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Abstract

Yucca Mountain, which is on and adjacent to the Nevada Test Site, is a proposed location for the
underground storage of high-level nuclear waste. The United States Department of Energy is
conducting characterization and analysis of this site through the Nevada Nuclear Waste Storage
Investigations (NNWSI) Project. To perform required inspections after waste emplacement, the
repository drifts may need to be ventilated for some period of time before access is practical.
This report describes a computational investigation undertaken to determine whether cyclic
ventilation would cause a reduction in the saturation of the drift walls and adjacent host rock.
A significant reduction in saturation near buried waste canisters would prevent advective solute
transport. The isothermal study of this ventilation process involved one and two-dimensional
analyses. The 1-D studies provided insight into the effects of ventilation cycling ratios and
cycle periods on the removal of moisture from the drift wall. These studies also suggested that
the moisture removed during cyclic ventilation over a long period of time can be reasonably
represented by constant ventilation. Under the conditions of a 2-D simulation of constant
ventilation for 50 years after drift excavation and subsequent recovery period, the fluid velocity
field indicates that advective contaminant transport away from emplacement holes could be
prevented for a period of 275 to 420 years. The prescribed boundary conditions were varied
and the results showed that a decrease in either the prescribed infiltration rate or the relative
humidity of the drift ventilation air would increase the time period of enhanced containment.
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1 Introduction

“‘Yucca Mountain, which is on and adjacent to the Nevada Test Site, is a2 proposed
location for the underground storage of high-level nuclear waste. The United States
Department of Energy is conducting characterization and analysis of this site through
the Nevada Nuclear Waste Storage Investigations (NNWSI) project. A main focus of
this project is to evaluate the potential for transport of soluble radionuclides and other
contaminants from a repository site to the accessible environment. Understanding the
rock saturation levels under various conditions is essential. Gradients in the saturation
level drive the water flow through unsaturated rock, and water flow is the principal
mechanism for solute transport. Also, the saturation level is a factor in the performance
of waste canisters.

Periodic inspections of a repository after waste emplacement is a requirement. To
do this, the repository drifts may need to be ventilated for some period of time before
access is practical. An investigation into the effects of this cyclic ventilation on the
saturation and water velocity fields within the drift walls and adjacent host rock was
made. A significant reduction in saturation near a canister would provide a hydraulic
barrier to solute transport away from the emplacement holes. The isothermal study of
this ventilation process involved two analyses: (1) one-dimensional (1-D) comparison
of various cycling conditions and (2) two-dimensional (2-D) simulation of a prolonged
ventilation and subsequent recovery period. Sensitivity of the results to the prescribed
boundary conditions was then considered. Throughout this report, a cycle is denoted
by days of ventilation followed by days of no ventilation with a slash (‘/’) separating
them. A simulation is generally run over a number of these cycles.

The finite element program SAGUARO! was developed in response to the needs
of the NNWSI project and has been used throughout this study, as well as in many
other analyses. SAGUARO solves transient problems of single-phase water and energy
transport through partially or fully saturated porous media.



2 One-dimensional Studies

The 1-D calculations were intended to be scoping in nature to determine whether
drift ventilation would have an appreciable affect on media saturation in the vicinity
of buried waste, and whether the degree of influence was dependent upon the applied
cycling scheme. Indications of significant drying would suggest a more detailed 2-D
analysis to obtain a better approximation of its temporal and spatial scope. Also, a
strong dependence on cycling schemes would warrant defining a nearly optimal, yet
reasonable, scheme for drift ventilation.

2.1 Problem Definition

The initial 1-D domain was defined to extend 10 m back into the drift wall. Material
properties of the proposed repository level at Yucca Mountain (TSW2 unit of Ortiz et al.)?
were used and are given in Table 1.

Table 1
Material Property Value®
Porosity 0.11
Hydraulic conductivity | 1.9e-11 (m/s)
Residual saturation 0.08
a 0.567¢-2 (1/m)
B 1.798

The functional forms of saturation and conductivity described by van Genuchten*®

were used and are given by equations (1) through (3).

1 A
Sz(l_sr){.]—-}-l—ax/)l—ﬁ} + S, (1)
_ -02) ewl” 1\’
K = K, [1+|ay/’] -5 o (2)
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where
Y = pressure head,
K. = saturated hydraulic conductivity,
S, = residual saturation,
a,f = empirical material constants.

Figures 1 and 2 show the material permeability and moisture content as a functlon of
negative pressure head.

The pressures involved in this problem were confined to the region where fractures
are assumed to be drained and thus fractures within the material were not modelled.
The mean saturation of the TSW2 unit is 0.65 with a standard deviation of 0.20. 67 For
the 1-D scoping calculations, an initial media saturation of 0.80 and temperature of 25
degrees Celcius were assumed. The boundary conditions at the drift wall vary along
the length of the drift as the initially dry air forced into the drift begins to saturate.
The matrix saturation at the drift wall was chosen to be 40 percent. This assumption
results in a pressure boundary condition during ventilation (‘on-time’) that yields an
air relative humidity at the drift wall of approximately 96 percent and water migration
would thus tend to be conservative. The air humidity adjacent to the drift wall is
related to the total water potential by an expression reported by Peters et al. 3 and
given by equation (4). The matrix pore pressure is approximately equal to the total
water potential.

-RT ¢

d= " in(—

M 100 (4)

where

total water potential,
universal gas constant,
Kelvin temperature,
molecular weight of water,
relative humidity (percent).

>z N9
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When ventilation was not present (‘off-time’), the drift boundary was impervious.
Other boundaries were considered impervious at all times since any affect on satu-
ration was not anticipated to extend 10 m back. The initial problem definition was
used to simulate 100 years of constant ventilation. Resulting saturation time histories
showed that within 1 year, material saturation is not affected beyond approximately 2
m from the drift wall. The 1-D domain was changed to 2 m back since the effective
ventilation during the cycling simulations would be no longer than 1 year. The number
of elements was reduced from 100 to 10 and results compared to ensure a negligible
loss of accuracy. No changes were made to initial or boundary conditions. A series
of simulations were then made to investigate the effect of various cycling schemes on
moisture removal from the drift. Figure 3 shows a typical saturation time history at
several points in the drift wall. The symbol ‘1’ indicates a point on the drift wall surface
and the symbol ‘6’ represents a point 2 m back into the wall.

2.2 Results

The first set of cyclic ventilation calculations involved a constant ratio of on-time
(ventilation) to off-time (no ventilation) equal to 1.0. The three cases are shown in
Table 2.

Table 2

| On-time | Off-time Ratio
(days) (days) | (on-time/off-time)

L2 2 1.0
|20 20 1.0
. 200 200 1.0

Observations made in comparing results of these calculations are listed below.

» Given two cycling schemes t, on/t; off and t; on/t; off with t; = a * t;, the
relationship between the total mass removed over n cycles is of the form given by
equation (5).
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MR‘:/‘: = MRh/h\/a (5)

where MR is the mass of water removed during n cycles.

Figure 4 shows the cumulative moisture removed over three cycles for the three
cases described above. Analytical support of this relationship is given in Appendix
A.

o The total mass removed over three cycles of the 20 on/20 off case compared
with the total mass removed with constant ventilation over the same period of
time showed that 70 percent of the mass removed during constant ventilation
was achieved in the cycling case while using only 50 percent of the ventilation
requirements.

o It is also of interest to note that the degree of resaturation at the drift wall at
the end of a cycle is the same for all three of these cycling cases (Figure 5).

Another set of three cases was run to investigate cycles of constant on-time with
varying off-time. These are shown in Table 3. It was observed that for a constant
on-time, the longer off-time (smaller ratio) resulted in an increase in the total mass
removed per cycle. This makes physical sense since an increase in material resaturation
produces a greater pressure gradient when the ventilation is again applied, resulting in
an increased mass removal rate over the same on-time.

Table 3

On-time | Off-time Ratio
(days) | (days) | (on-time/off-time)

2 4 0.50
2 10 0.20
2 20 0.10

An independent study by Carroll and Churchill® into 1-D heat conduction using bound-
ary conditions analogous o those used in this study reported relationships similar to
those described above. They also introduce additional analytic support.
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The previously described calculations were restricted to relatively short periods of
time compared to the time period over which ventilation is expected to occur. Rates
of moisture removal for the various cycling schemes varied most significantly over the
first cycle (Figure 6). The next series of cycling simulations were carried out over
longer periods of time using a number of different cycling schemes. The initial and
boundary conditions were also changed to reflect more realistic conditions. Starting
with a material saturation of 0.80, continuous ventilation was applied for 60 days as an
attempt to simulate mining operations. This state was then used as the initial condition
to the cycling calculations. Also, a point of lower air saturation was chosen (about
90 percent relative humidity) for the drift wall pressure boundary condition during
ventilation. Results indicate that percentage differences in total mass removed between
the case of constant ventilation and reasonable cycling ratios decreases with time.
Figure 7 shows 12 percent difference after 1.5 years between the constant ventilation
case and a cycle of 2 on/10 off, but after 3 years, the percentage drops to about
5 percent. This observation led to the assumption that a long-term simulation of
constant ventilation would adequately describe the saturation due to a cyclic ventilation
process. This assumption significantly reduced the computing time required for a long-
term simulation since cycling cases require small time steps at the abrupt change in
boundary conditions (i.e., when ventilation is turned on after an off period).

2.3 Discussion

The initial 1-D calculation of constant ventilation over 100 years indicated that
ventilation appreciably reduced saturation levels in the drift wall. A series of short-
term simulations provided some insight into the effects of ventilation cycling ratios
and cycle periods on the removal of moisture from the drift wall. Cycling conditions
provide more efficient moisture removal since the ratio of moisture removed during
cyclic.ventilation to that removed during constant ventilation is greater than the ratio
of time that the ventilation was on during the eycling case. That is, cycling yields
more moisture removal per unit power input to the ventilation equipment. Additional
analysis could result in defining the ratio of mass removed for any cycling scheme to that
removed during constant ventilation. Differences in the rate of moisture removal among
various cycling schemes decreases within a relatively short period of time. Assuming 60
days of constant ventilation for all subsequent cases reduced the impact of the initial
transient in moisture removal. The difference in total mass of water removed during
cyclic versus constant ventilation became less significant as calculations were carried
out over a longer period of time. This led to the assumption that constant ventilation
calculations would adequately describe long-term cycling conditions for a more complex
2-D model.

11



1] W
L) Loyl
-

N
132
1

N
Q
L

AVERAGE RATE OF MOISTURE
REMOVAL (10 3g/m?.s)

15 DAYS ON/DAYS OFF
- 2/2
10
20/20
5 200/200
\\ \ /
0 1 2

NUMBER OF CYCLES

Figure 6: Case comparison of moisture removal rates

12




MOISTURE REMOVED (10° g/m?)

40.0

20.0 -

0.0

e CONSTANT VENTILATION

4 CYCLIC VENTILATION
(2 days on/10 days off)

1 2 1 | L 1 1 1

0.0

1500.0
TIME (d)

Figure 7: Mass removed with constant and cyclic ventilation

13

3000.0



3 Two-Dimensional Studies

The purpose of more detailed 2-D calculations was to estimate saturation levels
and flow conditions resulting from drift ventilation using a proposed waste emplace-
ment geometry. Analyzing water velocities in the vicinity of the waste canister provides
a means of approximating the long-term effect of ventilation on the advection of po-
tentially hazardous solutes away from the repository region. Variation of boundary
conditions was also considered.

3.1 Problem Definition

The vertical emplacement scheme depicted in Figure 8 was chosen for the long-term
simulation. The material assumed throughout the domain represents that found at the
repository level at Yucca Mountain. The properties are given in Table 1. The initial
conditions were defined by reaching steady state with a water infiltration rate of 0.5
mm/year through the host rock. This infiltration described the boundary condition at
the top of the domain. The pressure at the bottom of the domain was held constant
at a value consistent with its elevation above the water table and the given infiltration
rate. The perimeter of the drift wall was held at a pressure defined by equation (4),
assuming a relative humidity of 90 percent for the ventilation air. The corresponding
drift wall saturation is 25 percent. All other boundaries were considered impervious.
These boundary conditions are indicated in Figure 9. The finite element grid used as
input to SAGUARUO is shown in Figure 10. The simulation involved ventilation applied
continuously for 50 years and then terminated. The calculations were then continued
for an additional 250 years to simulate the recovery period during which the host rock
resaturated to a level approaching the initial infiltration steady state.

3.2 Results

Figure 11 shows the fluid velocity vectors and saturation contour at the initial
steady-state conditions. Ventilation was then applied. Figure 12 indicates that after 4.5
months of constant ventilation, the fluid velocity near the canister location is changing
direction, thus drawing the water toward the drift and inhibiting solute transport away
from the repository region. The velocity vectors within 2 m of the drift wall were not
plotted in Figures 12 and 13 to allow a constant vector scaling factor, giving some
resolution to the velocity field in the vicinity of the canister. The fluid velocity field at
the end of the 50-year ventilation period is shown in Figure 13. Ventilation was then
stopped and recovery proceeded as indicated in Figures 14 through 16. After 20 years
without ventilation (Figure 14), the fluid is still being drawn toward the drift although

14
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at a lower rate. After 150 years (Figure 15), the fluid velocity near the canister has
changed flow directions. After 225 years without ventilation, all of the fluid in the
region below the canister begins again to flow away from the canister, thus ending
the period of enhanced containment due to the ventilation. Figure 16 shows the first
calculated velocity field after this direction change.

3.3 Variation of Model Parameters

The infiltration rate of water through the domain most obviously has an effect on
the water velocities in the vicinity of the waste canister. Therefore, the simulation
described above was repeated with an infiltration rate of 0.1 mm/year. This rate
is more likely than the 0.5 mm/yr rate to occur under current conditions at Yucca
Mountain.® Figure 17 shows the fluid velocity vectors and saturation contours at the
initial steady-state conditions for the 0.1 mm/yr infiltration rate. Ventilation was then
applied. Figure 18a indicates that after 11 years of constant ventilation, the fluid
velocity at the lower end of the canister has changed direction, thus drawing the water
up toward the drift and inhibiting solute transport away from the repository region. A
similar velocity change at the lower end of the canister location occurs after about 2
years of ventilation for the 0.5 mm/yr infiltration rate (Figure 18b). The fluid velocity
field and saturation contours at the end of the 50-year ventilation period are shown
in Figure 19. Ventilation was then stopped and recovery proceeded. At both 22 and
158 years (Figure 20) after ventilation, the fluid is still being drawn towards the drift
although at an increasingly lower rate. Then, 380 years after ventilation, all of the
fluid in the region for the 0.1 mm/yr case begins again to flow away from the canister,
thus ending the period of enhanced containment due to the ventilation. This occurs
after 225 years of recovery in the 0.5 mm/yr case. Figures 21 and 22 show the first
computed velocity field after this direction change for the 0.5 mm/yr case and the 0.1
mm/yr case, respectively.

The simulation using 0.1 mm/year infiltration was repeated using an assumed air
relative humidity of 95 percent to consider the effect of the assumed drift wall bound-
ary condition during ventilation. Results indicate that the 5.5 percent increase in air
relative humidity decreases the time of enhanced containment by 20 percent (from 420
years to 330 years). ‘T'he conditions and results of the three simulations described here
are summarized in Table 4.

18 .
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Figure 21: Fluid velocity vectors 238 years after termination of ventilation at (a) 0.1
mm/yr and (b) 0.5 mm/yr

29



30 -1 mm/yr .5 mm/yr
20~ | ! ! b ' '
I ' "B '
10 vy ' (N T R
rY v v Yooy '
L RIS ' vyy O
— ! \
E o rtrv vt R
D= ' '
- v ' vy " ,
vor v ] ’ T or o v
-10 L v ' # vy v
- r ' ' n v v
20k I v v } ' v
-30 " § g | N L e | 1 1 )
-5 5 15 -5 5 15

Figure 22: Fluid velocity vectors 450 years after termination of ventilation at (a) 0.1
mm/yr and (b) 0.5 mm/yr
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Table 4

Simulation | Infiltration | Air Relative Years of
Number Rate Humidity Enhanced
(mm/yr) (%) Containment
1 0.5 90 275
2 0.1 90 420
3 0.1 95 330

3.4 Discussion

Under the conditions of the 2-D simulation of constant ventilation for 50 years and
subsequent recovery period, the fluid velocity field indicates that advective contaminant
transport could be prevented for more than 250 years. Sensitivity of these results to the
prescribed boundary conditions, in particular to the infiltration rate and the saturation
at the drift wall during ventilation, was considered. From the 2-D simulation of constant
ventilation for 50 years and subsequent recovery period with a 0.1 mm/yr infiltration,
the fluid velocity field indicates that advective contaminant transport could be inhibited
for 420 years. Lower saturation levels in general due to the decreased infiltration rate
contribute to the longer time of enhanced containment. These results are also sensitive
to the assumed air relative humidity, which will vary since the initially dry ventilation
air saturates as it passes along the drift. However, the air saturation assumed may be
conservative as an average saturation value. A more extensive sensitivity study would
give insight into the extreme upper and lower bounds of these boundary effects.

There are other model parameters that affect these results, including material per-
meability, porosity and fracture characteristics. This study did not consider the eflects
of their variation.
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4 Conclusion

Under the simulation conditions of drift ventilation described in this report, the
following observations have been made:

One-dimensional cases:

o Drift ventilation appreciably reduces drift wall saturation.

o Cyclic ventilation increases the efficiency of moisture removal, i.e., more moisture
is removed per unit of power input for cyclic versus constant ventilation.

¢ For reasonable cycling conditions under consideration, the cumulative flux ap-
proaches that of constant ventilation as time progresses.

Two-dimensional cases:

o Drift ventilation may be used to postpone the onset of advective transport of
solutes away from the repository region.

e The period and extent of enhanced containment is a function of the infiltration
rate and the relative humidity of the ventilation air, as well as other factors not
considered in this report.
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APPENDIX

This report contains no data for inclusion in the RIB and/or SEPDB
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A Analytical support

The model used in the 1-D, isothermal cycling calculations is described by Richards
equation (al).

922 Ccat ~° , (1)
Similarly, 1-D heat flow is given by equation (a2).

é’T 10T

=0

dz2 adt o (a2)
The similarity variable, n, for the heat transfer model and resulting proportionalities
are shown below in equations (a3 — a5)°.

n = % (a3)

g Z A (ad)

Vvat
Q x ‘/:'. gdt o \/t. (e5)

Then, by analogy, the mass removed over a cycle is also related to the the cycle
time.

MR, ;1. x V1. , (a6)

This proportionality will be valid over a number of éycles only if the affected re-
gion recovers significantly between cycles and is relatively small compared to the finite
domain.
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