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ABSTRACT 

We simulate mountain-scale coupled heat transfer and 
gas flow at Yucca Mountain. A coupled rock-gas flow 
and heat transfer model, TGIF2, is used to simulate 
mountain-scale two-dimensional transient heat transfer 
and gas flow. 

The model is first verified against an analytical solution 
for the problem of an infinite horizontal layer of fluid 
heated from below. Our numerical results match very 
well with the analytical solution. 

Then, we obtain transient temperature and gas flow 
distributions inside the mountain. These distributions 
are used by a transient semianalytical particle tracker to 
obtain carbon-14 travel times for particles starting at 
different locations within the repository. 

Assuming that the repository is filled with 30-year-old 
waste at an initial areal power density of 57 kw/acre, we 
find that repository temperatures remain above 60 °C for 
more than 10,000 years. Carbon-14 travel times to the 
surface are mostly less than 1000 years, for particles 
starting at any time within the first 10,000 years. 

INTRODUCTION 

Subsurface gas flow at the potential repository 
site at Yucca Mountain, Nevada, is an important 
element in repository performance. Gas flow is 
significant for several reasons: 

• Carbon-14 released from waste packages will 
migrate to the surface in the gas phase.1 

v • Vapor movement can redistribute water above 
the repository.2 

• If gas flows are sufficiently large, convection 
will affect repository temperatures.3 

Because gas flows are driven by heat and in turn 
affect temperatures, accurate calculations require a 
transient coupled model of heat transfer and gas flow. 
Until recently, the only models available for such 
calculations were various versions of TOUGH4, which 
solves fully coupled equations for multi-phase flow of 
air, water, and heat both above and below the boiling 
point. By including so much physics, this model requires 
intensive use of computer resources and limits the size 
of feasible grids. 

To model the migration of carbon-14, a relatively 
fine grid is needed to represent migration paths with 
reasonable accuracy. We have developed a model 
which, by simplifying the physics, allows finer grids to be 
used. The principal simplification in this model, called 
TGIF2, is the assumption that relative humidity is always 
near 100 %. This allows the numerically challenging 
problem of unsaturated water movement to be omitted 
entirely from the model. The assumption is well 
satisfied in the deep subsurface as long as temperatures 
remain below the boiling point.s 

Using this model and a newly developed transient 
particle tracker, we have simulated the migration of 
carbon-14 from the potential repository to the surface. 
The simulations use three parallel, east-west cross-
sections which are taken from the Sandia National 
Laboratories Interactive Graphics Information System 
(IGIS).6 The latest information about mountain 
topography and stratigraphy has been incorporated in 
our simulations. The system is simulated with fixed 
temperature at a lower boundary far below the 
repository level and with the repository heated by a full 
load of waste packages with the heat input varying as a 
function of time. 

For each simulation, travel paths are determined 
for a large number of particles traveling from points 
evenly distributed throughout the potential repository 
area to the surface. The travel times are calculated 
along each path line for a particle of carbon-14 that is 
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retarded by isotopic exchange with bicarbonate dissolved 
in the aqueous phase 1. The concentration of dissolved 
bicarbonate is determined by assuming thermodynamic 
equilibrium with solid calcite and the measured rock-gas 
composition. 

The results of these calculations are presented as 
histograms of travel times. Each histogram represents 
the distribution of travel times throughout the repository 
(combining all three cross-sections). 

THE MODELS 

We analyze carbon-14 travel times at Yucca 
Mountain in two steps. First, we solve the transient, 
coupled gas flow and heat transfer by an explicit finite 
difference method using the TGIF2 model. Then we 
perform the transient particle tracking analysis (with the 
TRACK model) using velocity and temperature fields 
calculated by TGIF2 to obtain U C particle travel times. 

The TGIF2 model analyzes a gas whose humidity 
is maintained at 100% by evaporation or condensation 
of the water when the gas flows through pressure and 
temperature gradients. Flow of liquid water is not 
modeled explicitly, but water is assumed to flow toward 
areas of evaporation readily enough to keep the medium 
partially saturated. This humidity constraint is physically 
realistic; unsaturated soils and rocks almost always 
contain some liquid water except very near the ground 
surface, and this water keeps the humidity close to 
100%. s 

With these assumptions, the governing equations 
consist of four equations 7: a constitutive relation, Darcy's 
Law, a volume balance, and an energy balance. They 
are given by 
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where p is the gas density, R is the gas constant , T is 
temperature , n v and n a a r e the molar weights of water 
and dry air, g is the accelera t ion of gravity, k is the 
intrinsic permeabil i ty of the porous medium, p. is the gas 
viscosity, and z is a downward-point ing unit vector. T h e 
variable PY is the vapor pressure of water , which 
depends only on temperature because of the assumption 
of 100% humidity. By definition, we have Px = P - Pv. 
In the energy equation, Kt is the thermal conductivity of 
the porous medium, c is a conversion factor equal to 
4.18 x 10*7 erg cal" 1, c e " is the specific heat of gas at 
constant pressure, cp™* and p ^ are the specific heat 
and density of rock (including liquid water in the pores), 
Hy is the heat of vaporization of water, and n is the 
drained porosity. 

For given initial and boundary conditions at 
Yucca Mountain, Equations (1), (2), (3), and (4) can be 
solved for fields of density p, pressure P, temperature T, 
and gas flux q. The solution is obtained by an explicit 
transient finite difference technique. 

Carbon-14 will move more slowly than the 
uncondensible components of the gas, because it spends 
most of its time in the relatively immobile liquid phase 
as dissolved bicarbonate. This phenomenon has been 
incorporated in the model by using the reaction path 
model PHREEQE to model the geochemical system. The 
conceptual model of the geochemical system adopted 
here has three principal features 1 ' 9: 

• Sufficient calcium carbonate is present in the 
unsaturated zone to determine the aqueous 
chemistry, and to buffer the pH of the water. 
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• A relatively minor amount of calcium is derived 
from silicate weathering reactions; calcium 
concentrations are the result of equilibration with 
calcium carbonate. 
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• Fractionation plays a negligible role in 
removing U C from the gas phase, and 
concentrations of W C are proportional to those of 
1 2 C 

The relative concentrations of carbonate species 'in 



liquid and gas phases at equilibrium are used to 
calculate retardation factors for 1 4 C transport in the gas 
phase. 

The transient particle tracking employs a newly 
developed transient semianalytical theory.8 

NUMERICAL MODEL VERIFICATION 

To verify the TGIF2 model, we use an analytical 
solution of the stability problem for an infinite 
horizontal layer of gas heated from below. This problem 
was solved recently7 and is extremely useful for model 
verification because no other available analytical 
solution involves coupling among gas flow, water 
evaporation, and heat transfer, and experimental model 
validation is not possible on the full spatial and temporal 
scale of Yucca Mountain. 

The convective instability occurs only because of 
interactions between heat transfer and fluid flow. The 
value of the critical Rayleigh number is a direct 
quantitative measure of the coupling between these two 
processes.7 When the fluid is moist gas, the result is 
strongly affected by evaporation and condensation, 
reflecting also the coupling between gas and liquid. 
Consequently, the performance of a numerical model in 
computing the critical Rayleigh number for flow of moist 
gas is a very sensitive test of its accuracy in computing 
coupled heat transfer and two-phase fluid flow. 
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Table 1 
Parameter Values Used in Model Verification (the 

subscript s stands for values at the top surface) 

c '" 2.4 x 10"1 cal g"1 K"1 

_ rock 
C P 2.5 x 10"1 cal g' 1 K"1 

H 6.0 x lO"1 cm 

Kt 4.0 x 10*3 cal cm - 1 K - 1 s"1 

n 0.1 dimensionless 

P, 8.88 x 10s g cm"1 s"2 

Tt 
3.0 x 102 K 

M 1.86 x 10"' g cm' 1 s"1 

P. 1.00 x 10>3 g cm"3 

Prock 3.00 g cm"3 

The code is run with an upper no-flow boundary 
at 30°C and a lower boundary temperature of 74°C. 
Parameter values used in model verification are listed in 
Table 1. For these boundary conditions and system 
parameters, the analytical solution predicts a critical 
Rayleigh number of 0.512. The code is run with a range 
of permeabilities, corresponding to different Rayleigh 
numbers. Figure 1 shows gas fluxes for a typical solution 
above the critical Rayleigh number, with clearly defined 
convection cells. The maximum calculated gas velocity 

Rgure 1 - Numerically calculated gas flux (Darcy velocity) at Rayleigh number 2.32. The unit for velocity is 
cm/s and the unit for coordinates showing on the right and upper boundaries is cm. 



is plotted as a function of Rayleigh number in Figure 2. 
The numerically calculated onset of convection occurs at 
a Rayleigh number of approximately 1.2. Considering 
the extreme sensitivity of the simulation, the difference 
between an infinite layer and a finite numerical grid, and 
the approximations in the analytical solution, this 
represents good agreement. 

kOO 

3.00 
<L> 

E 
C 

2.00 

a 
cc 

t.00 

0 . 0 0 -f—i—i—i i )—i I i i—J-T—r~1—' I ' ' ' ' I '—'—'—T 
0.0000 0.0001 0.0002 0.0003 0.000* 0.0005 0.0006 

M a x i m u m veloci ty ( c m / s ) 

Figure 2 - Maximum gas flux calculated numerically, 
as a function of Rayleigh number. 

SIMULATIONS AND RESULTS 

We simulate gas flow, heat transfer, and 
carbon-14 travel times in three equally spaced east-west 
cross sections through Yucca Mountain. These cross 
sections are generated from Sandia's IGIS.6 The 
cross-sections contain three hydrostratigraphic 
subdivisions of the Paintbrush Tuff Formation. They dip 
approximately six degrees to the east and differ in 
permeability. The upper and lower layers represent the 
Tiva Canyon welded unit and the Topopah Spring 
welded unit. These are thick, welded, densely fractured, 
and relatively permeable. A permeability of 10"7 cm* is 
used for these layers. This is within the range of 
measured values, near the upper end of the range.1 0 The 
middle layer is the Paintbrush nonwelded unit, a thin 
(.40-60 m) nonwelded tuff which,includes all or part of 
several stratigraphic subdivisions of the Paintbrush Tuff. 
A permeability of 10"8 cm2 is used for the Paintbrush 
nonwelded unit 

The heat source (power output) is treated as a 
function of time5. We assume that the spent fuel is 30 
years old at the beginning of the calculation and the 
waste is emplaced at a constant rate evenly over a 25-
year period. The initial heat source density was 
uniformly over the initial repository area as 57 kw/acre. 
Because the waste is 30 years old when emplacement 
begins, the repository area is less than the 5.7 km2 used 
in previous studies 1 , 1 0 which assumed emplacement of 57 
kw/acre of 10-year-old waste. 

Carbon-14 particle travel times are calculated for 
a mathematical particle that is not affected by diffusion 
or dispersion. These processes would affect a particle of 
carbon-14 or any other contaminant and cause some 
spreading in the distribution of travel times. However, 
the spreading of travel times caused by the geometry of 
the mountain and the gas flow field is so large that 
diffusion and dispersion can safely be ignored. The 
calculated transient gas flow field is used for particle 
trajectory and travel time calculation by the TRACK 
code using the semianalytical method.8 

To prevent the results from being biased by a 
non-random selection of particle origins, particle starting 
locations are selected using a simple analogue of the 
Latin Hypercube method9. In each of the three cross 
sections, the repository is divided into 30-meter intervals 
and one panicle origin is chosen randomly within each 
interval. In ail, travel times from the repository to the 
surface are calculated for 260 points. This method gives 
less statistical noise and avoids clustering of starting 
points compared to having the same number of particles 
randomly and independently located. In this study we 
assume all 260 particles are released at the same time. 

Because the travel times vary with particle release 
time, we conduct particle tracking analysis at nineteen 
different release times ranging from 1,000 to 19,000 
years in increments of 1,000 years. 

Figures 3a through 3d are travel time histograms 
that combine the results of all three cross sections. 
Figures 4a through 4d illustrate calculated temperature 
fields at 1,000, 5,000,10,000, and 15,000 years for one of 
the three cross sections. Figure 3a shows travel times 
when the carbon-14 inventory is released at 1,000 years 
after waste emplacement At this early time, 
temperatures near the repository are high (Figure 4a) 
due to the large heat output Gas velocities near the 
repository area are larger than in the far field. The 
calculated carbon-14 travel times range from 200 to 600 
years. \ 
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Figure 3a - Retarded travel times of "C particles from 
the repository to the atmosphere with particles 
released at 1000 years. 
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Figure 3b - Retarded travel times of "C particles from 
the repository to the atmosphere with particles 
released at 5000 years. 
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Figure 3c - Retarded travel times of , 4C particles from 
the repository to the atmosphere with particles 
released at 10000 years. 

Figure 3d - Retarded travel times of "C particles from 
the repository to the atmosphere with particles 
released at 15000 years. 

At 5,000 years, the heat spreads outward and 
temperature gradients become smaller within the 
mountain (Figure 4b). Note that the hot area moves 
upward from the repository toward the mountain surface 
as a result of convective heat flow. Particles released at 
this time travel through the mountain in 300 to 900 years 
(Figure 3b). 

37759 76599 M3259 159998 186738 Z23598 268298 277988 

Figure 4a - Calculated temperature field at Yucca 
Mountain at 1000 years for cross section N765000. 
The unit for the temperature is °C. 

3000 19753 76S99 H3253 159999 166759 223599 269299 2*7999 

Figure 4b - Calculated temperature field at Yucca 
Mountain at 5000 years. 
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Figure 4c - Calculated temperature field at Yucca.. 
Mountain at 10000 years. 
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Figure 4d - Calculated temperature field at Yucca 
Mountain at 15000 years. 

As the time reaches 10,000 years, the temperature 
field within the mountain becomes smoother (Figure 4c) 
and temperature gradients are smaller than at earlier 
times. Carbon-14 particles released at this time travel 
slower than particles released earlier. Travel times 
range from 500 to 1,200 years (Figure 3c) 

Finally, we present the results when the waste has 
been emplaced 15,000 years. Less heat is being released 
from the repository, and the temperature and gas flow 
fields become more linearly distributed (Figure 4d). As 
time passes, gas velocity and temperature decrease and 
their magnitudes are much smaller than that at the 
earlier time. Particle travel times are slower and some 
of the particles can travel as long as 1,800 years before 
they escape from the mountain (Figure 3d). 

The travel times calculated for later times are 
faster than those previously calculated.10 This is due to 
the assumed emplacement of older waste at the same 
initial power density, leading to a larger mass density of 

waste in the repository. The heat output at late times 
depends on the mass density of the waste; thus, heat 
output and temperatures at these times are greater than 
in previous calculations. 

CONCLUSIONS 

The results from both verification and simulations 
show that TGIF2 is a reliable predictive model for 
mountain scale heat transfer and gas flow simulation. 
Both temperature and gas flow fields change dynamically 
through the simulation time. The thermal regime is 
found to be dominated by conduction in the early phase 
of the repository (several hundred years). As time 
passes, mountain-scale gas- flow becomes more 
pronounced. After several thousand years, it starts to 
decline. During this active period, carbon-14 particles 
can move quickly through the mountain. The 
simulations indicate that carbon-14 travel time is on the 
order of several hundred to one or two thousand years, 
which is less than the 10,000-year regulatory period and 
the 5720-year half life of carbon-14. 

ACKNOWLEDGEMENT 

This work was supported by Sandia National 
Laboratories as part of the Yucca Mountain Project of 
the U.S. Dept of Energy, Office of Civilian Radioactive 
Waste Management, under Contract No. 
DE-AC04-76DP00789. 

REFERENCES 

1. B. ROSS, S. AMTER, and N. LU, "Numerical 
Studies of Rock-Gas Flow in Yucca Mountain," 
SAND91-7034, Sandia National Laboratories (1992). 

2. T. A. BUSCHECK and J. NTTAO, The analysis 
of repository-heat-driven hydrothermal flow at Yucca 
Mountain", Proc. Intl Conf. High-Level Radioactive Waste 
Management, Las Vegas, April, 1993, pp. 847-867. 

3. B. ROSS, Y. ZHANG, and N. LU, "Implications 
of Stability Analysis for Heat Transfer at Yucca 
Mountain", Froc Intl Conf. High-Level Radioactive Waste 
Management, Las Vegas, April, 1993, pp. 584-589. 

4. K. PRUESS, TOUGH User's Guide," 
NUREG/CR-4645, U.S. Nuclear Regulatory Commission 
(1987). 



5. D. HILLEL, Fundamentals of Soil Physics, 
Academic Press inc., Orlando, 1980, p. 269. 

6. T. S. ORTIZ, R. L. WILLIAMS, F. B. NIMICK, 
B. C. WHITTET, and D. L. SOUTH, "A Three-
Dimensionai Model of Reference Thermal/Mechanical 
and Hydrological Stratigraphy at Yucca Mountain, 
Southern Nevada", SAND84-1076, Sandia National 
Laboratories, 1985. 

7. Y. ZHANG, N. LU, and B. ROSS, "Convective 
Instability of Moist Gas in a Porous Medium", Int. J. of 
Heat and Mass Transfer, in press, 1993. 

8. N. LU, "A Semianalytical Method of Path Line 
Computation for Transient Finite-Difference Ground 
Water Flow Models", submitted for publication, 1992. 

9. P. G. DOCTOR, P. W. ESUNGER, 
D. M. ELWOOD, D. W. ENGEL, M. D. FRESHLEY, 
A. M. LIEBETRAU, P. W. REIMUS, D. L. STRENGE, 
J. E. TANNER, and A. E. VAN LUIK, "An Example 
Postclosure Risk Assessment Using the Potential Yucca 
Mountain Site", PNL-8081, Pacific Northwest 
Laboratory, 1992. 

10. R. W. BARNARD, M. L. WILSON, 
H. A. DOCKERY, J. H. GAUTHIER, P. G. KAPLAN, 
R. R. EATON, F. W. BINGHAM, T. H. ROBEY, "An 
Initial Total-System Performance Assessment for Yucca 
Mountain, SAND91-2795, Sandia National Laboratories, 
1992. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 

* and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


