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INTRODUCTION

Disposal of high-level radioactive waste in an unsaturated geological environment requires

understanding the moisture movement through the unsaturated zone. One of the key f,., is in

determining the long-term moisture movement is the inftltration rate. The in/titration rate is

influenced by climatological processes as well as the subsurface hydrogeological properties of the

unsaturated zone. In arid climates, evapotranspiration is a strongly-coup!_ thermodynamic

process that is controlled by the interaction of the atmospheric boundary layer _rtd the upper soil

surface; therefore, conventional methods of calculating evapotranspiration using mass balance are

not applicable. Simulation of these processes requires a fuUy-coupled thermodynamic multi-phase

fluid-flow and energy-transport code. An efficient computer code is required to simulate the effect

of dynamic atmospheric fluctuations on vapor movement between the soil and the atmosphere and

the resulting moisture movement in the soil.

The problem of interfacing the atmosphere with the surface soil layer is that the flow of air in the

atmosphere is turbulent even during the calmest days 2,5. The transport of vapor in the

atmospheric boundary layer near the ground surface is very fast and can be simulated with eddy

diffusion. Eddy diffusion is the mixing process between adjacent layers of the air stream with

different velocities. The mathematical description of the transport of vapor and other compounds
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across layers of fluid under turbulent conditions has been the subject of studies in chemical

engineering for a number of years I. Exact mathematical models of such systems require solution

of the Navier-Stokes and material/energy balance equations. Solving these equations is a very

difficult task even for simple systems. Numerical solutions are implemented in the atmospheric

sciences; however, they are not practical for application to simple evaporation from the soil due to

extensive computer requirements. The eddy diffusivity simplification has been used instead to

describe the mass and energy transfer across the boundary layers in turbulent conditions _,9`,s.The

transport of vapor from the molecular sublayer to the atmosphere is a function of surface

roughness, wind shear, and thermal stratification as well as the humidity (or vapor concentration)

gradient. Therefore, the rate of vertical vapor transfer (or evaporative flux) is given by:

q,,,p = -D;t, -_z (1)
ZO

and

p(z) =p'(z)h(z) (2)

where p is vapor density, p" is saturated-vapor density, and h is humidity. Eqn. 1 is similar to

Fick's law except that the molecular diffusion coefficient is replaced with D*.t,,,, the eddy

diffusivity. Eddy diffusivity varies with time as temperature and wind speed change with time.

Therefore, in order to couple soil processes with atmospheric processes, the eddy diffusivity and

the thermal diffusivity parameters must be varied dynamically in addition to the s0il boundary

conditions.

The principles described above can also be used to approximate transfer of heat across

atmospheric layers with turbulent flow 5"

OT
Fsn(z ) = Knpc p -_z (3)

where Kt.t is the eddy diffusion coefficient for heat (which in this case is set equal to D_t.,), p is the

density of air, Cp is the atmospheric specific heat at constant pressure, T is the temperature, and z

is the vertical distance above the ground surface. Therefore, thermal conductivity is calculated for

the atmospheric layers as:

K,,,,,,= D'.,t,,,pCp (4)
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This study was conducted as part of an ongoing investigation at Area 5 of the Nevada Test Site in

support of low-level radioactive waste management activities performed by Reynolds Electrical &

Engineering Company, Inc. (REECo) on behalf of the Department of Energy.

DESCRIPTION OF THE ACTUAL WORK

V-TOUGH (the Vectorized-version of TOUGH, Transport Of Unsaturated Ground water and

Heat) originally developed by Pruess 4 and vectorized by Nitao4 was chosen to be modified to

provide the capability to simulate atmospheric conditions. This new code, which is referred to as

A-TOUGH (2Stmospheric TOUGH), can simulate the 3-dimensional transport of air, vapor, and

heat through an atmospheric media which can be directly coupled with the transport of moisture,

an air-vapor mixture, and heat through porous and/or fractured media.

No other two-phase flow and energy transport code was available at the time to allow simultaneous

and dynamic variation of the boundary conditions and diffusion coefficients. In order to take

advantage of the existing solution routines in V-TOUGH, a routine was introduced that implements

the eddy diffusion coefficient instead of the soil diffusion coefficient whenever the transport

calculation is performed for soil to atmosphere and atmosphere to atmosphere. With this

implementation, 3-dimensional vapor transfer above and below the ground surface can be

simulated depending on the boundary conditions imposed by the user. In other words, the

atmosphere can be simulated as a separate medium with its own dynamic processes.

In order to provide dynamic boundary conditions, a splining routine was added to interpolate the

temperature, humidity, pressure, and eddy diffusivity from a user-specified table at every time step.

The table contains values for these parameters at various time intervals. The values of these

parameters are used to update the potential-describing parameters (temperature, humidity, and

pressure) for boundary layers. The splined eddy diffusivity is updated for aU atmospheric layers.

Many routines were added to facilitate input and output. For example, input and output of

humidity values (in addition to mass fraction) is based on units more commonly encountered in soil

physics and hydrology as opposed to the reservoir engineering units which TOUGH and V-

TOUGH use. Also, some new functions, such as a thermal conductivity function, was added for

convenience and versatility.

The resulting code was tested with many simple and some relatively complicated problem sets,

including a two-dimensional low-level radioactive waste trench with a layered cap. In addition, the

code was verified against the U.S. Geological Surveys code VS2D 3.
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RESULTS AND. CONCLUSIONS

The long-term effect of changes in atmospheric climatological conditions on subsurface

hydrological conditions in the unsaturated zone in arid environments is an important factor in

determining the performance of a high-level and low-level radioactive waste repositories in

geological environment. Computer simulation coupled with paleohydrological studies can be used

to understand and quantify the potential impact of future climatological conditions on repository

performance. A-TOUGH efficiendy simulates (given current state-of-the-art technology) the

physical processes involved in the near-surface atmosphere and its effect on subsurface conditions.

This efficiency is due to the numerical techniques used in TOUGH and the efficient computational

techniques used in V-TOUGH to solve non-linear thermodynamic equations that govern the flux of

vapor and energy within subsurface porous and fractured media and between these media and the

atmosphere.
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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.






