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ABSTRACT 

The effects of forced ventilation and thermal radiation in 
open drifts are included in three-dimensional thermal 
hydrology simulations of the waste repository proposed 
for Yucca Mountain, Nevada. A semi-analytical model is 
used to calculate the amount of waste heat removed by 
ventilation air during each time step of the multiphase 
thermal-hydrology simulator. The model accounts for 
thermal radiation and changes in air temperature and 
humidity along the emplacement drifts. The fraction of 
heat removed by ventilation is time and position 
dependent. 

INTRODUCTION 

Multiphase thermal-hydrological simulations are 
important tools in assessing thermal conditions in the 
potential repository at Yucca Mountain, Nevada. In 
particular, computer codes such as TOUGH2 (Pruess, 
199 1) and the METRA module from the MULTIFLO 
system (Lichtner, 1996; Lichtner and Seth, 1996; Painter, 
2001) are often used to simulate the response of the 
repository host rock to heat released by nuclear waste. 
These thermal-hydrological computer codes are similar to 
those used in studies of geothermal systems and represent 
processes occurring in fracturedporous media. In current 
conceptual designs of the potential repository, the 
emplacement drifts are to remain open (free of backfill) 
and forced ventilation will be used to control temperature 
and relative humidity during a pre-closure period. The 
thermal conditions in the repository during and 
immediately following this pre-closure period depend not 
only on the processes in the repository rock but also on 
heat transfer processes in the ventilated emplacement 
drifts. However, heat and mass transfer processes 
occurring in open spaces are not straightforwardly 
represented in porous media codes, and approaches for 
internally consistent simulation of in-drift and large-scale 
thermal hydrological processes are required. 

An approach to representing the effects of forced 
ventilation and in-drift thermal radiation within a 
mountain-scale thermal-hydrological code is described in 
this paper. Specifically, a one-dimensional semi- 
analytical model is used to represent the waste package 
and in-drift air conditions for given profiles of rock 
temperature along the length of emplacement drifts. The 
calculation is made self-consistent by coupling in a 
sequential non-iterative way to a multiphase thermal- 
hydrological simulator (MULTIFLOMETRA) that 
describes the rock processes. 

The coupling between drift ventilation and rock process 
models has been addressed previously. Most studies (e.g. 
Danko and Mousset-Jones, 1992) focused on the drift 
climate and considered only thermal conduction in the 
host rock without consideration of the hydrological 
processes in the rock. The emphasis here is different, in 

that ventilation and in-drift processes are of interest as 
one component of a three-dimensional two-phase non- 
isothermal hydrological simulation. Such coupling with a 
rock thermal hydrological model was considered by 
Danko et al. (1995), who coupled the MTECS (Danko 
and Mousset-Jones, 1992) climate model with two- 
dimensional thermal hydrology simulations. The 
objectives here are similar to those of Danko et a1 (1995). 
However, there are key differences in the coupling 
scheme used, and in the treatment of thermal radiation 
within the open drift. Moreover, an efficient semi- 
analytical solution to the drift climate is used, and filly 
three-dimensional thermal hydrological simulations are 
considered. 

DRIFT CLIMATE MODEL 

The processes controlling the temperature and relative 
humidity of air in the emplacement drifts include thermal 
radiation between the hot waste canister and the cooler 
drift wall, evaporation of water from the drifl wall, and 
heat removal from the packages and the drift wall due to 
forced convection. The latter process includes both 
sensible and latent heat transfer. Consider a set of 
cylindrical waste packages placed in a cylindrical drift. 
For simplicity, the packages are assumed placed end-to- 
end and coaxially with the tunnel (Figure 1). In general, 
the wall temperature and waste power output will change 
slowly compared to the time required for the waste 
package and drift air temperature to respond. Thus air and 
waste package temperatures can be modeled as a 
sequence of stationary states that depend on the slowly 
varying wall temperature and power output. Under these 
conditions, the power balance for the waste package is 

P C - P , c - P = O  h (1) 

where P, is the power generated per unit length of the 

waste container, p i  is the power loss from the container 

per unit length due to radiation, and ph is the power per 

unit length lost to the flowing air. All of the quantities are 
finctions of X , the distance along the drift, and are 
parameterized by the time t .  The power balance for air 
flowing through the drift at a volumetric flow rate Q, is 

(2) 

where C, , p , and T, are the specific heat, density, and 

temperature of the drift air. The power lost to the flowing 
air is 

(3) p h  = 2n r, h, (T, - Ta) 
where h, is a heat-transfer coefficient, r, is the 

container radius, and T, and Ta are the container and 



h e a t  t r a n s f e r  z f  
Convective a xrs* 

Moisture loss 

Ventilation Air 

Figure 1. Schematic showing physical processes represented in the new drift climate model. The waste package is modeled 
as a cylinder placed in the center of the emplacement drifts. Ventilation air moves through the drift cooling the waste 
package and removing moisture from the drift wall. Thermal radiation from the waste package to the drift wall is also 
included. Gaps between the waste packages and the waste package support structure are ignored. 

air absolute temperatures. Similarly, the power transfer 
from the wall to the air is PV pvs where y = 1- - , y, = 1- -,and 

P P 
P, = Zzr, h, (T, - T. )  (4) 2zrw W p  

‘= 0.622rQ 
. Despite the highly nonlinear nature of where r, is the drift radius and Tw is the wall 

temperature. In Eqs. (2-4) radial variations in air 
temperature have been neglected and the effects of 
boundary layers at the waste package and drift wall are 
incorporated into the effective heat transfer coefficients. 

Analogous mass balance equations will be used to 
calculate the variation in partial vapor pressure along the 
length of the drift. The mass balance equation for 
moisture transfer due to evaporation from a partially wet 
drift wall is (Danko and Mousset-Jones, 1992) 

(5) 

where Pv is the partial vapor pressure in the flowing air, 

p,, is the partial pressure of moisture saturated air at the 
wall temperature, p is a moisture transfer coefficient, 

and p is the barometric pressure. The fraction of the wall 

that is wet is W = ps where p is the porosity and s 
the liquid saturation of the rock. The moisture mass flux 

QM is related to the air flux and partial vapor pressure. 
Using standard psychrometric relationships (e.g. Avallone 
and Baumeister, 1996), 

(6) 
PV 

P -  P, QM = 0.622 Qp- 

Differentiating Eq. (6), substituting into Eq. (5), and 
writing in normalized form leads to the following 
nonlinear differential equation for the vapor pressure 
variation along the drift 

dY 
-= ‘YsY2 - ‘Y3 dx (7) 

this equation, it has an analytical solution in terms of 
elementary functions (Painter et al., 200 1) provided that 
the wall temperature (and hence y, ) is constant along the 
drift. This analytical solution can be exploited to produce 
an efficient and easy-to-implement semi-analytical 
method for situations when the wall temperature is not 
spatially constant (Painter et al., 2001). 

RADIATIVE TRANSFER 

Treatment of the radiative heat transfer within the drift is 
complicated by the need to calculate direct view factors 
for all pairs of surfaces. An exact treatment would require 
details of the geometry of the WP and supporting 
structure to be considered. Given that the primary 
motivation is broad sensitivity studies, an approximate 
approach based on an idealized geometry for the drift and 
WP configuration is used instead. This avoids complex 
numerical calculations of the view factor but still captures 
the essential behavior of the physical system. The 
idealized geometry consists of a cylindrical WP placed 
horizontally in the center of a cylindrical drift. Gaps 
between the WP are ignored. Radiative transfer between 
the package and drift wall is considered, including 
transfer in the axial direction along the drift. Direct 
radiative transfer from one point on the wall to another 
point on the wall is ignored. This wall-to-wall transfer is 
expected negligible, because the temperature difference 
between two points on the wall is small unless the two 
points are widely separated, in which case the direct view 
factor is small. 

The radiative heat transfer per unit container length from 
the point X on the container to a differential element 
dX’ located at X ’  on the drift wall is approximated by 



where 0 is the product of the Stefan-Boltzmann constant 

and the surface emissivity, and F,,, (XI X') is the 

geometrical view factor for point X '  on the drift wall as 
viewed from the point X on the container. The radiative 
power per unit length is obtained by integrating this 
differential power over X '  

(9) 

where the apparent drift-wall temperature as viewed from 
the point X on the container is, considering an infinitely 
long drift, 

m 

-m 

Calculation of the direct-view factor is complicated for 
realistic geometries. For the idealized geometry 
considered here, the following approximation holds when 
the container radius is small compared to the drift radius: 

2 ri 
F,,,(x,x')= - [rw' + ( x -  x ' ) * ] - 2  (11) 

7T 

The power arriving at the drift wall can be derived 
similarly: 

where 
,T 

-m 

and we have used the fact that view factors for two 
surfaces with areas A, and A, are related according to 

A, h,, = A, F2+, , which in our case means 

r 

NUMERICAL SOLUTION 

The solution of the system of equations describing the 
drift environment depends on the wall temperature and 
hence the thermal hydrological processes in the rock, 
which depend in turn on the heat delivered to the wall 
from the drift. Thus, the system is tightly coupled and also 
nonlinear. To solve this coupled system, the equations 
describing the drift environment are solved in the 
situation of a known wall temperature and saturation. The 
numerical calculation of the drift climate environment is 
performed at each time step of the thermal hydrological 

simulation code MULTIFLOMETRA to obtain self- 
consistent solutions. 

Given a temperature and liquid saturation at the drift wall, 
the above set of equations for the air temperature, the 
vapor pressure, and the waste package temperature 
represent an algebraic differential systqm that must be 
solved by iteration because of the nonlinear radiative 
transfer term, which affects the canister temperature and 
indirectly the air temperature. The solution procedure is a 
simple sequential substitution method. The drift is 
discretized into several segments. Given an initial guess at 
the waste package temperature in each segment, the air 
temperature is calculated by solving the differential 
equation Eq (2). The calculated air temperature is then 
used in Eqs ( I ) ,  (3) and (9) to update the waste package 
temperature. This step involves a nonlinear algebraic 
equation for the waste package temperature in each 
segment. The entire procedure is then repeated until the 
waste package temperatures are no longer changing 
significantly between iterations. Numerical tests suggest 
that this procedure converges very rapidly (5-10 
iterations). Once the waste package temperature is 
converged the air vapor pressure equation Eq (7) is then 
solved. The final step then involves calculating the heat 
and moisture transfer to/from the drift wall. 

The above procedure just described is applicable in the 
situation of a known temperature and liquid saturation at 
the drift wall; the result provides an estimate of the power 
and moisture flux rate arriving at the drift wall. We 
couple this numerical model with METRA to obtain a 
self-consistent simulation. 

Coupling with METRA is obtained by defining special 
boundary cells for those computational cells that border 
emplacement drifts. At each METRA time step the 
ventilation routine is called for these cells. METRA 
passes wall temperature and liquid saturation to the 
ventilation routine, which solves for ventilation 
effectiveness and calculates heat and moisture flux out of 
the drift. These fluxes are passed back to METRA and 
become boundary fluxes that are held fixed over the 
METRA time step. 

This approach is a sequential non-iterative coupling, as 
opposed to a time-implicit coupling, which would use 
temperatures and saturation at the end of a time step to 
calculate the ventilation effectiveness during the time 
step. Time-implicit couplings are more stable and would 
allow larger time steps, but require additional iteration. 
Numerical experiments with the ventilation model reveal 
spurious oscillations in the heat flux to the wall if the time 
step becomes too large. However, such oscillations are 
avoided if the METRA time step is sufficiently small. 
Numerical tests suggest that METRA time steps of 0.2 
years or less is sufficient to suppress any numerical 
instabilities associated with the explicit coupling. 



U 

4 20 x 20 m detail 
of cross-section 
1 layer of 20 

mesh continues 
to land surface I 300 meters 

I 

mesh continues 
to water table 
300 meters 

Figure 2: Detail of one vertical slice out of twenty 
in the three-dimensional METRA ventilation model. 
An unstructured grid is used to provide detail near 
the drift wall. The drift wall is modeled as a no-flow 
boundary with a specified heat flux and moisture 
removal rate that is calculated from the new 
ventilation model. 

RESULTS 

A set of three-dimensional METRA simulations coupled 
with the new drift models was used to investigate 
ventilation effectiveness and the associated 
thermodynamic environment in the drift during the pre- 
closure period. This non-isothermal two-phase flow 
model uses a dual continua representation to account for 
flow in fracture and matrix systems. The modeled region 
is a slab oriented with a single emplacement drift. The 
slab extends vertically from the water table to the land 
surface. In one horizontal direction, the model region 
extends the 600 m distance of one-half of an emplacement 
drift plus 250 m stand-off distance to correctly account 
for edge cooling effects. Only one-half of the drift was 
modeled because of symmetry conditions; the current 
ventilation configuration has air entering from the two 
ends of the 1.2 krn drift and exiting through a shaft in the 
middle. In the other (thin) horizontal direction the slab 
extends the 40.5 meters from the center of a drift to the 
center of the pillar region. 

An unstructured grid was used to minimize the required 
size of the 3-d grid. A 20 m x 20 m detail from a vertical 
slice is shown in Figure 2. The grid was designed to 
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Figure 3: Heat load at drift wall at the repository 
center and edge as calculated with the coupled 
model. The waste package power output and the 
waste package power output reduced by 70% are 
also shown for comparison. 
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Figure 4: Heat load at drift wall at the repository 
center and edge as calculated with the coupled 
model. The waste package power output and the 
waste package power output reduced by 70% are 
also shown for comparison. 

provide sufficient detail near the emplacement drifts 
where large gradients in temperature and liquid saturation 
are possible, while using computationally efficient coarse 
grid cells away from the heated regions. Each vertical 
slice is comprised of 440 computational cells, which 
means a total of 880 cells when the fracture and matrix 
continua are accounted for. The final grid is extruded in 
20 layers along the length of the drift for a total of 17600 
cells. Hydrological properties and other input parameters 
can be found elsewhere (Painter et al., 2001). 

The power delivered to the drift wall at the repository 
edge and at the repository center as calculated from the 
coupled model is shown in Figure 3. For this example, 
the volumetric flow rate for the ventilation air is 10 m3/s 
and the heat transfer coefficients are 1.5 W/m2K. The 
power generated by the waste package is also shown; the 
difference between each calculated curve and the waste 
package output represents the heat removed by ventilation 



air at that location. Ventilation air enters the 
emplacement drift at the repository edge and increases in 
temperature as it flows along the drift to the repository 
center. For this reason, cooling by ventilation is more 
effective at the repository edge. Ventilation effectiveness 
increases in time as the rock wall heats up in response to 
the cumulative effective of the heating, which leads to 
higher wall and waste package temperatures and thus 
greater heat transfer to the flowing air. The dashed curve 
in Figure 3 is the waste package output scaled by a time- 
independent factor of 0.3. This curve is included for 
comparison because similar constant reduction factors 
have been used to model heat removal due to forced 
ventilation (U.S. Department of Energy, 2000). The 
results in Figure 3 clearly show that the actual reduction 
factor is strongly time dependent. The assumption of 70% 
reduction overestimates the actual fraction of heat 
removed by ventilation over the 50-year period (77% at 
the center and 89% at the edge). 

Sensitivity to the volumetric flow rate for the ventilation 
air is shown in Figure 4. Three flow rates are considered 
in this example: 5, 10 and 15 m3/s. The heat transfer 
coefficient is 1.89 W/mZK for the 15 m3/s case and is 
scaled by the Nusselt number Nu ot Q0” for the other 
cases (US. Department of Energy, 2000). The heat 
removed by the ventilation air increases with increasing 
flowrate, but the increase is slower than linear because of 
the effect of the nonlinear radiative transfer process. More 
detailed sensitivities will be described in a future 
publication. 

CONCLUSIONS 

These results demonstrate that computational models for 
drift climate and in-drift heat transport processes can be 
called directly from large thermal-hydrological simulation 
codes. Although the approach requires three-dimensional 
simulations and the sequential non-iterative coupling 
places a limitation on the time step size, the 
computational requirements are not excessive for 
contemporary single-processor computers. These coupled 
simulations more accurately track spatial and temporal 
variations in thermal conditions compared with simplified 
approaches that use a time- and space-independent heat 
reduction factor to account for the cooling effects of 
ventilation. 
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