater drift from the heated
portion. The primary purpose of these calculations is to provide input to help guide
decisions about the following:

* The heat-generation rates and heating schedule for the heater
* The design of the ventilation system
* The design of the thermal bulkhead that separates the heated and unheated

portions of the heater drift
* The design of the heaters, including the maximum power requirements and the

temperatures to which the heaters will be subjected
* The temperature requirements for installed and removable instrumentation and

cabling
* The requirements (e.g., the spatial extent of temperature increase and dryout) for

the spatial coverage of the monitoring network

Unlike earlier studies (Buscheck and Nitao, 1995), this study did not investigate the
sensitivity of thermal-hydrological (T-H) behavior in the DST to a wide range of
hydrological properties and conditions; however, the sensitivity of T-H behavior to
ambient percolation flux is examined. This study uses recent measurements of
hydrological and thermal properties (Tsang, 1997) and focuses on examining the
consequences of alternative heating rates, heating schedules, and alternative thermal
property assumptions (thermal conductivity and emissivity) for the thermal bulkhead.
Calculations were also corducted to compare the effect of pressure-sealing the thermal
bulkhead versus allowing the pressure buildup iii the heater drift to be relieved.
Detailed three-dimensional descriptions of the temperature and liquid saturation
distributions are provided for the major cases investigated in this study. Although not
presented in this report, detailed descriptions of the heat flux distribution into the
neighboring drifts have been provided to the project for several of the heat-conduction-
only cases that were investigated in this study.

Previous modeling work (Buscheck and Nitao, 1995) was used to help develop the
initial DST design. That modeling study, along with earlier modeling studies (Buscheck
et al, 1993a; Buscheck et al, 1993b), has been used to develop the major T-H objectives of
large-scale, in situ thermal testing. Buscheck and Nitao (1995) considered a range of
heater test sizes (i.e., heated footprint), heating rates, and heating durations to help
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1. Introduction and Background

establish a minimum test size and duration that provide sufficient information to
determine the following:

* The dominant mode(s) of heat flow
* The major T-H regime(s) that influence the magnitude and direction of vapor

and condensate flow
* The key coupled thermal-hydrological-geomechanical-geochemical (T-H-M-C)

processes and site conditions (e.g., ambient percolation flux) that influence
dryout and rewetting of the dryout zone

* The influence of heterogeneous properties and conditions (e.g., ambient
percolation flux) on the flow of heat, vapor, and condensate, with particular
emphasis on rock dryout and rewetting

All of these questions are to be resolved for thermal-loading conditions that are relevant
to repository conditions. It is crucial that these questions be addressed within the time
frame of the license application. Table 2 of Buscheck and Nitao (1995, pag- t9)
summarizes the majc: issues concerning T-H and T-H-M-C behavior (which are
included in the primary objectives listed previously) and the approximate duration of
time required during the DST for these issues to be resolved. A major consideration in
establishing the heating configuration (and heating rates) of the DST is to provide
information for resolving Table 2 issues in a timely manner. On the basis of Table 2, a
minimum test size of 1000 m 2to 1500 m 2 and a minimum full-power heating duration of

*2 yr to 4 yr were found to be necessary. Moreover, it was found that a single-drift heater
test (without any auxiliary heating outside of the heater drift) allows too much
condensate shedding and thereby promotes too little condensate buildup above the
boiling zone to generate a significant heat-pipe zone. The use of wing heaters emplaced
in arrays of horizontal boreholes on either side of the heater drift allows for the
development of tabular boiling and dryout zones that are overlain by a substantial zone
of condensate buildup that increases the likelihood of the development of a significant
heat-pipe zone.

There are at least four additional major criteria in establishing the heating configuration
and heating rates (and schedule):

1. The sensitivity of T-H behavior in tle DST to percolation flux should be
maximized. Measurements of temperature, liquid saturation, and ral-tive
humidity should be able to help discriminate the magnitude of percolation flux.

2. The tendency for the development of a heat-pipe zone should be maximized.
3. The tendency for post-boiling condensate drainage into the heater drift should be

maximized.
4. The volume of rock perturbed by heat should be sufficiently large compared to

the scale of heterogeneity of the fracture networks.

The first three criteria are accomplished with a sufficiently large test area (i.e., heated
footprint) and the use of wing-heater arrays. The outer half of the wing-heater arrays is
specified to have an Areal Power Density (APD) that is 50% greater than that of either
the inner half of the wing heaters or the region inside the wing heaters (i.e., the
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1. Introduction and Background

immediate vicinity of the heater drift). The purpose of this heating configuration is to
minimize condensate-shedding around the wing heaters and to drive condensate
toward the heater drift, thereby enhancing the likelihood of condensate entering the
drift. By minimizing condensate-shedding around the wing heaters, the tendency for
the development of a heat-pipe zone is maximized. This configuration also maximizes
the sensitivity of the DST to percolation flux.

With regard to the third criteria, analyses of drift-scale T-H behavior in the repository
(Buscheck, 1996) indicate that the most vulnerable period for heat-driven liquid-phase
flow entering the emplacement drift is the period immediately following the boiling
period. Because the DST has an accelerated cool-down period, the likelihood that post-
boiling condensate drainage may enter the drift is enhanced relative to the much more
gradual cool-down period under repository conditions. One of the primary motivations
for accelerating the DST heat-up schedule is to minimize the time required to get to the
critically important post-boiling period when condensate drainage into the drift is most
likely. The heating distribution in the wing-heater arrays was selected to minimize
condensate-shedding around the boiling region and to maximize the potential for post-
boiling condensate drainage into the heater drift.

Regarding the fourth criteria, it was judged that a vertical thickness of 10 m of rock
should be dried out to meet this objective (Buscheck et al, 1993a; Buscheck et al, 1993b).
The relationship between peak drift-wall temperature Tdw ,p,.k and dryout zone thickness
AZ of the DST is given in Fig. 8 of Buscheck and Nitao (1995). For a heated area of 1475
M2 , Tdw~pak = 150'C results in AZ = 6 m (which is only slightly larger than the heater-drift
diameter), while TdWpk = 200'C results in AZ = 12 m. It is important to note the impact
of the finite size of the DST (and the resulting edge-cooling effect) on T-H behavior.
Because of the finite size of the DST, TdWpak must be considerably higher (than in the
repository) to compensate for the lateral heat loss in the DST.

The current thermal goal for the maximum drift-wall temperature in repository drifts is
2000C. While the point-load design results in a peak drift-wall temperature range of
110OC-160C, the line-load design, which is being considered as a design alternative,
results in a peak drift-wall temperature range of 1800C-2100C for 83 metric tons of
uranium per acre (MTU/acre), which is comparable to the peak drift-wall temperature
being considered for the DST. Because of the fine size of the DST, it is necessary to drive
the peak drift-wall tiiiperature to 200'C to dry out a large enough volume of rock to be
statistically meaningful with respect to the fracture heterogeneity.

Model calculations (Buscheck and Nitao, 1993a, 1993b) have indicated that the decay-
heat-driven T-H behavior of the repository can be divided into three sequential periods:

1. Heat-up/drying period
2. Quasi-steady period
3. Cool-down/rewetting period

The concept of these three periods is applicable over dynamically changing spatial
regimes. Therefore, at a given time, certain locations in a repository (such as the edge of
the repository) may already be in the rewetting regime while other locations (such as
the center of the repository) may remain in the drying regime. The DST will definitely
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include heat-up and cool-down periods. A quasi-steady period can be added to the DST
if the in-drift and wing-heater heat-generation rates are gradually ramped down after
the initial constant-power period. The heating rates can be increasingly throttled back
so that the temperature at selected locations (e.g., the springline temperature at the
center of the heater drift) is maintained at some target temperature (e.g., 2001C)

During the heat-up/drying period, the rate of evaporation is greater than the rate of
condensation. (Note that the durations of these sequential periods, including the heat-
up/drying period, depend on the location in the repository.) Depending on the
thermal-loading of the repository, the location in the repository (e.g., the center of the
repository), and the local ambient percolation flux, the heat-up/drying period can last
from tens of years to as many as approximately a thousand years (Buscheck and Nitao,
1993a, 1993b). The important thermal-loading parameters include the following:

* Areal mass loading (AML, expressed in MTU/acre)
* Age of spent nu-1-ar fuel (SNF)
* Depth of the repository below the ground surface

During the heat-up/drying period, the cumulative volume of water removed from the
dryout zone increases monotonically. As the repository heating rate decreases and the
volume of the boiling region increases, conditions stabilize to a quasi-steady state in
which the rate of evaporation is equal, or nearly equal, to the rate of condensation.
Temperature, liquid saturation, and relative humidity (RH) in the repository change
very little during this period. Depending on the AML and SNF age, the quasi-steady
period may last as long as several thousand years, and the drying/rewetting front may
be located well away from the repository. As the repository heating rate further
decreases, the cool-down/rewetting period begins as temperature, liquid saturation,
and RH begin to slowly return to ambient values. During the cool-down/rewetting
period, the net volume of water removed from the dryout zone decreases
monotonically.

Depending on waste-package spacing, SNF age, and drift spacing, drift-scale T-H
behavior in the repository requires the following:

1. 30-60 yr to attain peak drift-wall temperatures
2. 30-50 yr to begin tc .alesce the boiling zones between neighboring drifts
3. 200-300 yr to attain the maximum vertical length of the heat-pipe zone
4. 500-700 yr to attain the maximum spatial extent of boiling conditions

Any in situ thermal test conducted within the license application time frame will have to
be significantly accelerated relative to repository conditions. It is important that the DST
result in T-H behavior and coupled T-H-M-C phenomena that are relevant to a much
longer time frame. An important issue for the reference thermal load of 83 MTU/acre is
the consequence of an extensive boiling zone that will eventually coalesce between
drifts and extend as much as 300 m vertically. Therefore, it is important that the DST
develop an extensive boiling zone relatively quickly and maintain it for a duration long
enough to result in coupled T-H-M-C effects that may significantly influence long-term
T-H behavior in the repository.
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2. Numerical Models and Assumptions

All of the calculations in this study used the NUFT code (Nitao, 1995). NUFT uses the
integrated-finite-difference method and simulates the transport of air, water, energy,
and other species, such as radionuclides. NUFT determines the spatial and temporal
distribution of gas- and liquid-phase pressure, gas- and liquid-phase saturation, air
mass fraction in gas and liquid phases, water mass fraction in gas and liquid phases,
and temperature. NUFT can treat the mechanical dispersion of components and can
handle additional fluid phases, such as a nonaqueous hydrocarbon phase. NUFT is in
the process of being benchmarked against the V-TOUGH code (which has been
qualified for quality affecting work) and is in the final stages of code qualification,
according to the Individual Software Plan (ISP) for NUFT.

Nearly all of the calculations described in this report are three-dimensional. Two-
dimensional calculations were conducted for scoping analysis to support the three-
dimensional calculations. The three-dimensional models incorporate the entire drift-
scale test (DST) area. The initial stage of analysis was conducted with a model that
represented all of the drifts in the DST area (Figure 2.1). A boundary-condition
sensitivity analysis (described in Chapter 3) found that it is not necessary to include
several of the drifts in the area. The result of this study was a somewhat simplified
three-dimensional representation of the DST area (Figure 2.2). Several versions of
thermal-radiation model were used. The "partial-radiation" model (Figure 2.3a) treats
only the heater-to-heater and heater-to-drift-surface radiation. The "full-radiation"
model (Figure 2.3b) is a comprehensive treatment of thermal radiation in the heater
drift. In addition to all of the thermal radiation treated in the partial-radiation model, it
includes all drift-wall-to-drift-wall radiation and drift-wall-to-drift-floor radiation.

All of the models use a Cartesian (x, y, z or i, j, k) coordinate system with the x direction
being transverse to the heater drift, the y direction being parallel to the heater drift, and
the z direction being vertical and with z or k increasing with distance from the ground
surface. The overall gridblock dimensions of the initial 3-D conduction-only model
(called the heat-conduction-only model) were i = 43, j = 46, and k = 45 (Figure 2.1). The
three-dimensional thermal-hydrological (T-H) model used in Chapters 5,6. and 7 has
overall gridblock dinensions of i = 45, j = 35, and k = 46 (Figure 2.2).

For all of the models, the lateral boundaries are adiabatic/no-mass flow boundaries.
The ground surface, which is 223.49 m above the base of the in-drift heaters for the heat-
conduction-only model, is a constant-temperature, constant-pressure, constant-relative-
humidity boundary. For the T-H model, the ground surface is 250 m above the base of
the in-drift heaters. The water table, which is 568.1 m below the ground surface, is a
constant-temperature, constant-pressure, constant-liquid-saturation boundary. For the
T-H model, the water table is 572.3 m below the ground surface. The heat-conduction-
only models are initialized to an initial temperature of 24 0C. The TH models are
initialized to account for the geothermal temperature gradient and pneumatistatic
pressure gradient in the DST area. The initial temperature at the heater horizon is
24.20C in the TH models.

Pretest Thermal-Hydrological Analysis of the 2-1
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The T-H calculations were conducted for three values of ambient percolation flux (qpua =
0.36 mm/yr, 3.6 mm/yr, and 6.2 mm/yr), each with a corresponding set of hydrological
properties for the fracture and matrix continua in the effective continuum model (ECM).
The hydrological property sets for the 0.36- mm/yr and 3.6-mm/yr cases were based on
a refined one-dimensional column-model I-TOUGH inversion for borehole SD-9
(Bandurraga, 1997). The inversion was based on obtaining a liquid saturation of 92% in
model layer TSw34 of the UZ-site-scale flow model (Tptmn), which is the prevalent
rock type in the DST area.

For the T-H models used in this study, it is assumed that the vertical layering of the
hydrostratigrahic units in borehole SD-9 is applicable to the DST area. This assumption
places the top of the TSw34 layer (i.e., the TSw33/TSw34 contact) 26 m above the heater
horizon and places the bottom of the TSw34 (i.e., the TSw34/TSw35 contact) 10 m
below the heater horizon. However, based on observations of the TSw33/TSw34 contact
made in boreholes in the DST area, it is estimated that the distance between th-
TSw33/TSw34 contact and the heater horizon is 17 m above the hot side of the thermal
bulkhead, increasing to about 21 m at the eastern end of the heater drift (Wagner and
Weaver, 1997). Accordingly, the distance between the bottom of the TSw34 and the
heater horizon ranges from approximately 19 m below the hot side of the thermal
bulkhead to 15 m at the eastern end of the heater drift. The differences between the
actual and represented locations of the hydrostratigraphic contacts are expected to have
a negligible effect on T-H behavior because (1) the boiling and dryout zones do not
extend beyond these contacts (either as represented in the model or as observed in the
field), (2) the thermal properties of the TSw33, TSw34, and TSw35 units are virtually
identical, and (3) the hydrological properties of these units are similar.

For the calculations in this study, the 0.36-mm/yr case results in a liquid saturation of
92% over a depth interval that is 10 m to 25 m above the heater horizon. Over the
interval 10 m to 0 m above the heater drift, the liquid saturation decreases from 92% to
90%, while over the height interval of the heater drift, the liquid saturation decreases
from 90% to 88% saturation. Therefore, the initial liquid saturation in the DST area of
the 0.36-mm/yr model is slightly less than the 92% value reported by Bandurraga
(1997).

For the 3.6-mm!yr cas i, Jhe initial liquid saturation in the model is 92% to 93% or e; the
entire TSw34 interval, which is similar to the . alue reported by Bandurraga. Note that,
for both the 0.36- mm/yr and 3.6-mm/yr cases, the TSw33 and TSw35 layers (which
overlie and underlie, respectively, the TSw34) have lower initial liquid saturations than
does the TSw34. Therefore, any T-H perturbations that extend more than 26 m above or
10 m below the heater horizon occur in rock with slightly lower initial liquid saturation.

The 6.2-mm/yr case uses an I-TOUGH hydrological-properties inversion that was
released by Lawrence Berkeley National Laboratory (LBNL) on January 28,1997 (Wu,
1997). This inversion set is a modification of parameter set #4 (Table 8.5.4 of Bodvarsson
and Bandurraga, 1996). The 6.2-mm/yr case has an initial liquid saturation of 92% for
the heater horizon in the DST area. This case was considered in the study discussed
here because it uses the same percolation flux and hydrological properties used in a

2-2 Pretest Thermal-Hydrological Analysis of the
Thermal Drift-Scale Test at Yucca Mountain



2. Numerical Models and Assumptions

total systems performance assessment (TSPA) calculational exercise that supported the
FY97 Waste Isolation Strategy Study (Saterlie, 1997).

The boundaries for the heat-conduction-only and T-H models are similar. The
boundaries of the initial 3-D heat-conduction-only model are as follows:

Ground surface (k = 1) is 223.49 m above the lower surface of the in-drift heaters.

Water table (k = 45) is 568.1 m below the ground surface and 344.61 m below the
lower surface of the in-drift heaters.

Northern lateral boundary (i = 1) is 94.5 m from the northern edge of the wing
heater footprint and 108.5 m north of the heater drift centerline.

Southern lateral boundary (i = 43) is 79.71 m south of the centerline of the
observation drift, 90.92 m south of the southern edge of the wing heater
footprint, and 104.92 m south of the heater drift centerline. The overall north-
south dimens 'n of the model is 213.42 m.

Eastern lateral boundary (j = 1) is 77.25 m east of the connecting drift, 91.5 m east of
the cold side of the bulkhead, and 93.5 m east of the hot side of the bulkhead.

Western lateral boundary (j = 46) is 94.5 m west of the western terminus of the
heater drift and 142 m west of the hot side of the bulkhead. The overall east-west
dimension of the model is 235.5 m.

Other major model dimensions are as follows:

Heater drift is 47.5 m long, extending from the hot side of the bulkhead to the
western end of the drift; it is represented as being sqaure in cross section: 4.42 m
wide by 4.44 m high, with the lower 0.75 m of the drift being a concrete invert.
Note that the actual heater drift is circular in cross section, with a diameter of
5 m. Modeling studies of drift-scale T-H behavior (e.g., Buscheck, 1996) have
shown that the circular cross-sectional geometry of the emplacement drift can be
represented as being square as long as the cross-sectional area of the drift is the
same as in the actual circular geometry. On the cold side of the bulkhead, the
unheated interval of the heater drift is 14.25 m long, intersecting the connecting
drift at its eastern terninus.

Bulkhead separates the 47.5-m heated interval of the heater drift from the unheated
interval of the heater drift. The bulkhead has the same cross-sectional dimensions
as the heater drift (above the invert) and is 2 m deep (from the hot to the cold
side). Thermal conductivity Kh values of 0.5 and 0.1 W/moC (over its 2-m depth)
have been assumed for the bulkhead.

Plate-loading niche starts 1 m east of the cold side of the bulkhead. This drift is 2 m
wide by 3.69 m high.

Connecting drift is 4 m wide by 3.69 m high. Its northern terminus is 10.75 m north
of the centerline of the heater drift; at its southern terminus, it intersects the
observation drift.

Pretest Thermal-Hydrological Analysis of the 2-3
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Observation drift is 4.42 m wide by 3.69 m high. Its northern terminus is 10.75 m
north of the centerline of the heater drift; at its southern terminus, it intersects the
observation drift.

DAS niche is 4 m wide by 3.69 m high. It is the easternmost extension of the
observation drift and extends 7.25 m to the east of the connecting drift's meeting
with the observation drift.

In-drift heaters are represented as being square in cross section: 1.5 m wide by 1.5 m
high by 4.65 m long. Modeling studies of drift-scale T-H behavior (e.g., Buscheck,
1996) have shown that the circular cross-sectional geometry of the waste
packages can be represented as being square as long as the cross-sectional area of
the waste packages is the same as in the actual circular geometry. The 9 heaters
are "suspended" 0.2 m above the floor (the upper invert surface). Heat flow
through the cradles supporting the heaters is ignored. A 0.63-m-long gap exists
between each pair of heaters; tlhe easternmost heater is 0.305 m from tne
bulkhead, and mne westernmost heater is 0.305 m from the western end of the
heater drift. The easternmost and westernmost heaters are subdivided into 2
blocks in the axial direction, while the other 7 heaters are subdivided by only 1
block in the (j) axial direction. All 9 heaters are subdivided into 1 block in the
lateral (i) direction. All 9 heaters are subdivided into 2 blocks in the vertical (k)
direction. Each in-drift heater generates 5.8613 kW in the heat-conduction-only
calculations. For the T-H calculations, each in-drift heater is assumed to generate
6 kW. For thermal radiation, the emissivity e of the surfaces of the in-drift heaters
is assumed to be 0.8.

Wing heaters are represented by two smeared-heat sources on either side of the
heater drift. The dimensions of each of the wing heater arrays are 9.5 m in the
lateral direction and 46.89 m in the axial direction. Note that the 46.89-m axial
dimension corresponds exactly to the axial interval of the 9 in-drift heaters (46.89
= 9 x 4.65 + 8 x 0.63). The inner half of the wing heaters has an areal power
density of 125 W/m2 and the outer half has an areal power density of 187.5
W/m2 . In the vertical direction, the wing heater heat source is distributed over a
thickness of 0.75 m, extending from the elevation of the top of the in-drift heaters
down to the mid-elevation of the in-drift heaters. For the T-H model, tile axial
dimension of the wing-heater array is 47.5 m and the APD has been reduced
slightly (by 1.3%) relative to the heat-conduction-only model. The total heater
power for the inner wing-heater array (for a given side of the DST) is obtained by
multiplying 25 wing heaters by 1145 W/heater, which is equal to 28,625 W. The
total heater power for the outer wing-heater array (for a given side of the DST) is
obtained by multiplying 25 wing heaters by 1719 W/heater, which is equal to
42,975 W.

Heat transfer in the heater drift occurs by thermal radiation. In the T-H models, heat
transfer in the heater drift also arises from conduction and convection. For all models,
the surfaces of the in-drift heaters radiate to the drift floor, drift wall, drift ceiling,
bulkhead, and the end of the neighboring in-drift heater. For the "full radiation" model,
radiation between the floor and other drift-wall surfaces is also accounted for, such as
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drift-wall-to-drift-wall radiation (Fig 2.3b). The drift-wall and floor surfaces are
assumed to be blackbodies (emissivity e = 1). The emissivity of the hot side of the
bulkhead has been varied, including emissivity values of 0.7 and 0.1905.

Because of the effect of ventilation, all other drifts are assumed to be maintained
constant at the initial temperature (240C). The thermal conductivity of the air in the
ventilated drifts is adjusted to result in an effective boundary layer thickness of 0.02 m,
except that the drift blocks adjoining the cold side of the bulkhead is assumed, because
of stagnant air conditions, to have a boundary layer thickness of 0.1 m.
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3. Model Boundaries and Thermal Radiation

This chapter describes investigation of the sensitivity of the predicted temperature
distribution in the DST to the treatment of the drifts in the DST area. The objective is
to determine whether the neighboring drifts (e.g., the access/observation drift) need
to be represented in the three-dimensional T-H models. Also investigated is the
sensitivity of predicted temperatures around the heater drift to the treatment of heat
transfer within the heater drift. Two different models that include thermal radiation
in the drift are compared to a model that uniformly distributes the heat generation
from the heaters to the surfaces of the drift. Whether all heat-emitting surfaces are
considered differentiates the two radiation models. The 'partial-radiation" model
(Figure 2.3a) treats only the heater-to-heater and heater-to-drift-surface radiation.
The "full-radiation" model (Figure 2.3b) is a comprehensive treatment of thermal
radiation in the heater drift. In addition to all of the thermal radiation treated in the
partial-radiation modei, it includes all drift-wall-to-drift-wall radiation and drift-
wall-to-drift-floor radiation.

As is explained subsequently, it was determined that it is necessary that radiation
between all surfaces be treated. Therefore, for all of the T-H calculations conducted
for this study, thermal-radiative heat transfer is considered between all surfaces in
the heater drift. In the NUFT code, a thermal-radiative-heat-transfer coefficient must
be specified for each pair of emitting surfaces. For most of the thermal radiation
connections, the heat-transfer coefficient is based on the following derivation.

Consider the thermal-radiative heat transfer between an area Ai on the heater
surface and a portion of the drift wall with area A . (In this application, Ai is the
surface of one of possibly many computational grid cells that represent the heater.
Similarly, A, is part of the surface of a cell at the drift wall.) Suppose that Ai is at
temperature Ti and A4 is at temperature T1. Because the drift enclosure is large
compared to the size of the heater, thermal radiation from the heater can be
considered a graybody inside a large blackbody cavity. The thermal-radiative heat
flux between Ai (the heater) and A, (the drift wall or floor surface) is then given by

q4 = eaAFij(Tj" -7T (1)

where £ is emissivity of surface Ai and a is the Stephan-Boltzmann constant. The
view factor (also called shape factor or form factor) is denoted by FiJ and is given by

Cosf rOSi.CosOS 2
Ai Ai Ai ||orj~ i, (2)

This expression is found in most heat transfer texts (Holman, 1990). The terms xi and
x; are the integration variables over Ai and 4, respectively. The terms X, and 4, are
the solid angles between the vector joining the two surfaces A, and A, and the normal
vectors for these respective surfaces. The term rii is the distance between the two
surfaces.
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For this chaper, heat-conduction-only-models were extensively used for the three-
dimensional calculations that considered the detailed geometry of the DST area. An
early version of this model was called the "partial radiation" model because it
represented thermal-radiative heat transfer from heater to heater and from the
heater to the drift-wall and drift-floor surfaces, but did not include the contribution
of thermal-radiative heat transfer from drift surface to drift surface (Figure 2.3a).

For this chapter, the rock in the DST area is assumed to have a thermal conductivity
Kth of 1.67 W/mWC, which is much lower than the value (2.03 W/mrC) obtained in a
recent in situ measurement (Danko, 1997). Consequently, temperatures reported in
this chapter are substantially higher than they would be with the K.h value
determined in the recent in situ measurements.

The purpose of this study was to determine the importance of considering the
influence of the various drifts occurring in the DST area. Because these drifts will be
ventilated, they are effectively constant-temperature boundaries in the models. For
T-H models, they are also constant gas-phase-pressure and relative-humidity
boundaries. Figure 1 compares the axial drift-wall distribution at the crowr and at
the springline of the heater drift for a model that represents all the drifts in the DST
area (Figure 2.1) and a model that only represents the heater drift and the plate-
loading niche (Figure 2.2). The temperature along the heater drift is insensitive to the
inclusion of all the drifts or of only the drifts in the immediate vicinity of the DST's
heated footprint. Although not shown here, the temperatures within the above-
boiling-temperature zone are insensitive to the inclusion of all the drifts in the
model. On the basis of this comparison, it was deemed reasonable to only include
the heater drift and plate-loading niche in the three-dimensional T-H models.

Using the three-dimensional heat-conduction-only model, the sensitivity of
predicted temperatures to the treatment of heat transfer within the heater drift was
examined. Figure 3.2 compares the axial temperature distribution at the crown and
at the springline of the heater drift for four cases, including the following:

Two-dimensional model (full radiation): This model includes thermal radiation
between all surfaces in the drift (Figure 2.3b).

Distributed heat source: This three-dimensional model uniformly distributes the
heat generated by the drift heaters to the drift-wall and drift-floor surfaces.

Discrete heaters (partial radiation): This three-dimensional model represents
thermal radiation from heater to heater and from heater to drift-wall and
drift-floor surfaces (Figure 2.3a).

Discrete heaters (full radiation): This three-dimensional model represents
thermal radiation between all surfaces in the heater drift (Figure 2.3b).

The differences between these four models are pronounced. For the distributed-
heat-source model, the peak axial springline temperatures at the bulkhead,
midpoint, and far end of the drift are 1870C, 3620C, and 1750C, respectively. For the
partial-radiation model, the temperatures at the same locations are 2220C, 3290C,
and 2260C, respectively, while for the full-radiation model, the temperatures at the
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same locations are 2341C, 3141C, and 240'C, respectively. The two-dimensional full-
radiation model predicts a springline temperature of 3660C, which is hotter than all
of the 3-D model calculations, indicating the importance of accounting for three-
dimensional heat flow in the DST area. Notice that the very inefficient axial heat
flow in the 3-D distributed-heat-source model results in a springline temperature at
the midpoint of the drift that is almost as hot as that predicted by the two-
dimensional model.

Clearly, thermal radiation plays a very important role in distributing the heat flux
along the drift-wall and drift-floor surfaces. The efficiency of thermal radiation
stems from the fact that it is proportional to differences in 14; consequently small
differences in T result in substantial thermal-radiative heat transfer. The "partial
radiation" does not represent thermal-radiative heat transfer from relatively hotter
drift-wall (and drift-floor) surfaces to cooler drift-wall (and drift-floor) surfaces.
Consequently, it predicts greater differences in temperature along the drift axis than
the "full radiation" model.

The thermal-radiative homogenizing effect also minimizes the differences in
temperature between the springline and crown of the drift. For example, at the
midpoint of the heater drift, the crown and springline only differ by PC in the three-
dimensional full-radiation model. The two-dimensional full-radiation model also
only results in a 1°C difference between crown and springline of the midpoint of the
heater drift.

From a modeling perspective, a key finding of this study concerns the importance of
fully accounting for thermal radiation inside the emplacement drift. Calculations
that neglected the contribution of thermal radiation on the distribution of
temperatures within the heater drift predicted a large drift-wall temperature
difference between the springline and the crown and a large temperature difference
(in the axial direction) between the ends and the center of the heater drift.
Calculations that only accounted for thermal radiation between the in-drift heaters
and drift surfaces predicted greater variability in drift-wall temperatures than did
calculations accounting for thermal radiation between all surfaces in the heater drift.

This conclusion is very applicable to analyses of drift-scale behavior in the
repositury, where large differences in heat output from waste package to' ate
package can give rise to great axial variability in temperatures along the drift.
Accurately accounting for the contribution of thermal radiation to the
homogenization of this axial variability is extremely important to predictions of the
near-field waste-package environment.
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Fig. 3.1. Axial drift-wall temperature distribution at 4 yr along the crown (a) and springline (b) of the
heater drift is plotted for two different heat-conduction-only models, including: (1) a 3-D model that
represents all of the drifts in the DST area and (2) a simplified 3-D model that only represents the heater
drift and the plate-loading niche. Both models represent thermal radiation between the heaters and the
drift surfaces, but do not include thermal radiation heat transfer from drift-wall surface to drift-wall surface.
The drift-/wing-heater power is 80/100% of full capacity for 0-4 yr. TB-&s7-F. 3.1
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Figure 3.2. Axial drift-wall temperature distribution at 4 yr along the crown (a) and springline (b) of the
heater drift is plotted for four different heat-conduction-only models, including: (1) a "full-radiation" 2-D
model that accounts for thermal radiation between all surfaces in the heater drift, (2) a 'distributed-heat-
source" 3-D model that uniformly distributes the heat flux on the surfaces of the heater drift, (3) a "partial-
radiation" 3-D model that discretely represents thermal radiation from the heaters to the drift-wall, drift-floor,
and bulkhead surfaces, ana (4) a 'full-radiation" 3-D model that accounts for thermal radiation heat transfer
between all surfaces in the heater drift. The drift-/wing-heater power is 80/100% of full capacity for 0-4 yr.
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4. Analysis of Thermal Bulkhead Requirements

The heated and unheated portions of the heater drift will be separated by an insulated
structure, called the thermal bulkhead. Unless properly design, this structure could be a
major conduit for heat loss out of the heater drift. This is undesirable because it would:

* Cause the temperature distribution to be asymmetrical in the axial direction

* Reduce the effective heated footprint of the test

* Make it difficult for personnel to operate in the vicinity of the thermal bulkhead

The first effect is undesirable because the test is intended to uniformly heat the
surrounding rock so that spatial variability arises from heterogeneity in the natural
system. The second effect is undesirable because the area of the heated footprint does
not substantially exceed the minimal test size requirements (Buscheck and Nitao, 1995).
The last effect is undesii able because certain monitoring functions require that
personnel operate in the area adjacent to the thermal bulkhead.

The objective of this chapter is to establish the relationship between:

* Total heat flow through the bulkhead Qbh and the thermal design of the bulkhead,
including: (1) bulkhead thickness, bulkhead thermal conductivity Kh, and
emissivity E of the hot side of the bulkhead

* The temperature distribution around the heater drift and Qbh

The calculations made for this chapter were conducted with a three-dimensional
"partial-radiation" heat-conduction-only model that is described in Chapters 2 and 3.
This model represents heater-to-heater and heater-to-drift-wall/floor-surface thermal
radiation. For the rock in the DST area, a thermal conductivity Kh of 1.67 W/m0C is
assumed, which is much lower than the value (2.03 W/m0 C) obtained in a recent in situ
measurement (Danko, 1997). Consequently, temperatures reported in this chapter are
substantially higher than they would be with the more recent Kl value.

Table 4.1 summarizes the relationship between Qbh and the thermal design of the
bulkhead at 4 yr. Two values of £ were considered:

* c = 0.7 is representative uf a broad range oi possible materials, including concrte or
refractory materials, such as a fired brick

* s = 0.1905 is intended represent covering the bulkhead with a (low- £) reflective
material to minimize thermal-radiative heat transfer to the bulkhead

Reducing e by a factor of 3.67 reduces Q by only 9% for the 0.5-W/m0C case and by 3%
for the 0.1-W/m0 C case. Therefore, the use of a low- £ cover does not appear to be
effective in reducing Qbh. Moreover, if a low-e material were to tarnish as a result of
high-temperature oxidation, its value of e could increase significantly during the course
of the thermal test. Not knowing the time-dependent nature of the increase in £ would
introduce uncertainty about an important boundary condition for the model
calculations. Therefore, it is probably advisable that hot-side surface of the thermal
bulkhead be made up of a material that was not likely to significantly change its value
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of £ during the course of the test. However, it may be useful to cover the cold-side of the
bulkhead with a low-s cover to reduce the heat being emitted onto workers in the
vicinity of the bulkhead.

Reducing Kh of the bulkhead by a factor of 5, reduces Qbh by a comparable factor: 3.9 for
the nominal-emissivity case and 3.6 for the low-s case. Note that the high value of Qbh

reported (874 W) represents 1.6% of the total heat generation rate for the 9 drift heaters.

Figure 4.1 summarizes the influence of these four thermal designs for the bulkhead on
the axial temperature distribution along the heater drift. The differences between these
four cases are minor. Temperatures near the bulkhead are lowered by up to SoC with
the use of the higher Kth for the bulkhead. Note that a 2-m-thick thermal bulkhead was
assumed. If Kffi = 0.1 W/m0 C were used, it would be possible to use a 0.4-m-thick
bulkhead and obtain approximately the same total heat flow through the bulkhead as in
the 0.5-W/m'C case.

Table 4.1. Total heat flow through the bulkhead for four cases with different thermal
properties for the thermal bulkhead, including different values for the thermal
conductivity Kth and for the emissivity £ of the bulkhead surface. A heat-conduction-
only model is used that represents thermal radiation between the heaters and the drift
surfaces, but does not include thermal radiation heat transfer from drift-wall surface to
drift-wall surface. the drift-/wing-heater power is 80/100% of full capacity for 0-4 yr.

Bulkhead Kd, Bulkhead E Total heat flow through

(W/m 0 C) thermal bulkhead

(W)

0.5 0.7 874

0.1 0.7 226

0.5 0.1905 802

0.1 0.1905 220
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Figure. 4.1. Axial drift-wall temperature distribution at 4 yr along the crown (a) and springline (b) of the heater
drift is plotted for the heat-conduction-only model that represents all of the drifts in the DST area. Distributions
are plotted for four cases with different thermal properties for the thermal bulkhead, including different values
for the thermal conductivity Kt and for the emissivity E of the bulkhead surface. The model represents thermal
radiation between the heaters and the drift surfaces, but do not include thermal radiation heat transfer from
drift-wall surface to drift-wall surface. The drift-lwing-heater power is 80/100% of full capacity for 0-4 yr.
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5. Influence of Ambient Percolation Flux

This chapter analyzes the sensitivity to ambient percolation flux of T-H behavior, to be
measured during the DST test, and how that flux is accommodated in the fracture and
matrix hydrological properties. This analysis provides insight into the relative
usefulness of measured distributions of temperature T, relative humidity RH, and
liquid saturation Sliq in diagnosing the magnitude of percolation flux in the DST area. In
this chapter, for 0 yr to 4 yr, the heating rate is assumed to be 80% of full capacity for the
in-drift heaters and 100% of full capacity for the wing-heater arrays. This "80/100%"
heating configuration causes tabular boiling and dryout zones (i.e., the upper and lower
boiling and dryout fronts are nearly horizontal), which tends to minimize the tendency
for condensate-shedding around the lateral edges of the heated area. For 4 yr to 5 yr, the
heater power is linearly ramped from 80/100% to 0/0% of full capacity.

Calculations were conducted for three values of ambient percolation flux (qp,, = 0.36
mm/yr, 3.6 mm/yr, and 6.2 mm/yr), each with a corresponding set of hydrological
properties for the fracture and matrix continua in the effective continuum model (ECM).
The hydrological property sets for the 0.36-mm/yr and 3.6-mm/yr cases were based on
a refined one-dimensional column-model I-TOUGH inversion for borehole SD-9
(Bandurraga, 1997). The inversion was based on obtaining a liquid saturation of 92% in
model layer TSw34 of the UZ-site-scale flow model (Tptmn), which is the prevalent
rock type in the DST area. Note that the top of the TSw34 layer is 26 m above the heater
horizon, while the bottom of the TSw34 is 10 m below the heater horizon.

For the T-H models used in this study, it is assumed that the vertical layering of the
hydrostratigrahic units in borehole SD-9 is applicable to the DST area. This assumption
places the top of the TSw34 layer (i.e., the TSw33/TSw34 contact) 26 m above the heater
horizon and places the bottom of the TSw34 (i.e., the TSw34/TSw35 contact) 10 m
below the heater horizon. However, based on observations of the TSw33/TSw34 contact
made in boreholes in the DST area, it is estimated that the distance between the
TSw33/TSw34 contact and the heater horizon is 17 m above the hot side of the thermal
bulkhead, increasing to about 21 m at the eastern end of the heater drift (Wagner and
Weaver, 1997). Accordingly, the distance between tie bottom of the TSw34 und the
heater horizon ranges from approximately 19 m below the hot side of the thermal
bulkhead to 15 m at the eastern end of the heater drift. The differences between the
actual and represented locations of the hydrostratigraphic contacts are expected to have
a negligible effect on T-H behavior because (1) the boiling and dryout zones do not
extend beyond these contacts (either as represented in the model or as observed in the
field), (2) the thermal properties of the TSw33, TSw34, and TSw35 units are virtually
identical, and (3) the hydrological properties of these units are similar.

For the calculations in this study, the 0.36-mm/yr case results in a liquid saturation of
92% over a depth interval that is 10 m to 25 m above the heater horizon. Over the
interval 10 m to 0 m above the heater drift, the liquid saturation decreases from 92% to
90%, while over the height interval of the heater drift, the liquid saturation decreases
from 90% to 88% saturation. Therefore, the initial liquid saturation in the DST area of
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the 0.36-mm/yr model is slightly less than the 92% value reported by Bandurraga
(1997).

For the 3.6-mm/yr case, the initial liquid saturation in the model is 92% to 93% over the
entire TSw34 interval, which is similar to the value reported by Bandurraga. Note that,
for both the 0.36- mm/yr and 3.6-mm/yr cases, the TSw33 and TSw35 layers (which
overlie and underlie, respectively, the TSw34) have lower initial liquid saturations than
does the TSw34. Therefore, any T-H perturbations that extend more than 26 m above or
10 m below the heater horizon occur in rock with slightly lower initial liquid saturation.

The 6.2-mm/yr case uses an I-TOUGH hydrological-properties inversion that was
released by Lawrence Berkeley National Laboratory (LBNL) on January 28, 1997 (Wu,
1997). This inversion set is a modification of parameter set #4 (Table 8.5.4 of Bodvarsson
and Bandurraga, 1996). The 6.2-mm/yr case has an initial liquid saturation of 92% for
the heater horizon in the DST area. This case was considered in the study discussed
here because it uses the same percolation flux and hydrological properties used in a
total systems performance assessment (TSPA) calculational exercise that supported the
FY97 Waste Isolation Strategy Study (Saterlie, 1997). The drift-scale T-H behavior
around the reference 85-MTU/acre repository is extremely pronounced for 6.2-mm/yr
percolation flux and for the January 28, 1997, I-TOUGH inversion set. The repository
experiences minimal rock dryout, which lasts less than 900 yr, and a 2200-yr period
(from 900 yr to 3100 yr) of refluxing conditions immediately above the crown of the
emplacement drifts. The extremely pronounced rewetting/refluxing that is facilitated
by this combination of ambient percolation flux and hydrological properties makes it
extremely difficult to cause superheated conditions and significant rock dryout.

The implication of the previously mentioned rewetting/refluxing behavior on waste-
isolation performance is that waste packages in an open emplacement drift would be
exposed to very humid conditions while they were still above the boiling point. This
would be extremely corrosive to the current waste-package materials. Therefore, it is
prudent to determine whether hydrological conditions that cause pronounced
rewetting/refluxing behavior under repository thermal loads result in a distinctive T-H
signature during the DST test; in other words, to see if the DST test will be useful in
diagno.ing the likelihood of potentially adveise rewetting/refluxing beha- -. r in the
repository. In particular, there is interest in seeing whether measurements of T, RH, and
Sq during the heat-up and cool-down periods of the DST test are strongly indicative of
long-term dryout and rewetting behavior in the repository.

Table 5.1 and Figure 5.1 provide a broad picture of dryout and rewetting behavior in
the DST for the three percolation-flux cases. Temperatures are provided at two locations
in the rock. The temperature Tsp at springline of the midpoint of the heater drift is given
because it is the hottest drift-wall location (see Figure 5.1a and b). Temperature TWh one-
third of the way from the outer edge of the outer wing-heater array is provided because
it is the hottest location in the DST area. The vertical extent of dryout AZdry at the center
of the DST and the relative humidity RH in the rock at the crown of the midpoint of the
drift are provided to give an indication of dryout and rewetting behavior.

While it is apparent that temperatures generally decrease with increasing percolation
flux qP, it is interesting to note that the 0.36-mm/yr and 3.6-mm/yr cases have much
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more similar temperature behaviors than do the 3.6-mm/yr and 6.2-mm/yr cases.
Therefore, temperature does not decrease proportionally with increasing qprc. Note that
AZdIy for the 0.36-mm/yr and 3.6-mm/yr cases is quite similar, while AZder is much
lower for the 6.2-mm/yr case (Figure 5.1c). The differences in AZd, is particularly
pronounced during the cool-down/rewetting period. During the heat-up/dryout
period, all three cases result in similar RH; during the cool-down/rewetting period,
significant differences are manifested (Figure 5.1d). The return of RH to ambient
conditions is much more similar for the 0.36-mm/yr and 3.6-mm/yr cases than it is for
the 3.6-mm/yr and 6.2-mm/yr cases.

Temperatures appear to be quite sensitive to qperc, but that sensitivity probably arises
more from the manner in which qperc is accommodated in the fracture and matrix
properties than it does from the actual value of q.rc. The magnitude of qperc is small
compared to the total liquid-phase flux (made up of condensate flux and qPerc), which
approaches 1000 mm/yr in the D1 1 area. The hydrological property sets corresponding
to the three values of qe, each effectively allows a different partitioning betwe.n
fracture and matrix flow. Moreover, the van Genuchten parameters (a and f) found in
these property sets provide for different degrees of capillary-driven and gravity-driven
flow in the fracture and matrix continua. Altogether, the hydrological properties of the
fracture and matrix continua govern the mobility of liquid-phase flux that is returning
to the boiling zone, which influences net dryout during the heat-up period and
rewetting during the cool-down period. The DST test plays an important role by
maximizing the tendency for condensate to buildup above the boiling zone, which
magnifies the sensitivity of dryout and rewetting to percolation flux and the
hydrological properties governing liquid-phase mobility in the fracture and matrix
continua.

Temperatures in the dryout zone (e.g., at the drift wall) are a direct indication of the
balance between local heat flux and local incoming liquid flux, which is strongly
influenced by the liquid-phase mobility in the fracture and matrix continua. The
fundamental relationship governing the development of the superheated zone is
between the local heat flux qH and the heat flux that is required to vaporize the incoming
local liquid-phase flux. In theoretical studies of the effect of decay heat on condensate
flux (Nitao anci Bradford, 1996), it was found that the tendency for either hot and dry
conditions prevailing (rather than hot and wet conditions) depended on whether
enough heat flux exists locally and whether it is capable of evaporating the local liquid-
phase flux. The local heat flux qH will prevail over the local liquid-phase flux qliq if the
following holds:

qH > qlqphqhfg (1)

where Pliq is the mass density of water and hfg is the latent heat of vaporization. If too
much liquid-phase flux exists, heat flux is not sufficient to generate superheated
conditions (and dryout) in the vicinity of the heater drift.

The sensitivity of temperature to qperc (and liquid-phase mobility in the fractures and
matrix) is manifested relatively early during the heat-up period of the DST test. At 1 yr,
the springline temperature Tw, at the midpoint of the heater drift is 30'C hotter for the
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0.36-mm/yr case than it is for the 6.2-mm/yr case (Table 5.1). The rock temperature at
the hottest wing-heater location Twhis 430C hotter for the 0.36-mm/yr case than it is for
the 6.2-mm/yr case. At 2 yr, T. and TWhare 40'C and 480C higher, respectively, for the
0.36-mm/yr case than they are for the 6.2-mm/yr case. Relative humidity RH is also
sensitive to qp, particularly during the early heat-up/dryout period and during the
cool-down/rewetting period (Table 5.1 and Figure 5.1d). The vertical thickness of the
dryout zone AZdy) iS moderately sensitive to qprc during the heat-up period; however,
AZdry, becomes more sensitive to AZdy during the cool-down period. Overall, the most
diagnostic indicators for the influence of ambient percolation flux/liquid-phase
mobility are temperatures measured during the heat-up period and RH measured
during the cool-down period.

Figure 5.2 and Figure 5.3 show the vertical distributions of T and Siiq at the midpoint of
the DST for 1, 2, 3, and 4 yr. Except for the region of highest temperatures, the
0.36-mm /yr and 3.6-mm/yr cas-s have very similar T and Stiq profiles. The 0.36-mm/yr
and 3.6-mm/yr cases have vertically symmetrical T profiles, indicating the absence of
significant buoyant gas-phase convection on heat and vapor flow. Buoyant gas-phase
convection is not expected to be significant because the bulk permeability kb is only 100
millidarcy for these two cases. The 6.2-mm/yr case shows some vertical asymmetry of
the T profile. Because kb is 4 darcy for this case, buoyant gas-phase convection is
expected to significantly influence vapor and heat flow. As a result of buoyant gas-
phase convection driving more vapor flow to the upper condensation zone in the 6.2-
mm/yr case than it does in the other two cases, the 6.2-mm/yr case results in a more
vertically extensive heat-pipe (i.e., refluxing) zone above the boiling zone. Note that the
kb measurements in the DST area result in an average kb of about 100 millidarcy (Tsang,
1997); consequently, it is not expected that buoyant gas-phase convection would
significantly affect vapor and heat flow. The upper heat-pipe zone gradually expands
during the heat-up period (Figure 5.2); its vertical length is about 4 m at 1 yr, 7 m at 2
yr, 8 m at 3 yr, and 9-11 m at 4 yr.

The three-dimensional distributions of T and Siq are shown for 1, 2, 3, 4, 5, and 10 yr
(Figs. 5.3-5.20) for all three percolation-flux cases. Because the 3.6-mm/yr case
corresponds to the reference hydrological-property case in the UZ site-scale flow model
(6odvarsson and Bandurraga, 1996), the results for this case are presented first (Figures
5.3-5.8). This is followed by the 0.36-mm/yr case (Figures 5.9-5.14) and the 6.2-mm/yr
case (Figures 5.15-5.20). Notice that the initial Siq range is generally depicted as a bright
green color in the liquid-saturation contour plots. Liquid saturation Sijq values that are
greater than ambient (i.e., the condensate zone) appear as blue-green to blue areas (with
Shq increasing with the amount of blue present). The dryout zones appear as yellow-
green, yellow, or red areas (with Shq decreasing with the amount of red present). The
condensate-shedding zone around the dryout zone appears as a sharply defined area
immediately outside of the wing-heater arrays (e.g., Figure 5.6a, b, c, and d). Notice that
the effect of the plate-loading niche is to reduce the longitudinal extent of the
condensate-shedding zone (Figure 5.6b). By 3-4 yr, the lateral extent of the dryout zone
encompasses nearly the entire area inside the heated footprint of the DST (Figure 5.6c
and d).

5-4 Pretest Thermal-Hydrological Analysis of the
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5. Influence of Ambient Percolation Flux

The wing-heater configuration was adopted to encourage a tabular dryout zone that
minimizes condensate-shedding through the heated footprint. During the early stage of
the heat-up period, the heater drift and wing heaters develop their own dryout zones
(Figures 5.4a and 5.6a). Within 2 yr, these zones coalesce (Figures 5.4b and 5.6b). Greater
liquid-phase mobility in the 6.2-mm/yr case results in greater condensate flux toward
the perimeter of the heated footprint, thereby causing a greater slope at the outer edges
of the dryout zone (compare Figures 5.16 and 5.4).

The effect of the 50% greater heating rate at the outer half of the wing-heater arrays is
manifested by the location of the maximum temperature contours. For example, for the
3.6-mm/yr case, a small region of 150'C and higher temperatures is centered roughly
midway in the wing-heater array (Figures 5.3a and 5.5a). At 4 yr, roughly 25% of the
wing-heater arrays are at a temperature of 300'C or more for the 3.6-mm/yr case
(Figure 5.5d); however, this zone is restricted to a very narrow vertical interval (Figure
5.3d). For the 0.36-mm/yr case, more than 50% of the wing-heater array has been heated
higher than 300'C (Figure 5.11d); again, this zone is restricted to a narrow vertical
interval (Figure 5.9d). Notice that none of the rock exceeds 300'C for the 6.2-mm/yr
case (Figures 5.15d and 5.17d).

The volumetric extent of the region of potential refluxing conditions can be observed by
comparing the cross-sectional area that lies between the 960 C and 100'C isotherms. This
zone is much more extensive for the 6.2-mm/yr case (Figure 5.15a-e) than it is for either
the 3.6-mm/yr case (Figures 5.3a-e) or the 0.36-mm/yr case (Figures 5.9a-e). The effect
of the larger liquid-phase mobility (resulting in greater condensate-shedding) in the 6.2-
mm/yr is manifested by its having a broader 960 C-100'C zone (Figures 5.17a-e) than
either of the 0.36- and 3.6-mm/yr cases (Figs. 5.5a-e and 5.11a-e).

During the first year of heating, while the ends of the heater drift are still below the
boiling point, the cold-trap effect also influences the homogenization of temperature
conditions along the drift. The cold-trap effect results from axial vapor flow and
condensation within the drift. This axial vapor flow is driven by axial variations in
temperature T and vapor pressure P, along the drift. Water vapor is transported (by
gas-phase advection and diffusion) from areas of higher T and Pv to areas of lower T
and Py1 wheie it con,4nses. Large condensation rates can arise in the cooler areas if
intervals of the drift remain below the boiling point. Because this condensation deposits
the latent heat of condensation, this mechanism can result in significant heat transport
from the center of the drift to the ends of the drift. During the initial 3-4 months,
condensation at the ends of drift generates a condensate flux that could drip onto the
heaters at the ends of the drift. If the repository design continues to use point-load
spacing between waste packages, the cold-trap effect will be an important mechanism
influencing the waste-package environment. For any waste-package layout, the cold-
trap effect will play an important role in transporting water vapor and heat from the
interior regions of emplacement drifts to the ends of the drifts at the perimeter of the
repository's heated footprint. Validating the modeled predictions of this effect during
the DST test will be important to process models supporting the total systems
performance assessment for the license application (TSPA-LA).

Pretest Thermal-Hydrological Analysis of the 5-5
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5. Influence of Ambient Percolation Flux

During the heat-up period, the efficiency of thermal radiation in the heater drift causes
a relatively uniform distribution of temperatures along the axis of the drift (Figures
5.7a-d, 5.13a-d, and 5.19a-d). During the cool-down period, the axial temperature
variability increases along the drift (Figures 5.7e-f, 5.13e-f, and 5.19e-f).

Table 5.1.

Temperature in the rock at the springline of the heater driftT and at the hottest wing-
heater location Th,, vertical dryout zone thicknesses AZdy at tie central longitudinal
(i.e., axial) location of the drift-scale test for various values of ambient percolation flux
qPe,; relative humidity in the rock at the crown of the drift RH,. The heating schedule is
80/100% of full drift-/wing-heater capacity for the first 4 yr and
a rampdown to 0/0% power at 5 yr.

TspfT,,,,,7 TS TJ.,h r/et,,zX, AZy dy A4d AZ:*y RH, RH,, RH0,RH,,
qP (OC) ( 0C ) ("C) O(C ) (m) (m) ( m) (m) () (%) (%) (%)

pm'yO (1 yr) (2 yr) (4 yr) (10 yr) (1 yr) (2 yr) (4 yr) (l0yr) (I yr() 2yr) (4yr) (0lyr)

0.36 147/199 206/257 278/333 76/76 6.8 11.4 17.9 19.1 27 6.4 1.7 5.8

3.6 135/180 189/236 264/316 75/74 5.9 10.3 17.6 19.7 39 9.7 2.2 22

6.2 117/156 166/209 236/286 71/71 5.5 9.5 15.9 12.5 50 14 3.0 63
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Figure 5.3. Temperature Tdistribution at (a) 1 and (b) 2 yr in a vertical plane transverse to the midpointof the heater drift for 3.6-mm/yr percolation flux. The initial drift/wing-heater power is 80/100% of fullcapacity. For 4-5 yr, the power is linearly ramped down to 0/0% TB-6/5/97-T36nc.1-2y
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Figure 5.4. Liquid-phase saturation Sliq distribution at (a) 1 and (b) 2 yr in a vertical plane transverse tothe midpoint of the heater drift for 3.6-mm/yr percolation flux. The initial drift/wing-heater power is 80/100%of full capacity. For 4-5 yr, the power is linearly ramped down to 0/0%. TB-65/597-S36zx.1-2y

Pretest Thermal-Hydrological Analysis of the 5-12Thermal Drift-Scale Test at Yucca Mountain 5-12



5. Influence of Ambient Percolation Flux

t= 3 yr
220

230 Sliq

1.0
240

0.9

250

0.8

260

270

rz ~~~~~~~~~~~~~~~~~~~~~~~~~0.6

C280
-20t= 4 0 0.5

~,220
0

0~~~~~~~~~~~~~~~~~~~~~~~~~~.

230

0.3
240

0.2

250

0.1

260

0.0

270

280
-20 -10 0 10 20

Lateral distance (m)

Figure 5.4. Liquid-phase saturation Sljq distribution at (c) 3 and (d) 4 yr in a vertical plane transverse tothe midpoint of the heater drift for 3.6-mm/yr percolation flux. The initial drift/wing-heater power is 80/100%of full capacity. For 4-5 yr, the power is linearly ramped down to 0/0%. TB-6/1597-S36zx.3-4y
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Figure 5.4. Liquid-phase saturation Sliq distribution at (a) 1 and (b) 2 yr in a vertical plane transverse tothe midpoint of the heater drift for 3.6-mm/yr percolation flux. The initial drift/wing-heater power is 80/100%of full capacity. For 4-5 yr, the power is linearly ramped down to 0/0%. TB-615/97-S36ZX.5&10y
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Figure 5.5. Temperature Tdistribution at (a) 1 and (b) 2 yr in a horizontal plane through the wing-heater
horizon for 3.6-mm/yr percolation flux. The initial drift/wing-heater power is 80/100% of full capacity.
For 4-5 yr, the power is linearly ramped down to 0/0%. TB-6/5/97-T36yx.1-2y
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Figure 5.5. Temperature Tdistribution at (c) 3 and (d) 4 yr in a horizontal plane through the wing-heaterhorizon for 3.6-mm/yr percolation flux. The initial drift/wing-heater power is 80/100% of full capacity.
For 4-5 yr, the power is linearly ramped down to 0/0%. TB-6/5197-T36yx.3-4y
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Figure 5.5. Temperature Tdistribution at (e) 5 and (f) 10 yr in a horizontal plane through the wing-heaterhorizon for 3.6-mm/yr percolation flux. The initial drift/wing-heater power is 80/1 00% of full capacity.For 4-5 yr, the power is linearly ramped down to 0/0%. TB-6/5/97-T36yx.5- 1 Oy
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