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PREFACE

This report describes a complex computer model for analysis of fluid flow
and solute or energy transport in subsurface systems. The user is cautioned
that while the model will accurately reproduce the physics of flow and transport
when used with proper discretization, it will give meaningful results only for
well-posed problems based on sufficient supporting data.

The user is requested to kindly notify the originating office of any errors
found in this report or in the computer program. Updates will occasionally be
made to both the report and the computer program to include corrections of
errors, addition of processes which may be simulated, and changes in numerical
algorithms. Users who wish to be added to the mailing list for updates may send

a request to the originating office at the following address:

Chief Hydrologist -~ SUTRA
U.S. Geological Survey
431 National Center
Reston, VA 22092

Copies of the computer program on tape are available at cost of processing
from:

U.S. Geological Survey
WATSTORE Program Office
437 National Center
Reston, VA 22092
Telephone: 703-860-6871

This report has been reviewed by the Public Affairs Office (AFESC/PA) and
is releasable to the National Technical Information Service (NTIS). At NTIS, it

will be available to the general public, including foreign nationals.
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ABSTRACT
SUTRA (Saturated-Unsaturated Transport) is a computer program which
simulates fluid movement and the transport of either energy or dissolved
substances in a subsurface environment. The model employs a two~dimensional
hybrid finite-element and integrated-finite-difference method to approximate
the governing equations that describe the two interdependent processes that

are simulated:

1) fluid density-dependent saturated or unsaturated ground-water flow,

and either

23) transport of a solute in the ground water, in which the solute may
be subject to: equilibrium adsorption on the porous matrix, and
both first-order and zero-order production or decay,

or,

Zb) transport of thermal energy in the ground water and solid matrix of

the aquifer.

SUTRA provides, as the primary calculated result, fluid pressures and either
solute concentrations or temperatures, as they vary with time, everywhere in
the simulated subsurface system. SUTRA may also be used to simulate simpler
subsets of the above process.

SUTRA flow simulation may be employed for areal and cross-sectional
modeling of saturated ground-water flow systems, and for cross-—sectional
modeling of unsaturated zone flow. Solute transport simulation using SUTRA
may be employed to model natural or man-induced chemical species transport in-

cluding processes of solute sorption, production and decay, and may be applied
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to analyze ground-water contaminant transport problems and aquifer restoration
designs. In addition, solute transport simulation with SUTRA may be used for
modeling of variable density leachate movement, and for cross-sectional modeling
of salt-water intrusion in aquifers at near-well or regional scales, with either
dispersed or relatively sharp transition zones between fresh water and salt water.
SUTRA energy transport simulation may be employed to model thermal regimes in
aquifers, subsurface heat conduction, aquifer thermal energy storage systems,
geothermal reservoirs, thermal pollution of aquifers, and natural hydrogeologic
convection systems.

Mesh construction is quite flexible for arbitréry geometries employing
quadrilateral finite elements in Cartesian or radial-cylindrical coordinate
systems. The mesh may be coarsened employing 'pinch nodes' in areas where
transport is unimportant. Permeabilities may be anisotropic and may vary
both in direction and magnitude throughout the system as may most other
aquifer and fluid properties. Boundary conditions, sources and sinks may be
time-dependent. A number of input data checks are made in order to verify the
input data set. An option is available for storing intermediate results and
restarting simulation at the intermediate time. An option to plot results pro-
duces output which may be contoured directly on the printer paper. Options are
also available to print fluid velocities in the system, to print fluid mass and
solute mass or energy budgets for the system, and to make temporal observations
at points in the system.

Both the mathematical basis for SUTRA and the program structure are highly
general, and are modularized to allow for straightforward addition of new methods
or processes to the simulation. The FORTRAN-77 coding stresses clarity and mod-

ularity rather than efficiency, providing easy access for eventual modifications.
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Chapter 1

Introduction

1.1 Purpose and Scope

SUTRA (Saturated-Unsaturated Transport) is a computer program which
simulates fluid movement and transport of either energy or dissolved substances
in a subsurface environment. The model employs a two-dimensional hybrid finite-
element and integrated-finite-difference method to approximate the governing

equations that describe the two interdependent processes that are simulated:

1) fluid density-dependent saturated or unsaturated ground-water flow,
and either
Za) transport of a solute in the ground water, in which the solute may

be subject to: equilibrium adsorption on the porous matrix, and
both first-order and zero-order production or decay,
or,

Zb) transport of thermal energy in the ground water and solid matrix of

the aquifer.

SUTRA provides, as the primary calculated result, fluid pressures and either
solute concentrations or temperatures, as they vary with time, everywhere in
the simulated subsurface system. SUTRA may also be used to simulate simpler

subsets of the above processes.



This report describes the physical-mathematical basis and the numerical
methodology of the SUTRA computer code. The report may be divided into three
levels which may be read depending on the reader's interest. The overview of
simulation with SUTRA and methods may be obtained from Chapter 1 - Introduction.
The basis, at a fundamental level, for a reader who will carry out simulations
with SUTRA may be obtained by additional reading of: Chapter 2 - Physical-
Mathematical Basis of SUTRA Simulation, which gives a complete and detailed
description of processes which SUTRA simulates and also describes each physical
parameter required by SUTRA input data, Chapter 3 - Fundamentals of Numerical
Algorithms, which gives an introduction to the numerical aspects of simulation
with SUTRA, Chapter 6 - Simulation Examples, and Chapter 7 - Simulation Setup
which includes the SUTRA Input Data List. Finally, for complete details of SUTRA
methodology, the following additional sections may be read: Chapter 4 - Numerical
Methods, and Chapter 5 - Other Methods and Algorithms. Chapter &4 provides the
detail upon which program modifications may be based, while portions of Chapter 5

are valuable background for certain simulation applications.

1.2 The Model

SUTRA is based on a general physical, mathematical and numerical struc-
ture implemented in the computer code in a modular design. This allows straight-
forward modifications and additions to the code. Eventual modifications may be,
for example, the addition of non-equilibrium sorption (such as two-site models),
equilibrium chemical reactions or chemical kinetics, or addition of over~ and

underburden heat loss functions, a well-bore model, or confining bed leakage.




The SUTRA model stresses general applicability, numerical robustness and
accuracy, and clarity in coding. Computational efficiency is somewhat dimin-
ished to preserve these qualities. The modular structure of SUTRA, however
allows implementation of any eventual changes which may improve efficiency.
Such modifications may be in the configuration of the matrix equations, in the
solution procedure for these equations, or in the finite-element integration
routines. Furthermore, the general nature and flexibility of the input data
allows easy adaptability to user-friendly and graphic input-output programming.
The modular structure would also ease major changes such as modifications for
multi-layer (quasi-three-dimensional) simulations, or for simultaneous energy
and solute transport simulations.

SUTRA is primarily intended for two-dimensional simulation of flow, and
either solute or energy transport in saturated variable-density systems. While
unsaturated flow and transport processes are included to allow simulation of
some unsaturated problems, SUTRA numerical algorithms are not specialized for
the non-linearities of unsaturated flow as would be required of a model simu~
lating only unsaturated flow. Lacking these special methods, SUTRA requires
fine spatial and temporal discretization for unsaturated flow, and is therefore
not an economical tool for extensive unsaturated flow modeling. The general
unsaturated capability is implemented in SUTRA because it fits simply in the
structure of other non-linear coefficients involved in density-dependent flow
and tramnsport simulation without requiring special algorithms. The unsaturated
flow capability is thus provided as a convenience to the user for occasional

analyses rather than as the primary application of this tool.



1.3 SUTRA Processes

Simulation using SUTRA is in two space dimensions, although a three-
dimensional quality is provided in that the thickness of the two-dimensional
region in the third direction may vary from point to point. Simulation may be
done in either the areal plane or in a cross-sectional view. The spatial coor-
dinate system may be either Cartesian (x,y) or radial-cylindrical (r,z). Areal
simulation is usually physically unrealistic for variable-density fluid problems.

Ground-water flow is simulated through numerical solution of a fluid mass
balance equation. The ground-water system may be either saturated, or partly or
completely unsaturated. Fluid density may be constant, or vary as a function
of solute concentrations or fluid temperature.

SUTRA tracks the transport of either solute mass or energy in the flowing
ground water through a unified equation which represents the transport of either
solute or energy. Solute transport is simulated through numerical solution of
a solute mass balance equation where solute concentration may affect fluid den-
sity. The single solute species may be transported conservatively, or it may
undergo equilibrium sorption (through linear, Freundlich or Langmuir isotherms).
In addition, the solute may be produced or decay through first- or zero-order
processes.

Energy transport is simulated though numerical solution of an energy bal-
ance equation. The solid grains of the aquifer matrix and fluid are locally
assumed to have equai temperature, and fluid density and viscosity may be

affected by the temperature.




Almost all aquifer material, flow, and transport parameters may vary in
value throughout the simulated region. Sources and boundary conditions of
fluid, solute and energy may be specified to vary with time or may be constant.

SUTRA dispersion processes include diffusion and two types of fluid
velocity-dependent dispersion. The standard dispersion model for isotropic
media assumes direction-independent values of longitudinal and transverse dis-
persivity. A velocity-dependent dispersion process for anisotropic media is
also provided and is introduced in the SUTRA documentation. This process
assumes that longitudinal dispersivity varies depending on the angle between
the flow direction and the principal axis of aquifer permeability when perme-

ability is anisotropic.

1.4 Some SUTRA Applications

SUTRA may be employed in one- or two-dimensional analyses. Flow and
transport simulation may be either steady-state which requires only a single
solution step, or transient which requires a series of time steps in the numer-
ical solution. Single-step steady-state solutions are usually not appropriate
for non-linear problems with variable density, saturation, viscosity and non-
linear sorption.

SUTRA flow simulation may be employed for areal and cross-sectional
modeling of saturated ground-water flow systems, and unsaturated zone flow.
Some aquifer tests may be analyzed with flow simulation. SUTRA solute trans-
port simulation may be employed to model natural or man-induced chemical
species transport including processes of solute sorption, production and decay.
Such simulation may be used to analyze ground-water contaminant transport prob-

lems and aquifer restoration designs. SUTRA solute transport simulation may



also be used for modeling of variable density leachate movement, and for cross-
sectional modeling of salt-water intrusion in aquifers at both near-well or
regional scales with either dispersed or relatively sharp transition zones be-
tween fresh water and salt water. SUTRA energy transport simulation may be
employed to model thermal regimes in aquifers, subsurface heat conduction, aquifer
thermal energy storage systems, geothermal reservoirs, thermal pollution of

aquifers, and natural hydrogeologic convection systems.
1.5 SUTRA Numerical Methods

SUTRA simulation is based on a hybridization of finite-element and inte-
grated-finite-difference methods employed in the framework of a method of
weighted residuals. The method is robust and accurate when employed with
proper spatial and temporal discretization. Standard finite-element approxi-
mations are employed only for terms in the balance equations which describe
fluxes of fluid mass, solute mass and energy. All other non-flux terms are
approximated with a finite-element mesh version of the integrated-finite-
difference methods. The hybrid method is the simplest and most economical
approach which preserves the mathematical elegance and geometric flexibility
of finite-element simulation, while taking advantage of finite-difference
efficiency.

SUTRA employs a new method for calculation of fluid velocities. Fluid
velocities, when calculated with standard finite-element methods for systems
with variable fluid density, may display spurious numerically generated compo-
nents within each element. These errors are due to fundamental numerical

inconsistencies in spatial and temporal approximations for the pressure gradient



and density-gravity terms which are involved in velocity calculation. Spurious
velocities can significantly add to the dispersion of solute or energy. This
false dispersion makes accurate simulation of all but systems with very low
vertical concentration or temperature gradients impossible, even with fine
vertical spatial discretization. Velocities as calculated in SUTRA, however,
are based on a new, consistent, spatial and temporal discretization, as intro-
duced in this report. The consistently-evaluated velocities allow stable and
accurate transport simulation (even at steady state) for systems with large
vertical gradients of concentration or temperature. An example of such a
system that SUTRA successfully simulates is a cross-sectional regional model
of a coastal aquifer wherein the transition zone between horizontally flowing
fresh water and deep stagnant salt water is relatively narrow.

The time discretization used in SUTRA is based on a backwards finite-
difference approximation for the time derivatives in the balance equations.
Some non-linear coefficients are evaluated at the new time level of solution
by projection, while others are evaluated at the previous time level for non-
iterative solutions. All coefficients are evaluated at the new time level for
iterative solutions.

The finite-element method allows the simulation of irregular regions with
irregular internal discretization. This is made possible through use of quad-
rilateral elements with four corner nodes. Coefficients and properties of the
system may vary in value throughout the mesh. Manual construction and data pre-
paration for an irregular mesh requires considerable labor, and it may be worth-
while for the user to develop or obtain interactive software for this purpose

in the event that irregular mesh construction is often required.




'Pinch nodes' may be introduced in the finite-element mesh to allow for
quick changes in mesh size from a fine mesh in the region where transport is of
primary interest, to the external region, where only a coarse mesh is needed to
define the flow system. Pinch nodes, although simplifying mesh design and re-
ducing the number of nodes required in a particular mesh, also increases the
matrix equation band width. Because SUTRA employs a band solver, the increased
band width due to the use of pinch nodes may offset the gain in computational
efficiency due to fewer nodes. Substitution of a non-band-width-dependent
solver would guarantee the advantage that pinch nodes can provide. However,
mesh designs employing pinch nodes may be experimented with, using the present
solver.

SUTRA includes an optional numerical method based on asymmetric finite
element weighting functions which results in 'upstream weighting' of advective
transport and unsaturated fluid flux terms. Although upstream weighting has
typically been employed to achieve stable, non-oscillatory solutions to trans-
port problems and unsaturated flow problems, the method is not recommended for
general use as it merely changes the physical system being simulated by in-
creasing the magnitude of the dispersion process. A practical use of the method
is, however, to provide a simulation of the sharpest concentration or temperature
variations possible with a given mesh. This is obtained by specifying a simula~-
tion with absolutely no physical diffusion or dispersion, and with 50% upstream
weighting. The results may be interpreted as the solution with the minimum
amount of dispersion possible for a stable result in the particular mesh in use.

In general simulation analyses of transport, upstream weighting is dis~

couraged. The non-upstream methods are also provided by SUTRA, and are based
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on symmetric weighting functions. These methods are robust and accurate when
the finite~element mesh is properly designed for a particular simulation, and

are those which should be used for most transport simulations.

1.6 SUTRA as a Tool of Analysis

SUTRA will provide clear, accurate answers only to well-posed, well-
defined, and well-discretized simulation problems. In less-well-defined
systems, SUTRA simulation can help visualize a conceptual model of the flow
and transport regime, and can aid in deciding between various conceptual models.
In such less-well-defined systems, simulation can help answer questions such as:
Is the (inaccessible) aquifer boundary which is (probably) ten kilometers offshore
either leaky or impermeable? How leaky? Does this boundary affect the primary
analysis of onshore water supply?

SUTRA is not useful for making exact predictions of future responses of
the typical hydrologic systems which are not well defined. Rather, SUTIRA is
useful for hypothesis testing and for helping to understand the physics of
such a system. On the other hand, developing an understanding of a system based
on simulation analysis can help make a set of worthwhile predictions which are
predicated on uncertainty of both the physical model design and model parameter
values. In particular, transport simulation which relies on large amounts of
dispersion must be considered an uncertain basis_for prediction, because of the
highly idealized description inherent in the SUTRA dispersion process.

A simulation-based prediction made with certainty is often ingppropriate.
and an "if-then" prediction is more realistic. A reasonable type of result of

SUTRA simulation analysis may thus be: "Based on the uncertainty in location
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and type of boundary condition A, and uncertainty in the distribution of values
for parameters B and C, the following predictions are made. The extreme, but
reasonable combination of A, B, and C results in prediction X; tﬁe opposite
reasonable extreme combination of A, B, and C results in prediction Y; the
combination of best estimates of A, B, and C, results in prediction Z, and is
considered most likely."

In some cases, the available real data on a system may be so poor that a
simulation using SUTRA is so ambiguously defined that no prediction at all can
be made. In this instance, the simulation may be used to point out the need for
particular types of data collection. The model could be used to advantage in
visuvalizing possible regimes of system behavior rather than to determine which

is accurate.
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Chapter 2

Physical-Mathematical Basis of SUTRA Simulation

The physical mechanisms which drive thermal energy transport and solute
transport in the subsurface environment are described by nearly identical mathema~-
tical expressions. SUTRA takes advantage of this similarity, and with a simple
program structure provides for simulation of either energy or solute transport.
In fact, SUTRA simulation combines two physical models, one to simulate the flow
of ground water, and the second to simulate the movement of either thermal energy
or a single solute in the ground water.

The primary variable upon which the flow model is based is fluid pressure,
p{M/(L-sz)] = p(x,y,t). Pressure may vary spatially in the ground-water
system, as well as with time. Pressure is expressed as a combination of fluid
mass units, [M], length units ,[L], and time units in seconds, [s]. Fluid den-
sity may vary depending on the local value of fluid temperature or solute con-
centration. Variation in fluid density, aside from fluid pressure differences,
may itself drive flows. The effects of gravity acting on fluids with different
density must therefore be accounted for in the flow field.

The flow of ground water, in turn, is a fundamental mechanism upon which
the physical models of energy transport and solute transport are based. The
primary variable characterizing the thermal energy distribution in a ground-
water system is fluid temperature, T[°C] = T(x,y,t), in degrees Celciu.s, which
may vary spatially and with time. The primary variable characterizing the state
of solute distribution in a ground-water system is solute mass fraction,

Cc[{Mg/M] = C(x,y,t), which may also vary spatially and with time. The units are

a ratio of solute mass, [Mg] to fluid mass, [M]. The term 'solute mass fraction'
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may be used interchangeably with 'solute concentration', and no difference should
be implied. Note that 'solute volumetric concentration', c[Mg/Lg3], (mass
of solute, Mg, per volume of fluid, Lf3), is not the primary variable
characterizing solute transport referred to either in this report or in output
from the SUTRA model. Note that the measure of solute mass [Mg] may be in
units such as [mg), [kg)}, [moles], or [lbm], and may differ from the measure,
[M], of fluid mass.
SUTRA allows only the transport of either thermal energy or a single
solute to be modeled in a given simulation. Thus, when simulating energy trans-
port, a constant value of solute concentration 1s assumed in the ground water.
When simulating solute transport, a constant ground-water temperature 1s assumed.
SUTRA simulation is carried out in two space dimensions with parameters
varying in these two directions. However, the region of space to be simulated
may be defined as three dimensional, when the assumption is made that all SUTRA
parameters and coefficients have a constant value in the third space direction.
A SUTRA simulation may be carried out over a region defined over two space
coordinates (x,y) in which the thickness of the region measured in the third co-

ordinate direction (z) varies depending on (x,y) position.

2.1 Physical Properties of Solid Matrix and Fluid

Fluid physical properties

The ground-water fluid density and viscosity may vary depending on pressure,
temperature and solute concentration. These fundamental variables are defined

as follows:
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p(x,y.t) [M/(L-s2) | fluid pressure
T(x,y.t) [“cl fluid temperature (degrees Celcius)
Cix,y,t) I Mg/M] fluid solute mass fraction
(or solute concentration) (mass
solute per mass total fluid)

As a point of reference, the 'solute volumetric concentration' is defined in

terms of fluid density, p:

c(x,y,t) IMS/Lgl solute volumetric concentration
{mass solute per volume total fluid)

p(x,y,t) lM/L;I fluid density
c = pC (2.1)
P =py + C (2.2)

Total fluid density is the sum of pure water density, py, and c. Note again
that 'solute concentration' refers to solute mass fraction, C, and not c.
Fluid density, while a weak function of pressure is primarily dependent upon
fluid solute concentration and temperature. The approximate density models
employed by SUTRA are first order Taylor expansions about a base (reference)
density other density models may be substituted through minor modifications to

the program. For energy transport:

= . % (-
0 o(T) = p +ox (T-T) (2.3)
o, iM/Lgl base fluid density at T=T,
To {°cl base fluid temperature

where p, is the base fluid density at a base (reference) temperature of T,,

and 9p/0T is a constant value of density change with temperature. For the
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range 20°C to 60°C, 9p/3T is approximately -.375 [kg/(m3-°C)]; however,
this factor varies and should be carefully chosen for the temperature range
of interest.

For solute transport:

" B (o -
p=p(C)=2p +35(C~C) (2.4)
3 ,
0, [M/Lf] base fluid density at C=C_
Co (MS/M] base fluid solute concentration

where p, is the base fluid density at base concentration, C,. (Usually,
Co= 0, and the base density is that of pure water.) The factor 3p/dC is
a constant value of density change with concentration. For example, for mix-
tures of fresh and sea water at 20°C, when C is the mass fraction of total
dissolved solids, Cy = 0, and py = 998.2 [kg/m3], then the factor, dp/3C,
is approximately 700. [kg/m3].

Fluid viscosity, u [M/Lg-s}, is a weak function of pressure and of con-
centration, (for all except very high concentrations), and depends primarily on
fluid temperature. For energy transport the viscosity of pure water is given

in m-k-s units by:

248.37

(T+133.15

)

7 [kg/(m+s)] (2.5)

w(T) = (239.4 x 107") 10
(The units may be converted to those desired via a scale factor in the program
input data.)

For solute transport, viscosity is taken to be constant. For example, at 20°C

in m~k-s units:

W)y o 1.0 x 107> [kg/(m-s)) (2.6)

20°C
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Properties of fluid within the solid matrix

The total volume of a porous medium is composed of a matrix of solid grains
typically of solid earth materials, and of void space which includes the entire
remaining volume which the solid does not fill. The volume of void space may be
fully or partly filled with gas or liquid, and is commonly referred to as the
pore volume. Porosity is defined as a volume of voids in the soil matrix per

total volume of voids plus matrix:

e(x,y,.t) (1] porosity
(volume of voids per total volume)

where [1] indicates a dimensionless quantity.

It should be noted that SUTRA employs only one type of porosity, €. 1In
some instances there may be need to distinguish between a porosity for pores
which take part in fluid flow, and pores which contain stagnant fluid. (Mod-
ifications may be made by the user to include this process.)

The fraction of total volume filled by the fluid is €Sy where:

Sw(x,y.t) (1] water saturation (saturation)
(volume of water per volume of voids)

When S, = 1, the void space is completely filled with fluid and is said to
be saturated. When S, < 1, the void space is only partly water filled and
is referred to as being unsaturated.

When S, ¢ 1, water adheres to the surface of solid grains by surface ten-
sion effects, and the fluid pressure is less than atmospheric. Fluid pressure,
p, is measured with respect to background or atmospheric pressure. The negative

pressure is defined as capillary pressure, which exists only for p < O:

19




pc(x,y,t) [M/(L'sz)] capillary pressure

P, =P when p < O

P, = 0 when p ) 0 (2.7)
In a saturated porous medium, as fluid (gauge) pressure drops below zero, air
may not directly enter the void space, but may enter suddenly when a critical

capillary pressure is reached. This pressure, pcept: 18 the entry pressure

(or bubble pressure):
Pcent [M/(L-s2)] entry capillary pressure

Typical values for p.ept range from about 1. x 103 [kg/(m'sz)] for coarse
sand to approximately 5. x 103 [kg/(m-s2)] for fine silty sand.

The relationship between fluid saturation and capillary pressure in a given
medium is typically determined by laboratory experiment, and except for the
portion near bubble pressure, tends to have an exponential character (Figure 2.1).
Different functional relationships exists for different materials as measured in
the laboratory. Also a number of general functions with parameters to be fitted
to laboratory data are available. Because of the variety of possible functions,
no particular function is set by SUTRA; any desired function may be specified
for simulation of unsaturated flow. For example, a general function with three

fitting parameters is (Van Genuchten, 1980):

(2:_.1.
S =8 + (1-5 )[-————-——1———-—~] n (2.8)
w wres wres

1+ (apc)n
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Figure 2.1

Saturation~capillary pressure relationship (schematic).
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where Sy rog is a residual saturation below which saturation is not expected to
fall (because the fluid becomes immobile), and both a and n are parameters. The
values of these parameters depend upon a number of factors and must be carefully
chosen for a particular material.

The total mass of fluid contained in a total volume, VOL, of solid matrix
plus pore space is (eSyp)VOL. The actual amount of total fluid mass contained
depends solely on fluid pressure, p, and solute concentration, C, or fluid temp-
erature, T. A change in total fluid mass in a volume, assuming VOL is constant,

is expressed as follows:

9(eSwo) 3(eSwp)
vop-d(eswp) = VOL - [——-—5;——— dp + 5 du] (2.9)

where U represents either C or T. Saturation, Sw’ is entirely dependent on

fluid pressure, and porosity, €, does not depend on concentration or temperature:

as

: = voL-[(s 2L&p) v 3p
VOL d(eSwp) VOL [(sw op + €p 5D )dp + €S, 35 du] (2.10)

The factor, asw/ap, is obtained by differentiation of the chosen saturation-
capillary pressure relationship. For the example function given as (2.8),

jiw ) a(n-1) (l-swres) g:TTg(n-l) (2.11)

(1 + (apc)nx n

The factor, 3p/3U, is a constant value defined by the assumed density models,

given by equations (2.3) and (2.4).
Aquifer storativity under fully saturated conditions is related to the

factor, 9(ep)/dp, by definition, as follows (Bear, 1979):
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dp = op (2.12)
where:
1 AVOLw
Sop = VoL ( Ap ) (2.13)
2, ,~1 . ,
Sop(x.y) [M/(L+s®)] specific pressure storativity

The specific pressure storativity, Sopv is the volume of water released from
saturated pore storage due to a unit drop in fluid pressure per total solid ma-
trix plus pore volume. Note that the common specific storativity, S, [L-1],
which when multiplied by confined aquifer thickness gives the well known storage
coefficient, S{1]}, is related to Sop as: Sg = plglSgp, where lgl[L/s2]
is the magnitude of the gravitational acceleration vector. The common specific
storativity, S,, is analagous to specific pressure storativity, Sop’ used in
SUTRA, except that S, expresses the volume of water released from pore storage
due to a unit drop in piezometric head.

SUTRA employs an expanded form of the specific pressure storativity based
on fluid and bulk porous matrix compressibilities. The relationship is

obtained as follows by expanding equation (2.12)

e, . 30
p S p 3p + € (2.14)

g = 21? ap (2.15)

B [M/(L'sz)]‘-1 fluid compressibility
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which allows the last term of (2.14) to be replaced by e€pB. For pure water at
20°C, B~4.47 X 10710 [kg/(m-sz)]'.‘1 As the volume of solid grains VOL_, in a
volume, VOL, of porous solid matrix plus void space is VOLs = (1-€)-VOL, the

factor, d¢/dp, may be expressed as:

3 _ (1-e) _d(voL)
ap VOL dp (2.16)

which assumes that individual solid grains are relatively incompressible.

The total stress at any point in the solid matrix-fluid system is the sum of
effective (intergranular) stress, o' [M/(L-s2)}, and fluid pore pressure, p.

In systems where the total stress remains nearly constant, do' = ~ dp, and

any drop in fluid pressure increases intergranular stress by a like amount.
This consideration allows (2.16) to be expressed in terms of bulk porous matrix

compressibility, as: 3¢/dp = (l~¢)a, where

o & 1 3(VoL) (2.17)

~ VoL o0’
2,4-1 .
o M/ (L-357)] porous matrix compressibility
g’ [M/(L-sz)] intergranular stress

Factor « ranges from o ~ 10~10 [kg/(m'sz)]—l for sound bedrock to about
o~ 10-7 [kg/(m'sz)]—1 for clay. Thus equation (2.14) may be rewritten as
pSop = p(l-e)a + €pB, and, in effect, the specific pressure storativity,

S , 1s expanded as:
op

SOp = (l-e)o + €B (2.18)

A more thorough discussion of storativity is presented by Bear (1979).
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2.2 Description of Saturated-Unsaturated Ground-water Flow

Fluid flow and flow properties

Fluid movement in porous media where fluid density varies spatially may be driven
by either differences in fluid pressure or by unstable variations in fluid den-
sity. Pressure~-driven flows, for example, are directed from regions of higher
than hydrostatic fluid pressure toward regions of lower than hydrostatic pres-
sure. Density~-driven flows occur when gravity forces act on denser regions of
fluid causing them to flow downward relative to fluid regions which are less
dense. A stable density configuration drives no flow, and is one in which
fluid density remains constant or increases with depth.

The mechanisms of pressure and density driving forces for flow are ex-
pressed for SUTRA simulation by a general form of Darcy's law which is commonly

used to describe flow in porous media:

K,
v=- (73 u) * (Yp-pg) (2.19a)
w
where:
v (x,y,t) [L/s] average fluid velocity
k (x,y) [LZ] solid matrix permeability
(2 X 2 tensor of values)
kr(x,y,t) {1] relative permeability to fluid flow
(assumed to be independent of direction.)
£ [L/sz] gravitational acceleration (gravity vector)

(1 x 2 vector of values)
The gravity vector is defined in relation to the direction in which

vertical elevation is measured:
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g ® -|g| V(ELEVATION) (2.19b)

where |g| is the magnitude of the gravitational acceleration vector. For example,
if the y-space-coordinate is oriented directly upwards, then Z(ELEVATION) is a
vector of values (for x and y directions, respectively): (0,1), and g = (0,-{gl).
If for example, ELEVATION increases in the x-y plane at a 60° angle to the
x-axis, then V(ELEVATION) = ((1/2), (3%/2)) and g = (~-(1/2)|gl, *(3%/2)iﬂl)-

The average fluid velocity, v, is the velocity of fluid with respect to the
stationary solid matrix. The so-called Darcy velocity, g, for the sake of ref-
erence, is g = eswz. This value is always less than the true average fluid
velocity, v, and thus, not being a true indicator of the speed of water move-
ment, 'Darcy velocity', g, is not a useful concept in simulation of subsurface
transport. The velocity is referred to as an 'average', because true velocities
in a porous medium vary from point to point due to variations in the permeabil-
ity and porosity of the medium at a spatial scale smaller than that at which
measurements were made.

Fluid velocity, even for a given pressure and density distribution, may take
on different values depending on how mobile the fluid is within the solid matrix.
Fluid mobility depends on the combination of permeability, k, relative perme~
ability, kr’ and viscosity, u, that occurs in equation (2.19a). Permeability is
a measure of the ease of fluid movement through interconnected voids in the solid
matrix when all voids are completely saturated. Relative permeability expresses
what fraction of the total permeability remains when the voids are only partly
fluid-filled and only part of the total interconnected void space is, in fact,
connected by continuous fluid channels. Viscosity directly expresses ease of

fluid flow; a less viscous fluid flows more readily under a driving force.
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As a point of reference, in order to relate the general form of Darcy's
law, (2.19a), back to a better-known form dependent on hydraulic head, the
dependence of flow on density and saturation must be ignored. When the solid
matrix is fully saturated, Sy, = 1, the relative permeability to flow is unity
ky = 1. When, in addition, fluid density is constant, the right side of

(2.19a) expanded by (2.19b) may be multiplied and divided by p|g]:

~kolgl
v (v (_E_olgl) + V (ELEVATION)] (2.20a)

The hydraulic conductivity, K (x,y,t) [L/s], may be identified in this equation
as, K=(kp|gl)/u; pressure head, hp(x,y,t) [L], is hp = p/(plgl). Hydraulic

head, h(x,y,t) [L], is h = hp + ELEVATION. Thus, for constant density,

saturated flow:
V= - (5) - Vh (2.20b)

which is Darcy's law written in terms of the hydraulic head. Even in this

basic form of Darcy's law, flow may depend on solute concentration and temp-
erature. The hydraulic conductivity, through viscosity, is highly dependent

on temperature, and measurably, but considerably less on concentration. In
cases where density or viscosity are not constant, therefore, hydraulic con-
ductivity, K, is not a fundamental parameter describing ease of flow through the
solid matrix. Permeability, k, is in most situations, essentially independent
of pressure, temperature and concentration and therefore is the appropriate

fundamental parameter describing ease of flow in the SUTRA model.
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Permeability, g, describes ease of fluid flow in a saturated solid matrix.
When permeability to flow in a particular small volume of solid matrix differs
depending upon in which direction the flow occurs, the permeability is said to
be anisotropic. Direction-independent permeability is called isotropic. It is
commonly assumed that permeability is the same for flow forward or backward
along a particular line in space. When permeability is anisotropic, there is
always one particular direction, xp, along which permeability has an absolute
%)

maximum value, k L

max . Somewhere in the plane perpendicular to the 'maximum

direction' there is a direction, X in which permeability has the absolute
minimum value, kmin{Lz], which exists for the particular volume of solid matrix.
Thus, in two dimensions, there are two principal orthogonal directions of
anisotropic permeability. Both principal directions, xp and X+ are assumed to
be within the (x,y) plane of the two-dimensional model.

The permeability tensor, k, of Darcy's law, equation (2.19) has four com~
ponents in two dimensions. These tensorial components have values which depend
on effective permeabilities in the x and y coordinate directions which are not
. necessarily exactly aligned with the principal directions of permeability. The
fact that maximum and minimum principal permeability values may change in both
value and direction from place to place in the modeled region makes the calcu~
lation of the permeability tensor, which is aligned in x and y, complex. The
required coordinate rotations are carried out automatically by SUTRA according
to the method described in section 5.1, "Rotation of Permeability Tensor".

An anisotropic permeability field in two dimensions is completely described
by the values kmax and kmin' and the angle orienting the principal directions,
xp and X to the x and y directions through the permeability ellipse shown in

Figure 2.2. The semi-major and semi~minor axes of the ellipse are defined as
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Figure 2.2

Definition of anisotro
permeability, k.

Pic permeability and effective
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ax’ and kiin’ respectively, and the length of any radius is k%, where k is the
effective permeability for flow along that direction. Only, k , k , and
max min

8, the angle between the x-axis and the maximum direction xp need be specified

to define the permeability, k, in any direction, where:

kmax(x.y) [LZ} absolute maximum value of permeability
kmin(x,y) [L2] absolute minimum value of permeability
0(x,y) [°] angle from +x-coordinate axis to di-

rection of maximum permeability, xp

In the case of isotropic permeability, k

max kmin’ and 0 is arbitrary.

The discussion of isotropic and anisotropic permeability, k, applies as
well to flow in an unsaturated solid matrix, Sw < 1, although unsaturated flow
has additional unique properties which require definition. When fluid capillary

pressure, p ., is less than entry capillary pressure, P, , the void space is

ent
saturated Sw = 1, and local porous medium flow properties are not pressure-~
dependent but depend only on void space geometry and connectivity. When

P, > Peent then air or another gas has entered the matrix and the void space

is only partly fluid filled, Sw < 1. 1In this case, the ease with which fluid
can pass through the solid matrix depends on the remaining cross-section of
well-connected fluid channels through the matrix, as well as on surface tension
forces at fluid-gas, and fluid-solid interfaces. When saturation is so small
such that no interconnected fluid channels exist and residual fluid is scattered
about and tightly bound in the smallest void spaces by surface tension, flow

ceases entirely. The relative permeability to flow, kr’ which is a measure

of this behavior, varies from a value of zero or near-zero at the residual fluid
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saturation, Swres’ to a value of one at saturation, Sw = 1. A relative permea-
bility-saturation relationship (Figure 2.3) is typically determined for a par-
ticular solid matrix material in the laboratory as is the relationship, Sw(pc)'
Relative permeability is assumed in SUTRA to be independent of direction in the
porous media.

SUTRA allows any desired function to be specified which gives the relative
permeability in terms of saturation or pressure. A general function, for ex-

ample, based on the saturation-capillary pressure relationship given as an example

in (2.8) is (Van Genuchten, 1980):
*} NS il § 2

k =8 1-[1-5 n-l] n (2.21a)
w w

*
where the a dimensionless saturation, Sw’ is given by:

& . 5 = Sures (2.21b)
w 1 -8 '
wres

Flow in the gaseous phase that fills the remaining void space not con-
taining fluid when Sw ¢ 1 is assumed not to contribute significantly to total
solute or energy transport which is due primarily to fluid flow and other trans-
port processes through both fluid and solid matrix. Furthermore it is assumed
that pressure differences within the gas do not drive significant fluid flow.
These assumptions are justified in most common situations when gas pressure
is approximately constant throughout the solid matrix system. Should gas pres-
sure vary appreciably in a field system, simulation with SUTRA, which is by def-
inition a single phase flow and transport model, must be critically evaluated
against the possible necessity of employing a multiphase fluid flow and trans-

port model.
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Relative permeability-saturation relationship (schematic).

32



Fluid mass balance

The "so-called” flow simulation provided by SUTRA is in actua;ity a calcul-
ation of how the amount of fluid mass contained within the void spaces of the
solid matrix changes with time. In a particular volume of solid matrix and void
space, the total fluid mass (sSwp)-VOL, may change with time due to: ambient
ground-water inflows or outflows, injection or withdrawal wells, changes in
fluid density caused by changing temperature or concentration, or changes in
saturation. SUTRA flow simulation is, in fact, a fluid mass balance which keeps
track of the fluid mass contained at every point in the simulated ground-water
system as it changes with time due to flows, wells, and saturation or density
changes.

The fluid mass balance is expressed as the sum of pure water and pure

solute mass balances for a solid matrix in which there is negligible net

movement !
3(€Sw0)
e = - L(eSpy) +Q 4T (2.22)

where:

Q (x,y,t) [M/(L3°8)] fluid mass source (including pure

P water mass plus solute mass dissolved
in source water)
T (x,y,t) [M/(L3's)] solute mass source (e.g., dissolution

of solid matrix or desorption)
The term on the left may be recognized as the total change in fluid mass con-
tained in the void space with time. The term involving V represents contributions
to local fluid mass change due to excess of fluid inflows over outflows at a
point. The fluid mass source term, Qp’ accounts for external additions of fluid
including pure water mass plus the mass of any solute dissolved in the source

fluid. The pure solute mass source term, T, may account for external additions
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of pure solute mass not associated with a fluid source. In most cases, this
contribution to the total mass is small compared to the total pure water mass
contributed by fluid sources, Qp. Pure solute sources, T, are therefore
neglected in the fluid mass balance, but may be readily included in SUTRA for
special situations. Note that solute mass sources are not neglected in the
solute mass balance, which is discussed in section 2.4.

While (2.22) is the most fundamental form of the fluid mass balance, it is
necessary to express each mechanism represented by a term of the equation, in
terms of the primary variables, p, C, and T. As SUTRA allows variation in only
one of C or T at a time, the letter U is employed to represent either of these
quantities. The development from equation (2.9) to (2.18) allows the time der-

ivative in (2.22) to be expanded:

3(eS p) 3s
W - w, 8p ap au
at (Swpsop toep ap) at + (esw 8U) at (2.23)

While the concepts upon which specific pressure storativity, Sop’ is based, do
not exactly hold for unsaturated media, the error introduced by summing the
storativity term with the term involving (BSwlap) is insignificant as
(asw/ap) > Sop'

The exact form of the fluid mass balance as implemented in SUTRA is obtained
from (2.22) by neglecting T, substituting (2.23) and employing Darcy's law,

(2.19), for w:

35w\ 2p 3p\ U k ko
R N s L
:QP
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2.3 Description of Energy Transport in Ground Water

Subsurface energy transport mechanisms

Energy is transported in the water-solid matrix system by flow of ground
water, and by thermal conduction from higher to lower temperatures through both
the fluid and solid. The actual flow velocities of the ground water from point
to point in the three-dimensional space of an aquifer may vary considerably
about an average two-dimensional velocity uniform in the z-direction, v(x,y,t),
calculated from Darcy's law (2.22). As the true, not-average, velocity field is
usually too complex to measure in real systems, an additional transport mechanism
approximating the effects of mixing of different temperature ground waters
moving both faster and slower than average velocity, v, is hypothesized. This
mechanism, called energy dispersion, is employed in SUTRA as the best currently
available, though approximate description, of che mixing process. In the simple
dispersion model employed, dispersion, in effect, adds to the thermal conductivity
value of the fluid-solid medium in particular directions dependent upon the
direction of fluid flow. In other words, mixing due to the existence of non-
uniform, nonaverage velocities in three dimensions about the average-uniform
flow, v, is conceptualized in two dimensions as a diffusion-like process with
anisotropic diffusivities.

The model has, in fact, been shown to describe transport well in purely
homogeneous porous media with uniform one-dimensional flows. In heterogeneous
field situations with non-uniform flow in, for example, irregular bedding or
fractures, the model holds only at the pre-determined scale at which dispersivi-~
ties are calibrated and it must be considered as a currently necessary approxi-

mation, and be carefully applied when extrapolating to other scales of transport.
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Solid matrix-fluid energy balance

The simulation of energy transport provided by SUTRA is actually a calcu-
lation of the time rate of change of the amount of energy stored in the solid
matrix and fluid. In any particular volume of solid matrix plus fluid, the

amount of energy contained is (eSwpew + (l-e)pseS]'VOL, where

e, [E/M] energy per unit mass water
e, [E/MG] energy per unit mass solid matrix
oy [MG/Lé] density of solid grain in solid matrix

and where {E] are energy units [M-Lz/szl.
The stored energy in a volume may change with time due to: ambient water with a
different temperature flowing in, well water of a different temperature injected,
changes in the total mass of water in the block, thermal conduction (energy
diffusion) into or out of the volume, and energy dispersion in or out.

This balance of changes in stored energy with various energy fluxes is

expressed as follows:

B[eSwpew + (l—e)pses]

T = = ¥-(es pe v) + V-(A1-vT1]
+ V-[eS pc D-VT] + Q ¢ T* + €S py” + (l-e)p yS (2.25)
- woowE — p W w'o s'o :
Ax,y,.t) [E/f(s*L-°C)] bulk thermal conductivity of solid
matrix plus fluid
I [1] identity tensor (ones on diagonal,
zeroes elsewhere) (2x2)
cy [E/(M-°C)] specific heat gf water

(cw~4.l82 X 107[J/(kg-°C)] at 20°C)
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Q(X,y,t) [Lzls} dispersion tensor (2 X 2)

* Lo

T (x,y,t) [°c] temperature of source fluid
7:(x,y,t) [E/M 5] energy source in fluid
Yz(x,y,t) [E/MG°s] energy source in solid grains

The time derivative expresses the total change in energy stored in both the solid
matrix and fluid per unit total volume. The term involving v expresses contribu-
tions to locally stored energy from average-uniform flowing fluid (average energy
advection). The term invelving bulk thermal conductivity, A, expresses heat
conduction contributions to local stored energy and the term involving the dis-
persivity tensor, D, approximately expresses the contribution of irregular flows
and mixing which are not accounted for by average energy advection. The term
involvingpQ accounts for the energy added by a fluid source with temperature,
T*. The last terms account for energy production in the fluid and solid, re-
spectively, due to endothermic reactions, for example.

While more complex models are available and may be implemented if desired,

SUTRA employs a volumetric average approximation for bulk thermal conductivity,

A:
A= ESWXW + (1-6)15 (2.26)
kw [E/(s-L-°C)] fluid thermal conductivity
(kw ~ 0.6 [J/(sm+°C)] at 20°C)
A [E/(s-L-°C)] solid thermal conductivity

(A ~ 3.5 [J/(s'm-°C)] at 20°C
fol sandstone)

The specific energy content (per unit mass) of the fluid and the solid

matrix depends on temperature as follows:
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e =¢ T (2.27a)

W w
e, = CsT (2.27b)
c, [E/(MG'°C)} solid grain sgecific heat
(c ~ 8.4 x 10°[J/(kg*°C)]

fof sandstone at 20°¢C)
An expanded form of the solid matrix~-fluid energy balance is obtained by sub-

stitution of (2.27a,b) and (2.26) into (2.25). This yields:
3_ - .
T [eSwpcw + (1 e)pscS]T +V (eSwpcwa)

- V{ls A+ (I-e)A 1 I + €S pc D}-VT] (2.28)

* w s
= Qpch + eSwpyo + (l*e)ps'y°

2.4 Description of Solute Transport in Ground Water

Subsurface solute transport mechanisms

Solute mass is transported through the porous medium by flow of ground
water (solute advection) and by molecular or ionic diffusion, which while small
on a field scale, carries solute mass from areas of high to low concentrations.
The actual flow velocities of the ground water from point to point in three-
dimensional space of an aquifer may vary considerably about an average, uniform
two-dimensional velocity, v, which is calculated from Darcy's law (2.22). As
the true, not-average, velocity field is usually too complex to measure in real
systems, an additional transport mechanism approximating the effects of mixing
of waters with different concentrations moving both faster and slower than the
average velocity, v(x,y,t), is hypothesized. This mechanism, called solute
dispersion, is emploved in SUTRA as the best currently available, though ap-

proximate, description of the mixing process. In the simple dispersion model
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employed, dispersion, in effect, significantly adds to the molecular diffusi-
vity value of the fluid in particular directions dependent upoon the direction
of fluid flow. 1In other words, mixing due to the existence of non-uniform,
non-average velocities in three dimensions about the average flow, v, is
conceptualized in two dimensions, as a diffusion-like process with anisotropic
diffusivities.

The model has, in fact, been shown to describe transport well in purely
homogeneous porous media with uniform one-dimensional flows. 1In heterogeneous
field situations with non-uniform flows in, for example, irregular bedding or
fractures, the model holds only at the pre-determined scale at which dispersivi-
ties are calibrated and it must be considered as a currently necessary approxi-

mation, and be carefully applied when extrapolating to other scales of transport.

Solute and adsorbate mass balances

SUTRA -olute transport simulation accounts for a single species mass stored
in fluid solution as solute and species mass stored as adsorbate on the surfaces
of solid matrix grains. Solute concentration, C, and adsorbate concentration,

Cs(x,y,t) [M/MG], (where [M] denotes units of solute mass, and {M.] denotes

o)
units of solid grain mass), are related through equilibrium adsorption isotherms.
The species mass stored in solution in a particular volume of solid matrix may
change with time due to ambient water with a different concentration flowing in,
well water injected with a different concentration, changes in the total fluid
mass in the block, solute diffusion or dispersion in or out of the volume, trans-

fer of dissolved species to adsorbed species (or reverse), or a chemical or bio-

logical reaction causing solute production or decay. The species mass stored as
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adsorbate on the surface of solid grains in a particular block of solid matrix

may change with time due to a gain of adsorbed species by transfer of solute

from the fluid (or reverse), or a chemical or biological reaction causing adsor-

bate production or decay.

The separate balances for a single species stored in solution (solute) and

on the solid grains (adsorbate), are expressed, respectively, as follows:
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a(espr)
5 = f- V-(es pyC) + g~[sswp(Dm I+ D)Vcl
+ eSprw + QpC
af(1-e)p C_}
™ = +f + (l-e)psl‘s (2.30)
f(x,y,t) [Ms/(La's)] volumetric adsorbate source (gain of
absorbed species by transfer from fluid
per unit total volume)
Dm [L2/s] apparent molecular diffusivity of solute
in solution in a porous medium_§ncl3ding
tortuosity effects, (D ~1.x 10 [m“/s]
for NaCl at 20.°C). "
I (1] identity tensor (ones on diagonal,
zero elsevhere) (2x2)
D(x,y,t) [Lzls] dispersion tensor
Fw(x,y,t) [MS/M-S] solute mass source in fluid (per unit

fluid mass) due to production reactions



*
C (x,y,t) {Ms/M] solute concentration of fluid sources
(mass fraction)

Cs(x,y,t) [Ms/HG] specific concentration of adsorbate on

solid grains (mass adsorbate/(mass solid
grains plus adsorbate))

p [MG/LS] density of solid grains in solid matrix

Fs(x,y,t) [Ms/MG-s] adsorbate mass source (per unit solid
matrix mass) due to production reactions
within adsorbed material itself.

where [LG3] is the volume of solid grains.

Equation (2.29) is the solute mass balance in terms of the dissolved mass
fraction (solute concentration), C. The time derivative expresses the total
changes in solute mass with time in a volume due to the mechanisms represented
by terms. on the right side of the equation. The term involving f(x,y,t) repre-
sents the loss of solute mass from solution which becomes fixed on the solid
grain surfaces as adsorbate. The adsorbate source, f, may, in general, depend
on solute concentration, C, adsorbate concentration, Cs’ and the rate of change
of these concentrations, depending on either an equilibrium adsorption isotherm
or on non-equilibrium adsorption processes. SUTRA algorithms are structured to
directly accept non-equilibrium sorption models as an addition to the code.
However, the current version of SUTRA assumes equilibrium sorption as shown in
the following section, "Adsorption and production/decay processes."”

The term involving fluid velocity, v, represents average advection of sol-
ute mass into or out of the local volume. The term involving molecular diffusi-
vity of solute, Dm’ and dispersivity, D, expresses the contribution of solute
diffusion and dispersion to the local changes in solute mass. The diffusion

contribution is based on a true physical process often negligible at the field
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scale. The dispersion contribution is an approximation of the effect of solute
advection and mixing in irregular flows which are not accounted for by solute
advected by the average velocity. The solute mass source term involving Fw(x,y,t)‘
the solute mass production rate per unit mass of fluid, expresses the contribution
to dissolved species mass of chemical, biological or radioactive reactions in
the fluid. The last term accounts for dissolved species mass added by a fluid
source with concentration, C¥.

Equation (2.30) is the balance of mass which has been adsorbed by solid
grain surfaces in terms of species concentration on the solid (specific adsorbate
concentation), Cs' The change in total adsorbate mass is expressed by the time
derivative term. It may increase due to species leaving solution as expressed by
adsorbate source term, f. The adsorbed mass may also change due to a production of
adsorbate mass (per unit solid matrix mass), FS by radioactive or chemical pro-
cesses within the adsorbate. Note that mass becomes immobile once adsorbed, and
is affected only by possible desorption or chemical and biological processes.

The total mass of a species in a volume is given by the sum of solute mass
and adsorbate mass. A balance of the total mass of a species is obtained by
addition of (2.30) and (2.29). The general form of the total species mass

balance used in SUTRA is this:

3(eS pC) 3[(1-¢e)p C |
w 5 8
ot " ot = - ¥ (eS pv0)

(2.31)
. . r - c*
+ V-[eS p(D I + D)-VC] + €S pT + (1 e)psl's +Q
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Equation (2.31) is the basis for SUTRA solute transport simulation. In cases
of solute transport where adsorption does not occur (Cs = 0), the adsorbate
source term, f, simply has the value zero (f = 0), and the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>