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Figure 6.27. Temperature Tdistribution at (c) 3 and (d) 4 yr in the vertical axial midplane of the heater
drift for 0.36-mm/yr percolation flux. For 0-1 yr, the power is drift/wing-heater power is held constant at80/100% of full capacity. For 1-4 yr, the power is linearly ramped from 56/70 to 28/35% of full capacity.For 4-5 yr, the power is linearly ramped down to 0/0%. TB-6/5197-T26atLzy.3-4y
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Figure 6.28. Liquid-phase saturation Sliq distribution at (a) 1 and (b) 2 yr in the vertical axial midplane of
the heater drift for 0.36-mm/yr percolation flux. For 0-1 yr, the power is drift/wing-heater power is held
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7. Analysis of Gas-Venting through the Thermal Bulkhead

All the calculations presented in Chapters 5 and 6 assumed that the thermal bulkhead
provides a partial seal against gas leakage from the heated to the unheated portion of
the heater drift. Although the bulkhead will probably have a negligible bulk
permeability (kb < 1 microdarcy), a finite, albeit small, value of kb (200 microdarcy) was
assumed to account for imperfections in the seal between the bulkhead and drift wall.
For safety reasons, gas-phase pressures will not be allowed to build up in the heater
drift. This chapter discusses a calculation conducted for the constant-power-80/100%
heating configuration and a 3.6-mm/yr percolation flux for a case in which a pressure-
relief device is located at the base of the thermal bulkhead.

Table 7.1 compares the thermal-hydrological conditions for the constant-power-
80/100%c heating configuration and 3.6-mm/yr percolation flux for the case - -11 no
pressure-relief device in the drift with the case that has a pressure-relief device. Without
pressure relief, the maximum gas-phase pressure buildup in the heater drift is 0.07 atm,
which results in a peak gas-phase pressure buildup of 0.09 atm in the rock adjacent to
the heater drift. (Note that the peak gas-phase pressure buildup occurs at the hottest
wing-heater location.) With pressure relief in the heater drift, the gas-phase pressure in
the drift remains very close to atmospheric, which limits the peak gas-phase pressure
buildup to 0.05 atm in the adjacent rock. Limiting the gas-pressure buildup in the heater
drift results in a slightly greater dryout (AZdv, = 17.8 m versus AZdy = 17.6 m), a slightly
higher peak springline temperature (2660C versus 2640C), and maximum rock
temperature (319'C versus 316'C). In general, gas-pressure venting in the heater drift
has negligible effect on temperature buildup and dryout. Gas-venting has a negligible
effect on relative humidity RH in the drift during the heat-up/dryout period; however,
it does effect the return of RH to more humid conditions during the cool-
down/rewetting period.

Gas-venting also influences measurements of air-mass fraction in the gas phase Xair gas.
During the heat-up period, the large volume of vapor generated in the boiling zone
displaces virtually all the air from the gas phase in the boiling zone. The reduction of
Xairgas is greatest in t' driest portions o the drvout zone. During the cool-dowr neriod,
gas-phase advection and diffusion contribi,+e to transporting air back into the dryouE
zone. How long the Xar gas remains very low in the near-field/waste-package
environment is very important to waste-package corrosion. Validating the models that
calculate the displacement and eventual return of air to the waste-package environment
is extremely important.

Figure 7.1 compares Xair gas in the drift and at the location of the maximum rock
temperature (in the outer wing-heater array) for the cases with and without gas-venting
in the thermal bulkhead. Both cases experience the same reduction in X during the heat-
up/dryout period. During the cool-down/rewetting period, the case with gas-venting
allows air to enter the drift, which increases the rate at which Xair gas returns to ambient
conditions. Ideally, the pressure-relief device in the thermal bulkhead will be operated
to prevent air from entering the heater drift once the gas-phase pressure in the drift is
relatively low.
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7. Analysis of Gas Venting through the Thermal Bulkhead

Table 7.1 shows the following:

* Temperature in the rock at the springline of the midpoint of the heater drift TT
and at the hottest wing-heater location T,-h

* Vertical dryout zone thicknesses AZd rv at the midpoint of the drift-scale test
* Relative humidity in the rock at the crown of the midpoint of the drift RHcr

* Gas-phase pressure Pdh and air-mass fraction in the gas phase Xirgas at the
midpoint of the drift

* Gas-phase pressure Pg,'h at the hottest wing-heater location

The calculations assume an ambient percolation flux qperc = 3.6 mm/yr are for a case in
which gas-venting is allowed through the base of the thermal bulkhead, and for a case
with no gas-venting. The heating schedule is 80/100% full drift-/wing-heater capacity
for the first 4 yr and a rampdown to 0/0% power at 5 yr.

Table 7.1

Gas-Venting T7PTWh AZdry P9.dh Pgwh Xairgas Xair.gas Xairgas RHcr RHcr
in Thermal (0C) (m) (%) (%)
Bulkhead (4 yr) (4 yr) (4 yr) (4 yr) (4 yr) (6 yr) (10 yr) (4yr) (10yr)

allowed 266/319 17.8 0.00 0.05 1.7x10' 0.71 0.97 1.8 11

none 264/316 17.6 0.07 0.09 5.5x10'5 0.45 0.94 2.2 22
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Figure 7.1. Air-mass fraction in the gas phase at the midpoint of the heater drift (a) and in the location
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temperatures given in Fig. 6.1 b. The drift-/wing-heater power is held constant at 80/100% of full
capacity for 0-4 yr, followed by a linear rampdown to zero power at 5 yr. TB-6/"7.F47 1

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

7-3



Chapter 8

Summary and Conclusions



8. Summary and Conclusions

8. Summary and Conclusions

Thermal-hydrological (T-H) model calculations, which were conducted with the NUFT
code, are presented to help guide the refinements to the design and operational plans of
the drift-scale thermal test (DST). A sensitivity analysis was conducted to investigate
the sensitivity of measured T-H behavior to ambient percolation flux and to investigate
how that flux is accommodated in the fracture and matrix hydrological properties. This
analysis provides insight into the relative usefulness of measured distributions of
temperature T, relative humidity RH, and liquid saturation Siiq in diagnosing the
magnitude of percolation flux in the DST area. Various heating rates and heating
schedules were considered to provide input to help determine how the DST should be
operated for an optimal balance among the following:

* Generating T-H conditl.ns relevant to rep ository thermal loading conditions
* Elucidating a clear understanding of how coupled thermal-hydrolofg:al-

geomechanical-geochemical (T-H.-M-C) processes influence dryout and rewetting
* Providing this information in a sufficiently timely fashion to help influence

repository-system design decisions and to validate the process-level models that
will support the total systems performance assessment for license application
(TSPA-LA)

DST calculations were also made to provide input to decisions about the following:

* The required drift ventilation in the DST area
* Temperature requirements for installed instrumentation
* Insulation requirements for the thermal bulkhead that separates the heated and

unheated portions of the heater drift
* Ventilation requirements for drifts in the DST area
* The influence of relieving the gas-pressure buildup in the bulkhead

For many of the calculations, three different values of percolation flux qp,., were
considered, along with four different types of heating schedule. All cases included a
linear rampuown to zero power Arom four to five ycars.

From a modeling perspective, a key finding of this study concerns the importance of
fully accounting for thermal radiation inside the heater drift. Calculations that neglected
the contribution of thermal radiation on the distribution of temperatures within the
heater drift predicted a large drift-wall temperature difference between the springline
and crown and a large temperature difference (in the axial direction) between the ends
and center of the heater drift. Calculations that only accounted for thermal radiation
between the in-drift heaters and drift surfaces predicted greater variability in drift-wall
temperatures than did calculations accounting for thermal radiation between all
surfaces in the heater drift. This conclusion is very applicable to analyses of drift-scale
behavior in the repository, where large differences in heat output from waste package
to waste package can give rise to great axial variability in temperatures along the drift.
Accurately accounting for the contribution of thermal radiation to homogenizing this
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axial variability is extremely important to predictions of the near-field waste-package
environment.

For most of the cases, the initial heating rate is 80% of full capacity for the in-drift
heaters and 100% of full capacity for the wing-heater arrays. This "80/100%" heating
configuration causes tabular boiling and dryout zones (i.e., the upper and lower boiling
and dryout fronts are nearly horizontal), which tends to minimize the tendency for
condensate-shedding around the lateral edges of the heated area. A second set of cases,
which used 80% of full capacity for both the in-drift heaters and wing-heater arrays,
results in boiling and dryout zones that tend to slope more toward the lateral edges,
thereby allowing more condensate-shedding. The 80/80% heating configuration results
in a slight reduction in peak temperature (220C-240 C) at the springline of the midpoint
of the heater drift and a larger reduction (610 C) at the hottest wing-heater location. In
general, reducing the heating rate in the wing-heater arrays is an ineffective way to
reduce the peak temperaturp at the springline of the heater drift.

Model calculations for repository thermal-loading conditions show that T-H behavior
can be divided into three sequential periods: (1) heat-up/dryout, (2) quasi-steady, and
(3) cool-down/rewetting. A DST with a constant-power-heating period followed by a
rapid rampdown to zero power will result in the heat-up and cool-down periods. If the
constant-power-heating period is followed with a gradual rampdown of the heater
power, it is possible to include a quasi-steady period during the DST.

A sensitivity analysis was conducted to investigate how alternative heating rates and
heating schedules can be used to create a period of quasi-steady peak temperatures in
the vicinity of the heater drift. The springline at the midpoint of the heater drift was
chosen as the target temperature location because that is where the maximum drift-wall
temperature occurs. Two cases were considered for target temperatures of 150'C and
200'C, respectively, for ambient percolation fluxes of 0.36 mm/yr and 3.6 mm/yr. For a
200'C-target temperature, it is possible to maintain a constant 80/100% heating
configuration for 1.5 yr and 2 yr for the 0.36-mm/yr and 3.6-mm/yr cases, respectively.
Thereafter, the heating rate is linearly ramped down to 40/50% of full power at 4 yr.

For a 150'C-target temperature, a constant 80/100% heating configuration can be
maintained for I y as. At I yr, the powe- is .pped down to 56/70% and 64/80% of full
capacity for the 0.36-mm/yr and 3.6-mm/yr cases, respectively; then, for 1-4 yr, it is
linearly ramped down to 28/35%c and 32/40% for the 0.36-mm/yr and 3.6-mm/yr
cases, respectively. For all cases, it was possible to stay within 10'C of the target
temperature during the quasi-steady period. While the 200'C-target cases result in
considerably lower springline temperatures, the reduction in the vertical extent of
dryout AZd, is relatively minor. This is in sharp contrast to the 150'C-target cases,
which result in a very large reduction in AZdr, In general, the 200'C-target cases
facilitate an effective trade-off between perturbing a sufficiently large volume of rock
and not driving peak temperatures excessively high.

8-2 Pretest Thermal-Hydrological Analysis of the
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Calculations were conducted for three values of ambient percolation flux (qerc
0.36 mm/yr, 3.6 mm/yr, and 6.2 mm/yr), each with a corresponding set of hydrological
properties for the fracture and matrix continua in the effective continuum model
(ECM). Temperatures appear to be quite sensitive to qprc; however, that sensitivity
probably arises more from the manner in which qperc is accommodated in the fracture
and matrix properties than from the actual value of qprc. The magnitude of qperc, is small
compared to the total liquid-phase flux (made up of condensate flux and qpec), which
approaches 1000 mm/yr in the DST area. The hydrological property sets corresponding
to the three values of qperc., each effectively allows a different partitioning between
fracture and matrix flow. Moreover, the van Genuchten parameters (a and 3) found in
these property sets provide for different degrees of capillary-driven and gravity-driven
flow in the fracture and matrix continua. Altogether, the hydrological properties of the
fracture and matrix continua govern the mobility of liquid-phase flux that is returning
to the boiling zone, which influences net dryout during the heat-up period . - 2

rewetting during the cool-down period. The DST plays the important role of
maximizing the tendency for condensate to build up above the boiling zone, which
magnifies the sensitivity of dryout and rewetting to ambient percolation flux and the
hydrological properties governing liquid-phase mobility in the fracture and matrix
continua.

Temperatures in the dryout zone (e.g., at the drift wall) are a direct indication of the
balance between local heat flux and local incoming liquid flux, which is strongly
influenced by the liquid-phase mobility in the fracture and matrix continua. The
sensitivity of temperature to qperc (and the liquid-phase mobility of the fractures and
matrix) occurs early during the heat-up/dryout period of the DST. At 1 yr. the
springline temperature T5p at the midpoint of the heater drift is 30'C hotter for the 0.36-
mmn/yr case than for the 6.2-mm/yr case. At 1 yr, the rock temperature at the hottest
wing-heater location This 430C hotter for 0.36-mm/yr case than for the 6.2-mm/yr
case. At 2 yr, Tp and T,.h are 40°C and 48°C higher, respectively, for the 0.36-mm/yr
case than for the 6.2-mm/yr case. Relative humidity RH is also sensitive to qperc,,

particularly during the early stages of the heat-up/dryout period and during the cool-
down/rewetting period. The vertical thickness of the dryout zone AZd is moderately
sensitive to (perc dur f , the heat-up/dr) out period; however, AZd, becomes mu :- more
sensitive to qperc during the cool-down/rew-tting period. Overall, the most diagnostic
indications for the influence of ambient percolation flux/liquid-phase mobility are
temperatures measured during the heat-up period and RH measured during the cool-
down period.

For safety reasons, gas-phase pressures will not be allowed to build up in the heater
drift. Calculations representing a pressure-relief device in the thermal bulkhead were
conducted and compared with calculations that allowed for no pressure relief. Without
pressure relief, the maximum gas-phase pressure buildup in the heater drift is 0.07 atm,
which results in a peak gas-phase pressure buildup of 0.09 atmosphere (atm) in the rock
adjacent the heater drift. (Note that the peak gas-phase pressure buildup occurs at the
hottest wing-heater location.) With pressure relief in the heater drift, the gas-phase
pressure in the drift remains very close to atmospheric, which limits the peak gas-phase
pressure buildup to 0.05 atm in the adjacent rock. Limiting the gas-pressure buildup in
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the heater drift results in a slightly greater dryout (AZdr, = 17.8 m versus 17.6 m) and a
slightly higher peak springline temperature (266CC versus 2640 C). In general, gas-
pressure venting in the heater drift has negligible effect on temperature buildup and
dryout.

Another consideration that is influenced by gas venting is its influence on
measurements of air-mass fraction in the gas phase Xargas* During the heat-up period,
the large volume of vapor generated in the boiling zone displaces virtually all of the air
from the gas phase in the boiling zone. The reduction of Xair gas is greatest in the driest
portions of the dryout zone. During the cool-down period, gas-phase advection and
diffusion contribute to transporln fg air back into the dryout zone. How long the Xair gas
remains verv low in the near-field/waste-package environment is very important to
waste-package corrosion. Validating the models that calculate the displacement and
eventual return of air to the waste-package environment is extremely important. Gas
venting does allow air to enter the drift during ,he cool-down period, which increa s
the rate at which X,,,g,, returns to a.mbient conditions. Ideallv, the pressure-relief device
in the thermal bulkhead will be operated to prevent air from entering the heater drift
once the gas-phase pressure in the drift is relatively low.
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