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modeling studies of the potential Yucca Mountain repository, these data are also assumed to be
applicable to the rewetting of the host rock by capillary imbibition in the matrix.  This
assumption is equivalent to neglecting hysteresis between drying and imbibition behavior.

Imbibition hysteresis was discussed in Niemi and Bodvarsson (1988 [DIRS 155057]).  The issue
of imbibition diffusivity was addressed in the Near-Field/Altered-Zone Models Report
(Hardin 1998 [DIRS 100123]).  That report used the concept of the matrix imbibition diffusivity,
which is a function of the van Genuchten α and m parameters, to compare the magnitude of
matrix imbibition arising from various hydrologic property sets that had been used in thermal-
hydrologic modeling studies of the potential Yucca Mountain repository.  That report also
determined the value of matrix imbibition diffusivity from the laboratory measurements of
matrix imbibition of Flint et al. (1996 [DIRS 100676]).  For all of the hydrologic property sets
considered in Hardin (1998 [DIRS 100123] the values of matrix imbibition diffusivity were
greater than that obtained from the laboratory measurements of matrix imbibition for the
corresponding host rock unit.  The differences in matrix imbibition diffusivity between the
laboratory measurements and those determined from the property sets in Hardin (1998
[DIRS 100123], Table 3-3) probably are the result of capillary hysteresis; in other words, the
imbibition diffusivity is less than the diffusivity for drainage conditions.  For most of the
potential repository host-rock units, the matrix properties for the base-case hydrologic property
sets used in all TH calculations of the SSPA are similar to those of the 1997 TSPA-VA base-case
hydrologic property set.  Therefore, it is possible that the rate at which the dryout zone around
emplacement drifts is rewetted by matrix imbibition is overpredicted by the TH model
calculations in this report, including the MSTH model calculations.

Jury et al. (1991 [DIRS 102010], pp. 65 to 68) discuss the hysteresis in moisture content in the
relationship of moisture potential versus volumetric moisture content.  Moisture potential is not
uniquely related to moisture content because the potential energy state is determined by
conditions at the air-water interfaces and the nature of the surface films, rather than by the
quantity of the water present in the pores.  The welded tuff pores at Yucca Mountain are variable
in size and shape and in the degree of interconnection.  Jury et al. (1991 [DIRS 102010], p. 65)
state that it is common for porous media to have bottleneck pores, in which there are large
cavities but narrow points of connection to adjacent pores.  Water is retained in small pores,
which fill first when water is admitted to a system; however, they do not always empty again
during drying in the same order as they were filled.

As the welded or nonwelded tuff is dried by evaporating water, pores will begin to empty from
the state of near saturation in the tuff matrix.  However, water may be trapped in the larger pore
space in such a way that the pores will not empty in the order that they might be filled if water is
introduced to dry welded tuff.  The sudden release of a relatively large amount of water from a
large pore floods surrounding pores and decreases the matrix potential in them temporarily.  If
matrix potential is measured in a small porous system having discrete differences in pore size,
the relationship between moisture potential and moisture content for drying might be “saw
toothed” (Jury et al. 1991 [DIRS 102010], Figure 2.14).

In welded tuff, the pore size distribution contains pores over a range of sizes, and the water and
moisture potential distributions tend to average out so that a relatively smooth curve is obtained.
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The moisture content for a given moisture potential is higher than for the wetting system, as
shown by Jury et al. (1991 [DIRS 102010], Figure 2.14).

In addition, as discussed by Jury et al. (1991 [DIRS 102010]), surface wetting also introduces
hysteresis.  The grain surfaces will form a nonzero contact angle with water when wetted.  This
results in thicker films than would be present in the drying phase where water films are drawn
tightly over the surface by adsorptive forces.

The conceptual model for water retention described above shows that the rates of imbibition
generally would be overpredicted.  The impacts of this overprediction would be an
underprediction of temperature and an overprediction of relative humidity.  Thus, the conceptual
model suggests that liquid fluxes would be conservatively bounded, so determinations of the
dryness of the waste package inner diameter will be conservative.  However, waste package and
drip shield temperatures would be nonconservatively bounded, which means that waste package
and potential repository temperatures could exceed those calculated.  As additional
measurements characterize hysteresis properties in moisture retention in the matrix for welded
and nonwelded tuffs, and in fractures for welded tuff, the uncertainty in temperatures will
decrease.

5.3.1.4.4 Effects of Mountain-Scale Gas Phase Convection

Depending on its magnitude, the influence of mountain-scale and drift-scale buoyant gas-phase
convection can influence MSTH model results in several ways.  Buoyant gas-phase convection
increases the rate of heat transfer away from the potential repository horizon and emplacement
drifts.  Therefore, if its magnitude is large enough, buoyant gas-phase convection will decrease
temperatures in the host rock and in the emplacement drifts.  For cases where boiling occurs, the
decrease in temperatures can reduce the duration of boiling.  Buoyant gas-phase convection can
also increase the magnitude of heat-mobilized liquid-phase flux above the emplacement drifts.

To be significant to thermal-hydrologic conditions at the potential repository horizon, buoyant
gas-phase convection requires thermally perturbed conditions arising from radioactive decay
heat.  The development of convection cells for layers heated from below depends on the critical
Raleigh number.  That dimensionless number is, in turn, proportional to the thermal expansion of
the fluid, the temperature difference or gradient, and the intrinsic permeability (more
specifically, the bulk permeability of the fracture continuum), and it is inversely proportional to
thermal diffusivity and fluid viscosity (Phillips 1991 [DIRS 140641], pp. 144 to 145).  Of these
parameters, the several orders of magnitude range of variation of permeability has a more
dominant effect on convection than thermal diffusivity which varies over a narrower range.

Sensitivity analyses were performed (Buscheck 2001 [DIRS 155012]) to consider a range of bulk
permeability (kb) values that incorporated plus or minus one (low-kb and high-kb) and two (very
low-kb and very high-kb) standard deviations around the mean.  For these analyses, the
permeability distribution was isotropic.  Since vertical anisotropy restricts buoyancy, the use of
an isotropic permeability distribution provides an upper bound of the possible effects of
buoyancy for any given value of permeability.  Analyses by Phillips (1991 [DIRS 140641],
p. 145) indicate that the critical Raleigh number is smaller when the ratio of permeability in the
horizontal direction to the vertical direction is low, which may occur in some regions of the
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A series of simulations (Blair 2001 [DIRS 155309]) was conducted to evaluate the effects of the
number of fractures in the model and the coefficient of thermal expansion.  These simulations are
listed in Table 5.3.1.4.6-3, and the geometry of the model domain for the various simulations is
shown in Figure 5.3.1.4.6-1.

The multiple-point-borehole-extensometers in borehole WM2 functioned well throughout the
test, and data from anchor WM2-4 representing the entire WM2 baseline comprise the best
available basis for comparing model displacements with field data (Figure 5.3.1.4.6-2).  The
model simulations differ only in the number of fractures or the thermal expansion coefficient.
Model 1, the continuum model, incorporates no fractures.  Model 2 includes the six largest
fractures, and incorporates a higher thermal expansion coefficient than the other models.
Models 3 and 4 incorporate only the six and seven largest fractures respectively, while Model 5
includes more than twenty additional, smaller fractures.

Models 3 and 4 did a good job of predicting the deformation at anchor WM2-4 over much of the
test duration, including both the heating and cooling phases (Figure 5.3.1.4.6.2).  Model 3
predicts slightly less displacement than Model 4.  Models 3 and 4 underpredict the total
displacement during cooldown by 0.4 mm, and they predict some contraction of the block at
about 270 days that is not reflected by observations.  Model 1 (continuum) and Model 5 (many
fractures) both underpredict the maximum deformation by significant amounts (1.6 and 1 mm,
respectively).  Model 2 (high coefficient of thermal expansion) overpredicts the maximum
deformation, but it shows the best fit to displacement during the first 20 days of heating.
Model 5 (many fractures) does not show contraction with cooldown, and Model 1 (continuum)
underpredicts the magnitude of the cooldown displacement.  Model 2 (high coefficient of
thermal expansion) correctly predicts the relative change in displacement during cooldown
(1.8 mm), but the final displacement value of 2.6 mm is too high.

Results from the Large Block Test indicate that the distinct element model predicts deformation
behavior more accurately than the continuum model.  Moreover, not all fractures were active; the
deformation was controlled by a subset of 6 to 10 major fractures.  Modeling results also indicate
that a coefficient of thermal expansion value of 5.27 × 10-6 per °C is appropriate for the Large
Block Test.  This is lower than the value measured on laboratory samples, but consistent with the
value determined from deformation measurements in the Single Heater Test (CRWMS
M&O 2000 [DIRS 153363], Section 3.6.1.2) conducted in the ESF.  Although the Large Block
Test model simulations were not used to predict changes in permeability or moisture retention,
simulations that fail to account correctly for fracture displacements likely will fail to predict
changes in permeability and other hydrologic properties related to fracture aperture.

Summary–The influence of THM processes on permeability is generally within the range of the
seepage and bulk permeability effects reported in Sections 5.3.1.4.2 and 5.3.1.4.7, respectively,
for the upper bounds of permeability.  Increases in the upper permeability bounds may promote
buoyant gas-phase convection (Section 5.3.1.4.4).  The decreases in the lower permeability
values by as much as five orders of magnitude are beyond the ranges investigated in the
permeability sensitivity studies; however, it does not appear that these changes will significantly
affect temperature or relative humidity.  The decrease in vertical permeability should reduce
seepage into the drifts, although this effect will be at least partially offset by the re-opening of
vertical fractures during cooldown.  Based on these assessments, it is concluded that the
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uncertainties from neglecting THM within the MSTH models will not increase those addressed
in the sensitivity studies for the HTOM.

5.3.1.4.7 Sensitivity to Host Rock Bulk Permeability

Sensitivity analyses were performed to consider the impacts of uncertainties in the values of
fracture permeability used in the MSTH model.  In the MSTH model, fracture and matrix are
handled as the separate but overlapping continua (dual-permeability model) in which the
permeability of the matrix and the fractures are expressed as different bulk permeabilities applied
uniformly to the rock mass.  Since the actual fracture permeability is heterogeneous, applying a
bulk permeability to the heterogeneous system could introduce uncertainties in the results.
Because the fracture permeability rather than the matrix permeability (which is significantly
smaller) dominates the TH processes, the practice has been to refer to the bulk permeability (kb)
without distinguishing between the matrix and fracture permeability.  Thus, the term “bulk
permeability” actually refers to the bulk fracture permeability.  This practice will be followed
throughout this section.

Sensitivity analyses (Buscheck 2001 [DIRS 155012]) were designed to address the potential for
impacts by comparing the results over a wide range of fracture properties.  The first analysis
considered the impacts that a range of kb representing approximately one standard deviation
above and below the mean values (identified as high, mean, and low kb) had on both
temperatures and relative humidity on the drift wall and drip shield in the center of the potential
repository (CRWMS M&O 2000 [DIRS 149862)], Figure 5-2, location L5C3) for the HTOM
with the mean infiltration flux.  Analyses were also conducted for two standard deviations above
and below the mean values (identified as very high, mean, and very low kb).  Although the
analyses were for the L5C3 location, they are applicable to the portion of the potential repository
in which the host rock is the Tptpll unit, which comprises more than three-quarters of the
potential repository area.  The actual values for kb used in determining the very high, high, mean,
low, and very low kb values in the models are shown in Table 5.3.1.4.7-1.  As can be observed in
Figure 5.3.1.4.7-1, the temperatures beyond 1,000 years on the drift wall and the drip shield were
insensitive to the kb used in the models for the HTOM.  A few decades after closure there was
some sensitivity of drift wall and drip shield temperature to bulk permeability.  The drift wall
temperatures were consistent for the mean and low kb cases, but slightly higher than the
temperature for the high kb case.  The drip shield temperatures were not sensitive to differences
between mean and low kb, while the high kb resulted in a slightly lower temperature.  For the
very high and high kb cases, the peak temperature is 11°C and a few °C lower, respectively than
in the mean kb, low kb, and very low kb cases.

The relative humidity results for the drip shield (Figure 5.3.1.4.7-1) were insensitive to the kb
and nearly insensitive for the drift wall; there was less than a 1-percent difference among the five
cases.  The results suggest that for the mean infiltration case, the MSTH model relative humidity
results for the drift wall and drip shield are relatively insensitive to repository-scale permeability
variability.  This indicates that repository-scale variability of kb will not significantly modify
MSTH model predictions of temperature and relative humidity in portions of the potential
repository for which the Tptpll is the host rock unit.  The weak dependence of temperature and
relative humidity on kb in the Tptpll unit indicates that temperature and relative humidity
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discrimination between the relative contributions of the fractures and matrix to the bulk thermal
conductivity.  However, it is recognized that fractures and void spaces can have a significant
impact on the thermal conductivity.  It has been also recognized (CRWMS M&O 2000
[DIRS 149862], Sections 4.1.7 and 5.2.4) that there is a significant difference in thermal
conductivity between wet (or saturated) rock and dry (or unsaturated) rock.  The liquid saturation
state of the rock mass must be determined by the MSTH model analyses for any given time.
Therefore, there are uncertainties in the value of thermal conductivity to use, which could
introduce uncertainties in the MSTH model results.

The calculation Thermal Conductivity Properties for the Tptpll and Tptpul (BSC 2001
[DIRS 155008]) was performed to estimate the range of matrix and rock mass thermal
conductivity under various states of saturation in the lower lithophysal zone of the Topopah
Spring unit (Tptpll), which accounts for variability in matrix properties, and in larger-scale
features.  For the lower lithophysal unit, the thermal conductivity data are limited to only several
samples.  Therefore, predictive relations were evaluated for application with matrix properties
from several boreholes and rock mass properties from Enhanced Characterization of the
Repository Block (ECRB) mapping and borehole geophysics measurements to provide a range of
thermal conductivity based upon more abundant data on matrix properties.

The Kunii and Smith predictive relation (Kunii and Smith 1960 [DIRS 153166], p. 75) provides
a method for predicting the stagnant thermal conductivity based upon matrix porosity, the
thermal conductivity of the solids, and the thermal conductivity of the fluid (air or water) for
porous rocks.  Two bounding relationships were also considered for parallel flow and series flow
(Hadley 1986 [DIRS 153165], p. 914).  An evaluation of these relationships was made under the
assumption of constant mineralogy and uniform thermal conductivity within these units.  This
assumption is reasonable given the small changes in grain density that are observed for these
units (Rautman and Engstrom 1996 [DIRS 101008], p. 28).

The thermal conductivity of the rock mass for the Tptpll unit was estimated based upon an
evaluation of the lithophysal porosity using two different methods.  The first method used the
information from mapping the ECRB drift (Mongano et al. 1999 [DIRS 149850]).  The second
method used information from core data and bulk density from geophysical measurements for
borehole USW SD-7 at Yucca Mountain (BSC 2001 [DIRS 155008]).  The porosity estimates
from descriptive statistics of the ECRB mapping and the calculation of the lithophysal porosity
from borehole USW SD-7 are comparable, and show that the mean values for lithophysal
porosity are 0.125 and 0.120, respectively (see Section 4.3.5.3.2).  The second method showed a
low degree of correlation among the parameters of matrix saturation, matrix porosity, and
air-filled lithophysal porosity.

The Monte Carlo simulation method (Hahn and Shapiro 1967 [DIRS 146529], pp. 237 to 241)
was used to calculate expectation and variance of thermal conductivity for the Kunii and Smith
(1960 [DIRS 153166], p. 75) predictive relation, the parallel predictive relation, and a composite
predictive relation.  The composite predictive relation uses the Kunii and Smith predictive
relation for matrix properties and the parallel predictive relation (Hadley 1986 [DIRS 153165],
p. 914) for the air-filled lithophysal porosity.  The results of these calculations for the Tptpll unit
(BSC 2001 [DIRS 155008], Section 6) are shown as the high and low cases in Table 5.3.1.4.8-1.
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Sass et al. (1988 [DIRS 100644], p. 35) conducted a heat flow investigation for borehole USW
G-4 located at Yucca Mountain, which was based upon a large number of measured thermal
conductivities and a profile obtained in water-filled casing.  This information can be used to
determine if the predicted changes in thermal conductivity between the Tptpmn and the Tptpll
units, based upon the composite model presented above, are reasonable.  Sass et al. quotes a
value for the average thermal conductivity of 2.02 W/(m�K) based upon 13 samples of densely
welded tuff in USW G-4.  Between depths of 150 and 400 m, Sass et al. found that the gradient
averaged 17.8 ± 0.04ºC/km.  The calculated heat flux rate was 36  ±  1 mW/m2.  A second
calculation was performed below 400 m, where an abrupt increase in thermal gradient was
observed.  The thermal gradient increased to 30.1 ± 0.06ºC/km, which is nearly twice the
observed gradient at this depth.  Considering the thermal conductivity of the Calico Hills to be
1.07 ± 0.04 W/(m�K), substitution into Equation 1 (Sass et al. 1988 [DIRS 100644], p. 35)
yields 32 mW/m2.  Sass et al. concluded that given the numerous sources of possible error, the
agreement between these two independent heat flow determinations was excellent, and that heat
flow in the UZ is primarily by heat conduction.

The same technical approach (BSC 2001 [DIRS 155008], Section 6, Figure 34) was adopted for
evaluation of the thermal gradients between the Tptpmn and the Tptpll units for borehole USW
G-4.  The composite predictive relation presented above was found to be in better agreement
with the geophysical measurements of temperature gradients in borehole USW G-4
(DTN:  GS960708312132.002 [DIRS 113584]) than other models investigated.

Using the values of thermal conductivity determined in the analyses described above (BSC 2001
[DIRS 155008]), the MSTH model sensitivity analyses (Buscheck 2001 [DIRS 155012]) using
the LDTH Submodel were designed to address the potential for impacts of uncertainty in thermal
conductivity by comparing the results of analyses over the range of thermal conductivity values
determined.  Table 5.3.1.4.8-1 reports the values of thermal conductivity used in the models.
The high and low values represent those determined by the Monte Carlo simulations and the
mean determined from the ECRB measurements, geophysical measurements, and analyses of
Sass et al. (1988 [DIRS 100644]).

The first set of sensitivity analyses considered the HTOM impacts.  These analyses evaluated
that the range of conductivity  (the high, mean, and low conductivities shown in
Table 5.3.1.4.8-1) had on temperature and relative humidity on the drift wall and the drip shield
for a location in the center of the potential repository (CRWMS M&O 2000 [DIRS 149862],
Figure 5-2, location L5C3) for the HTOM case with the mean infiltration flux.  Although the
analyses were for the L5C3 location, they are applicable to the portion of the potential repository
in which the host rock is the Tptpll unit, which comprises more than three-quarters of the
potential repository area.

Temperatures on the drift wall and drip shield are sensitive to the thermal conductivity (Kth) used
in the models for as long as 100,000 years (Figures 5.3.1.4.8-1a and 5.3.1.4.8-1b).  The MSTH
model temperature results are more sensitive to variability in Kth values represented by values
lower than the mean than they were to values above the mean.  The drift wall peak temperatures
for the low Kth values are nearly 220ºC, compared to almost 150ºC for the mean.  The difference
was around 70ºC, which was almost 50 percent higher than the mean value temperatures.  The
difference between the mean and high Kth temperatures was much less (about 12ºC):  136ºC for
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a function of rock mass density, and therefore subsequently a function of porosity.  The heat
capacity, thus, will decrease with increased porosity.  Mapping data along the ECRB drift walls
(Mongano et al. 1999 [DIRS 149850]) indicate that the mean lithophysal porosity of the lower
lithophysal unit is 0.125 (see Section 4.3.5.3.2).  The matrix porosity of the lower lithophysal
unit (tsw35) is 0.115 (DTN:  MO9901RIB00044.000 [DIRS 109966]).  Because the lithophysal
porosity is roughly equal to the matrix porosity, uncertainty in the lithophysal porosity can
significantly impact the porosity and the heat capacity used in the MSTH model analyses.

Sensitivity studies were performed using the LDTH submodel of the Multiscale
Thermohydrologic Model (CRWMS M&O 2000 [DIRS 149862]) to consider the effects of
uncertainties in the lithophysal porosity on both thermal conductivity and heat capacity
(BSC 2001 [DIRS 155008]), which in turn affect temperature, relative humidity, and liquid
saturation at the drift wall and drip shield (Buscheck 2001 [DIRS 155012]).  These sensitivity
studies were performed for the same potential repository location as sensitivity studies in
Section 5.3.1.4.8, which considered the lithophysal porosity on thermal conductivity alone.  By
comparing the results of the mean, high, and low lithophysal porosity results with the Kth
analyses (Section 5.3.1.4.8), an assessment can be made of the sensitivity of the results to the
lithophysal porosity, or more specifically to the influence of lithophysal porosity on heat
capacity.  Figure 5.3.1.4.9-1 shows the first analysis, which considered the effects that the range
of lithophysal porosity (Table 5.3.1.4.9-1) had on the temperature and relative humidity on the
drift wall and drip shield for a location in the center of the potential repository (location
L5C3 reference) for the HTOM with the mean infiltration flux.  Although the analyses were for
the L5C3 location, they are applicable to the portion of the potential repository in which the host
rock is the Tptpll unit, which comprises more than three-quarters of the potential repository area.

As can be observed by comparing the results shown on Figure 5.3.1.4.8-1a with the results
shown on Figure 5.3.1.4.9-1a, the peak temperatures on the drift wall were 2 to 3ºC cooler for
the low lithophysal porosity case that included effects of the porosity on the heat capacity than
that which did not.  Likewise, peak temperatures were 16ºC higher for the high lithophysal
porosity than for the comparable case from Section 5.3.1.4.8 that did not include these effects on
the heat capacity.  Similar, but of smaller magnitude, differences were noted for the temperatures
on the drip shield (Figures 5.3.1.4.8-1b and 5.3.1.4.9-1b).  The differences for the drift wall and
drip shield disappeared within 1,000 years of emplacement.  Relative humidity differences were
noted for the drift wall only, and only for the low lithophysal porosity case where there was an
approximately 3 percent relative humidity difference when the porosity impacts on the heat
capacity were considered (Figures 5.3.1.4.9-1c and 5.3.1.4.8-1c).  There was no impact on the
drip shield relative humidity (Figures 5.3.1.4.9-1d and 5.3.1.4.8-1d).  Invert saturation
(Figure 5.3.1.4.9-2) was not affected by neglecting the influence of lithophysal porosity on heat
capacity.  These observations indicate that neglecting the influence of lithophysal porosity on
heat capacity will not add to uncertainty in the results from the MSTH model.

Comparisons of results for the LTOM with and without consideration of the influence of
lithophysal porosity on heat capacity reveal no difference.  This is seen by comparing results of
the analyses of temperatures on the drift wall and drip shield that included consideration of the
effects of lithophysal porosity on heat capacity (Figures 5.3.1.4.9-3a and 5.3.1.4.9-3b) with the
results of the analyses that did not include the influence of lithophysal porosity on heat capacity
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(Figures 5.3.1.4.8-3a and 5.3.1.4.8-3b).  There is no difference in any of the curves.  This result
is consistent with the conclusions for the HTOM.

Figure 5.3.1.4.9-4 shows the predicted liquid saturation for the same location as the temperature
and relative humidity assessments discussed above.  The results are for the upper invert layer that
is directly below the drip shield in the central portion of the drift (Figure 5.3.2.3-1).  These
analyses were performed for the mean infiltration-flux case.  Comparison of Figure 5.3.1.4.9-4,
which shows the results of analyses that considered the influence of lithophysal porosity on heat
capacity, with Figure 5.3.1.4.8-4, which does not include the consideration of the influence of
lithophysal porosity on heat capacity, indicates that there is no impact on the MSTH model invert
saturation results as a result of neglecting the influence of lithophysal porosity on heat capacity.

5.3.1.4.10 Sensitivity to Invert Thermal Conductivity

The current design for the invert consists of a set of carbon steel beams crossing the drift and
anchored to the drift wall.  The beams are stabilized by longitudinal connectors and crushed tuff
gravel ballast.  The steel contacts the lower drift wall at the edges of the invert, and the lower
portion of the drift wall contacts only the ballast.  The carbon steel (as-built) has a higher thermal
conductivity than the crushed tuff ballast.  However, the carbon steel corrodes in a few hundred
to a few thousand years, and the conductivity of the resulting iron oxide fragments is more
similar to the ballast than to steel.  Therefore, during much of the thermal period, the
conductivity of the invert will be lower than its initial value.

The uncertainty (and temporal variability) of the invert thermal conductivity is exacerbated by
the geometry of the steel structure.  In regions that include both ballast and portions of beams,
the invert will have a higher lateral or axial thermal conductivity than vertical conductivity.  The
software used in the MSTH model currently does not have the capability to input anisotropic
thermal conductivity for different regions.  This capability could be added, or the effect could be
mitigated by a careful choice of invert layer geometry.  The effect of the beam structure has been
evaluated in a conduction-dominated regime by using the ANSYS software, which does have
anisotropic conductivity (CRWMS M&O 2000 [DIRS 142736]).  In this section, the invert
thermal conductivity is varied parametrically to determine its influence on in-drift temperature
distribution.

The LDTH submodel (CRWMS M&O 2000 [DIRS 149862]) was used in the sensitivity analysis
(Reed 2001 [DIRS 155076]).  The submodel results are suitable for determining the sensitivity of
TH parameters to invert thermal conductivity.  However, these sensitivity results do not include
edge effects, variability of infiltration across the potential repository footprint, or
three-dimensional in-drift phenomena.  The MSTH model results for the HTOM described in
Section 5.4 should be used if values of TH parameters are needed, rather than the sensitivity of
those parameters to uncertainty of invert thermal conductivity.

The two-dimensional LDTH submodel was implemented for the L5C3 location in the potential
repository footprint (as in a number of other sensitivity evaluations).  This location has a thick
cover of lower lithophysal rock that is not near the interface with the middle non-lithophysal
subunit above.  The surface infiltration rates (based on the methodology and input data in
CRWMS M&O (2000 [DIRS 149862]) at this location are 5.7 mm/yr for the present-day climate



TDR-MGR-MD-000007  REV 00 ICN 01 5-49 July 2001

(0 to 600 years), 15.1 mm/yr for the monsoonal climate (600 to 2,000 years), and 23.2 mm/yr for
the glacial-transition climate (beyond 2,000 years).  The submodel included explicit thermal
radiation between the drip shield and drift wall, and it applied a correlation-based effective
thermal conductivity approach for natural convection heat transfer.  Mass transfer within the
emplacement drift was computed using a bulk permeability of 10-8 m2 for the in-drift air
elements (Buscheck 2001 [DIRS 155012]), which was a compromise between adequate mass
transfer and computer run time (see Section 5.3.2.4.5).  The heat source in the model was
volumetrically averaged within the volume enclosed by the drip shield.  The calculations used
the same initial linear heat loading, 1.3534 kW/m, as the HTOM, and they also used the same
ventilation parameters:  50 years of forced ventilation at an assumed heat removal efficiency of
70 percent.

The invert geometry in the calculation includes two vertical layers (regions), with two gridblocks
in the lower layer and four gridblocks in the upper area (Figure 5.3.2.3-1).  The sensitivity study
considered a range of material thermal conductivity for the upper invert layer.  The lower invert
material thermal conductivity was 0.15 W/m•K for all the sensitivity runs because it included
only ballast without the steel beams.

Table 5.3.1.4.10-1 shows the range of invert thermal conductivity used in the study.  The base
case thermal conductivity was the lowest value considered; it was based on the decrease of the
as-built value toward that of crushed tuff as the carbon steel corrodes.  Additionally, low thermal
conductivity in the invert was expected to increase the in-drift temperatures because overall heat
transfer would be somewhat less effective.  The as-built case assumed that the steel does not
corrode.  The additional-steel case assumed that the amount of steel in the invert design is
increased at some future date.  Two overlapping continua were used in the model, for
compatibility with the dual continuum approach in the host rock.  Because a realistic,
dual-continuum, hydrologic property set for crushed tuff is not yet available, the continua had
identical thermal and hydrologic properties for the base, as-built, and additional-steel cases, with
the thermal conductivity equally split between the two continua.  A fourth case, designated the
intermediate case, used a steel-like conductivity in one continuum and a ballast-like conductivity
in the other.

Five locations in the engineered barrier system (EBS) were used to evaluate the sensitivity to the
invert thermal conductivity, using material-appropriate TH parameters.  The five locations and
associated parameters included:

• The top of the drip shield (temperature and relative humidity)

• The base of the drip shield (temperature and relative humidity)

• The crown of the drift wall (temperature and liquid saturation)

• The rib (i.e., the widest point, sometimes referred to as the springline) of the drift wall
(temperature and liquid saturation)

• The center of the lower level of the invert (temperature and liquid saturation).
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These five EBS locations were selected to illustrate the potential for vertical and horizontal
variability with the drift to be influenced by the invert thermal conductivity.

Figures 5.3.1.4.10-1 and 5.3.1.4.10-2 illustrate the temperature-time histories at two of the five
selected EBS locations.  The temperature histories at the other three locations (drift wall rib, drip
shield top, and drip shield base) were similar to the drift wall crown, both in terms of general
shape and the tight spacing (insensitivity) of the four thermal conductivity cases.
Table 5.3.1.4.10-2 shows the peak temperatures at all five locations.  The calculated time of peak
temperature for the HTOM was calculated to occur between 65 and 70 years after emplacement
(15 to 20 years after closure).  The largest temperature variation was in the lower invert, which
can vary by about 9ºC over the range of conductivity investigated.  The other four locations had
peak temperature variation between conductivity cases of 9ºC or less.  Figure 5.3.1.4.10-1 and
Table 5.3.1.4.10-2 indicate that the drift wall and drip shield temperatures are slightly higher for
the base (low) invert thermal conductivity case than for the higher thermal conductivity cases.
For the lower conductivity case, the rate of conduction heat transfer downward through the invert
was reduced, which elevated temperatures on the invert floor and at the base of the drip shield.
The hotter floor surface exchanged energy with the top and side of the drift (crown and rib) by
radiation, thus elevating temperatures there as well.  In the lower half of the invert,
Figure 5.3.1.4.10-2 illustrates that a reduction in the heat transfer rate through the upper portion
of invert, as expected for the base (low) invert conductivity cases, caused somewhat lower
temperatures in the lower region of the invert material.  The lower invert temperature was also
more sensitive to thermal conductivity than the other locations in the drift.  The lowest upper
invert thermal conductivity (0.15 W/m•K) caused the largest temperature drop across the invert.

The liquid saturation in the drift wall and lower portion of the invert are shown in
Figures 5.3.1.4.10-3 and 5.3.1.4.10-4 (the drift wall rib saturation histories are similar to those
shown for the crown).  For all the invert conductivity cases, the host rock (drift wall) matrix
saturation falls quickly and does not resaturate until about 1,000 years.  At this time, rock
temperature drops to the local saturation temperature and water quickly returns to the host rock.
Figure 5.3.1.4.10-4 indicates that the invert liquid saturation history is more sensitive to the
invert conductivity than is the host rock saturation.  The base thermal conductivity case
(0.15 W/m•K) shows the invert saturation becoming nonzero at about 1,300 years, increasing to
a maximum value of about 0.1, then dropping to a long-term value of 0.057.  A rapid transition
through the boiling point (Figure 5.3.1.4.10-2) for this case results in rapid rewetting at this
location.  The other three cases show nonzero invert saturation at about 2,200 years, with
maximum saturation of about 0.057.  All the cases converge to the same long-term value (0.057),
as expected, when the temperature returns to ambient.  The period of high invert saturation for
the low-conductivity case and the oscillations during rewetting for the lowest two conductivity
cases have not been explained.  The simple treatment of hydrologic properties in the invert
(compared to the host rock) is a potential cause that is being evaluated in support of a potential
license application.

Figure 5.3.1.4.10-5 shows the relative humidity at the drip shield top (the drip shield base is
similar).  The relative humidities are similar over the range of invert thermal conductivity
investigated.  The base-case thermal conductivity (0.15 W/m•K) resulted in slightly lower
relative humidity at the drip shield due to slightly higher temperatures (Table 5.3.1.4.10-2).
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Summary–The three higher invert thermal conductivity cases produce similar temperature,
liquid saturation, and relative humidity at the five EBS locations considered.  The base case
(0.15 W/m•K) invert thermal conductivity case resulted in differences in all three TH
parameters.  The late time values for all cases are similar after about 100,000 years.  The invert
saturation for the base case invert conductivity has an earlier rewetting initiation and a lengthy
(100,000 years) higher-saturation plateau prior to converging on the same long-term saturation as
the other cases.  The values of temperature for the intermediate case are within a few degrees of
the base case, allowing other sensitivity calculations in Section 5 to use either of the invert
conductivity values.

5.3.1.4.11 Sensitivity to Design and Operational Parameters

The analyses presented in this report focus on three goals:  incorporating new science,
quantifying uncertainties, and evaluating the performance and uncertainty associated with
HTOM and LTOM.  This section discusses the sensitivity of TH parameters to design and
operating parameters that could be used to achieve a LTOM goal.

Figure 5.3.1.4.11-1 depicts the HTOM and LTOM in terms of values of peak waste package
temperature resulting from different choices of design and operating parameters.  The figure
shows that the HTOM has waste package peak temperatures of about 175ºC, lower than the peak
values presented in the Viability Assessment of a Repository at Yucca Mountain, Total System
Performance Assessment (DOE 1998 [DIRS 100550], Volume 3, Figure 3-22), which shows a
peak temperature of about 200ºC using bin-averaged, rather than hottest waste package,
temperatures.  Two LTOM options are shown, both resulting in peak waste package
temperatures of about 85ºC based on two-dimensional calculations.

Three design parameters—drift diameter, drift spacing, and waste package capacity—are shown
in the inner portion of Figure 5.3.1.4.11-1.  These parameters were held constant for the purposes
of this report, which focuses on determining performance and associated uncertainty for a range
of thermal operating environments.  If the site is recommended, design parameters can be varied
during the preparation of a license application to optimize a combination of criteria, including
worker safety, cost, and reduction in performance uncertainty.

The outer portion of Figure 5.3.1.4.11-1 shows operating parameters, including waste package
spacing, forced and natural ventilation rates, and ventilation duration.  These parameters can be
changed even after a repository has been constructed.  The two LTOM options use different
values of operational parameters to approach the same TH conditions.  The option analyzed in
this document uses the first 64 drifts in the footprint (a contiguous, planar area), variable gaps
between waste packages (1.1-m average), and 300 years of forced ventilation at a rate of 15 m3/s.
The resulting linear heat loading at emplacement of this option is 1.13 kW/m (Buscheck 2001
[DIRS 155449]).

Another lower-temperature option uses a larger footprint, has wider gaps between waste
packages (2-m average), and shifts from forced to natural ventilation after 50 years (BSC 2001
[DIRS 155010]; BSC 2001 [DIRS 155011]).  The natural ventilation rate used in the second
reference is an average of 3 m3/s for the 50- to 100-year period and 1.5 m3/s for the 100- to
300-year period.  The resulting linear heat loading at emplacement of this option is 1.0 kW/m.



TDR-MGR-MD-000007  REV 00 ICN 01 5-52 July 2001

The two options trade forced ventilation duration and waste package spacing (and potential
repository footprint).

Natural ventilation and other methods to achieve lower potential repository temperatures have
been the subject of study for several years (BSC 2001 [DIRS 154855]; CRWMS M&O 2000
[DIRS 152269]; CRWMS M&O 2000 [DIRS 152146]).  The lower-temperature option shown in
(Figure 5.3.1.4.11-1) is based on design and operational parameters developed from sensitivity
calculations in these three references.  Additional documentation is in BSC (2001
[DIRS 155010]) and BSC (2001 [DIRS 155011]).

The in-drift TH parameter histories, including variability across the potential repository
footprint, are shown in Section 5.4.2 for the LTOM.  The MSTH model calculations
(Buscheck 2001 [DIRS  155449]) were repeated for the same AML and linear heat loading of
1.13 kW/m as the LTOM base case (see Table 5.1-1).  The new calculation (Buscheck 2001
[DIRS 155449]) used a line loading arrangement with 10-cm gaps between all waste packages,
rather than more widely spaced waste packages.  The linear heat loading was maintained at the
same level, since the waste packages were moved together by de-rating the hotter waste
packages.  The de-rating was done simplistically, by removing spent nuclear fuel assemblies
from the hotter PWR waste packages until the target heat loading was achieved (at the 16 fuel
assembly level).  If a lower-capacity waste package option is developed during a potential
license application, it could achieve goals of lower peak power by using smaller PWR waste
packages or by blending BWR and PWR assemblies in the same waste package.  Flexibility
could be reserved for the blending of the two types of assemblies by developing an adapter-insert
that would fit into the PWR basket slot and contain an opening the size of the smaller BWR
assemblies.

Figure 5.3.1.4.11-2 compares the postclosure distribution of peak waste package temperature and
relative humidity across the potential repository footprint for the LTOM option described in this
report and the de-rated waste package capacity option for the medium infiltration history case,
although the MSTH model results also include cases for lower and higher infiltration levels.  The
distributions are displayed as cumulative complementary distribution functions; the values on the
y-axis are the fraction of waste packages hotter than the indicated value on the x-axis.  The base
case resulted in 98.3 percent of the waste packages not exceeding the goal of 85ºC, and a peak of
86.0ºC for the hottest waste package in the 7620 calculated waste package temperature-time
histories.  The abstracted temperature histories used in TSPA are somewhat lower because
histories are grouped into bins, within which the average is used.  The de-rated waste package
case resulted in 100 percent of the waste packages not exceeding the goal of 85ºC, and a peak of
82.6ºC for the hottest waste package.  The de-rated waste package option had slightly cooler
results than the LTOM base case, for the same potential repository footprint.  The cooler
temperatures are due to the smaller range of thermal powers among the waste packages and the
more effective radiation heat transfer between closely spaced waste packages.

For waste packages that exceed the 85ºC goal, a low humidity can prevent the formation of
aqueous films that are required for corrosion initiation.  Figure 5.3.1.4.11-2 also shows the
postclosure relative humidity distribution (among the 1.7 percent of the ensemble of waste
packages that exceed 85ºC for some period of time in the LTOM base case) when the
temperature of each waste package falls below 85ºC.  The initiation threshold for crevice
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corrosion of 85ºC is based on more aggressive water chemistry than is expected on waste
package surfaces (Section 6).

To compare other options, a simplified version of the MSTH model was used (Buscheck 2001
[DIRS  155449]).  In the simpler model, the same four submodels were used, but only a single
location (L5C3) was used for the smeared-heat-source drift-scale temperature (SDT) and
line-source drift-scale thermal-hydrologic submodels.  The L5C3 location is near the potential
repository center and is within the lower-lithophysal stratigraphic unit.

Figure 5.3.1.4.11-3 shows postclosure temperature and relative humidity histories
(Buscheck 2001 [DIRS 155449]) for the hottest waste package surface for three LTOM
implementations that share the same areal mass loading of 45.7 MTU/acre:  the LTOM base
case, the de-rated waste package case, and a wider drift spacing case that uses the HTOM waste
package arrangement, but with a drift spacing of 97 m instead of 81 m.  As summarized in
Table 5.3.1.4.11-1, the peak temperatures are 84.3ºC for the base case, 81.7ºC for the de-rated
waste package case, and 88.8ºC for the wider drift spacing case.  These results indicate that all
three methods achieve similar temperatures for LTOM designs.  Line loading with a limited
range of waste package thermal powers (i.e., using de-rated waste packages) is most effective at
limiting peak temperature, and wider spacing of waste packages within the drifts is more
effective than wider spacing of drifts.  The relative effectiveness of these design and operating
parameters (waste package capacity, waste package spacing, and drift spacing) is consistent with
the conceptual understanding of three-dimensional radiation heat transfer among the waste
packages.

A comparison of Figures 5.3.1.4.11-2 (full MSTH model) and 5.3.1.4.11-3 (simplified MSTH
model) shows that the simplified MSTH model calculates peak temperatures about 1 to 2ºC less
than the full MSTH model.  It was expected that the peak temperatures would be somewhat
lower because it is not likely that the location chosen for the simplified MSTH model would be
the location of peak power.  The location was chosen, however, to be in a central region with low
infiltration flux so that it would be near the overall peak temperature.  The advantage of using the
simplified MSTH model is that additional design variables can be investigated with a smaller
suite of calculations, yet with results (at the chosen location) that are the same as the full MSTH
model results.

The postclosure relative humidity histories at the hottest waste package surface are shown in
Figure 5.3.1.4.11-3 for the three LTOM cases.  Depending on the composition of the dust on the
waste package surface, the threshold relative humidity for water film formation (deliquescence)
varies.  Figure 5.3.1.4.11-3 can be used to determine the time at which the threshold humidity is
reached.  This value can then be used with the temperature panel of the same figure to estimate
the likelihood of crevice corrosion during the thermal pulse for the hottest waste packages in the
potential repository. Figures 5.3.1.4.11-2a and 5.3.1.4.11-3a indicate that the LTOM base and the
case with wider drift spacing have some waste package surfaces above the 85ºC temperature
threshold.  Figure 5.3.1.4.11-2a shows 1.7 percent of the LTOM-PA case waste package
temperatures exceeding the threshold.  For the case with the hottest waste packages, the wider
drift spacing case, the surface of a typical waste package is above 85°C for about 500 years
(shortly after closure at 300 years to about 800 years, Figure 5.3.1.3.11-3a).  During that period,
the humidity ranges between 48 and 69 percent (Figure 5.3.1.4.11-3b).  Figure 5.3.1.4.11-2b
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shows that for the waste packages that exceed 85ºC for the LTOM-PA case, the relative humidity
ranges between 48 and 62 percent at the time that the waste-package surface temperature returns
to 85ºC.  (The curve ranges from 100 percent to 98.3 percent because only 1.7 percent of the
waste packages exceed 85°.)  Figure 5.3.1.4.11-2 (panels a and b) also shows that none of the
waste packages exceed 85ºC for the de-rated waste-package case.

Summary–Design and operating parameters can be used to achieve LTOM goals.  The initial
calculations for three different lower-temperature options predicted temperatures within 4°C of
the 85°C goal.  The LTOM-PA case achieves the goal for nearly all of the waste packages.  Use
of operating parameters to maintain temperature flexibility offers the advantage of preserving
some flexibility even after construction of a potential repository.  A simplified MSTH model can
be used to calculate local temperatures while maintaining the fidelity of the calculations to the
potential repository footprint, the infiltration flux map, and waste package spacing and power
distribution.  The simplified model runs faster and produces temperatures within about 1 to 2ºC
of the full MSTH model.  For the 300-year forced ventilation option, waste package peak
temperature can be limited to about 85ºC by adjusting waste package capacity, drift spacing, or
waste package spacing.  Adjusting waste package capacity was the most effective of the three
methods because of the smaller range of waste package thermal powers.  Adjusting drift spacing
was the least effective because it results in the largest linear heat loading (1.35 kW/m).
However, the differences in effectiveness only resulted in a peak waste package temperature
variation of about 7ºC among the three cases investigated.

5.3.2 Ventilation and Convection Modeling of In-Drift Thermal-Hydrologic Conditions

This section discusses phenomena involving movement of gas and transfer of heat within
emplacement drifts.  There are four such phenomena, which are discussed conceptually below.

Two-Dimensional Convection–Air moves naturally within a plane perpendicular to the drift
axis, driven by the temperature gradient between the warmer waste package and the
intermediate-temperature drip shield, and also between the drip shield and cooler drift wall
(Figure 5.3.2-1 illustrates the air flow pattern (Dunn 2001 [DIRS155308])).  The figure shows
the flow pattern in a quarter-scale test (Jurani 2001 [DIRS 155128]) in an insulated pipe without
a drip shield.  For the flow pattern beneath the drip shield in a potential repository following
closure, the air rises above the waste package, turns outward and falls along the inner surface of
the drip shield, transferring heat to the drip shield as it moves.  The cooler air at the bottom of the
drip shield rises along the waste package, picking up more heat.  A similar flow pattern would be
established between the drip shield and drift wall.  These flow patterns augment the heat transfer
due to thermal radiation between the components.  Natural convection is more important during
the postclosure period when high-flow-rate forced ventilation is absent.

Natural convection is driven by the temperature difference between the hot drip shield and cooler
drift wall.  Radiative heat transfer is driven by the difference between the fourth power of those

temperatures; therefore, thermal radiation is most important at higher temperatures.  For the
LTOM, thermal radiation is less effective than for the HTOM, and two-dimensional convection
of air can be an important contributor to limiting the temperature of the waste package.
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Three-Dimensional Convection–Air moves within segments of the emplacement drift.  This
convection is produced by the temperature gradient along the drift axis, and the flow patterns are
three-dimensional, as illustrated conceptually in Figure 5.3.2-2.  There is axial flow from hotter
to cooler regions under the crown of the drip shield and under the crown of the emplacement
drifts.  Cooler air returns in the opposite direction near the invert.  There are two scales of this
convection.  The smaller scale is between a group of waste packages that have different thermal
powers due to their differing waste contents.  The larger scale is between the sections of the
emplacement drifts near and far from the edge of the potential repository.  The edge regions are
cooler because, in addition to the heat flow upward and downward from the potential repository
horizon, the edge regions also have lateral heat transfer outward from the perimeter drifts.  This
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emplacement drift, the relative humidity of air decreases because of the increase in saturation
pressure (the denominator of the fraction that defines relative humidity).  The relative humidity
increases with ventilation duration as the air cools the emplacement drift and some water
evaporates from the rock into the drift air.  The lowest values of relative humidity (3 to
5 percent) occur at the end of the emplacement drift during the early (high temperature) period of
ventilation.  The highest values of relative humidity (32 to 34 percent) occur near the
emplacement drift entrance at the maximum ventilation time.

The latent heat removal rates modeled by MULTIFLUX (Figures 5.3.2.4.1-11 and 5.3.2.4.1-12)
are shown as the area between the “heat removed by ventilation” and “sensible heat removal by
ventilation” curves.  The results of integrating the area between the curves are shown in
Table 5.3.2.4.1-2.  The values shown in the table indicate that latent heat removal is a very small
portion of the total heat removed by ventilation.  This conclusion is also consistent with the hand
calculations shown in Section 5.3.2.4.4.

Summary–Ventilation at rates of 10 to 15 m3/s is capable of removing a large fraction (over
70 percent) of preclosure heat from emplacement drifts and controlling peak postclosure
emplacement drift temperatures.  Most of the heat removal is due to sensible heating of air as it
moves across the heated waste packages and drift wall; only a small percent of heat removal by
ventilation is due to the latent heat of water vaporized from the near-field rock.

Preliminary quarter-scale tests measured higher ventilation efficiencies than the ones calculated
with the ANSYS model.  The quarter-scale tests have not yet been modeled with MULTIFLUX.
Based on the repository-scale calculations summarized in Table 5.3.2.4.1-1, the MULTIFLUX
efficiencies should be closer to the test results than the ANSYS calculations.  The difference in the
convective heat transfer coefficients used in the two models is the primary source of the differences
in the calculated ventilation efficiency.

Peak postclosure drift wall temperatures below 75°C are achievable at ventilation flow rates of
15 m3/s and heat loads of 1.45 kW/m.  Relative humidity during preclosure is dominated by the
air temperature, with a minor influence due to water evaporating from the rock into the air
(additional calculations of in-drift humidity effects due to evaporating water are shown in
Section 5.3.2.4.4).  Humidity remains below 35 percent during the entire preclosure period.  As
the air temperature increases along the emplacement drift, the relative humidity decreases.  The
lowest values of relative humidity (3 to 5 percent) occur at the end of emplacement drift during
the early stage of ventilation.  The relative humidity increases with time as ventilation cools the
emplacement drift.

5.3.2.4.2 The Effect of a 10 Percent Uncertainty in Ventilation Efficiency and Assuming
Ventilation Efficiency Is Time-Invariant

Preclosure temperatures and the postclosure peak temperature can be limited by removing heat
from the system using preclosure ventilation.  In Section 5.3.2.4.1, calculations and
measurements of ventilation efficiency are summarized.  Ventilation efficiency is defined as the
rate of heat removed from the potential repository in the ventilation air divided by the rate of
heat added due to radioactive decay of the emplaced waste.  This subsection evaluates the
sensitivity of thermal-hydrologic performance parameters (such as peak postclosure temperature)
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to the uncertainty in ventilation efficiency and to the assumption that ventilation efficiency is
constant in time.  The sensitivity was evaluated for both the HTOM and LTOM.

The LDTH submodel from the MSTH model (CRWMS M&O 2000 [DIRS 149862]) was used in
the sensitivity analysis.  The submodel results (Leem 2001 [DIRS 155457]) are suitable for
determining the sensitivity of thermal-hydrologic parameters to the ventilation efficiency
uncertainty.  However, these sensitivity results do not include edge effects, variability of
infiltration across the potential repository footprint, or three-dimensional in-drift phenomena.
The MSTH results shown in Section 5.4, for the HTOM and LTOM base cases, should be used if
values of thermal-hydrologic parameters are needed, rather than the sensitivity of those
parameters to ventilation uncertainty.

The two-dimensional LDTH submodel was implemented (Leem 2001 [DIRS 155457]) for the
L5C3 location in the potential repository footprint, as in a number of other sensitivity
evaluations.  This location has a thick cover of lower lithophysal rock (it is not near the interface
with the middle non-lithophysal subunit above it).  The surface infiltration rates (based on the
methodology and input data in CRWMS M&O 2000 [DIRS 149862]) at this location are
5.7 mm/yr (present day climate, 0 to 600 years), 15.1 mm/yr (monsoonal climate, 600 to
2,000 years), and 23.2 mm/yr (glacial-transition climate beyond 2,000 yr).  The submodel
includes explicit thermal radiation between the drip shield and drift wall, and it applies a
correlation-based effective thermal conductivity approach for natural convection heat transfer.
The heat source in the model is volumetrically averaged within the volume enclosed by the drip
shield.  The invert in the model uses a thermal conductivity somewhat higher than the TSPA
base cases described in Sections 5.3.1.3, 5.3.2.3, and 5.4.  The sensitivity of the results to invert
thermal conductivity were investigated in Section 5.3.1.4.10, which concluded that the results of
sensitivity studies would not be significantly affected by the difference between the base case for
the TSPA calculations and the base case for the two-dimensional submodel.

The HTOM calculations used the same initial linear heat loading, 1.35 kW/m, as the TSPA base
case (Table 5.1-1).  The two-dimensional base case used for the HTOM sensitivity calculations
also used the same ventilation parameters as the TSPA base case, 50 years of forced ventilation
at an assumed heat removal efficiency of 70 percent.  Similarly, the sensitivity base case used for
the LTOM sensitivity calculations used the same values as the TSPA base case:  1.13 kW/m
initial linear heat loading and 300 years of forced ventilation at an assumed efficiency of
80 percent.

The thermal hydrology sensitivity calculations focused on the effect of the ventilation efficiency
on in-drift thermal-hydrologic conditions.  In addition to the base case for each operating mode,
constant ventilation efficiency cases were run in which the ventilation efficiency was 10 percent
higher or 10 percent lower than the base case.  The base case ventilation efficiency used in the
sensitivity calculation is an averaged value throughout the pre-closure period, and the
+/-10 percent value could consider local and temporal changes in the ventilation efficiency.
Because the ventilation efficiency was determined as a function of time using the ANSYS (V5.2)
software, the time-dependent ventilation efficiency was also considered in the LDTH sensitivity
analysis for each operating mode, HTOM and LTOM (Section 5.3.2.4.5).  The time-dependent
cases are denoted, f(t), in the results below.  Finally, it was noted that the time-averaged
efficiency for each of the time-dependent cases was actually somewhat higher than the base case;
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therefore, one additional case was run for each operating mode.  The additional case used a
constant ventilation efficiency equal to the average of the time-dependent efficiency, to allow
direct comparison of the effect of time-dependency on in-drift thermal-hydrologic parameters.

Figure 5.3.2.4.2-1 shows the time-dependent ventilation efficiency for the HTOM and LTOM.
These curves were developed from the Ventilation Model (CRWMS M&O 2000
[DIRS 120903]).  The time-dependent values for the LTOM after the first 50 years were
calculated from the ratio between the HTOM and LTOM efficiencies, since the forced
ventilation efficiency values provided for the LTOM linear heat loading were only for 0 to
50 years.  The predicted ventilation efficiency values for the LTOM beyond 50 years are
probably conservative (Section 5.3.2.4.1), since the efficiency of ventilation is increased in a low
temperature condition, and temperatures for the LTOM decrease with time during the 50 to
300-year period.

Higher-Temperature Operating Mode Results–The use of a ventilation efficiency in the
LDTH submodel reduces the heat available to be transported from the waste packages into the
near-field rock.  Figure 5.3.2.4.2-2 shows the time history of available waste package heat for the
constant base case and time-dependent f(t) ventilation cases.  The total heat (available for
transport plus removed by ventilation) is also shown.

The drip shield top and drift wall crown peak postclosure temperatures of the HTOM are well
above the boiling point, 96°C, for all the ventilation efficiency cases (Figures 5.3.2.4.2-3 and
5.3.2.4.2-4).  Increasing the ventilation efficiency across the 20 percent range investigated
(60 percent to 80 percent), decreases the peak postclosure temperatures of the drip shield and
drift wall crown by about 14°C each.  The postclosure temperature results for the time-dependent
ventilation efficiency case are similar (within 1°C) to those for the corresponding constant
ventilation efficiency (73 percent).  As the drift wall and drip shield temperatures increase, the
driving force for heat transfer to the ventilation air increases, causing the ventilation efficiency to
increase and the rock and drip shield temperatures to decrease.  During the preclosure period,
high waste package temperature is less significant than during postclosure because of the short
duration of high temperature and because of the low humidity during preclosure.

The relative humidity histories at the same locations as the temperature histories are shown in
Figures 5.3.2.4.2-5 and 5.3.2.4.2-6.  For constant (in time and space) ventilation efficiencies, the
time for relative humidity to increase to 50 percent decreases by about 120 years and 80 years for
the drip shield top and drift wall crown, respectively, as ventilation efficiency increases from
60 percent to 80 percent.  The shorter time to return toward ambient humidity values is due to
less heating of the near-field rock when ventilation is more effective.  For the time-dependent
ventilation efficiency case, there is a much lower humidity minimum, consistent with the higher
preclosure temperature.

The saturation of the invert decreases from the initial condition of about 10 percent to a dry value
within 10 years for all the ventilation efficiency cases (Figure 5.3.2.4.2-7).  The dry conditions
persist well beyond the closure of the potential repository.  The increase of invert saturation back
to ambient values, beyond 1,000 years, is shown in Section 5.4.1.
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A summary of the thermal hydrology sensitivity modeling results is presented in
Table 5.3.2.4.2-1.

Lower-Temperature Operating Mode Results–Figure 5.3.2.4.2-8 shows the time history of
available waste package heat for the constant and time-dependent ventilation cases.  The total
heat (available for transport plus removed by ventilation) is also shown.

The drip shield top and drift wall crown peak postclosure temperatures of the LTOM are below
80°C (Figures 5.3.2.4.2-9 and 5.3.2.4.2-10).  Increasing the ventilation efficiency across the
20 percent range investigated (60 percent to 80 percent), decreases the peak postclosure
temperatures of the drip shield and drift wall crown by 7°C.  The postclosure temperature results
for the time-dependent ventilation efficiency case are similar (within 1°C) to those for the
corresponding constant ventilation efficiency (83 percent).  During the preclosure period, the
relative humidity of the ventilation air will be less than 30 percent, so that corrosion of the drip
shield and waste package is unlikely.  Nevertheless, further study is warranted of the ventilation
efficiency during the transient period of the first five to ten years when components reach quasi-
steady temperatures.  It is encouraging that the transient period in the initial quarter scale tests of
ventilation efficiency (DTN:  SN0106F3409100.003 [DIRS 155255]) was faster than the model
calculations (CRWMS M&O 2001 [DIRS 155328]).  Continued test results and more
sophisticated calculations will be used, in support of a potential license application, to better
define the preclosure temperature spike duration and magnitude.

Values of relative humidity for the drip shield top decrease to no less than about 75 percent
during the preclosure period for the constant efficiency cases, and to about 40 percent for the
time-dependent efficiency case (Figure 5.3.2.4.2-11).  However, it should be noted that these
values are based on two-dimensional equilibration of stagnant drift air with the near-field rock,
which ignores the humidity influence of the ventilation air.  During the preclosure period, the
relative humidity will be set by the ventilation air inlet relative humidity (Section 5.3.2.4.4).  The
postclosure minimum for drip shield top humidity is about 80 percent.  At the drift wall, there is
essentially no reduction in humidity in the LTOM sensitivity calculations.  The saturation of the
lower, center region of the invert shows a similar pattern for the LTOM (Figure 5.3.2.4.2-12) and
the HTOM (Figure 5.3.2.4.2-7).  The initial saturation of about 10 percent decreases to a
minimum that is totally dry for some of the ventilation efficiency cases, and partly dried for
others.  Beyond 50 years, however, the continuing ventilation of the LTOM removes sufficient
heat that the invert begins to rewet, reaching saturation of 1.5 to 4.5 percent, depending on the
ventilation efficiency.  Then, when the potential repository is closed, there is a postclosure
drying of the invert.  The increase of invert saturation back to ambient values, beyond
1,000 years, is shown in Section 5.4.2.

A summary of the thermal hydrology sensitivity modeling results is presented in
Table 5.3.2.4.2-2.

Summary–In-drift temperatures are sensitive to ventilation efficiency, with a 20 percent
decrease in efficiency resulting in a drip shield peak postclosure temperature increase of 14°C for
the HTOM and 7°C for the LTOM.  The transient period during the first five to ten years is
expected to receive further study in calculations and testing to support a potential license
application considering the mass transfer by the pre-closure ventilation.  Operational procedures,
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including partial loading of drifts to spread out the transient period, are also being considered to
mitigate the potential preclosure temperature spike.

5.3.2.4.3 The Effect of Calculating Temperatures Based on Simultaneous Emplacement
of Appropriately Aged Waste Packages

The MSTH model (CRWMS M&O 2000 [DIRS 149862]) focuses on temperature, saturation,
and humidity during the postclosure period.  This emphasis allows a simplified approach for the
waste emplacement period of the preclosure phase of a potential repository.  The simplification
is to emplace all waste simultaneously, but use thermal decay curves that are appropriate for the
age of waste as it is sequentially emplaced in accordance with an assumed waste acceptance
schedule.  For the LTOM, the TSPA used a 300-year ventilation period.  The TSPA scenario
does not specify if this period is an average (with some waste packages receiving more and some
receiving less ventilation duration), the duration for the initial waste packages emplaced, or the
duration for the final waste packages emplaced.  One scenario for waste emplacement assumes a
22-year emplacement period.  In this section, the base case ventilation duration is varied by
±22 years to determine the effects of the uncertainty of ventilation duration on in-drift TH
parameters in the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]) scenario.  This emplacement
period is taken from the Reference Design Description for a Geologic Repository (CRWMS
M&O 2000 [DIRS 151967], Table 2).  The first two years of the scenario, which had low rates of
waste emplacement, were not included.  The waste emplacement rates implicit in this scenario
represent assumptions used only for this analysis.

This sensitivity analysis (Leem 2001 [DIRS 155457]) employed the LDTH submodel using the
same implementation methods described in Section 5.3.2.4.2.

The base case for the sensitivity analysis is the LTOM base case design, with a 1.13 kW/m initial
linear heat loading and 300 years of forced ventilation at an assumed (constant) ventilation
efficiency of 80 percent (Table 5.1-1).

Results–The peak postclosure temperatures at the top of the drip shield and the crown of the drift
wall are below 80ºC for all three ventilation duration cases (Figures 5.3.2.4.3-1 and 5.3.2.4.3-2).
The peak postclosure temperatures of the drip shield and drift wall decrease 2°C as the
ventilation duration increases from 278 years to 322 years.  An additional interpretation of these
results is that aging of 20 to 40 years for a 300-year ventilation period would not produce a
significant (greater than a few degrees centigrade) reduction in peak postclosure temperatures.

Values of relative humidity for the drip shield top never decrease below 75  percent in all three
ventilation duration cases (Figure 5.3.2.4.3-3).  At the drift wall, the humidity remains nearly
100 percent at all times.

In all three ventilation durations investigated, the saturation at the lower center of the invert dries
within a few decades during the preclosure period, rewets to about 3 percent saturation by
potential repository closure, then quickly dries again (Figure 5.3.2.4.3-4).  Section 5.4 shows the
subsequent rewetting of the invert beyond 1,000 years for the LTOM base case.  The sensitivity
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of the in-drift TH parameters to ventilation duration in the LTOM is summarized in
Table 5.3.2.4.3-1.

Summary–In the LTOM, the duration of ventilation (300 years) is long enough that the TH
results are insensitive (within a few degrees centigrade of peak in-drift temperatures) to
variations of plus or minus a few decades of ventilation duration.

5.3.2.4.4 The Influence of Near-Field Rock Dryout Due to Forced Ventilation on
In-Drift Relative Humidity

The moisture contained in the host rock, if evaporated into the ventilation air, can influence the
temperature and humidity conditions in an emplacement drift.  Determination of water
movement in the surrounding rock mass during preclosure ventilation requires complex models
(e.g., MULTIFLUX, described in Section 5.3.2.4.1) to simulate the coupled heat and mass
transfer processes.

To illustrate the overall effect of water removal by ventilation on the psychrometric environment
in the drift, a constant rate of water removal from the rock was assumed in two numerical
examples.  Both examples include the effects of vaporization of near-field water on in-drift
relative humidity and heat removal efficiency.  The first example considers the initial dryout of
the rock by the ventilating air.  MSTH model (CRWMS M&O 2000 [DIRS 149862]) results
presented later in this subsection, and limited measurements in the Exploratory Studies Facility
(ESF), support a dryout depth of several meters.  The observation of ventilation-caused dryout in
the ESF supports dryout times less than a few years.  To obtain a high-side but realistic bounding
value of dryout-caused influx of water into the ventilation air, a dryout depth of 3 meters during
a time span of 6 months was used in the example calculation.  The second example considers
continuing evaporation of water into the ventilating air, with the water furnished by percolation
flux moving downward through the unsaturated zone and being intercepted by the dryout zone
(about two drift diameters wide, from the first example).  Recognizing that the results of this
steady-state influx of water will be less than the initial dryout-period influx, a typical flux value
of 10 mm/yr was used; the insensitivity of the resulting humidity to the influx (reported below)
supports selection of a typical, rather than lower bound, value.  The LDTH submodel of the
MSTH model was used to investigate the influence of preclosure rock dryout on in-drift
temperature and humidity.  The submodel was implemented using assumed in-drift gas pressure
and composition to drive movement of water vapor from the rock into the drift.

Finally, the LDTH submodel was used to investigate the influence of postclosure seepage of
liquid water on in-drift temperature and humidity.  The submodel was implemented using
assumed seepage of liquid water into in-drift locations.

Initial Dryout–Ventilation air will initially evaporate existing water from the rock.  As the depth
of evaporation increases, the evaporated water must move through larger and larger regions of
previously dried rock.  In this example calculation, it is assumed that the initial dryout period is
about 6 months and that the dryout extends to a depth of 3 m beyond the drift wall.  It is assumed
that the air enters the drift at a rate of 15 m3/s, a temperature of 25ºC, and a relative humidity of
30 percent.  Finally, it is assumed that the air is heated by the waste packages and drift walls to a
temperature of 45ºC as it travels through the first 500 m of the drift.
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During the dryout period, the water in the host rock, which has an initial temperature of 25°C, is
heated and vaporized into the ventilation air stream.  For an increase in air temperature to 45°C
at the 500-m point, the lineal power (heat) removal due to sensible and latent heating is:
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where cp1 is the specific heat of water (kJ/kg•C).

For an average temperature of ((45+25)/2) = 35°C, the value of cp1 is 4.178 kJ/kg•C and the
value of hvaporization (heat of vaporization) is 2418.42 kJ/kg (linearly interpolated from Incropera
and DeWitt 1985 [DIRS 114109], p. 774).

Compared with the initial linear heat loadings of 1.35 and 1.13 kW/m (see Table 5.1-1) for the
HTOM and LTOM, the lineal latent heat removal during the dryout period is significant.

Evaporation of Percolation Flux–Following the initial dryout of the 3-m rock annulus, it is
assumed that a percolation flux of 10 mm/yr will be intercepted over an 11.5 m-wide path (a 3-m
dryout zone, a 5.5-m drift diameter, and a 3-m dryout zone combined).  All percolation water
entering this zone is assumed to be removed by the ventilation air in the drift.  The rate of water
removal is:
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where

W3 is the rate of percolation water evaporation into the drift air
Qp is the percolation flux
A is the area of percolation flux intercepted
ρw is the density of water

This is only about 1.7 percent of the water removal rate during the dryout period.  Using the
same methods as the preceding example, the water addition rate can be converted to an air
relative humidity.  Because the percolation water addition is small compared to the initial water
content of the air, the resulting relative humidity of the airflow at the 500-m point will be
10.01 percent, similar to the 9.9 percent value if no water were added due to steady percolation.

The contribution to heat removal of the latent heat of water vaporization due to percolation after
the near-field rock dryout period can be calculated in a manner similar to the dryout period
example above.  The water removal rate calculated above, 0.001823 kg water/s, corresponds to
0.000003646 kg water/(m•s).  Using this rate, the latent plus sensible heat removal due to water
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is calculated to be 9.1 W/m, only about one percent of the initial linear heat loadings of 1.35 and
1.13 kW/m for the HTOM and LTOM.  This contribution of water latent plus sensible heating to
ventilation heat transfer due to vaporization of percolation flux is similar to the MULTIFLUX
results presented in Section 5.3.2.4.1.

Effect of Preclosure Dryout of Near-Field Rock on Postclosure In-Drift Temperature and
Relative Humidity–The dryout of the host rock surrounding emplacement drifts due to
ventilation with relatively dry air results in a reduction in the thermal conductivity in the dryout
zone.  As is shown in Table 5.3.1.4.8.1, thermal conductivity decreases with liquid saturation.
The preclosure LDTH submodels used in the MSTH model do not account for preclosure dryout
and the influence of that dryout on reducing thermal conductivity in the host rock around
emplacement drifts.  Thus, the postclosure LDTH submodels used in the MSTH model start with
liquid saturation in the host rock being very close to ambient conditions.  Note that for the
thermal-hydrologic model calculations conducted for this section (Buscheck 2001 [DIRS
155012]), the ambient liquid saturation is 0.94 in the matrix continuum, Figure 5.3.2.4.4-1).  This
section investigates whether explicitly accounting for rock dryout during the preclosure period
significantly influences predicted thermal-hydrologic conditions during the postclosure period.
The LDTH submodel at the L5C3 location was used to investigate this sensitivity.  The location
and infiltration boundary conditions for the two-dimensional submodel were the same as those
described in Section 5.3.2.4.2.  Four different cases (called Cases 1, 2, 3, and 4) are considered
for both the HTOM and LTOM, with each case having different assumptions about thermal-
hydrologic conditions within the emplacement drifts during the preclosure ventilation period.

For each of the four cases and for both of the operating modes, the model was implemented in
three steps.  The first step was to run the model during the preclosure period to obtain the
drift-wall temperature history, using the base-case ventilation efficiencies:  70 percent for
50 years for the higher-temperature operating mode and 80 percent for 300 years for the
lower-temperature operating mode.  Section 5.3.2.4.2 discusses the sensitivity of thermal-
hydrologic behavior to uncertainty in the ventilation efficiency.  The second step was to repeat
the preclosure calculation for the rock portion of the model, using the Step-One drift-wall
temperature history and an assigned gas boundary condition at the drift wall.

In Step Two, the gas boundary condition was assigned to have a gas-phase pressure of 99 percent
of ambient pressure and a relative humidity of 30 percent during the preclosure ventilation period
for Case 1.  A relative humidity of 30 percent is close to the mean annual relative humidity at the
ground surface at Yucca Mountain.  The psychrometric properties of the intake air for the
ventilation of the emplacement drifts are summarized in (BSC 2001 [DIRS 155246],
Table XXVII-1).  The emplacement drifts are ventilated by pulling (rather than pushing) air,
which causes the gas-phase pressure in the ventilated drifts to be reduced by a maximum of
about 1 percent relative to ambient conditions (CRWMS M&O 2000 [DIRS 154176], p. 22).
Cases 2 and 3 assign different values of either gas-phase pressure or relative humidity, while
Case 4 uses different ventilation efficiencies than in Cases 1, 2, and 3.  Thus, the ventilated
emplacement drift functions as a sink for the humid gas in the host rock due to the lower gas-
phase pressure and lower water vapor content of the in-drift air compared to the air in the
near-field rock.  Note that under ambient conditions, relative humidity in the host rock is greater
than 99 percent.
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[DIRS 155128]).  The heat flux was equivalent to a full-scale heat load of about 0.5 kW/m,
similar to a boiling water reactor waste package about a century after emplacement.  However,
the boundary temperature was lower than for a potential repository situation, resulting in
lower-than-repository temperatures at the drift wall and waste package.  The test was modeled
with the Fluent V5.5 software package.  The air velocity profile is shown in Figure 5.3.2-1
(Dunn 2001 [DIRS 155308]).  The peak velocities of 10 to 16 cm/s are consistent with those in
the waste package design initial calculation.

5.3.2.4.5.5 Summary

Based on the results described in this section, the MSTH model used for the SSPA Volume 2
(McNeish 2001 [DIRS 155023]) TSPA used explicit thermal radiation, an effective thermal
conductivity for turbulent natural convection, and in-drift air bulk permeability of 10-8 m2.

Figures 5.3.2.4.5-19 and 5.3.2.4.5-20 show the effective thermal conductivities for natural
convection that were used, based on this section, in the base case evaluations of the HTOM and
LTOM of the design evaluated for the SSPA.  In developing these effective conductivities, the
three-dimensional effect of the potential repository edge was represented by considering multiple
AMLs within the centrally-located two-dimensional LDTH submodel.  A lower AML in the
two-dimensional submodel is implemented by using a larger effective drift spacing, which in
turn reduces the drift wall temperature.  At lower drift wall temperatures, radiation is less
effective, and the drip shield (and waste package) temperatures must increase to transfer the heat.
Thus, the temperature difference between the surfaces is greater for the lower AML and the
effective thermal conductivity for natural convection is larger because buoyant convection is
driven by the temperature difference.

The effective thermal conductivity for turbulent natural convection based on a correlation
developed for concentric cylinders probably does not introduce significant uncertainty in EBS
component temperatures (more than several degrees centigrade) based on the insensitivity of
those temperatures (Figures 5.3.2.4.5-5, 5.3.2.4.5-6, and 5.3.2.4.5-13).  The effective thermal
conductivity for natural convection is more sensitive to the temperatures at which the correlation
is evaluated (Figure 5.3.2.4.5-1).  Efforts to update the effective conductivity for the current
design values (rather than using an effective conductivity developed for an earlier design) have
proved worthwhile.

In general, a nonzero bulk permeability in the emplacement drift should be specified to
reasonably compute the moisture effects on the in-drift relative humidity.  The base case in-drift
bulk permeability (10-8 m2), in conjunction with the effective thermal conductivity for natural
convection, provides nearly the same EBS temperature results while allowing for an appropriate
representation of the heat and mass transfer processes occurring within the emplacement drifts.
However, if only near-field (rather than EBS) processes are required of a model, a value of zero
for air-permeability in the drift is adequate.
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5.3.2.4.6 The Influence of Axial and Cross-Sectional Variations in Temperature on
In-Drift Condensation

The variations in geometry and thermal output of waste package will result in variation of
temperature within a cross-section of an emplacement drift and along the drift axis.  Because the
in-drift air will be circulated due to natural convection, resulting in a spatially uniform
composition, water will preferentially evaporate from warmer surfaces and condense on cooler
surfaces due to the small difference in equilibrium of vapor pressure at the temperatures of the
surfaces.  Surface roughness and the presence of dust will influence the vapor pressure at the
surfaces.

The MSTH model (CRWMS M&O 2000 [DIRS 149862]) includes evaporation and
condensation on in-drift surfaces, based on thermodynamic properties of the gas and liquid
phases.  The water then moves along the drift surface under the influence of gravity and capillary
forces in the highly permeable porous medium used to simulate the air (air properties are
discussed in Section 5.3.2.4.5).  This treatment captures much of the two-phase process;
however, it does not calculate the details of the geometry of condensation (film thickness or
growth of individual drops) on surfaces which can be affected by roughness and on dust which
can dissolve into the condensing water.

The TSPA-SR (CRWMS M&O 2000 [DIRS 153246]) model includes humid-air corrosion of the
waste packages and drip shields when in-drift air humidity is high enough to deliquesce onto
salts in the dust.  Therefore, condensation on the waste packages and drip shields is assumed in
the current implementation of corrosion in TSPA.  In TSPA-SR (CRWMS M&O 2000
[DIRS 153246]), radionuclide transport in the engineered barrier system was assumed to be
diffusive until breach of the drip shields by corrosion or disruptive events; the basis of this
assumption was that condensate film or drops could be too thin (or small) to flow, flow very
slowly, or be hindered by corrosion products, detrital material, or mineral precipitates.

For one SSPA Volume 2 (McNeish 2001 [DIRS 155023]) unquantified uncertainty sensitivity
study, the condensation model was improved (Section 8.3.2).  Condensation on the underside of
the drip shield can occur in the improved model if the vapor pressure at the invert is higher than
the saturation pressure at the drip shield.  This situation is implemented by assuming there is
condensation when the drip shield temperature is less than the invert temperature; the
implementation ignores chemical and capillary effects on the vapor pressure in the invert.
Condensation is assumed to drip from the drip shield onto the waste package, analogous to the
dripping of seepage from a drip shield breach.  The volume of condensation is sampled from
zero to 100 percent of the evaporation rate of water from the invert (an output of the MSTH
model).  This sampling qualitatively accounts for the competition for evaporated water by other
cool surfaces such as the drift wall and for run-off of some of the condensate along the side of
the drip shield.

Improvements in the three-dimensional DDT submodel of the MSTH model have increased the
accuracy of in-drift temperature history calculations (Sections 5.3.1 and 5.3.2) that support the
improved condensation model described in Section 8.3.2.  Results of the base case calculations
(Buscheck 2001 [DIRS 155449]) for the HTOM and LTOM are summarized in
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convective loops above the drifts, north-south convective loops wider than the half-drift spacing,
and axial movement of air and water vapor within the drift.  Each of these effects could be
calculated with the submodels and implemented in the full MSTH model if found to be
significant.  Similarly, if results of thermal-hydrologic-chemical or thermal-hydrologic-
mechanical calculations indicate changes in hydrologic parameters over time, these changes can
be included in future implementations of the MSTH model.  It is expected that the MSTH model
implemented for a potential license application would include additional capabilities such as
those listed in this paragraph.

5.4.1 Higher-Temperature Operating Mode Base Case Results

This section describes the MSTH model base-case calculations (Buscheck 2001 [DIRS 155449])
for the HTOM, which includes the mean, upper, and lower infiltration-flux scenarios.
Figure 5.4.1-1 is a plan view of the MSTH model representation of the potential HTOM
repository; also shown are the geographic locations for which TH conditions are shown in
Figures 5.4.1-2 and 5.4.1-3.  These locations were chosen to illustrate the manner in which TH
behavior is influenced by proximity to the edges of the potential repository.  Three of these
locations are close to the center of the potential repository; two are located in the extreme
northeast and southwest corners of the potential repository area, and two are at the extreme
eastern and western edges of the potential repository, approximately midway between the
northern and southern boundaries of the potential repository.  The temperature and
relative-humidity histories fall into three distinct clusters:  one for the potential repository center,
one for the potential repository corners, and one for the potential repository edge locations
(Figure 5.4.1-2).  In addition, the relative humidity reduction can be classified into three
sequential periods (Figure 5.4.1-2).

During an early period which lasts from 200 to 1,000 yr (Figures 5.4.1-2c and 5.4.1-3a), the
relative humidity reduction on waste packages depends on the magnitude and duration of rock
dryout.  The duration of rock-dryout increases with distance from the potential repository edges.
The farther a given waste package is located from the potential repository edge, the longer the
duration of boiling in the local host rock and the longer the duration of rock dryout (and relative
humidity reduction).  The surface of the waste packages always have a lower relative humidity
than the adjacent host rock; consequently, during the early period, the reduction in relative
humidity on waste packages increases with distance from the potential repository edges.

The depth of dryout varies with location within the footprint and with infiltration flux.  The
deepest horizontal extent of boiling temperatures was 13.l, 10.6, and 10.1 m from the drift center,
for the lower, mean, and upper infiltration flux scenarios, respectively.

An intermediate period, which lasts from 1,000 yr to about 20,000 yr, during which time
heat-transfer in the drift controls the magnitude of relative humidity reduction on waste
packages.  During this period, the reduction in relative humidity on waste packages decreases
with distance from the potential repository edges, which is the reverse of the trend during the
early period.  During the intermediate period, the reduction in relative humidity is greater at the
potential repository edges because the efficiency of thermal radiative heat transfer decreases with
temperature.  Consequently, for a given local heat generation rate there is a larger temperature
difference ∆Twp-dw between the waste package and drift wall at locations with lower temperature
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(such as occurs close to the potential repository edges).  Moreover, the reduction in relative
humidity, which depends on the ratio of Psat(Tdw)/Psat(Twp), results in a larger relative humidity
reduction for a given ∆Twp-dw, where Psat is the saturation vapor pressure, Tdw is the drift wall
temperature, and Twp is the waste package temperature.

A late period, beginning around 20,000 yr, during which time the reduction in relative humidity
on waste packages becomes decreasingly sensitive to proximity to the potential repository edges.
For a given waste package type, the reduction in relative humidity becomes increasingly similar
across the potential repository area.

Figure 5.4.1-4 shows the influence of the edge-cooling effect.  Locations close to the potential
repository edges cooling more quickly than those at the center.  Figure 5.4.1-5 shows the
development of the reduction in relative humidity on waste packages.  At early times, the
reduction in relative humidity increases with distance away from the potential repository edges,
while at intermediate to later times, the reduction in relative humidity decreases with distance
from the potential repository edges.

Figures 5.4.1-3b and 5.4.1-3c show the relationship between liquid saturation in the invert and
evaporation rate.  During early times, while the invert is dry, the evaporation rate is zero.  The
onset of rewetting in the invert corresponds to the end of the boiling/rock-dryout period.
Consequently, the time of the onset of rewetting increases with distance from the potential
repository edges.  The two geographic locations that experience a larger eventual increase in
liquid saturation in the invert correspond to the two locations wherein the local host rock is either
the middle or the lower nonlithophysal Topopah Spring welded tuff unit (Tptpmn or Tptpln).
Wherever the local host-rock unit is comprised of the lower lithophysal unit (Tptpll), the
maximum liquid saturation in the invert is nearly the same (and lower than in locations where the
local host-rock unit is either Tptpmn or Tptpln).  Apparently, there is a difference in rewetting
behavior in the invert that depends on the local host-rock unit.  The second spike in the invert
evaporation rate occurs shortly after 600 years when a substantial increase in infiltration flux
occurs.  The increase in infiltration rate is accompanied by an increase in liquid-phase flux into
the invert, which makes more water available for evaporation in the invert.

Figure 5.4.1-6 shows the complementary cumulative distribution functions for temperature and
relative humidity on the drift wall and on the waste package for the mean, lower, and upper
infiltration-flux scenarios.  For the mean-infiltration-flux scenario, the peak waste package
temperature ranges from 126.1º to 184.9ºC.  The peak waste package temperature is similar for
the mean and lower infiltration-flux scenarios.  The upper infiltration-flux scenarios result in
lower peak waste package temperatures, particularly for the coolest waste packages; the range
for this scenario is 105.4º to 183.1ºC.  The time required for the drift-wall to cool down to 96ºC
(which is the boiling point of water at the potential repository horizon) is more sensitive to
infiltration flux than peak temperature (Figure 5.4.1-6b).  The time required for the waste
package to attain relative humidity equal to 80 percent is similar for the mean and
upper-infiltration flux scenarios (Figure 5.4.1-6c).  The lower-infiltration-flux scenario results in
much more persistent relative humidity reduction on waste packages, particularly for the driest
waste packages.  The waste package temperature at the time when relative humidity equals
80 percent on the waste package is similar for the mean and upper infiltration-flux scenarios
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(Figure 5.4.1-6d); the lower infiltration-flux scenario results in lower temperatures when relative
humidity equals 80 percent is attained.

Figure 5.4.1-7 shows the waste package-to-waste package variability of temperature and relative
humidity at a location in the potential repository relatively close to the geographic center for the
mean infiltration-flux scenario.  Peak waste package temperatures range from 152.3º to 180.1ºC.
The use of line-load waste package spacing results in a relatively narrow range of peak
temperatures (27.8ºC).  The three coolest waste packages are all DHLW waste packages.  The
three hottest waste packages are all PWR waste packages.  The old PWR waste package and
BWR waste packages fall in the middle of the temperature range.  The reduction in relative
humidity on waste packages correlates directly with temperature on the waste package.
Therefore the PWR waste packages always experience the greatest relative humidity reduction,
while the DHLW waste packages experience the least relative humidity reduction.  At late times
there is a greater range of relative humidity reduction resulting from waste package-to-waste
package variability than arising from the distance from the potential repository edges (compare
Figures 5.4.1-7b and 5.4.1-2d).

The HTOM thermal-hydrologic results were abstracted and provided to TSPA (Francis and
Itamura 2001 [DIRS 155321]) for use in SSPA Volume 2 (McNeish 2001 [DIRS 155023]).

5.4.2 Lower Temperature Operating Mode Base Case Results

This section describes the multiscale thermal-hydrologic (MSTH) model base-case calculations
(Buscheck 2001 [DIRS 155449]) for the LTOM, which includes the mean, upper, and lower
infiltration-flux scenarios.  Figure 5.4.2-1 gives the plan view of the MSTH model representation
of the potential LTOM repository; also shown are the geographic locations for which TH
conditions are given in Figures 5.4.2-2 and 5.4.2-3.  The potential LTOM repository area is
20 percent larger than the potential HTOM repository (Figure 5.4.1-1).  These locations were
chosen to illustrate the manner in which TH behavior is influenced by proximity to the edges of
the potential repository.  Four of these locations are close to the center of the potential
repository; two are located in the extreme northeast and southwest corners of the potential
repository area, and two are at the extreme eastern and western edges of the area, approximately
midway between the northern and southern boundaries.  The temperature and relative-humidity
histories fall into three distinct clusters (one for the potential repository-center locations, one for
the potential repository corners, and one for the potential repository-edge locations), and the
reduction in relative humidity can be classified into two sequential periods (Figure 5.4.2-2).

An early-to-intermediate period lasts for about 20,000 years, during which time heat-transfer in
the drift controls the magnitude of the reduction in relative humidity on waste packages.
Because the temperatures for the LTOM are always below the boiling point of water, there is no
rock dryout period, and no reduction in relative humidity in the host rock (Figure 5.4.2-2c);
therefore, all reductions in relative humidity on waste packages arise as a result of the
temperature differences, ∆Twp-dw, between waste packages and the drift wall.  The early-to-
intermediate period for the LTOM case has the same trends as observed for the intermediate
period for the HTOM case (Section 5.4.1).  During this period, the reduction in relative humidity
on waste packages decreases with distance from the potential repository edges.
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A late period, beginning around 20,000 years, occurs during which the reduction in relative
humidity on waste packages becomes decreasingly sensitive to proximity to the potential
repository edges.  For a given waste-package type, the reduction in relative humidity becomes
increasingly similar across the potential repository area.

Figure 5.4.2-4 shows the influence of the edge-cooling effect, with locations close to the
potential repository edges cooling more quickly than those at the center.  Figure 5.4.2-5 also
shows the trend of the reduction in relative humidity on waste packages increasing with
proximity to the potential repository edges.

Figures 5.4.2-3a and 5.4.2-3b show the relationship between liquid saturation in the invert and
evaporation rate.  At the end of the ventilation period, the invert is assumed to be dry in the
model.  Rewetting of the invert begins immediately after the end of the ventilation period, which
occurs at 300 yr.  Therefore, evaporation rates in the invert are always nonzero.  Rewetting of the
invert occurs more quickly at potential repository-edge locations than at potential
repository-center locations because the edge-cooling effect reduces the amount of heating
available to evaporate the incoming water.  At 300 yr, a rapid increase is seen in the evaporation
rate as the liquid-phase flux into the invert immediately increases following the end of the
ventilation period.  The two geographic locations that experience a larger eventual increase in
liquid saturation in the invert correspond to the two locations wherein the local host rock is either
the middle or lower non-lithophysal Topopah Spring welded tuff unit (Tptpmn or Tptpln).
Wherever the local host-rock unit is comprised of the lower lithophysal unit (Tptpll), the
maximum liquid saturation in the invert is nearly the same (and lower than in locations where the
local host-rock unit is Tptpmn or Tptpln).  Apparently, there is a difference in re-wetting
behavior in the invert that depends on the local host-rock unit.

Figure 5.4.2-6 gives the complementary cumulative distribution functions for temperature and
relative humidity on the waste package for the mean, lower, and upper infiltration-flux scenarios.
For the mean-infiltration-flux scenario, the peak waste package temperatures range from 59.2º to
86.0ºC, with only 1.7 percent of the waste packages ever exceeding 85ºC.  For the
low-infiltration-flux scenario, the temperatures are higher than in the mean-infiltration-flux
scenario, ranging from 60.5º to 87.6ºC, with 7.2 percent of the waste packages exceeding a peak
temperature of 85ºC.  The upper infiltration-flux scenario results in lower peak waste package
temperature that ranges from 59.0º to 85.3ºC, with only 0.02 percent of the waste packages ever
exceeding 85ºC.

Figure 5.4.2-6b, which gives the complementary cumulative distribution function of the time
required for waste packages to attain a relative humidity of 80 percent show a distinct change in
the slope of the curves at a complementary cumulative distribution function value of 0.7; this
sharp break in the slope of the complementary cumulative distribution function curves indicates
that there are two distinctively different groups of waste packages with respect to the duration of
relatively dry relative humidity on the waste-package surfaces.  In the MSTH model
(Buscheck 2001 [DIRS 155449]), 30 percent of the waste packages are DHLW waste packages
and 70 percent are CSNF waste packages.  A detailed inspection of the underlying data that are
plotted in Figure 5.4.2-6b show that the break in slope at a complementary cumulative
distribution function value of 0.7 correspond with the fact that 30 percent of the waste-package
inventory that attains an relative humidity of 80 percent first (i.e., having a complementary
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cumulative distribution function value between 0.7 and 1.0) is entirely comprised of DHLW
waste packages.  Those waste packages that have a complementary cumulative distribution
function value between 0.0 and 0.7 are nearly entirely comprised of CSNF waste packages.
Thus, 99 percent of the DHLW waste packages have a relatively short duration of reduced
relative humidity, requiring less than 877 years to attain a relative humidity of 80 percent; the
remaining 1 percent of the DHLW waste packages require between 877 and 1020 years to attain
a relative humidity of 30 percent.  All CSNF (PWR and BWR) waste packages require at least
877 years to attain a relative humidity of 80 percent; the driest PWR requires 4864 years to attain
a relative humidity of 80 percent.

The time required for the waste package to attain a relative humidity of 80 percent is similar for
all three infiltration flux scenarios (Figure 5.4.2-6b).  Because rock dryout does not occur, the
reduction in relative humidity depends entirely on multi-scale heat flow occurring in the rock at
the mountain scale and within the drift at the waste package scale. The waste package
temperature at the time when the relative humidity reaches 80 percent on the waste package is
highest for the lower-infiltration-flux scenario and lowest for the upper infiltration-flux scenario
(Figure 5.4.2-6c).

The LTOM results in a more persistent relative humidity reduction on waste packages than does
the HTOM (compare Figure 5.4.2-6b with Figure 5.4.1-6c).  Moreover, the LTOM results in
lower waste package temperatures at 80 percent relative humidity than does the HTOM
(compare Figure 5.4.2-6c with Figure 5.4.1-6d).  In general, the LTOM case results in lower
waste package temperatures at any given value of relative humidity on the waste package than
does the HTOM case.

Figure 5.4.2-7 shows the waste package-to-waste package variability in temperature and relative
humidity at a location in the potential repository that is relatively close to the geographic center.
Peak waste package temperatures range from 73.1 to 85.4ºC.  The three coolest waste packages
are all DHLW waste packages.  The three hottest waste packages are all PWR waste packages.
The old PWR waste package and BWR waste packages fall in the middle of the temperature
range.  The reduction in relative humidity on waste packages correlates directly with temperature
on the waste package.  Therefore the PWR waste packages always experience the greatest
reduction in relative humidity, while the DHLW waste packages experience the smallest
reduction in relative humidity.  At late times, there is a greater range of relative humidity
reduction resulting from waste package-to-waste package variability than arising from the
distance from the potential repository edges (compare Figure 5.4.2-7b with Figure 5.4.2-2d).

Figure 5.4.2-8 compares the TH conditions on typical PWR waste package surfaces for the
HTOM and LTOM cases.  All geographic locations (edge, corner, and center) are included
within the shaded regions for the two operating modes.  The bands of the TH conditions
represent the progression in time, ending at ambient conditions of about 25°C and 100 percent
relative humidity.  The LTOM results in lower relative humidity for any given temperature, or
lower temperature for any given relative humidity for all locations except for the corner of the
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potential repository where the HTOM results in lower relative humidity or temperature than the
central LTOM locations.  The LTOM thermal-hydrologic results were abstracted and provided to
TSPA (Francis and Itamura 2001 [DIRS 155321]) for use in Volume 2 (McNeish 2001
[DIRS 155023]).

5.4.3 Process Model Results

Section 5.3.1 evaluated the multiscale model for in-drift hydrologic conditions, while
Section 5.3.2 evaluated ventilation and convection modeling of in-drift thermal-hydrologic
conditions.  Quantification of uncertainties related to in-drift hydrologic conditions and to
ventilation and convection evaluations are presented in Sections 5.3.1.4 and 5.3.2.4, respectively,
based on the process models used to investigate the sensitivity of in-drift TH performance to a
number of uncertainties and parameters.  Each of those sections includes a short summary of the
results of the sensitivity calculations.

In this section, the results of the sensitivity studies are compared to determine which parameters
and uncertainties are most important for in-drift TH performance.  Table 5.4.3-1 shows the
results of the sensitivity studies.  The table indicates which uncertainty is dealt with in each
subsection and lists the parameter or uncertainty range considered in the sensitivity studies.
When a sensitivity study evaluated the effects of considering or not considering the parameter in
the analyses rather than considering a range of values, this is indicated as include or exclude.
The table indicates the values used in the base case analyses (or whether the parameter was
included or excluded), the performance measures considered, and what the results of the
sensitivity studies indicated were the effects of the range of parameter values or uncertainty on
the performance measure.

Analyses were conducted using the submodels of the multiscale thermal-hydrologic model, to
consider the sensitivity to operational parameters, and the sensitivity to the uncertainty and
variability of properties of the natural and engineered systems.  These analyses considered both
the HTOM and LTOM cases.  The focus was on the effects of heat-driven coupled-processes on
in-drift thermal-hydrologic conditions.  The TH conditions considered include temperature and
relative humidity at the waste packages and drip shield, and saturation at the drift wall and in the
invert.

Peak temperatures at the drip shield and waste package were most sensitive to ventilation
parameters and to thermal conductivity values used in the models.  The uncertainty in host rock
thermal conductivity had the most significant effect.  The drift wall and drip shield peak
temperatures had a range of 85 and 20°C (for the HTOM and LTOM) resulting from a thermal
conductivity range of 1.13-2.01 W/m•K (saturated) and 0.54-1.54 W/m•K (dry).  The key factor
determining the spatial variability of thermal conductivity is the variability of lithophysal
porosity.  The range of drift wall and drip shield temperatures was about 100 and 25°C (for the
HTOM and LTOM) when a range of 0 to 25 percent of lithophysal porosity was used.  The
increase in temperature was due to the additional effect of porosity on heat capacity, in addition
to the effect on thermal conductivity.
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The second most significant factors were those related to ventilation.  There was a range of about
60°C (for both the HTOM and LTOM) in pre-closure peak drip shield temperatures resulting
from using constant versus time-dependent ventilation efficiency.  A 14 and 7°C postclosure drip
shield temperature range (for the HTOM and LTOM) resulted from a 20 percent variation in
ventilation efficiency (heat removal).  For the LTOM, it was concluded that a 44-year variability
in ventilation duration from one part of the potential repository to another would have only a
minor effect on postclosure temperatures.

The significant uncertainties resulting from using 2D analyses were also quantified.  The detailed
3D analyses of in-drift TH effects calculated 26 and 8°C ranges (for the HTOM and LTOM) in
postclosure peak temperatures from the hottest to the coolest waste packages.

The ventilation efficiency was calculated using two independent models, and compared to the
quarter-scale tests.  The models, which used a wide range of convective heat transfer
coefficients, bracketed the measured results.  The influence of water entering the drift and
evaporating into the dry ventilation air was not significant on overall ventilation efficiency, and
had only a minor effect on ventilation air humidity.

A number of other parameters were investigated, including the effect of lithophysal porosity on
gas storage, seepage effects on in-drift humidity, imbibition hysteresis, buoyant gas-phase
convection in the rock, THC and THM processes, host rock permeability, invert conductivity,
and treatment of thermal radiation and natural convection in the drift.  These parameters had only
small effects on the magnitude of in-drift temperatures.  However, the invert conductivity and the
sophistication of natural convection models were found to influence which part of the EBS are
cooler than others, with potential influence on formation of condensate which could be the
source for corrosion or transport.

Finally, multiple approaches to achieving LTOM temperatures were evaluated.  Derating PWR
waste packages was the most effective method of reducing peak temperatures, followed by waste
package spacing, and finally, drift spacing (for line-loaded drifts).  However, the range of
temperatures among these methods was small (within 7°C); therefore, other factors such as
worker safety or cost should be considered when selecting a license application design for lower-
temperature operation.

Summary–In general the model results considered in Section 5 have provided:  1) additional
understanding of recognized uncertainties associated with thermal-hydrologic modeling as
implemented in the MSTH model and ventilation models; 2) increased confidence in predicted
temperature, relative humidity, and other measures of the in-drift environment over a range of
thermal conditions bounded by the assumed HTOM and LTOM, and 3) increased confidence in
the results of the TSPA-SR.  Those results that use the more detailed process models are an
additional line of evidence from the TSPA (abstracted) model results.
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Table 5.3.1.4.6-3. Summary of Thermal-Hydrologic-Mechanical Simulations of the Large Block Test

Simulation # Number of Fractures CTE (per °°°°C) Description
1 0 5.27 E-06 Continuum model
2 6 9.73 E-06 High CTE with 6 major fractures
3 6 5.27 E-06 Low CTE with 6 major fractures
4 7 5.27 E-06 Same as 3 with one additional fracture
5 28 5.27 E-06 Additional fractures included in fracture analysis

Source:  Produced using files from Blair 2001 [DIRS 155309].

NOTE:  CTE = coefficient of thermal expansion.

Table 5.3.1.4.7-1. Bulk (Fracture) Permeability Values for Geologic Units used in the Multiscale
Thermal-Hydrologic Model Analyses, Along with the Assumed Value of Sigma used
in the Sensitivity Study of kb

Unit Permeability (k), m2 log(k) sigma (log kb) two sigma (log kb)
tsw32 2.51e-12 -11.600 0.60 1.2

33 8.79e-13 -12.056 0.60 1.2
34 3.68e-13 -12.434 0.60 1.2
35 2.38e-12 -11.623 0.60 1.2

36/37 1.38e-12 -11.860 0.60 1.2

Source:  Produced using files from Buscheck 2001 [DIRS 155012].

NOTE: No sigmas for tsw31 or 38/39.  The high and low kb cases assumed one sigma and that the very high and
very low kb cases assume two sigma deviation from the mean kb value.

Table 5.3.1.4.8-1. Lithophysal Unit Thermal Conductivity Values Used in the MSTH Model Sensitivity
Analyses

Lithophysal Porosity
Saturated Thermal

Conductivity (W/m••••K)
Dry Thermal Conductivity

(W/m••••K)

Kth Case

Lower
Lithophysal
Unit, Tptpll

Upper
Lithophysal
Unit, Tptpul

Lower
Lithophysal
Unit, Tptpll

Upper
Lithophysal
Unit, Tptpul

Lower
Lithophysal
Unit, Tptpll

Upper
Lithophysal
Unit, Tptpul

High Kth 0% 5% 2.02 2.13 1.54 1.43
Mean Kth 12.5% 21.6% 1.87 1.55 1.27 0.84
Low Kth 25% 38% 1.13 0.74 0.64 0.31

Source:  Adapted from BSC 2001 [DIRS 155008].
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Table 5.3.1.4.8-2. Comparison of Relative Humidity Conditions on Drift Wall as Function of Kth for the
Higher-Thermal Operating Mode Case

Kth

RH at 50-60
years post-

emplacement

RH at 400 years
post-

emplacement

RH at 1000
years post-

emplacement

Time to reach
60% Relative

Humidity

Time to reach
95% Relative

Humidity
High Kth 28% 70% 100% 280 years 700 years
Mean Kth 20% 60% 95% 400 years 1000 years
Low Kth 3-5% 23% 60% 1000 years 2000 years

Source:  Produced using files from Buscheck 2001 [DIRS 155012].

Table 5.3.1.4.9-1. Lithophysal Porosity Values used in MSTH Model
Sensitivity Analyses

Lithophysal Porosity

Kth Case

Lower
Lithophysal
Unit, Tptpll

Upper Lithophysal
Unit, Tptpul

High Kth 0% 5%
Mean Kth 12.5% 21.6%
Low Kth 25% 38%

Source:  Produced using files from BSC 2001 [DIRS 155008], Table 24.

Table 5.3.1.4.10-1. Thermal Conductivity in the Upper Half of the Invert for the Sensitivity Calculation

Case
Nominal Thermal

Conductivity (W/m••••K)
First Continuum Thermal

Conductivity (W/m••••K)

Second Continuum
Thermal Conductivity

(W/m••••K)
Base (no steel credit) 0.15 0.075 0.075
Intermediate 0.835 0.76 0.075
As-built 1.52 0.76 0.76
Additional steel 3.04 1.52 1.52

Source:  Produced using files from Reed 2001 [DIRS 155076].

Table 5.3.1.4.10-2. Calculated Peak Temperatures for Each Invert Conductivity

Temperature (oC) Resulting From The Invert Conductivity
EBS Locations Base Intermediate As-Built Additional Steel

Drift wall crown 147 146 145 145
Drift wall rib 150 148 148 147
Invert lower-center 143 150 152 152
Drip shield top 161 159 159 158
Drip shield base 163 160 160 159

Source:  Produced using files from Reed 2001 [DIRS 155076].
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Table 5.3.1.4.11-1. Waste Package Peak Temperatures for the Three Lower-Temperature Operating
Mode Sensitivity Cases

Case Design Parameters
Operational
Parameters

Fraction of Waste
Packages with

Peak Temperature
>85°°°°C (Full MSTH

Results)

Peak Waste
Package

Temperature
(Full MSTH

Results)

Peak Waste
Package

Temperature
(L5C3 MSTH

Results)
LTOM-PA
Base Case

5.5 m drift diameter
81 m drift spacing
21 PWR WPs

15 m3/s ventilation
for 300 yr,
1.1 m average WP
spacing

1.7% 86.0°C 84.3°C

Wider Drift
Spacing

5.5 m drift diameter
97 m drift spacing
21 PWR WPs

15 m3/s ventilation
for 300 yr,
0.1 m WP spacing

Not calculated Not calculated 88.8°C

De-rated WP
Capacity

5.5 m drift diameter
81 m drift spacing
16 PWR WPs

15 m3/s ventilation
for 300 yr,
0.1 m WP spacing

0% 82.6°C 81.7°C

Source:  Produced using files from Buscheck 2001 [DIRS 155449 ].

NOTES: The three sensitivity cases use the full MSTH model and a simplified implementation of the MSTH model at
a single location in the repository footprint.

PWR = pressurized water reactor; MSTH = multiscale thermal-hydrologic; WP = waste package.

Table 5.3.2.4.1-1. Preclosure Temperatures and Ventilation Efficiencies Calculated with Two Models

10 m3/s 15 m3/s
Parameter ANSYS MULTIFLUX ANSYS MULTIFLUX

Peak Drift Wall Temperature 94°C 93°C 76°C 71°C
Peak Air Temperature 79°C 85°C 64°C 67°C
Average Efficiency, 50-yr duration 68% 91% 74% 94%
Average Efficiency, 100-yr duration 73% 93% 78% 95%
Average Efficiency, 200-yr duration 77% 96% 82% 97%

Source:  Produced from information in CRWMS M&O 2000 [DIRS 120903] and BSC 2001 [DIRS 155025].

Table 5.3.2.4.1-2. Fraction of Total Heat Removal via Ventilation Due to Latent Heat of Water
Vaporized from the Near-Field Rock

Average Latent Heat Removal During the Period
(% of Total Heat Removal by Ventilation)Period From Start of

Ventilation (year) 10 m3/s 15 m3/s
0.5 1.93% 0.99%
5 2.82% 1.38%

25 2.21% 1.35%
50 1.98% 1.30%

100 1.95% 1.31%
200 2.08% 1.43%
300 2.24% 1.55%

Source:  Produced from information in BSC 2001 [DIRS 155025].
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Table 5.3.2.4.2-1. Summary of HTOM Thermal-Hydrologic Parameter Sensitivity to Ventilation Efficiency

Case

Time-
Averaged

Ventilation
Efficiency

Drip Shield
Top Peak

Preclosure
Temperature

(oC)

Drip Shield
Top Peak

Postclosure
Temperature

(°°°°C)

Drift Wall
Crown Peak
Temperature

(°°°°C)

Time for Drip
Shield Top
RH > 50 %

(year)

Time for Drift
Wall Crown
RH > 50 %

(year)
-10% 60% 117 166 153 460 320

Base case 70% 94 158 146 400 280
Averaged f(t) 73% 87 156 144 380 260
f(t) 73% 146 155 143 380 260
+10% 80% 70 152 139 340 240

Source:  Produced using files from Leem 2001 [DIRS 155457].

Table 5.3.2.4.2-2. Summary of Lower-Temperature Operating Mode Thermal-Hydrologic Parameter
Sensitivity to Ventilation Efficiency

Case

Time-Averaged
Ventilation
Efficiency

Drip Shield Top
Peak Preclosure

Temperature
(°°°°C)

Drip Shield Top Peak
Postclosure

Temperature (°°°°C)
Drift Wall Crown Peak

Temperature (°°°°C)
-10% 70% 82 79 76
Base case 80% 63 76 72
Averaged f(t) 83% 57 75 71
f(t) 83% 120 74 71
+10% 90% 43 72 69

Source:  Produced using files from Leem 2001 [DIRS 155457].

Table 5.3.2.4.3-1. Summary of Lower-Temperature Operating Mode Thermal-Hydrologic Parameter
Sensitivity to Ventilation Duration

Case
Ventilation
Duration

Drip Shield Top
Preclosure Temperature

(°°°°C)

Drip Shield Top Peak
Postclosure

Temperature (°°°°C)

Drift Wall Crown
Peak

Postclosure
Temperature (°°°°C)

Shorter
Ventilation
Duration

278 years 63 77 73

Base case 300 years 63 76 72
Longer
Ventilation
Duration

322 years 63 75 71

Source:  Produced using files from Leem 2001 [DIRS 155457].
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Table 5.3.2.4.5-1. Bulk Permeabilities for In-Drift Air

Case Study Bulk Permeability (m2)
Low value 0
Fracture-permeability-limited 4.76 × 10-12

Base case 10-8

High value 2 × 10-5

Source:  Produced using files from Francis 2001 [DIRS 155075].

Table 5.3.2.4.6-1. In-Drift Temperatures for the Higher-Temperature Operating Mode (Page 1 of 2)

Temperature, °°°°C
Location 10 yr* 51 yr 65 yr** 200 yr 1000 yr 2000 yr 100,000 yr***

Design Basis PWR WP
Waste Pkg Upper Half 119.9 166.2 184.5 154.8 134.2 114.2 26.9

Waste Pkg Lower Half 123.3 171.3 188.5 156.7 134.9 114.6 27.0

Drip Shield Top-Center 107.8 150.9 173.3 149.0 131.9 112.8 26.8

Drip Shield Top-Corner 105.2 147.5 170.7 147.7 131.5 112.6 26.8

Drip Shield Bottom-Corner 106.7 149.8 172.5 148.5 131.8 112.7 26.8

Drift Wall Crown 98.4 139.1 164.9 144.8 130.4 111.9 26.7

Drift Wall 1:30 98.8 139.8 165.4 145.0 130.4 111.9 26.7

Drift Wall Rib 99.2 140.3 165.8 145.2 130.5 112.0 26.7

Drift Wall 4:30 99.3 140.4 165.9 145.3 130.5 112.0 26.8

Invert Top-Center 119.6 166.7 185.1 154.9 134.2 114.2 26.9

Invert Top-Right 101.5 143.2 167.9 146.2 130.9 112.2 26.8

Average WP (BWR)
Waste Pkg Upper Half 112.1 156.6 177.3 152.0 133.2 113.7 26.9

Waste Pkg Lower Half 114.6 160.3 180.2 153.3 133.7 114.0 26.9

Drip Shield Top-Center 103.3 145.9 169.7 148.3 131.8 112.7 26.8

Drip Shield Top-Corner 101.6 143.6 168.0 147.5 131.5 112.5 26.8

Drip Shield Bottom-Corner 102.5 145.1 169.1 148.0 131.6 112.6 26.8

Drift Wall Crown 96.1 137.0 163.5 145.3 130.6 112.0 26.7

Drift Wall 1:30 96.5 137.6 163.9 145.5 130.7 112.0 26.7

Drift Wall Rib 96.7 137.8 164.0 145.6 130.7 112.0 26.7

Drift Wall 4:30 96.4 137.5 163.8 145.4 130.7 112.0 26.8

Invert Top-Center 112.1 157.4 178.1 152.2 133.3 113.7 26.9

Invert Top-Right 98.4 139.9 165.5 146.3 131.0 112.2 26.8

Cool WP (DHLW)
Waste Pkg Upper Half 92.8 130.8 158.5 142.3 129.5 111.4 26.7

Waste Pkg Lower Half 93.2 131.3 158.8 142.5 129.6 111.5 26.7

Drip Shield Top-Center 91.7 129.6 157.7 142.0 129.4 111.4 26.7

Drip Shield Top-Corner 91.4 129.2 157.4 141.9 129.4 111.3 26.7

Drip Shield Bottom-Corner 91.1 128.8 157.2 141.8 129.3 111.3 26.7

Drift Wall Crown 89.4 126.7 155.7 141.1 129.1 111.1 26.6

Drift Wall 1:30 89.5 126.9 155.9 141.2 129.1 111.2 26.6
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Table 5.3.2.4.6-1.  In-Drift Temperatures for the Higher-Temperature Operating Mode (Page 2 of 2)

Temperature, °°°°C
Location 10 yr* 51 yr 65 yr** 200 yr 1000 yr 2000 yr 100,000 yr***

Cool WP (DHLW)
Drift Wall Rib 89.2 126.5 155.6 141.1 129.1 111.1 26.7

Drift Wall 4:30 88.5 125.5 154.8 140.7 129.0 111.1 26.7

Invert Top-Center 93.0 131.1 158.8 142.5 129.6 111.5 26.7

Invert Top-Right 89.7 127.1 156.0 141.3 129.2 111.2 26.7

Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: * = Time of Preclosure Peak T
** = Time of Postclosure Peak T
*** = Near-Ambient T.
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Table 5.3.2.4.6-2. In-Drift Temperatures for the Lower-Temperature Operating Mode (Page 1 of 2)

Temperature, °°°°C
Location 10 yr* 301 yr 500 yr 780 yr** 1000 4000 100,000***

Design Basis PWR WP
Waste Pkg Upper Half 84.6 76.2 97.4 98.4 97.0 73.8 26.5

Waste Pkg Lower Half 86.8 77.9 98.6 99.3 97.7 74.1 26.5

Drip Shield Top-Center 73.3 67.2 91.8 94.4 93.8 72.4 26.4

Drip Shield Top-Corner 70.6 65.0 90.5 93.5 93.0 72.0 26.3

Drip Shield Bottom-Corner 71.5 65.8 91.0 93.9 93.3 72.2 26.4

Drift Wall Crown 63.2 59.3 87.1 91.2 91.1 71.2 26.2

Drift Wall 1:30 63.5 59.5 87.3 91.3 91.2 71.2 26.3

Drift Wall Rib 64.1 60.0 87.5 91.5 91.4 71.3 26.3

Drift Wall 4:30 64.4 60.3 87.7 91.6 91.4 71.3 26.3

Invert Top-Center 83.1 74.9 96.7 98.0 96.6 73.6 26.5

Invert Top-Right 66.9 62.2 88.8 92.4 92.1 71.6 26.4

Average WP (BWR)
Waste Pkg Upper Half 75.6 67.9 92.0 94.7 94.1 72.7 26.4

Waste Pkg Lower Half 77.3 69.1 92.8 95.3 94.6 73.0 26.4

Drip Shield Top-Center 68.2 62.6 88.8 92.4 92.2 71.8 26.3

Drip Shield Top-Corner 66.7 61.5 88.1 91.9 91.8 71.6 26.3

Drip Shield Bottom-Corner 67.4 62.0 88.4 92.2 92.0 71.7 26.3

Drift Wall Crown 62.6 58.5 86.4 90.7 90.8 71.2 26.2

Drift Wall 1:30 62.8 58.7 86.5 90.8 90.8 71.2 26.2

Drift Wall Rib 63.0 58.8 86.5 90.8 90.9 71.2 26.3

Drift Wall 4:30 62.9 58.7 86.5 90.8 90.9 71.2 26.3

Invert Top-Center 74.9 67.3 91.8 94.6 93.9 72.7 26.4

Invert Top-Right 64.3 59.8 87.1 91.2 91.2 71.4 26.3

Hot Gap
Drip Shield Top-Center 67.8 61.9 88.0 91.8 91.7 71.6 26.3

Drip Shield Top-Corner 66.8 61.2 87.6 91.5 91.5 71.5 26.3

Drip Shield Bottom-Corner 67.2 61.5 87.8 91.7 91.6 71.5 26.3

Drift Wall Crown 64.0 59.0 86.3 90.6 90.7 71.2 26.2

Drift Wall 1:30 64.1 59.1 86.4 90.7 90.8 71.2 26.2

Drift Wall Rib 64.1 59.1 86.4 90.7 90.8 71.2 26.3

Drift Wall 4:30 63.8 58.9 86.2 90.6 90.7 71.2 26.3

Invert Top-Center 70.9 64.3 89.5 92.9 92.6 72.0 26.4

Invert Top-Right 64.9 59.8 86.8 91.0 91.0 71.3 26.3
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Table 5.3.2.4.6-2. In-Drift Temperatures for the Lower-Temperature Operating Mode (Page 2 of 2)

Temperature, °°°°C
Location 10 yr* 301 yr 500 yr 780 yr** 1000 yr 4000 y 100,000***

Cool Gap
Drip Shield Top-Center 66.1 59.2 86.1 90.5 90.6 71.2 26.3

Drip Shield Top-Corner 65.1 58.6 85.7 90.2 90.4 71.1 26.3

Drip Shield Bottom-
Corner

65.3 58.6 85.7 90.2 90.4 71.1 26.3

Drift Wall Crown 62.5 57.0 84.8 89.6 89.9 70.9 26.2

Drift Wall 1:30 62.6 57.1 84.9 89.6 89.9 70.9 26.2

Drift Wall Rib 62.6 57.0 84.8 89.6 89.9 70.9 26.3

Drift Wall 4:30 62.3 56.8 84.6 89.5 89.8 70.8 26.3

Invert Top-Center 68.8 60.7 87.0 91.1 91.1 71.4 26.3

Invert Top-Right 63.3 57.5 85.1 89.8 90.0 70.9 26.3

Cool WP (DHLW)
Waste Pkg Upper Half 62.9 57.9 85.3 90.0 90.2 71.0 26.3

Waste Pkg Lower Half 63.2 58.1 85.5 90.1 90.3 71.1 26.3

Drip Shield Top-Center 61.9 57.4 85.1 89.8 90.1 71.0 26.3

Drip Shield Top-Corner 61.7 57.3 85.0 89.7 90.0 70.9 26.3

Drip Shield Bottom-
Corner

61.5 57.1 84.9 89.7 90.0 70.9 26.3

Drift Wall Crown 60.0 56.2 84.3 89.3 89.6 70.8 26.2

Drift Wall 1:30 60.1 56.2 84.4 89.3 89.7 70.8 26.2

Drift Wall Rib 59.9 56.1 84.3 89.2 89.6 70.8 26.2

Drift Wall 4:30 59.5 55.8 84.1 89.1 89.5 70.7 26.3

Invert Top-Center 63.1 58.1 85.5 90.1 90.3 71.1 26.3

Invert Top-Right 60.3 56.4 84.4 89.3 89.7 70.8 26.3

Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: * = Time of Preclosure Peak T
** = Time of Postclosure Peak T
*** = Near-Ambient T.
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Table 5.4.3-1. Sensitivity of In-Drift Thermal-Hydrologic Performance to Uncertainties and Parameters
(Page 1 of 3)

Section
Parameter or
Uncertainty

Range of
Parameter or
Uncertainty Base Case

Performance
Measure

Effect of Parameter
or Uncertainty Range

on Performance
Measure

5.3.1.4.1 Gas storage in
lithophysal
cavities

Include or Exclude Exclude Fraction of
vaporizing liquid
included in model

0.1% over-estimate of
volume of vaporized
liquid displaced to
adjacent zones

5.3.1.4.2
HTOM,
LTOM

Fracture
heterogeneity
aspects of
seepage

Include or Exclude Exclude Seepage flux-,
DW T & RH;
DS T & RH

Increases likelihood of
seepage during the
sub-boiling period

5.3.1.4.3 Imbibition
hysteresis

Include or Exclude Exclude DW & DS T&RH Non-conservatively
bounded T (under
predict) Conservatively
bounded RH (over-
predict)

5.3.1.4.4
HTOM,
LTOM

Buoyant gas-
phase
convection
(drift-)

± 2 standard
deviations
kb = 0.15 – 38 Darcy,
Half-pillar scale

kb = 2.4 Percolation flux,
DW & DS T

HTOM boiling period:
up to double the heat-
mobilized liquid-phase
flux; peak temperature
range of 11°C; boiling
period range of 50
years

5.3.1.4.5 THC processes Include or Exclude Exclude change in bulk
permeability (kb)

Changes within natural
variation of kb

5.3.1.4.6
HTOM

THM processes Include or Exclude Exclude change in bulk
permeability (kb)

>5 orders magnitude
decrease kb during
thermal period,
6x permanent increase
in kb (within range of kb
variability)

5.3.1.4.7
HTOM,
LTOM

Host rock
permeability

kb = 0.15 –- 38
Darcy

Mean kb (unit
dependent)
Kb = 2.38

DW T & RH,
DS T & RH,
INVU S

DW T 11°C

5.3.1.4.8
HTOM,
LTOM

Host rock
thermal
conductivity

Kth = 1.13-2.02 wet
Kth = 0.64-1.54 dry

Mean:
  1.87 wet;
  1.27 dry

DW T & RH,
DS T & RH,
INVU S

DW & DS T ~85°C
range, HTOM;
DW & DS T ~20°C
range, LTOM

5.3.1.4.9
HTOM,
LTOM

Lithophysal
porosity
(combined
influence on
thermal
conductivity and
heat capacity)

0 to 25% Mean
porosity:
12.5%

DW T & RH,
DS T & RH,
INVU S

DW & DS T ~100°C
range, HTOM;
DW & DS T ~25°C
range, LTOM
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Table 5.4.3-1. Sensitivity of In-Drift Thermal-Hydrologic Performance to Uncertainties and Parameters
(Page 2 of 3)

Section
Parameter or
Uncertainty

Range of Parameter
or Uncertainty Base Case

Performance
Measure

Effect of Parameter
or Uncertainty

Range on
Performance

Measure
5.3.1.4.10
LTOM

Invert thermal
conductivity

0.15 to 3.04 0.15 DW T & S,
DS T & RH,
INVL T & S

DW & DS 2-4°C
range,
INVL 9°C range,
INV S 5-9% after
rewetting

5.3.1.4.11
LTOM

WP capacity
drift spacing
WP spacing

16-21 PWR SNFAs
81-97 m drift spacing
0.1-2 m average WP
spacing

21 SNFAs,
81 m drift spacing
0.1 m WP spacing

Peak WP T 7°C range

5.3.2.4.1
HTOM

Ventilation
Efficiency,
HTOM

ANSYS,
MULTIFLUX,
Quarter-Scale Test

ANSYS 15 m3/s
Average
Efficiency, 50
yrs (or scaled
values)

ANSYS 74%,
MULTIFLUX 94%,
Test 83%

5.3.2.4.2
HTOM,
LTOM

Ventilation
Efficiency

+10% 70% HTOM,
80% LTOM

DS T
postclosure
peak

HTOM 14°C range,
LTOM 7°C range

5.3.2.4.2
HTOM,
LTOM

Ventilation
efficiency
time
dependence

Constant or time-
dependent

Constant DS T
preclosure
peak

HTOM 59°C range,
LTOM 63°C range

5.3.2.4.3
LTOM

Ventilation
Duration

+22 years 300 years LTOM DS T
postclosure
peak

2°C range

5.3.2.4.4
HTOM,
LTOM

Water
entering drift

6 months to dryout 3
m rock,
10 mm/yr flux
entering from 11.5 m
wide region;
Calculated dryout

No water entering
drift

RH at 500 m
in ventilation
air,
kW/m latent
heat removal,
DS T
postclosure

9.9% no water entry,
33% during dry out,
10.1% after dry out;
1.29 kW/m during dry
out,
<0.01 kW/m after
dryout;
Negligible T effect

5.3.2.4.4
HTOM

In-drift
seepage, and
NF dry out
due to
ventilation

0-30% percolation
flux seepage

0% seepage DS T
postclosure

Negligible effect

5.3.2.4.5
HTOM,
LTOM

Treatment of
thermal
radiation

Correlation-based or
explicit

Explicit Peak DS T 6°C range (HTOM)
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154_0423a.ai

Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: Temperature and relative humidity (RH) when the waste package temperature (Twp) is 85ºC considering
repository footprint, infiltration flux map, and variability among waste packages.  LTOM-PA = lower-
temperature operating mode used in the performance assessment base case.  CCDF = complementary
cumulative distribution function.

Figure 5.3.1.4.11-2. Waste Package Temperatures and Relative Humidity for Two Methods of Achieving
the Lower-Temperature Operating Mode
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: Figure depicts three lower-temperature operating mode cases using the multiscale thermal-hydrologic model
at the L5C3 location in the footprint of the potential repository.  LTOM = lower-temperature operating mode.

Figure 5.3.1.4.11-3. Temperature and Relative Humidity Histories at the Waste Package Surface for
Three Lower-Temperature Operating Mode Designs
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154_0307.ai

Source:  BSC 2001 [DIRS 155025], Figure 17.

NOTE:  MULTIFLUX Results.

Figure 5.3.2.4.1-14. Relative Humidity During Continuous Ventilation of 15 m3/s
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  HTOM = higher-temperature operating mode; LTOM = lower-temperature operating mode.

Figure 5.3.2.4.2-1. Time-Dependent Ventilation Efficiencies for the Higher- and Lower-Temperature
Operating Modes
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154_0334.ai

Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  WP = waste package.

Figure 5.3.2.4.2-2. Time History of Heat Available to Enter the Near-Field Rock for the
Higher-Temperature Operating Mode Ventilation Cases



TDR-MGR-MD-000007  REV 00  ICN 01 5F-52 July 2001
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Temperature histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-3. Drip Shield Top Temperature Histories for the Higher-Temperature Operating Mode
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154_0336.ai

Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Temperature histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-4. Drift Wall Crown Temperature Histories for the Higher-Temperature Operating Mode
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154_0337

Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Relative humidity histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-5. Drip Shield Top Relative Humidity Histories for the Higher-Temperature Operating
Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Relative humidity histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-6. Drift Wall Crown Relative Humidity Histories for the Higher-Temperature Operating
Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Saturation histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-7. Invert (Lower Center) Saturation Histories for the Higher-Temperature Operating
Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

Figure 5.3.2.4.2-8. Time History of Heat Available to Enter the Near-Field Rock for the Lower-
Temperature Operating Mode Ventilation Cases
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Temperature histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-9. Drip Shield Top Temperature Histories for the Lower-Temperature Operating Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Temperature histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-10. Drift Wall Crown Temperature Histories for the Lower-Temperature Operating
Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Relative humidity histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-11. Drip Shield Crown Relative Humidity Histories for the Lower-Temperature Operating
Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Saturation histories presented as a function of ventilation efficiency.

Figure 5.3.2.4.2-12. Invert (Lower Center) Saturation Histories for the Lower-Temperature Operating
Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Temperature histories presented as a function of ventilation duration.

Figure 5.3.2.4.3-1. Temperature Histories at the Top of the Drip Shield for the Lower-Temperature
Operating Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Temperature histories presented as a function of ventilation duration.

Figure 5.3.2.4.3-2. Temperature Histories at the Drift Wall Crown for the Lower-Temperature Operating
Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Relative humidity histories presented as a function of ventilation duration.

Figure 5.3.2.4.3-3. Relative Humidity Histories at the Top of the Drip Shield for the Lower-Temperature
Operating Mode
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Source:  Produced using files from Leem 2001 [DIRS 155457].

NOTE:  Saturation histories presented as a function of ventilation duration.

Figure 5.3.2.4.3-4. Saturation Histories at the Lower-Center of the Invert for the Lower-Temperature
Operating Mode
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Source:  Buscheck 2001 [DIRS 155012].

NOTE:  The liquid saturations pertain to the matrix continuum.

Figure 5.3.2.4.4-1. Lateral Extent of Host-Rock Dryout Due to Ventilation for Case 1 for the Higher- and
Lower-Temperature Operating Modes
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Source:  Buscheck 2001 [DIRS 155012].
NOTE:  The drift wall liquid saturation pertains to the matrix continuum.

Figure 5.3.2.4.4-6. Temperature of the Drift Wall and the Drip Shield, Relative Humidity on the Drip
Shield, and Liquid Saturation at the Drift Wall and in the Invert for Cases 1, 2, 3,
and 4 of the Lower-Temperature Operating Mode



TDR-MGR-MD-000007  REV 00  ICN 01 5F-72 July 2001
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Source:  Produced using files from CRWMS M&O 2001 [DIRS 152016], Figure 6-34.

Figure 5.3.2.4.4-7. Temperature (a) and Relative Humidity (b) Histories at the Drip Shield for 0 Percent,
3 Percent, and 30 Percent of the Percolation Flux Seeping into the Drift
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Source:  Produced using files from Francis 2001 [DIRS 155075].

NOTE: Effective thermal conductivity for natural convection for the lower-temperature operating mode used in SSPA
Volume 2 supplemental analyses (McNeish 2001 [DIRS 155023]).

Figure 5.3.2.4.5-20. Effective Thermal Conductivity for Natural Convection for the Lower-Temperature
Operating Mode
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: Plan view of the potential Higher-Temperature Operating Mode repository showing the geographic locations
considered in various analyses.  X = east-west distances, Y = north-south distances.

Figure 5.4.1-1. Location of Seven Sites Used in Analyses of the Higher-Temperature Operating Mode
Repository
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: Plan view of the potential lower-temperature operating mode repository showing the geographic locations
considered in various analyses.  X = east-west distances, Y = north-south distances.

Figure 5.4.2-1. Location of Eight Sites Used in Analyses of the Potential Lower-Temperature Operating
Mode Repository
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE:  Average 21-PWR CSNF waste package Mean-infiltration-flux scenario.

Figure 5.4.2-2. Temperature and Relative Humidity Histories on the Drift Wall and on the Waste
Package for Eight Locations in the Potential Lower-Temperature Operating Mode
Repository
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE:  Average 21-PWR CSNF waste Mean-infiltration-flux scenario.

Figure 5.4.2-3. Liquid Saturation and Evaporation Rate Histories in the Invert for Eight Locations in the
Potential Lower-Temperature Operating Mode Repository
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: Average 21-PWR waste package Mean-infiltration-flux scenario.  TWP = waste package temperature,
X = east-west distances, Y = north-south distances.

Figure 5.4.2-4. Contour Plots of Waste-Package Temperature for Six Times in the Lower-Temperature
Operating Mode Repository
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: Average 21-PWR waste package Mean-infiltration-flux scenario.  RHWP = waste package relative humidity,
X = east-west distances, Y = north-south distances.

Figure 5.4.2-5. Contour Plots of Waste-Package Relative Humidity at Six Times for the
Lower-Temperature Operating Mode Repository
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE:  CCDF = complementary cumulative distribution function.

Figure 5.4.2-6. Complementary Cumulative Distribution Function of Temperature and Relative Humidity
Conditions on the Waste Package for the Potential Lower-Temperature Operating Mode
Repository
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

NOTE: Curves are for the 10 waste packages considered in the MSTH model calculations at the L5C3 location for
the Mean-infiltration-flux scenario.

Figure 5.4.2-7. Temperature and Relative Humidity for the Lower-Temperature Operating Mode,
Histories Predicted by the Multiscale Thermal-Hydrologic Model
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Source:  Produced using files from Buscheck 2001 [DIRS 155449].

Figure 5.4.2-8. Thermal-Hydrologic Parameter Evolution for the Higher- and Lower-Temperature
Operating Modes
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lower-lithophysal (tsw35) hydrogeologic units.  For the same thermal load, explicitly accounting
for the effects of lithophysal cavities leads to an increase in temperature caused by heat released
over the same period.  These updated properties have been incorporated in performance
assessment analyses described in Volume 2 (McNeish 2001 [DIRS 155023]).

Mountain-Scale Thermal-Hydrologic Effects–The mountain-scale thermal-hydrologic models
provide analyses of temporal and spatial variability in the unsaturated zone conditions under
thermal loads.  The S&ER (DOE 2001 [DIRS 153849]) describes an operating mode with an
initial thermal load of 72.7 kW/acre (1.45 kW/m of drift), and a forced ventilation period of
50 years, during which 70 percent of the decay heat was assumed to be removed.  To lower the
drift wall temperature below the boiling point, a lower areal thermal load (57 kW/acre or
1.13 kW/m of drift), longer forced-ventilation period (300 years), and higher heat-removal
efficiency (80 percent) are evaluated.  Induced temperature changes have effects at drift walls,
within the pillars, at perched water bodies, at the water table, and throughout the unsaturated
zone system.  The coupled thermal-hydrologic processes can change the extent of two-phase and
dryout zones around the drifts, induce large liquid and gas flux in the near- and far-field
environments, redistribute the moisture, and affect the drainage potential through the pillars.
Thermal conductivity and heat capacity of the rock mass are modified to account for the
lithophysal porosity in the tuff matrix properties.  For the lower-temperature cases, the thermal-
hydrologic models predict little change in unsaturated zone liquid flux except in the immediate
vicinity of the potential repository drift.  Because boiling conditions do not occur, and the
fractures are not completely dry, the mountain-scale thermal-hydrologic model predicts reduced
(but nonzero) flow crossing the repository horizon throughout the thermal-loading period (about
2,000 years).  Uncertainties in the unsaturated zone flow system model contribute to
uncertainties in the mountain-scale thermal-hydrologic processes.

Mountain-Scale Thermal-Hydrologic-Chemical Effects–The mountain-scale thermal-
hydrologic-chemical model has been updated and used to evaluate how coupled thermal-
hydrologic-chemical processes may affect rock properties and flow and transport processes at the
mountain or potential repository scale.  The updated model incorporates new thermodynamic and
kinetic parameters, calibrated against drift-scale heater tests, and water chemistry data from
matrix pore water collected near the ongoing drift-scale test.  Temperature dependent processes
such as condensation and dryout/boiling have been analyzed, as have the effects of elevated
temperatures on reaction rates and the thermodynamic stabilities of minerals.  The updated
analyses have also considered the effect on pH, mineral-water reactions, and reaction rates
caused by the release of carbon dioxide out of water and transport in the gas phase via advection
and diffusion.  Uncertainties in flow processes (including gas convection, liquid flow focusing,
and diversion) and data have been studied.  Data uncertainties analyzed include thermodynamic
and kinetic data of vitric and zeolitic tuffs, precipitating mineral assemblages, effective
mineral-water reactive areas in heterogeneous unsaturated fracture rocks, fracture and
lithophysal hydrologic properties, and distributions of water and gas chemistry in the unsaturated
zone and in the infiltrating water.  Sensitivity studies were conducted to understand the impact of
thermal-hydrologic-chemical processes on mineral changes during thermal periods in the zeolitic
CHn, on matrix porosity reduction in the TSw, on enhanced precipitation at the edges of the
potential repository block with gas convection, and on many other thermal-hydrologic-chemical
effects.  These analyses indicate that the effect of thermal-hydrologic-chemical processes such as
mineral precipitation and dissolution on hydrologic properties and percolation flux are not
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significant compared to the changes in flow processes and rates caused by the thermal-
hydrologic effects described above.  The overall range in chemistry is comparable to that
observed in previous analyses.  The ranges in pH of about 7 to 9 are strongly linked to changes in
gas-phase carbon dioxide concentrations.  In the center of the repository, pH tends to be higher
(and carbon dioxide lower) than near the edges of the repository.

Mountain-Scale Thermal-Hydrologic-Mechanical Effects–A new coupled thermal-
hydrologic-mechanical model was developed to calculate the impact of thermal-hydrologic-
mechanical processes on flow at the mountain scale.  The mechanical behavior of porous and
fractured media responds to changes in temperature, in effective stress, and in strain, resulting in
permeability, porosity, and flow-field changes.  The model results indicate that mountain-scale
changes to hydrologic properties are moderate.  Nevertheless, uncertainties in the thermal-
hydrologic-mechanical model contribute to uncertainties in the thermal-hydrologic model, and
further work is ongoing to build confidence in the models.

Effect of Flow-Focussing on Seepage–Analyses were conducted to investigate flow-focussing
within the heterogeneous permeability field and the effects of episodic infiltration.  The studies
used a stochastic fracture continuum model to evaluate flow focusing through fractures from the
bottom of the PTn to the potential repository horizon.  These studies were carried out using a
100-m wide and 150-m deep two-dimensional cross section covering the upper five TSw
hydrogeological units at Yucca Mountain.  Heterogeneous fracture permeability distributions
were generated using a stochastic approach conditioned on field-measured air-permeability data.
The studies considered various percolation fluxes, correlation lengths, and uniform and
nonuniform percolation-flux boundary conditions.  The results provide a quantitative analysis of
flow focusing.  All simulation results indicate that the flow focusing factor is likely to be much
smaller than the value used in previous TSPA calculations (CRWMS M&O 2000
[DIRS 153246]); therefore, the TSPA calculations are conservative with respect to flow focusing
issues, since they use a flow focusing factor that may be an order of magnitude higher than that
suggested by the new studies.  In addition, the sensitivity analyses indicate that frequency
distributions of normalized flux are insensitive to the magnitudes or spatial distributions of
percolation fluxes specified on the upper boundary or to the spatial correlation structure of the
permeability fields within the unsaturated zone.

Effects of Drift Degradation and Rock Bolts on Seepage–Drift degradation and the impact of
rock bolts were investigated in order to quantify uncertainty in seepage rates associated with
those processes.  The studies indicate that there is no significant enhancement of seepage caused
by intact or degraded rock bolts, and that rock bolts may be neglected as a seepage-enhancement
factor for performance assessment.  The studies also indicate that seepage enhancement due to
drift degradation processes is relatively small (on the order of  0 to 5 percent).

Thermal-Hydrologic Effects on Seepage–Thermal effects on seepage were examined through a
modeling study that assessed model uncertainties regarding grid resolution and heterogeneity.
The study also examines the impact of lithophysal cavities on thermal properties, the potential
for liquid water to penetrate superheated region, causing episodic seepage events, and the
development of a vaporization barrier.  Moreover, percolation flux was calculated for a range of
thermal operating modes.
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region of susceptibility is defined by a lower temperature of between 85ºC and 90ºC and by
relative humidity of 20 to 70 percent (determined by which salts may be present on the waste
package surface).  LTOM waste packages are nearly always at temperatures below the window
of crevice corrosion susceptibility.  In contrast, the HTOM waste package corrosion analyses
must include evaluation of crevice corrosion for at least 3,000 years after emplacement when the
temperatures drop to below 80ºC.

Sensitivity to Thermal Property Sets, and Effect of In-Drift Convection on Temperatures,
Humidities, Invert Saturations, and Evaporation Rates–Analyses were conducted using
submodels of the multiscale thermal-hydrologic model to consider the sensitivity to operational
parameters and to the uncertainty and variability of properties of the natural and engineered
systems.  These analyses considered the HTOM and the LTOM.  The focus was on the effects of
heat-driven coupled-processes on in-drift thermal-hydrologic conditions.  The environmental
conditions considered include temperature and relative humidity at the waste packages and drip
shield, and saturation at the drift wall and in the invert.

Peak temperatures at the drip shield and waste package were most sensitive to ventilation
parameters and to thermal conductivity used in the models.  The uncertainty in host rock thermal
conductivity had the most significant effect.  The drift wall and drip shield peak temperatures
had a range of 85 and 20°C (for the HTOM and LTOM) resulting from a thermal conductivity
range of 1.13-2.01 W/m•K (saturated) and 0.54-1.54 W/m•K (dry).  The key factor determining
the spatial variability of thermal conductivity is the variability of lithophysal porosity.  The range
of drift wall and drip shield temperatures was about 100 and 25°C (for the HTOM and LTOM)
when a range of 0 to 25 percent of lithophysal porosity was used.  The increase in temperature
was due to the additional effect of porosity on heat capacity, in addition to the effect on
thermal conductivity.

The second most significant factors were those related to ventilation.  There was a range of about
60°C (for the HTOM and LTOM) in pre-closure peak drip shield temperatures resulting from
using constant versus time-dependent ventilation efficiency.  A 14° and 7°C postclosure drip
shield temperature range (for the HTOM and LTOM, respectively), resulted from a 20 percent
variation in ventilation efficiency (heat removal).  For the LTOM, it was concluded that a
44-year variability in ventilation duration from one part of the repository to another would have
only a minor effect on postclosure temperatures.

The important uncertainties resulting from using two-dimensional analyses were also quantified.
The detailed three-dimensional analyses of in-drift thermal-hydrologic effects calculated 26° and
8°C ranges (for the HTOM and LTOM, respectively) in postclosure peak temperatures from the
hottest to the coolest waste packages.

The ventilation efficiency was calculated using two independent models, and compared to the
quarter-scale tests.  The models, which used a wide range of convective heat transfer
coefficients, bracketed the measured results.  The influence of water entering the drift and
evaporating into the dry ventilation air was not significant on overall ventilation efficiency, and
had only a minor effect on ventilation air humidity.
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A number of other parameters were investigated, including the effect of lithophysal porosity on
gas storage, seepage effects on in-drift humidity, imbibition hysteresis, buoyant gas-phase
convection in the rock, thermal-hydrologic-chemical and thermal-hydrologic-mechanical
processes, host rock permeability, invert conductivity, and treatment of thermal radiation and
natural convection in the drift.  These parameters had only small effects on the magnitude of in-
drift temperatures.  However, the invert conductivity and the sophistication of natural convection
models were found to influence which part of the Engineered Barrier System are cooler than
others, with potential influence on formation of condensate which could be the source for
corrosion or transport.

Finally, multiple approaches to achieving LTOM temperatures were evaluated.  Derating
pressurized water reactor waste packages was the most effective method of reducing peak
temperatures, followed by waste package spacing and finally, drift spacing (for line-loaded
drifts).  However, the range of temperatures among these methods was small (within 7°C);
therefore, other factors may determine the selection of a design/operating mode for the
license application.

Composition of Water and Gas Entering Drift–Thermal-hydrologic-chemical seepage models
were used to predict the composition of waters and gases that could enter potential waste
emplacement drifts.  Modeled thermal-hydrologic-chemical processes are complex, and the
number and variability of model input parameters are large.  For this reason, a rigorous
quantification of model uncertainty is not achievable, and thermal-hydrologic-chemical modeling
work performed to date has concentrated on limiting and qualitatively assessing uncertainty.
Uncertainties affecting the predicted composition of fluids that could enter drifts were evaluated.
These were related primarily to infiltration rates, thermodynamic and kinetic data, pore water
and infiltration-water compositions, boundary carbon dioxide partial pressures, potential
repository thermal operating modes, and potential repository host rock units.  Input
thermodynamic and kinetic data were identified as some of the main model uncertainties.  These
uncertainties can be minimized by model validation and calibration against field and
experimental data.  In such case, the uncertainty in initial and infiltration water compositions
input into the thermal-hydrologic-chemical seepage models may overwhelm other model
uncertainties.  Relative to the variability in possible model input water compositions, predicted
water compositions were not very sensitive to the investigated ranges of boundary carbon
dioxide partial pressures, repository host rock units, or infiltration rates.  The largest predicted
effect of thermal loading on water compositions was decarbonation through volatilization of
carbon dioxide.  This is a common heating effect observed in natural geothermal systems.
However, carbon dioxide concentrations in fractures around the drift are not predicted to reach
high values (typically less than 4,000 ppmv).  Higher-temperatures increase the variability of
predicted concentrations at the drift wall, relative to lower temperatures.  However, heating
effects are predicted to be relatively short-lived.  As temperatures decrease and return to ambient
values (within 100,000 years), the predicted water compositions at the drift crown return to
ambient values.  At large liquid saturations around the drift (which would be most favorable to
water-rock interaction and potential seepage into the drift), no extreme pH or salinity values
were predicted.

Evolution of In-Drift Water Chemistry–The in-drift chemical environment was evaluated for
uncertainty while attempting to provide more consistency between process model outputs
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110226 LB990861233129.001.  Drift Scale Calibrated 1-D Property Set, FY99.  Submittal
date:  08/06/1999. 

110828 LB980912332245.001.  Air Injection Data from Niche 3107 of the ESF.  Submittal
date:  09/30/1998. 

111485 SN9907T0872799.001.  Heat Decay Data and Repository Footprint for Thermal-
Hydrologic and Conduction-Only Models for TSPA-SR (Total System Performance
Assessment-Site Recommendation).  Submittal date:  07/27/1999. 

113495 LA9908JC831321.001.  Mineralogic Model “MM3.0” Version 3.0.  Submittal
date:  08/16/1999. 

113584 GS960708312132.002.  Porosity, Water Content, Mineralogy and Other Data Derived
from Geophysical Logs and Cores for 26 Boreholes.  Submittal date:  07/09/1996. 

122261 SN9907T0571599.001.  Probability Distribution of Flowing Interval Spacing. 
Submittal date:  07/15/1999. 



TDR-MGR-MD-000007  REV 00 16-84 June 2001

122733 LA9909JF831222.010.  Chloride, Bromide, Sulfate, and Chlorine-36 Analyses of ESF
Porewaters.  Submittal date:  09/29/1999. 

122736 LA9909JF831222.012.  Chloride, Bromide, and Sulfate Analyses of Porewater
Extracted from ESF Niche 3566 (Niche #1) and ESF 3650 (Niche #2) Drillcore. 
Submittal date:  09/29/1999. 

122757 LB990801233129.003.  TSPA Grid Flow Simulations for AMR U0050, “UZ Flow
Models and Submodels” (Flow Field #3).  Submittal date:  11/29/1999. 

128157 LB991215123142.001.  CO2 Analysis of Gas Samples Collected from the Drift Scale
Test.  Submittal date:  02/17/2000. 

129624 LA9909PR831231.005.  Interpretations of Tracer Data - Modeling Data.  Submittal
date:  09/02/1999. 

137076 MO9810SPA00026.000.  Diffusion Coefficient Model for TSPA-VA.  Submittal date: 
10/29/1998. 

140107 LA9909PR831231.003.  Interpretations of Bullfrog Reactive Tracer Test Data -
Modeling Data.  Submittal date:  09/02/1999. 

142884 LL000114004242.090.  TSPA-SR Mean Calculations.  Submittal date:  01/28/2000. 

144922 LL990702804244.100.  Borehole and Pore Water Data.  Submittal date:  07/13/1999. 

145533 GS930408312271.014.  Analysis of CO2 Concentration of Syringe Samples Taken
During USW UZ-1 Borehole Gas Sampling, May, 1989, thru Jan., 1991.  Submittal
date:  03/30/1993. 

145598 LA9909JF831222.004.  Chloride, Bromide, and Sulfate Analyses of Busted Butte and
Cross Drift Tunnel Porewaters in FY99.  Submittal date:  09/29/1999. 

146231 LA9909JF831222.006.  Cation Analyses of ESF, Cross Drift and Busted Butte
Porewaters in FY99.  Submittal date:  09/29/1999. 

146816 GS000100001221.001.  EarthInfo, Inc. Western US Meteorologic Station Weather
Data - NCDC Summary of Day (West 1) and NCDC Summary of Day (West 2). 
Submittal date:  01/25/2000. 

146877 GS990908314224.009.  Detailed Line Survey Data for Horizontal and Vertical
Traverses, ECRB.  Submittal date:  09/16/1999. 

146878 LB002181233124.001.  Air Permeability and Pneumatic Pressure Data Collected
Between October 27, 1999 through November 7, 1999 from Niche 5 (ECRB
Niche 1620) of the ESF.  Submittal date:  02/18/2000. 
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