


value of about 1.0, which leads to significant meshing 
requirements. y+ is a dimensionless distance from the wall 
equal to the actual distance times the wall-friction velocity 
divided by the viscosity, or yv*/v. Meshing all the way to the 
wall is necessary because the alternative of using wall functions 
is not appropriate. Wall functions are based on forced 
convection data and assume that the velocity profile is 
monotonic. In contrast, the velocity profile in natural 
convection has a velocity peak near the wall, so wall functions 
are not appropriate. The use of wall functions is also not 
appropriate when low-Reynolds number effects are pervasive 
within the flow domain or in the presence of strong body 
forces. 

The RNG k-E two-equation turbulence model was selected 
for this analysis. The primary reasons for using the RNG k-E 
turbulence model are that it allows for variation in the turbulent 
Prandtl number as a function of flow conditions, it provides a 
means for including low-Reynolds number effects in the 
effective viscosity formulation, and it includes an extra term, 
R, in the &-equation to better model separated flows. 

As mentioned above, internal natural convection using 
FLUENT and the above methodology has been validated by 
comparison to experimental data. The approach has been 
validated against literature data from Kuehn and Goldstein 
(1976, 1978) and others for the case of horizontal concentric 
cylinders in laminar and turbulent flow (Webb et al., 2003b). 
The FLUENT predictions agree very well with the available 
overall heat transfer experimental data for gap-width Rayleigh 
numbers up to 5 x IO9. Three different turbulence models 
(Spalart-Allmaras, RNG k-E, SST k-w) showed small 
differences (-10%) for the highest Rayleigh number, well 
within the experimental uncertainty. Local heat transfer data 
from Kuehn and Goldstein (1978) are available at a Rayleigh 
number of 2.51 x lo6. However, as discussed by Webb et al. 
(2003b), these data are not adequate to distinguish between the 
various turbulence models. 

The validation of the RNG turbulence model above is 
limited to the total heat transfer rate and surface temperatures. 
Experimental data for the horizontal annulus configuration are 
not available to validate the local heat transfer or the fluid 
velocities. In order to evaluate the appropriateness of the RNG 
turbulence model for natural convection, comparison to data for 
a differentially heated square enclosure has been performed as 
given by James and Webb (2004). Their results show that all of 
the two-equation turbulence models examined (standard k-E, 
RNG k-E, SST k-a) perform similarly to each other, and that 
none of the models performs particularly well in the prediction 
of detailed time-averaged mean quantities including velocity 
and temperature profiles. Therefore, while the RNG turbulence 
model is as good as the other engineering turbulence models 
investigated, there is a significant amount of uncertainty in the 
results. 

The available experimental data used in the data-model 
comparisons discussed in the previous paragraphs are at small 
length scales (gap width - 3 cm) compared to the Yucca 
Mountain geometry (gap width - 1.9 m). Therefore, much 
larger scale tests were conducted. These length scales are at 
25% and 44% of full-scale Yucca Mountain drifts. 
Temperature data-model comparisons show very good 
agreement between FLUENT and the experimental temperature 
data as discussed in detail by Dalvit-Dunn et al., (2004). 

Velocity data-model comparisons were reasonable with 
significant uncertainty in the experimental data. 

Thermal radiation is very important in the present 
application, accounting for about 7580% of the total heat 
transfer between the waste package and the drift walls. 
Thermal radiation heat transfer modeled by the discrete 
ordinates (DO) approach. The DO model solves the radiative 
transfer equation for a finite number of discrete solid angles. 
The DO model allows one to solve surface-to-surface radiation 
and fluid participation radiation. This model is restricted to 
either gray or non-gray thermal radiation using a banded gray 
model. The radiative transfer equation accounts for scattering, 
gas emission, and absorption. The surfaces are treated as gray, 
diffuse surfaces. 

In addition to the heat transfer calculations and fluid 
velocities, the FLUENT model has also been used to calculate 
mass dispersion coefficients within the drift due to natural 
convection flow patterns. These dispersion coefficients are 
needed for mass transfer within a drift including the transport 
of water vapor and trace chemicals. 

NOMENCLATURE 
A cross sectional area (m2) 
C concentration 
D effective dispersion coefficient (m2/s) 
L length (m) 
Q mass flow rate (kgls) 
P fluid density (kglm3) 

NUMERICAL MODEL 
The physical subsystem to be modeled is the region inside 

of the emplacement drifts as shown earlier in Figure 1. Heat is 
generated inside of the waste canisters due to the decay of the 
radioactive materials, which decreases with time. The waste 
packages are to be emplaced on metal pallets with a small axial 
gap between packages. The waste packages vary in length and 
diameter depending on the type of waste in the container. The 
pallets sit on top of a crushed tuff invert. A thin metallic drip 
shield covers the waste packages. The emplacement drifts are 
drilled at regularly spaced intervals into the host rock. The host 
rock, invert, waste packages, and drip shield are all physically 
represented in the natural convection models. 

After emplacement of the waste, the drift will be ventilated 
for a period of up to 50 years, which will remove a large 
fraction of the waste heat as well as some moisture from the 
drift. The amount of time that a drift is ventilated will vary 
depending on when the drift is loaded and when the repository 
is finally closed. At closure, the drip shield is installed to cover 
the waste packages. The natural convection model is run at 
specific times after closure of the repository. The linkage of 
the natural convection models to the environment is through the 
boundary conditions of the model. The rock temperature five 
meters into the host rock from the drift wall is used as a radially 
constant temperature boundary condition for the natural 
convection models because the effects of in-drift geometry are 
small at that distance into the rock (BSC, 2001). The rock 
temperature at this location is calculated from line-source 
analytical solutions. Initial conditions for the natural 
convection models are not needed because the constant 
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The simulation results are shown in Table 3. The 
dispersion coefficients are higher for these cases than for the 
uniform temperature cases. The inner dispersion coefficients 
ranged from 0.007 to 0.01 m2/s while the outer dispersion 
coefficients ranged from 0.03 to 0.1 m2/s, or up to 5000 times 
molecular. The inner values are slightly higher when compared 
with the previous simulations. The outer values are several 
orders of magnitude higher than for the uniform temperature 
case. Figure 10 given earlier shows the presence of global 
recirculation in the presence of temperature tilt, which leads to 
the significantly higher dispersion coefficient with temperature 
tilt compared to no tilt. 

Under Drip Shield 
Outside Drip Shield 

300 1000 3000 10,000 
Yrs Yrs Yrs Yrs 

0.007 0.007 0.009 0.01 
0.1 0.1 0.1 0.03 

SUMMARY AND CONCLUSIONS 
FLUENT has been used to model the heat and mass 

transfer in Yucca Mountain Drifts during the post-closure 
period. There are significant differences in the waste package 
power at various times that leads to significant differences in 
waste package temperatures. 

General natural circulation flow patterns are observed in 
the cross section. With no temperature tilt, the packages mostly 
“pair off’ setting up local natural convection cells axially. 
When temperature tilt is added, larger scale convection cells are 
established. 
’ The calculation of effective mass dispersion coefficients 
has been performed for various times with and without 
temperature tilt. The effective dispersion coefficients are from 
several hundred to several thousand times the molecular value. 
The value for the area under the drip shield is not significantly 
affected by time or the temperature tilt. The outer region 
dispersion coefficient is not a strong function of time, but it is 
significantly affected by the temperature tilt. 
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