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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 I fluid density-dependent saturated or unsaturated ground-water flow,

and either 

2a 1 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,

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

the aquifer.

I

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

vn



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 arbitrary 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 (Slaturated-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 I fluid density-dependent saturated or unsaturated ground-water flow,

and either 

2a I 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, 

2b I 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 transport 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 equal 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, SUTRA 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 inappropriate, 

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

11



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; the 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 

visualizing 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-s^)] «= 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, [sj. 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 Celcios, 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, 

C[MS /M] * C(x,y,t), which may also vary spatially and with time. The units are 

a ratio of solute mass, [Ms ] to fluid mass, [M]. The term 'solute mass fraction 1
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may be used interchangeably with 'solute concentration', and no difference should 

be implied. Note that 'solute volumetric concentration', c[Ms /Lf^], (mass 

of solute, Ms , per volume of fluid, Lf^), 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 [Ms ] may be in 

units such as [mgj, [kg], [moles], or [ibm], 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 is assumed in the ground water. 

When simulating solute transport, a constant ground-water temperature is 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) ( W C I fluid temperature (degrees Celcius)

C(x,y,t) |MS /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:

3 
c(x,y,t) |M /Lf \ solute volumetric concentration

(mass solute per volume total fluid) 

p(x,y,t) IM/L^| fluid density

c - pC (2.1) 

P * Pw + c (2.2)

Total fluid density is the sum of pure water density, pw , 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:

p « p(T) a p + (T - T ) (2.3) 
o oT o

3 
P Q |M/Lf I base fluid density at T*TO

T0 I°C| base fluid temperature

where po is the base fluid density at a base (reference) temperature of To , 

and 9p/9T is a constant value of density change with temperature. For the
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range 20°C to 60°C, 9p/9T is approximately -.375 [kg/(m3 - °C) ] ; however, 

this factor varies and should be carefully chosen for the temperature range 

of interest.

For solute transport:

p « p(C) a P + |£ (C - C ) (2.4) 
o oC o

3
p [M/L_] base fluid density at C=C 
or o

C (M /M] base fluid solute concentration 
o s

where p o is the base fluid density at base concentration, Co . (Usually, 

CQ* 0, and the base density is that of pure water.) The factor 9p/9C 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, Co « 0, and po « 998.2 [kg/m3 ], then the factor, 9p/3C, 

is approximately 700. [kg/m3 ].

Fluid viscosity, u [M/Lf-sj, 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 .
-7 "" <'-

u(T) a (239.4 x 10 ) 10 - [kg/(m-s)3 (2.5) 

(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:

U(C)L m 20 o c- 1.0 x 10" 3 [kg/Cars)] (2.6)
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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, e. In 

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 eSw where:

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

When Sw = 1, the void space is completely filled with fluid and is said to 

be saturated. When Sw < 1, the void space is only partly water filled and 

is referred to as being unsaturated.

When Sw < 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 < 0:
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2 
p (x,y,t) [M/(L-s )] capillary pressure

p * -p when p < 0

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, pcent' ^ s the entry pressure 

(or bubble pressure):

pcent [M/(L*s2)] entry capillary pressure

Typical values for pcent range from about 1. x 1CH [kg/(m's^)] for coarse 

sand to approximately 5. x 10^ [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):

S -S +I1-S II    *   IN"/ (2.8) 
w wres \ wres/l. / \n |

.1 + (apc ) J
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xperimental relationship

Figure 2.1
Saturation-capillary pressure relationship (schematic).
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where Swres 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 (eSwp)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(eS p) 8(eS p)
VOL-d(eS p) - VOL   [   ^   dp +   ~   dU] (2.9) 

w dp du

where U represents either C or T. Saturation, S , is entirely dependent onw

fluid pressure, and porosity, e, does not depend on concentration or temperature;

f\ / \ V O »

VOL-d(eS p) - VOL-[(S V' + ep r-^dp + eS f£ dU] (2.10) W w op dp W du

The factor, 3S /3p, is obtained by differentiation of the chosen saturation- w

capillary pressure relationship. For the example function given as (2.8),

dS a(n-l) (l-S Wap Y 
. w _____\ wres/ \ *c/

2n-l 
n

The factor, 8p/8U, 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, 3(ep)/3p, by definition, as follows (Bear, 1979):
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ps 8p P op (2.12)

where:

AVOL

2 -1 
S (x,y) [M/(L*s )j specific pressure storativity

The specific pressure storativity, Sop , 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, So [IT*], 

which when multiplied by confined aquifer thickness gives the well known storage 

coefficient, S[lj, is related to SOp as, So = PJj|lSOp, where |£J[L/s2] 

is the magnitude of the gravitational acceleration vector. The common specific 

storativity, So , is analagous to specific pressure storativity, S0p, used in 

SUTRA, except that So 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)

» SoP ' ' If + * If < 2 ' 14 >

The coefficient of compressibility of water is defined by

B   i f* (2.15) 
P op

2 _} 
8 [M/(L's )] fluid compressibility

23



which allows the last term of (2.14) to be replaced by epB. For pure water at 

20°C, B~4.47 X 1(T 10 [kg/dn-s 2 )]? 1 As the volume of solid grains VOL , in a
S

volume, VOL, of porous solid matrix plus void space is VOL * (l-e)-VOL, the
s

factor, 9e/3p, may be expressed as:

« »>

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, 0 f [M/(L 4 s^)], and fluid pore pressure, p. 

In systems where the total stress remains nearly constant, d0' » - 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: 9e/9p » (l-e)a, where

J a 5 VOL 9a' '

2 _j 
a [M/(L-s )] porous matrix compressibility

2 
0* [M/(L-s )] intergranular stress

Factor a ranges from a *" 10 [kg/(m-s )] for sound bedrock to about

-7 2 -1 a ** 10 [kg/(m*s )] for clay. Thus equation (2.14) may be rewritten as

pS « p(l-e)a + epB, and, in effect, the specific pressure storativity,

S , is expanded as: 
op

S - (l-e)a + eB (2.18) op

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:

kk
v - - (-7 -)   <Vp-Pj&) (2.19a) 

wU

where:

v (x,y,t) [L/s] average fluid velocity

2 k (x,y) [L ] solid matrix permeability
(2X2 tensor of values)

k (x.y.t) [I] relative permeability to fluid flow
(assumed to be independent of direction.)

2 g [L/s ] gravitational acceleration (gravity vector)
(1x2 vector of values)

The gravity vector is defined in relation to the direction in which 

vertical elevation is measured:

25



£ 5 ~\g\ V(ELEVATION) (2.19b)

where |gj is the magnitude of the gravitational acceleration vector. For example, 

if the y-space-coordinate is oriented directly upwards, then V(ELEVATION) is a 

vector of values (for x and y directions, respectively): (0,1), and g «= (0,-|gJ). 

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 % * (-(l/2)|gj, -(3*/2)|gJ).

The average fluid velocity, v, is the velocity of fluid with respect to the 

stationary solid matrix. The so-called Darcy velocity, 3., for the sake of ref­ 

erence, is o[ » eS v. 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', c[, is not a useful concept in simulation of subsurface 

transport. The velocity is referred to as an 'average 1 , 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, k , 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, Sw » 1 , the relative permeability to flow is unity 

kr * 1 . When, in addition, fluid density is constant, the right side of 

(2.19a) expanded by (2.19b) may be multiplied and divided by £Jg|i

[V (-tT-) + £ (ELEVATION)] (2.20a)

The hydraulic conductivity, K (x,y,t) [L/s], may be identified in this equation 

as, K»(kp|j[|)/u; pressure head, h (x,y,t) [L], is h * P/(p|£{)« Hydraulic

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

saturated flow:

K
V h (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, k, 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, x , along which permeability has an absolute

2maximum value, k [Li. Somewhere in the plane perpendicular to the 'maximum ' max r

direction 1 there is a direction, x , in which permeability has the absolute
m

2minimum value, k , [L ], which exists for the particular volume of solid matrix, 
rain

Thus, in two dimensions, there are two principal orthogonal directions of

anisotropic permeability. Both principal directions, x and x , are assumed to
p m

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 t "Rotation of Permeability Tensor".

An anisotropic permeability field in two dimensions is completely described

by the values k and k , , and the angle orienting the principal directions, 
max min

x 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 anisotropic permeability and effective 
permeability, k.
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i"mink7 , and k7^, respectively, and the length of any radius is k7 , where k is the
UlcLjv

effective permeability for flow along that direction. Only, k , k , , andv max min

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

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

absolute maximum value of permeability 

absolute minimum value of permeability 

8(x,y) [°]

[L2 ] 

[L2 ]

angle from +x-coordinate axis to di­ 
rection of maximum permeability, x

P

In the case of isotropic permeability, kmax
k . , and 9 is arbitrary, 
mm

The discussion of isotropic and anisotropic permeability, k, applies as

well to flow in an unsaturated solid matrix, S < 1, although unsaturated flow
w

has additional unique properties which require definition. When fluid capillary 

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

saturated S «* 1, and local porous medium flow properties are not pressure- 

dependent but depend only on void space geometry and connectivity. When 

p > p , then air or another gas has entered the matrix and the void space
C G 6 I* t

is only partly fluid filled, S < 1. In this case, the ease with which fluidw

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, k , 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, S , to a value of one at saturation, S =1. A relative permea- wres w

bility-saturation relationship (Figure 2.3) is typically determined for a par­ 

ticular solid matrix material in the laboratory as is the relationship, S (p ). 

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):

2 

> (2.21a). s** i - Fi - s*n^
r w 1 L w

where the a dimensionless saturation, S , is given by:
w

S - S w wres
w 1 - S

(2.21b)
wres

Flow in the gaseous phase that fills the remaining void space not con­ 

taining fluid when S < 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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Figure 2.3
Relative permeability-saturation relationship (schematic).
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Fluid mass balance

The "so-called" flow simulation provided by SUTRA is in actuality 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 (eS p)*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:

at

where:

Qp(x,y,t)

T (x,y,t)

* - V-(eS pv) + Q + T* " w *  p

[M/(L -s)]

[M/(L -s)]

(2.22)

fluid mass source (including pure 
water mass plus solute mass dissolved 
in source water)

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, Q , 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, Q . 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:

t , c c(swpsop * , c ,at * (esw au> at (2.23)

While the concepts upon which specific pressure storativity, S , is based, do 

not exactly hold for unsaturated media, the error introduced by summing the 

storativity term with the term involving (3S /3p) is insignificant as

(9S /9p) >» S . w v op

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 v:

s ps
w op

M. y,'w 3uj at -
k p

(2.24)
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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 (eS pe + (l-e)p e J-VOL, wherew w s s

w [E/M] energy per unit mass water 

energy per unit mass solid matrix 

density of solid grain in solid matrix

2, 2and where [Ej are energy units [M-L /s ]. 

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:

9[eS pe -I- (l-e)p e ]w w s s - V-(eS pe v) + V'[\I-VT]   w w    *  

+ 7-[eS pc D-VT] 4- Q c T -I- eS pyW + (l~e)p y S - w w*   xp w wo so (2.25)

X(x,y,t)

[1]

w

bulk thermal conductivity of solid 
matrix plus fluid

identity tensor (ones on diagonal, 
zeroes elsewhere) (2x2)

specific heat of water
(c ~4.182 X 10 [J/(kg-°C)] at 20°C) w
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D(x,y,t)

*
T (x,y,t)

yw(x,y,t) 
o

y_(x,y,t)

[L2 /s]

[E/H-s]

[E/MG -S]

dispersion tensor (2 X 2) 

temperature of source fluid 

energy source in fluid 

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 involving bulk thermal conductivity, \, 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

involving Q 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,

\ s eS \ + (l-e)\ (2.26)
W W

[E/(fl-L-°C)3 

[E/(s-L-°C)J

fluid thermal conductivity
(\ ~ 0.6 [J/(s-m-°C)] at 20°C) w

solid thermal conductivity
(\ - 3.5 [J/(s-m-°C)j at 20°C
for 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 * c T (2.27a) 
w w

e - c T (2.27b) 
s s

c [E/(M-°C)] solid grain specific heat 
s b (c - 8.4 x l(T[J/(kg- 0 C)]

for 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:

fr US pc + (l-e)p c ]T + V-(eS pc vT) 9t w w s s   w w 

- V-{[S \ + (l-e)X ] I + eS pc D}-VT] (2.28)   w w s » w w* -

'Jf

* Q c T + eS pyw + (l-e)p y 8 xp w wo so

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 employed 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. In 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. In 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 solute 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,

C (x,y,t) [M/M-,1, (where [MJ denotes units of solute mass, and [M_J denotes 
s ~ G G

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:

3(eS pC)
jfo - v WK-

(2.29)

-f - V'(eSpvC) + V-[eSp(D I + D)-VC]

+ eS pF + Q C w w p

3[(l-e)p CJ
s s +f + (l-e)p F (2.30)3t v ' K s s

3 f(x,y,t) [M /(L -s)] volumetric adsorbate source (gain of
absorbed species by transfer from fluid 
per unit total volume)

2 D [L /s] apparent molecular diffusivity of solute
in solution in a porous medium including 
tortuosity effects, (D '-l.x 10 [m /s] 
for NaCl at 20.°C). m

I [1] identity tensor (ones on diagonal,
zero elsewhere) (2x2)

2 D(x,y,t) [L IB] dispersion tensor

F (x,y,t) [M /M*s] solute mass source in fluid (per unit
fluid mass) due to production reactions
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ie
C (x,y,t)

C (x,y,t)

[Mg /Mj

F (x,y,t) [M /M -s]
S Ur

solute concentration of fluid sources 
(mass fraction)

specific concentration of adsorbate on 
solid grains (mass adsorbate/(mass solid 
grains plus adsorbate))

density of solid grains in solid matrix

adsorbate mass source (per unit solid 
matrix mass) due to production reactions 
within adsorbed material itself.

where [L_ J is the volume of solid grains.
Or

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, C , and the rate of change
S

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, D , and dispersivity, D, expresses the contribution of solute m *

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



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 F (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), C . The change in total adsorbate mass is expressed by the time 
s

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), F by radioactive or chemical pro-
S

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[(l-e)p C ] !r- +   ar^ - - *- (eSw^c)
(2.31)

V-[eS p(D I + D)-VC] + eS pF + (l-e)p F + Q C* 
  w m   =   w w s s ^
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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 (C * 0) , the adsorbate
s

source term, f, simply has the value zero (f  » 0), and the terms that stem from 

equation (2.30) are ignored. Further discussion of solute and adsorbate mass 

balances may be found in Bear (1979).

Adsorption and production/decay processes

The volumetric adsorbate source, f, of (2.29) and (2.30) may be expressed

in the terms of a specific sorption rate, f , as:
S

f - (l-e)p f 
s s (2.32a)

f (x,y,t)
S

[M /M -s]
SO

specific solute mass adsorption rate 

(per unit mass solid matrix)

A particular non-equilibrium (kinetic) model of sorption is obtained by de­ 

fining the functional dependence of the sorption rate, f , on other parameters
5

of the system. For example, for a linear reversible non-equilibrium sorption

model, the expression is: f * m.(C - m0C ), where m, and m0 are sorption para
sl Z s 1 /

meters. This particular model and a number of other non-equilibrium sorption 

models are accommodated by a general expression for f , as follows:
S

(2 ' 32b)

where: ,C ), ir ), tc » io(C,C ).

ir 1 (C,C )
J. S

*r 7 (C,C )
4* S

ir 0 (C,C )
J 3

[M /M ]
\y

[M /M_'s]

[M /M *s]
8 (j

first general sorption coefficient

second general sorption coefficient

third general sorption coefficient
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Through a suitable definition of the general coefficients, r,(C,C ), a number 

of non-equilibrium sorption models may be obtained. For example, the linear 

reversible non-equilibrium model mentioned above requires the definitions: 

ye. =0,, jc~ s m, , and »c« a -m-jin^C . The general coefficients 1C, , K^, and ic« are 

included in the SUTRA code to provide generality for possible inclusion of such 

non-equilibrium (kinetic) sorption models.

The equilibrium sorption models are based on definition of the general 

coefficients through the following relation:

3C ,
/ 0 O *3 \7T ~ *i a! (2 ' 33)

Only general sorption coefficient, K~, , need be defined based on various equili­ 

brium sorption isotherms as shown in the following. The other coefficients are 

set to zero, K~ * K- m 0.

The linear equilibrium sorption model is based on the linear sorption 

isotherm assuming constant fluid density:

C - U,P )C (2.34a)
o J> O

(2 ' 34b)

where:

3
JL,-/M_1 1 linear distribution coefficient 1 (3

and p is the fluid base density

For linear sorption, general coefficient, K.. , takes on the definition:

K - XP (2.34c)
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The Freundlich equilibrium sorption model is based on the following

isotherm which assumes a constant fluid density, p :o

C - x,(p C) v *' (2.35a)
6 1 O

!!!» _ /MY. .\\ *2 ; ac (2.35b)
at \\ A o / o at

where:

X, I L_/M I a Freundlich distribution coefficient

X? [lj Freundlich coefficient

when x7 * 1> the Freundlich isotherm is equivalent to the linear isotherm. 

For Freundlich sorption, then, the general coefficient, KT.. , takes the 

definition:

( *i\ \x«>/ V 
v

>f,   IrM p " C - (2.35c)

The Langmuir equilibrium sorption model is based on the following isotherm 

which assumes a constant fluid density, p :

X,(P C)
C - r-r1   7  ^ (2.36a) s 1 + X 2 (P0C >

X 2P QC) 3t
(2.36b)
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where:

3
XT [L_/M_,] a Langmuir distribution coefficient 

i t u

3 
X 9 [L_/M ] Langmuir coefficient

£» X. £>

For very low solute concentrations, C, Langmuir sorption becomes linear sorp­ 

tion with linear distribution coefficient XT* For very high solute concentra­ 

tions, C, the concentration of adsorbate mass, C , approaches an upper
S

limit equal to (\^/\^). The general SUTRA coefficient, nr,, is defined for 

Langmuir sorption as:

K »     2  - (2.36c) 
1 (1 + X 2 PQC)

The production terms for solute, F , and adsorbate, F , allow for
w s

first-order mass production (or decay) such as linear BOD (biochemical oxygen 

demand) or radioactive decay, biological or chemical production, and zero-order 

mass production (or decay).

T - 7? C ^ 7W (2.37a) w 1 o

F - yf C + 7 S (2.37b) 
s Is o

where:

W r  1  >
7 , is J first order mass production rate of solute 

7 [(M /M)/sJ zero-order solute mass production rate
OS

s  1 
7,   [s ] first-order mass production rate of

adsorbate

s [(M /M )/s] zero-order adsorbate mass production
7 s vj
o rate
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2.5 Description of Dispersion

Pseudo-transport mechanism

Dispersion is a pseudo-transport process representing mixing of fluids 

which actually travel through the solid matrix at velocities different from the 

average velocity in two space dimensions, v, calculated from Darcy's law, (2.19). 

Dispersion is a pseudo-flux in that it only represents deviations from an 

average advective flux of energy or solute mass and as such does not repre­ 

sent a true mechanism of transport. Should it be possible to represent the 

true, complex, non-homogeneous velocity field in, for example, in the layers of 

an irregularly bedded field system, then the dispersion process need not be 

invoked to describe the transport, as the local variations in advection would 

provide the true picture of the transport taking place. However, as available 

data almost never allows for such a detailed velocity description, an approximate 

description, which helps to account for observed temperatures or concentrations 

different from that expected based on the average fluid advection, must be 

employed.

Current research trends are to develop dispersion models for various 

hydrogeological conditions, and SUTRA may be updated to include these new re­ 

sults as they become available. Currently, SUTRA dispersion is based on a new 

generalization for anisotropic media of the standard description for dispersion 

in isotropic homogeneous porous media. The standard description is, in fact, 

the only model available today for practical simulation. Because any incon­ 

sistencies which may arise in applying this dispersion model to particular
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field situation often would not be apparent due to the poor quality or small 

amount of measured data, the user is warned to exercise good judgement in 

interpreting results when large amounts of so-called dispersion are required 

to explain the field measurements.

In any case, the user is advised to consult up-to-date literature on field-scale 

dispersion, before employing this transport model.

Isotropic-media dispersion model

The dispersion tensor, D, appearing in both energy and solute balances, 

(2.28) and (2.31), is usually expressed for flow in systems with isotropic 

permeability and isotropic spatial distribution of inhomogeneities in aquifer 

materials as:

D

D Dxx xy

D D yx yy

(2.38)

where, D is, in fact, symmetric and the diagonal elements are:

D - (*r\ (d_V2 + d_,V2 )
xx \ 2f L x T y \v /

Iv2
I Xv (jo

and the off-diagonal elements are

v^K-v^v
, i=x,y

(2.39a)

(2.39b)

(2.39c)
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v(x,y,t) [L/s] magnitude of velocity v 

v(x,y,t) [L/s] magnitude of x-component of v

v (x,y,t) [L/s] magnitude of y-component of v

2d (x,y,t) [L /s} longitudinal dispersion coefficient Li
2 d_(x,y,t) [L /s} transverse dispersion coefficient

2The terms dT and d_ [L /s] are called longitudinal and transverse Li I

dispersion coefficients, respectively. These terms are analogous to typical 

diffusion coefficients. What is special, is that these are directional in

nature. The term, d , acts as a diffusion coefficient which causes dispersion
Li

forward and backward along the local direction of fluid flow, and is called the 

longitudinal dispersion coefficient. The term, d_, acts as a diffusion coeffi­ 

cient causing dispersion evenly in the directions perpendicular to the local 

flow direction, and is called the transverse dispersion coefficient. Thus, if 

d and d_ were of equal value, a circular disk of tracer released (in the x-y
Li JL

plane) in ground water flowing, on the average uniformly and unidirectionally, 

would disperse in a perfectly symmetric circular manner as it moved downstream.

However, if d_ > d_ then the tracer would disperse in an elliptical manner with Li 1

the long axis oriented in the flow direction, as it moved downstream.

The size of the dispersion coefficients are, in this model, for dispersion 

in isotropic permeability systems, dependent upon the absolute local magnitude 

of average velocity in a flowing system (Bear, 1979):

(2.40a) 

dT » <*Tv (2.40b)

a_(x,y) [L] longitudinal dispersivity of solid
matrix

a_(x,y) [L] transverse dispersivity of solid
matrix
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When the isotropic-media dispersion model is applied to a particular field situ­ 

ation where aquifer inhomogeneities are much smaller than the field transport 

scale, then dispersivities a and a may be considered to be fundamental trans-
J-j A

port properties of the system just as, for example, permeability is a fundamen­ 

tal property for flow through porous media. In cases where inhomogeneities are 

large or scales of transport vary, dispersivities may possibly not be repre- 

sentive of a fundamental system property. In this case, dispersion effects 

must be interpreted with care, because dispersivity values are the only means 

available to represent the dispersive characteristics of a given system to be 

simulated.

Anisotropic-media dispersion model

In a system with anisotropic permeability or anisotropic spatial distribu­ 

tion of inhomogeneities in aquifer materials, dispersivities may not have the 

same values for flows in all directions. In a case such as a layered aquifer, 

longitudinal dispersivity would clearly not have the same value for flows parallel 

to layers and perpendicular to layers. The isotropic-media dispersion model,

described in the previous section, does not account for such variability as aLi

is isotropic (direction-independent). Transverse dispersivity would also tend 

to be dependent on the flow-direction, but because it typically is only a small 

fraction of longitudinal dispersivity, especially in anisotropic media (Gelhar 

and Axness, 1983), its variability is ignored here. This does not imply that 

transverse dispersion is an unimportant process, but the approximation is made 

because accurate simulation of low transverse dispersion is already limited, due 

to the requirement of a fine mesh for accurate representation of the process. 

The effect of any direction-dependence of transverse dispersivity would be 

obscured by the numerical discretization errors in a typical mesh.
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An ad-hoc model of flow-direction-dependent longitudinal dispersion is 

postulated. In this model, longitudinal dispersivity is assumed to have two 

principal directions (in two space dimensions) aligned with principal directions

of permeability, x and x . The principal values of longitudinal dispersivity, p m

are a, and a_ . in these principal directions (see Figure 2.4). Note that Lmax Lmin f r   fi      

the subscripts, Lmax and Lmin, refer only to the maximum and minimum permeability

directions, and are not intended to imply the relation in magnitude of a   Lmax

and a , the principal values of longitudinal dispersivity.

If F is the dispersive flux of solute (or energy) along a stream line ofs

fluid flow, then

JJTT

where :

a_(x,y,t) [L] longitudinal dispersivity along a
streamline

and U represents either concentration or temperature, and s is distance 

measured along a streamline. The dispersive flux components in the principal

permeability directions x and x are:J p m

3U
F - - a. ~ - F cos 9. (2.42a) p Lmax dx s kv

311
F « - a. . ~ - F sin 6, (2.42b) m Lmin dx s kv m

where:

a. (x»y) [L] Longitudinal dispersivity in the maximum
permeability direction, x .

P

a (x,y) (L) Longitudinal dispersivity in the minimum
permeability direction, x .

8, (x,y,t) {°) Angle from maximum permeability direction,
x , to local flow direction, (v/{v|)
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Figure 2.4
Definition of flow-direction-dependent longitudinal
dispersivity, 01
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Because U varies with x and y, U = U(x,y,t):

au . au JEL . au js (f
8s 3x 3s 3x 3sp m

|S . |S cos 8, + ~ sin 9, (2.43b)
3s 3x kv 3x kv

p m

and:

( 3U 3U \
cos 9. -r- + sin 9. -r- I (2.44a)

kv 3x kv 3x /p m7

F. - ce L [cos2 e k_. (r-^--} + 8ln2 ei___ f^-2 VI (2.44b)I T bill O,
s LI KV \aT / kv X v,_ .v Lmax 7 y Lmin

This defines an ellipse as:

2 2 cos 8. sin 6,

°Lnax
}

1/2 1/2with semi-major axis (a_ ) and semi-minor axis (a T . ) . The length of
J Lmax Lmin 6

1/2 a radius is (a T ) , as shown in Figure 2.4. This ellipse is analagous inLi

concept to that which gives effective permeability in any direction in an 

anisotropic medium.

The value of effective longitudinal dispersivity as dependent on the flow 

direction is:

a T a T .Lmax Lmin , _ . ,^ <*L * ,                         v (2.46) 
I 2 2 i 
V aLroin cos ekv * «Lmax sin ekv/

which is used by SUTRA to compute a for the anisotropic-media dispersion model.
ij

Note that if aT » ce T , , then the isotropic dispersion-media model is obtained, Lmax Lmin r
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This form of longitudinal dispersivity dependence on direction of flow relative 

to the principal permeability directions is similar to that obtained for a 

transversely isotropic medium in a stochastic analysis of macro-dispersion by 

Gelhar and Axness (1983).

Guidelines for applying dispersion model

Some informal guidelines may be given concerning values of dispersivities 

when other data are not available. Longitudinal dispersivities may be consi­ 

dered to be on the order of the same size as either the largest hydrogeologic 

or flow inhomogeneities along the transport reach or the distance between 

inhomogeneities, whichever is the greater value. For transport in pure homo­ 

geneous sand, longitudinal dispersivity is on the order of grain size. This 

is the type of situation where the isotropic-media dispersion model well de­ 

scribes observed transport behavior. In the case of a sandy aquifer containing 

well-distributed inclusions of less-permeable material, the longitudinal dis­ 

persivity required to correct an average advective transport which has passed 

by many of the inclusions would be of the order on the larger of either inclu­ 

sion size or distance between inclusions.

Should the dispersivity, estimated on the basis of the size in homogenei­ 

ties or distance between them, be greater than about one tenth of the longest 

transport reach, then the meaningful use of a constant-dispersivity dispersion 

model must be questioned. In such a case, the ideal action to take would be to 

more explicitly define the field distribution of velocity by taking into account 

the actual geometry of inhomogeneities. This would correctly account for most 

of the transport taking place as advective in nature, with much smaller con-
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tributions of the approximate dispersive process. Given a better-defined 

velocity field, and in the absence of other data, dispersivity should then be 

chosen based on the largest postulated inhomogeneities met along a given average 

stream tube. The size and distribution of inhomogeneities not explicitly taken 

into account by the average flow field may be postulated based on the best 

available knowledge of local geology.

Transverse dispersivity, aj, is typically even less well known for field 

problems than longitudinal dispersivity. Values of a<j- used in simulation are 

typically between one tenth and one third of «L. In systems with anisotropic 

permeability, ocj; may be less than one hundredth of a^ for flows along the 

maximum permeability direction (Gelhar and Axness, 1983). Should simulated 

transport in a particular situation be sensitive to the value of transverse 

dispersivity, further data collection is necessary and the transport model must 

be interpreted with great care.

The ad-hoc model for longitudinal dispersion in anisotropic media presented 

in the previous section allows for simulation experiments with two principal 

longitudinal dispersivities which may be of special interest in systems with 

well-defined anisotropy values. Depending on the particular geometry of layers 

or inhomogeneities causing the permeability anisotropy, the longitudinal disper­ 

sivity in the minimum permeability direction, OiLm-£n , may be either greater or 

smaller than that in the maximum permeability direction ttLmaX . However, use 

of the anisotropic-media dispersion model is advised only vchen clearly required 

by field data, and the additional longitudinal dispersion parameter is not 

intended for general application without evaluation of its applicability in a 

particular case.
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2.6 Unified Description of Energy and Solute Transport

Unified energy-solute balance

The saturated-unsaturated ground-water energy balance (2.28) is simply an 

accounting of energy fluxes, sources and sinks which keeps track of how the 

energy per unit volume of solid matrix plus fluid, [eSwpcw + (l-e)p sc g jT, 

changes with time at each point in space. The saturated-unsaturated ground- 

water balance of solute plus adsorbate mass, (2.31), is similarly an accounting 

of solute and adsorbate fluxes, sources and sinks, which keeps track of how the 

species mass (solute plus adsorbate mass) per unit volume of solid matrix plus 

fluid, (eSwpC * (l-e)p sC s ), changes with time at each point in space. Both 

balances, therefore, track a particular quantity per unit volume of solid matrix 

plus fluid.

The fluxes of energy and solute mass in solution, moreover, are caused by 

similar mechanisms. Both quantities undergo advection based on average flow 

velocity, v. Both quantities undergo dispersion. Both quantities undergo 

diffusion; the diffusive solute mass flux is caused by molecular or ionic dif­ 

fusion within the fluid, while the diffusive energy flux occurs by thermal con­ 

duction through both fluid and solid. Fluid sources and sinks give rise to 

similar sources and sinks of energy and solute mass. Energy and species mass 

may both be produced by zero-order processes, wherein energy may be produced by 

an endothermic reaction and solute may be produced, for example, by a biological 

process. The linear adsorption process affecting solutes is similar to the 

storage of energy in solid portion of an aquifer. Only the non-linear sorption 

processes and first-order production of solute and adsorbate, have no readily 

apparent analogy in terms of energy.
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Thus, the balances of energy per unit volume, (2.28), and total species 

mass per unit volume, (2.31), may be expressed in a single unified balance in 

terms of a variable, U(x,y,t), which may either represent T(x,y,t) or C(x,y,t), 

as follows:

eS pc U| + f- |(l-e)p U 1 + V-(eS pc vU| 
ww/ 3t L ssj - \ w w- /

- V-|pc JeS (a I + D) + (l-e)ff ll-VU>   ( w^ w w* « s^J - )

 ff
Q c U + eS pF -l- (l-e)p F (2.47) 
p w w w s s

where:

for energy transport

 &+ %V ^*- ^-

U z T, U s c T, U s T , 0 s   £- o s   §-
s s w pc , s pc (2.47a)

F s rw , F * r S w o s o

for solute transport

* *
U«C, UzC,UaC,0sD,0 as 0, c * 1 (2.47b) s s w m s w

where Cs is defined by (2.34a), (2.35a) or (2.36a), depending on the 

isotherm.

By simple redefinition according to (2.47a) or (2.47b), equation (2.41) directly 

becomes the energy or species mass balance. This redefinition is automatically 

carried out by SUTRA as a result of whether the user specifies energy or solute 

transport simulation.
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Fluid-mass-conservative energy-solute balance

A further consideration is required before obtaining the form of the uni­ 

fied energy/solute balance as implemented in SUTRA. The amount of energy or 

solute per unit combined matrix-fluid volume may change either due to a change 

in the total fluid mass in the volume even when concentration and temperature 

remain constant (see relation (2.10)). Such a change in fluid mass may be 

caused by changes in fluid saturation, or by pressure changes affecting com- 

pressive storage.

The energy and solute balances as well as their unified form, (2.47), track 

both types of contributions to changes in total stored energy or solute mass. 

However, the fluid saturation and pressure change contribution to energy and 

solute balances are already implicitly accounted for by the fluid mass balance.

The fluid mass balance contribution to solute and energy balances is ex­ 

pressed by the product of the fluid mass balance, equation (2.22) (which tracks 

changes in fluid mass per unit volume), with cwU (which represents either energy 

or solute mass per unit fluid mass). Note that cw»l for solute transport. This 

product tracks energy or solute mass changes per unit volume due to fluid mass 

changes per unit volume:

9(eS p)
(cwu)  aT  + (cwu) ^V^ * (cwu)QP (2 ' 48)

where the solute mass source, T, is neglected. Comparison of (2.48) with (2.47) 

will reveal that the terms on the left of (2.48) also appear in the unified 

balance equation.
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Before substituting (2.48) for the duplicate terms in (2.47), the search 

for redundant terms may be extended to a balance of species mass or energy 

stored in the solid matrix rather than in the fluid. A simple mass balance 

for the solid matrix is:

V-[<l-«>P.vJ-0 (2.49)

v [L/s] net solid matrix velocity   s

Due to the assumption that the net solid matrix velocity, vs , is negligable, 

the associated term of (2.49) is dropped. The contribution of this simple solid 

matrix mass balance to the unified solute-energy balance may again be obtained 

by taking the product of (2.49) with Us :

(Us )|I [(l-e)ps]-0 (2.50)

A comparison reveals that this term also appears in (2.47).

The redundant information in the unified energy-solute balance which keeps 

track of both solid matrix and fluid mass balance contributions may be directly 

removed from (2.47) by subtracting (2.48) and (2.50). The result is:

an au

I F 1 ) (2 ' 51)- V'<pcJeS (0 I+D) + (l-e)d I l-VUj- 
  ( w|_ w w« * s«J -)

« Q c (U -U) + eS pf + (l-e)p T 
xp w w w s s

59



where:

for energy transport

ju ju "  " 

U s T, U 2 c T U 2 T , a s -*- , a s -S- (2.51a)
s s w pc s pc

w w

r * rw , r * r 8
W O S O

for solute transport

* *
U«C, UsC,U2C,afiD,a20 c 2 1 (2.51b) s s w m s w

where C s is defined by (2.34a), (2.35a) or (2.36a), depending on 

isotherm. 

It is assumed in equation (2.51) that cw and c s are not time-dependent.

For numerical simulation, this equation may be termed a 'fluid-mass- 

conservative' form of the energy or species mass balance. When approximated 

numerically, the unified balance in the original form, (2.47), would contain 

approximation errors in both the fluid mass balance contributions (based on 

pressure and saturation changes) and the temperature or concentration change 

contribution. However, in the revised form, equation (2.51), the complete fluid 

mass balance contribution has already been analytically accounted for before 

any numerical approximation takes place. Thus, the total approximation error 

for the unified balance, (2.51), is significantly less as it is due to the temp­ 

erature or concentration change contribution only.

The unified energy-species mass balance is brought to its final form by 

noticing that the form of the term, 9U s /3t, for energy transport, is the same 

as that for solute transport when using the equilibrium sorption relation 

(2.33), and that the form of the energy production of terms is similar to that 

of relations (2.37a) and (2.37b) for the mass production process:
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I eS pc + (l-e)p c I |^ 4 eS pc vVU |_ w w ssjot w w    

- V "jpcj £S (a I + D) + (l-e)o I   V 
- ( WL w w = = s=J -

- Q c <U* - U) + £S py*U + (l-e)p yfu + eS pyW + (l-e)p y s (2.52) pw wl sis wo so

where:

for energy transport

* ... X X
U s T, U s T", a a   , a s   , y? s yf s 0 (2.52a)

w pc s pc 1 1w w

for solute transport

U 5 C, U £ C , UA £ C*, o s D , a 5 0, c £ r, , c s 1 (2.52b) ss' wmsslw

where C s is defined by (2.34a), 2.35a) or (2.36a), and rj is 

defined by (2,34c), (2.35c) or (2.36c), depending on the isotherm.

The fluid-mass-conservative form of the unified energy-species mass 

balance, (2.52), is exactly that which is implemented in SUTRA.
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Chapter 3

Fundamentals of Numerical Algorithms

SUTRA methodology is complex because: (1) density-dependent flow and 

transport requires two interconnected simulation models, (2) fluid properties 

are dependent on local values of temperature or concentration, (3) geometry of 

a field area and distributions of hydrogeologic parameters may be complex, and 

(4) hydrologic stresses on the system may be distributed in space and change 

with time. Furthermore, a tremendous amount of data must be evaluated by SUTRA 

with precision. This requires great computational effort, and considerable 

numerical intricacy is required to minimize this effort. The mathematically 

elegant finite-element and integrated-finite-difference hybrid method employed 

by SUTRA allows great numerical flexibility in describing processes and char­ 

acteristics of flow and transport in hydrologic field systems. Unlike simu­ 

lation models based purely on the method of finite differences, however, the 

numerical aspects of which allow straight-forward interpretation at an intuitive 

level, some finite-element aspects of SUTRA methodology require interpretation 

at a less physical level and from a more mathematical point of view.

The following description of SUTRA numerical methods uses a simplified, 

constant-density water-table aquifer case as an illustrative example. While 

precise mathematically, this example is not used to demonstrate an actual 

application of SUTRA, as SUTRA does not, in fact, simulate a moving water 

table. The example is only used as a device through which to explain the 

theory and use of the primary numerical methods employed in SUTRA and the 

water table is invoked to allow discussion of a simple non-linearity. The 

basic methods, which are only demonstrated here, are applied in detail in
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Chapter 4, "Numerical Methods," to the SUTRA fluid mass balance and unified 

energy-species mass balance.

The water-table aquifer fluid mass balance equation is useful for dem­ 

onstration of basic numerical methods employed on SUTRA governing equations, 

because it displays some of the salient aspects of the SUTRA equations: a time 

derivative, a non-linear term involving space-derivatives, and a source term. 

The simplified fluid mass balance equation is as follows:

S fjf - V-(KVh) - Q* (3.1) o at ~~ ~~

where

and

S0 (x,y) i.L""lj specific storativity

h(x,y,t) [Lj hydraulic head (sum of pressure
head and elevation head)

K(x,y) IL/sj hydraulic conductivity (assumed for
this example to be isotropic)

Q *(x,y) ls"~H volumetric fluid source (volume fluid
injected per time / volume aquifer) 
(assumed constant for this example)

Qp(x,y) lM/(L,3«s)j fluid mass source (mass fluid injected
per time / volume aquifer) (assumed con­ 
stant for this example)

p iM/L-^j fluid density (assumed constant for
this example)

This equation, (3.1), is obtained from the SUTRA fluid mass balance, (2.24), 

by assuming saturated conditions, constant concentration and temperature, con­ 

stant fluid density, and using the definition of hydraulic conductivity, 

K « (kp{g|)/ii, where jgj is the acceleration of gravity, and of hydraulic
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head, h * hp + ELEVATION, where pressure head, hp * P/(pi£J)- For clarity, 

hydraulic conductivity is assumed to be isotropic in this example. While (3.1) 

may be considered a fully three-dimensional mass balance equation, it is assumed 

that flow takes place only areally in a water-table aquifer with a fixed imperme­ 

able base (at z-position, BASE(x,y)), and a moveable free surface (at z-position, 

h(x,y,t)). The z-direction is oriented vertically upward and the fluid is assumed 

to be in vertical hydrostatic equilibrium at any (x,y) position (no vertical flow), 

Aquifer thickness, B(x,y,t) [L], is measured as the distance along z from the free 

surface to the aquifer base, and may change with time. Aquifer transmissivity, 

7Xx,y,t), is given by:

T m KB * K(h - BASE) (3.2)

2 7tx,y,t) [L /s] aquifer transmissivity

B(x,y,t) [L} aquifer thickness 

BASE(x,y) (L) elevation of aquifer base 

The above assumption, in effect, makes (3.1) a two-dimensional mass balance 

equation which is applied to a finite thickness aquifer. The two-dimensional 

form of (3.1) describing an areal fluid mass balance for water-table aquifers 

in terms of a head-dependent transmissivity arises during the basic numerical 

analysis of (3.1) in section 3.3, "Integration of Governing Equation in Space."

3.1 Spatial Discretization by Finite Elements

Although SUTRA is a two-dimensional model, the region of space in which 

flow and transport is to be simulated may be defined in three space dimensions. 

The three-dimensional bounded volume of an aquifer which is to be simulated by
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SUTRA is completely divided up into a single layer of contiguous blocks. These 

blocks are called 'finite elements. 1 The subdivision is not done simply in 

a manner which creates one block (element) for each portion of the aquifer 

system which has unique hydrogeological characteristics. Each hydrogeologic 

unit is in fact divided into many elements giving the subdivided aquifer region 

the appearance of a fine net or mesh. Thus, subdivision of the aquifer region 

to be simulated into blocks is referred to as 'creating the finite-element mesh 

(or finite-element net).

The basic building block of a finite-element mesh is a finite element. The 

type of element employed by SUTRA for two-dimensional simulation is a quadrilateral 

which has a finite thickness in the third space dimension. This type of a quad­ 

rilateral element and a typical two-dimensional mesh is shown in Figure 3.1.

All twelve edges of the two-dimensional quadrilateral element are perfectly 

straight. Four of these edges are parallel to the 2-coordinate direction. 

The x-y plane (which contains the two coordinate directions of interest) bisects 

each of the edges parallel to z, so that the top and bottom surfaces of the 

element are mirror images of each other reflected about the central x-y plane in 

the element. The mid-point of each z-edge (the point where the x-y plane 

intersects) is referred to as a nodal point (or node). Thus, the element has a 

three-dimensional shape, but always has only exactly four nodes, each of which 

in fact, represents the entire z-edge on which it is located. The nodes mark the 

fact that, in this type of element, some aquifer parameters may be assigned a 

different value at each z-edge of the element. The lack of nodes outside of the 

x-y plane is what makes this element two-dimensional; while some aquifer para­ 

meters may vary in value from node to node (i.e. from z-edge to z-edge), no 

parameters may be assigned varying values in the z-direction.
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Projection of an element

Figure 3.1
Two-dimensional finite-element mesh and quadrilateral
element.
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Within a two-dimensional finite-element mesh there is only a single layer 

of elements, the nodes of which lie in the x-y plane. Nodal points are always 

shared by the elements adjoining the node. Only nodes at external corners of 

the mesh are not contained in more than one element. The top and bottom sur­ 

faces are at every (x,y) point equidistant from the x-y plane, but the thick­ 

ness of the mesh, measured in the z-direction, may vary smoothly from point to 

point. When projected on the x-y plane, as in Figure 3.1, a finite-element mesh 

composed of the type of elements used by SUTRA appears as a mesh of contiguous 

quadrilaterals with nodes at the corners. Hence, the term, 'quadrilateral 

element*.

3.2 Representation of Coefficients in Space

Aquifer parameters and coefficients which vary from point to point in an 

aquifer such as specific storativity, So , and hydraulic conductivity, K, are 

represented in an approximate way in SUTRA. Parameters are either assigned a 

particular constant value in each element of a finite-element mesh (elementwise), 

or are assigned a particular value at each node in the mesh in two possible ways 

(nodewise or cellwise).

In the water-table aquifer, for a simple example, a regular two-dimensional 

mesh is used. The steplike appearance of elementwise assignment of K values over 

this simple mesh is shown in Figure 3.2. Nodewise assignment for head over 

this mesh results in a continuous surface of h values as shown in Figure 3.3, 

with linear change in value between adjoining nodes along (projected) element 

edges. Cellwise assignment is employed for specific storativity, S0 , and the time 

derivative, T . This results in a steplike appearance of the assigned values
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Figure 3.2
Elementwise discretization of coefficient K(x,y).
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h(x,y)

Figure 3.3
Nodewise discretization of coefficient h(x,y).
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over the mesh similar to that of elementwise assignment in Figure 3.2, but each 

cell is centered on a node, not on an element. Cell boundaries are half way 

between opposite sides of an element and are shown for the regular mesh in 

Figure 3.4. Thus the spatial distributions of parameters, K, h and S, are 

discretized (i.e., assigned discrete values) in three different ways: K, 

elementwise, h, nodewise, and So , cellwise.

Because the internal program logic depends on the type of discretization, 

SUTRA expects certain particular parameters or equation terms to be discretized 

elementwise, nodewise, or cellwise. The primary dependent variables of the 

SUTRA code p, and T or C, (in this example case, only hydraulic head, h), are 

expressed nodewise when used in terms which calculate fluxes of fluid mass, 

solute mass or energy.

Elementwise discretization

The equation which gives the values, over the finite element mesh, of 

an elementwise parameter, may be expressed for the hydraulic conductivity 

of the present example as:

NE 

K(x.y) » ^ KL(x,y) (3.3)

L»l 

where the elements have been numbered from one to NE (total number of elements

in the mesh), and KL(x,y) [L/s] has the value of hydraulic conductivity of 

element L for (x,y) coordinates within the element, and a value of zero outside 

the element. Thus K£(x,y) is the flat-topped 'box' standing on an element L, 

in Figure 3.2, and K(x,y) is represented in a discrete approximate way by the 

sum of all the 'boxes'. Note that KL(x,y) has the same value in the z-direction 

from the top to the bottom of each two-dimensional element.
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Figure 3.4
Cells, elements and nodes for a two-dimensional
finite-element mesh composed of quadrilateral
elements.
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Nodewise discretization

The equation which gives the values, over the finite-element mesh, of a 

nodewise value, may be expressed for the two-dimensional mesh as:

NN 

h(x,y,t) * \^ h (t) <|> (x,y) (3.4)

J-l

where the nodes have been numbered from one to NN (total number of nodes in the 

mesh). There are NN coefficients, hj(t), each of which is assigned the value 

of head at the coordinates (xj»Yj) of node number, j. These nodal head values 

may change with time to represent transient responses of the system. The func­ 

tion, $j(x,y), is known as the 'basis function 1 . It is the basis functions which 

spread values of head between the nodes when head is defined only at the nodal 

points by values of h. There is one basis function $j(x,y) defined for each 

node, j, of the NN nodes in the mesh. Suffice it to say, at this point, that at 

the node j, to which it belongs, the basis <j>j(x,y), has a value of one. At all 

other nodes i, if*j, in the mesh, it has a value of zero. It drops linearly in 

value from one to zero along each projected element edge to which the node j is 

connected. This means that even when all the NN products of hj and $j(x,y) 

are summed (as in relation (3.4)), if the sum is evaluated at the coordinates 

(xj,yj) of node j, then h(x,y) exactly takes on the assigned value, hj. 

This is because the basis function belonging to node j has a value of one at 

node j, and all other basis functions belonging to other nodes, i, if*j, have a 

value zero at node j dropping them from the summation in (3.4). Basis functions 

are described mathematically in section 4.1, "Basis and Weighting Functions."
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Cellwise discretization

The equation which gives the values, over the finite-element mesh, of 

a cellwise parameter may be expressed for the specific storativity of the 

present example as:

NN

SQ(x,y) « S1 (x,y) (3.5)

where S-£(x,y) has the value of specific storativity of the cell centered

on node i for (x,y) coordinates within the cell, and a value of zero outside

the cell. Thus, S^(x,y) is a flat topped 'box 1 standing on a cell i in

Figure 3.4, and So (x,y) is represented in a discrete approximate way by the sum

of all the 'boxes'. Note Sj[(x,y) has the same value in the z-direction from

the top to bottom of each two-dimensional element.

Uh
Reviewing the example problem, K is assigned elementwise and both S and -r 

o d t

are assigned cellwise. Hydrualic head, h(x,y,t), and element thickness, 

B(x,y,t), measured in the z-direction, are both discretized nodewise, with 

the nodewise expansion for thickness:

NN

B(x,y) * B1 (t)<}>1 (x,y) (3.6)

i-1 

The values B^(t) are the NN particular values which element thickness has

at the nodes, and these values may change with time in the present water-table 

example. Relation (3.6) should call to mind a vision of discretized values 

of thickness represented by a surface similar to that of Figure 3.3. The head 

surface of Figure 3.3 may stretch or shrink to move up or down as the head values 

at nodes, h-^(t), change with time due to stresses on the aquifer system. The
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nodewise discretized surface may be viewed as the water table, and the element 

thickness as the thickness of the water-table aquifer.

3.3 Integration of Governing Equation in Space

Approximate governing equation and weighted residuals method

The governing equation for the water-table example may be written in 

operator form as:

0(h) - S ~ - y-(KVh) - Q* - 0 (3.7) 
o dt ~ ~

Certain variables in this equation are approximated through elementwise and 

nodewise discretization. Particular terms of the equation are approximated 

through cellwise discretization. The result is that neither the derivatives, 

nor the variables are described exactly. Relation (3.7) no longer exactly 

equals zero:

A
0<h) * R(x,y,t) (3.8)

A
where 0(h) is the result of approximating the terms of the equation and the 

variables, and R(x,y,t) is the residual value of the approximated equation. 

When simulating a system with a numerical model based on approximation of the
A

governing equation, 0(h), the residual, R, must be kept small everywhere in the 

simulated region and for the entire time of simulation in order to accurately 

reproduce the physical behavior predicted by the exact governing equation, (3.7)

In order to achieve a minimum error, a method of weighted residuals is 

applied to (3.8). The purpose of the method of weighted residuals is to mini­ 

mize the error of approximation in particular sub-regions of the spatial domain
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to be simulated. This is done by forcing a weighted average of the residual to 

be zero over the sub-regions. This idea is the most abstract of those required 

to understand SUTRA methodology. The Galerkin method of weighted residuals 

chooses to use the 'basis function 1 , <J>^(x,y), mentioned in the previous section, 

as the weighting function for calculation of the average residual:

f A f
lO(h) <|> i (x, y ) dV «/R(x,y,t) ^(x.y) dV - 0 (3.9) 

V V i = 1,NN

where V is the volume of the region to be modeled. The model volume is com­ 

pletely filled by a single layer of quadrilateral finite elements. Relation 

(3.9) is actually NN relations, one for each of NN nodes in the finite element 

mesh as indicated by the notation, i * 1,NN.

In each relation, the integral sums the residual weighted by the basis 

function over a volume of space. Each integrated weighted residual is forced 

to zero over the region of space in which <t»-£(x,y) is non-zero. This region 

includes only elements which contain node i, because of the manner in which the 

basis function is defined, as described earlier. Thus, over each of these NN 

sub-regions of a mesh, the sum of positive and negative residuals after weighting 

is forced to zero by relation (3.9). This, in effect, minimizes the average 

error in approximating the governing equation over each sub-region.

After stating that the integral of weighted residuals must be zero for 

each sub-region of the mesh as in (3.9), the derivation of the numerical 

methods becomes primarily a job of algebraic manipulation. The process is
A

begun by substitution of the governing equation for 0(h) in (3.9):
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A r
( So It) VX ' y) dV - I

A
" <Mx,y)dV (3.10)

V

A
-/ (Q*) v.:,y) dV « 0 

\ / x

V

i « 1,NN

The terms in large parentheses topped by a carat are the approximate discrete 

forms of the respective terms in (3.7). These are expanded in the manipulations 

that follow. Relation (3.10) is discussed term by term in the following para­ 

graphs.

Cellwise integration of time-derivative term

The first term involving the volume integral of the time derivative may be 

written in terms of the three space dimensions, x, y, and z. Although the gov­ 

erning equation and parameters vary only in two space dimensions, they apply to 

the complete three-dimensional region to be modeled.

A / / /  A
~\ <fr,(x,y) dz dy dx (3.11)/(so g) V*-

z y x

//(.%.,<- » [M

The rearrangement in the final term of (3.11) is possible because no parameter 

depends on z. In fact, referring to (3.2), the aquifer thickness, B(x,y,t),
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may be defined as:

B(x,y,t) « / dz « h(x,y,t) - BASE(x,y) (3.12)

z(t) 

The final term of (3.11) is then:

A
//(So ft) V- y) B(x,y,t) dx dy (3.13)

Now cellwise discretization is chosen for S and for r , making these terms
o dt

take on a constant value for the region of each cell i. The region of cell i 

is the same region over which S^(x,y) is non-zero. Then, for any cell i, 

term (3.13) becomes:

' *// <(> i (x,y) B(x,y,t) dx dy (3.14)

y x
r\v ax.

where S.and r i are the values taken by S and r  in cell i. 
i dt o dt

It can be shown that the volume of cell i, denoted by V±(t), is, in 

fact, the integral in (3.14):

:,y) B(x,y,t) dx dy (3.15)

For a particular finite-element mesh, the volume V^(t) of each cell is 

determined by numerical integration of (3.15). Numerical integration by 

Gaussian quadrature is discussed in section (4.3), "Gaussian Integration."
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Given the value of the specific storativity of each cell, S^, the time
r\-i

derivative of head in each cell, TTI, and given the volume of each cell, V (t),
o t i

determined numerically, the first term of the weighted residual statement takes 

on its discrete approximation in space:

f, A x
/(S |lfW<x.y) dV = S. |£i V.(t) (: 
I \ o 8t/ i i 8t i

Elementwise integration of flux term and origin of boundary fluxes

Manipulation of the second integral in (3.10) begins with the appli­ 

cation of Green's theorem which is an expanded form of the divergence theorem.
-A

This converts the integral into two terms, one of which is evaluated only at the 

surface of the region to be simulated. Green's theorem is:

i/v-wj A dv * /(H"B A df - li W-VAj dV (3.17). __ __ . »!   V /

v r v

where A is a scalar and W is a vector quantity. The boundary of volume V is 

denoted by F including both edges and upper and lower surfaces of the aquifer, 

and n is a unit outward normal vector to the boundary. Application of (3.17) 

to the second term in (3.10) results in:

A\i /Y/ A\
>.(x,y) dV » - f |lKVhl-n| *, dF

/( AK Vh-V^ dV (3.18)

V
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The first term on the right of (3.18) contains a fluid flux given by Darcy's 

law:

e VQUT - - KVh   n (3.19)

where VQUT is the outward velocity at the boundary normal to the bounding 

surface. Thus the integral gives the total flow out across the bounding 

surface, QoUT^» ^n fche vicinity of a node i on the surface:

: t ' J(QOUT   /«" ,,  Oar 0.20)

An inflow would have a negative value of QoUT^ > an<* the relation between 

an inflow, QIJJ. , and outflow is: Qj{j. " ""QoUT-i * Thus, the first 

integral on the right of (3.18) represents flows across boundaries of the 

water-table aquifer model.

The second integral on the right of (3.18) may be expressed in three 

spatial coordinates.

A
dxf f ft A \p. dV - I / I IK Vhl'V4>. dz dy

1 Jjj\ ~ ; " 1

x y z

(3.21)

- I I(K VhVv<(. 1 [l<*z] dy dx « / I(K VhVv«j> 1 B(x,y,t) dy dx 

x y z x y

No term varies in the z-direction, allowing the use of (3.12) which defines 

aquifer thickness B. Notice that the transmissivity as given by (3.2), T * KB 

appears in the form of the integral just obtained.
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A
Now the approximation for the term K Vh is substituted into the integral. 

Hydraulic head, h(x,y,t), is approximated in a nodewise manner as given by re­ 

lation (3.4). The integral of (3.2) becomes:

f /*/ A \ f fr~ NN i
I MR Vhj-Vij).. B dy dx » I II K V £ h.(t) ()>.(x,y) i-V^ B dy dx

x y x y

NN ft-/ \
J h.(t) II K (V<t>.-V<!>. I B dy

J-l J JJ V 3 '

NN (3.22)
dx = y t

x y 

where K is the elementwise approximation for K(x,y). The summation and hj(t)

may be factored out of the integral because hj is a value of head at a node and 

does not vary with x and y location. The integral is represented by I^j(t) and 

depends on time because aquifer thickness, B, is time-dependent. For each node 

i, there are apparently j=NN integrals which need to be evaluated. In fact, due 

to the way in which basis functions are defined, there are only a few which are 

non-zero, because (V<|>j   V^) is non-zero only when nodes i and j are in the 

same finite element. When nodes i and j are in different elements, then V<)>j is 

zero in the element containing node i.

The integrals are evaluated numerically by Gaussian integration. This 

is accomplished by first breaking up the integral over the whole volume to 

be simulated, into a sum of integrals, one each over every finite element 

in the mesh:
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I I* (~V -0 B dydXS" * / I

x y xLyL

There are NE elements in the mesh, L is the element number, and XL and y^ 

are the x and y spatial domains of element L. Thus, for a given L, the integral 

over XL and VL is integrated only over the area of element L.

Now the discrete elementwise approximation for hydraulic conductivity, as 

given by (3.3) allows one term for element L in the summation of (3.23) to be 

written as:

:L jffaKT f /^ - V+±JB dy dx (3<24) 

XI/L

Here, the thickness B is specified to vary nodewise. The formula for B in this 

example is obtained by substituting the nodewise expression for head, (3.4), in­ 

to the definition of B, relation (3.2).

The integral over one element, as given by term (3.24), must be evaluated 

numerically. In order to do this, the coordinates of the element L, which has 

an arbitrary quadrilateral shape as suggested in Figure 3.3, is transformed to 

a new coordinate system in which the element is a two-by-two square. Then, 

Gaussian integration is carried out to evaluate the integral. For a given com­ 

bination of nodes i and j, this transformation and numerical integration is 

carried out for all elements in the mesh in which both nodes i and j appear. 

(There are 16 i-j combinations evaluated in each quadrilateral element.) The 

elementwise pieces of the integral for each i-j combination are then summed 

according to (3.23) in order to obtain the value of the integral over the whole
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region. The summation is called the 'assembly* process. This element transfor­ 

mation, integration of the 16 integrals arising in each element, and summation, 

makes up a large part of the computational effort of a finite-element model and 

also requires the most complex algorithm in a finite-element model. It is in 

this way that the second term of (3.10) is evaluated. More information on finite- 

element integration and assembly may be found in numerical methods texts such as 

Wang and Anderson (1982), Finder and Gray (1977), or Huyakorn and Finder (1983). 

The details of this method as applied in SUTRA are given in Chapter 4, "Numerical 

Methods."

Cellwise integration of source term

The last term of (3.10) deals with sources of fluid to the aquifer such as 

injection wells. The volume integral may, as before, may be written in x,y, 

and z coordinates:

f * fff*-I Q <x,y) +1 (x,y) dV - -/ I I Q +± dz dy dx

x y z

(3.25)*
Q 4> B(x,y,t) dy dx

where thickness B is introduced because Q and fy^ do not vary with z. It 

is assumed that all fluid entering the aquifer within the region of cell i, 

which surrounds node i, enters at node i. If QI [L^/s] is defined as the 

volume of fluid entering cell i per unit time, then Q [s~*]» which is the 

volume of fluid entering the aquifer per unit volume aquifer per unit time, 

is given as:
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* NN / Q*H
Q <*,y) " I IT-1 ! (3.26)

* 
This is a cellwise discretization for the source term, Q . For cell i:

B dy dx - -Q (3.27)

x y x y

Thus all recharges within cell i due to areal infiltration, well injection or 

other types are allocated to the source at node i.

This completes the spatial integration of the governing equation for the 

example problem.

3.4 Time Discretization of Governing Equation

When the integrated terms of the governing equation are substituted in 

(3.10) the following results:

si vi(t) 5I1 + £ Iij (t) hj (t > ' «iBi + \ (3 - 28 >

i - 1,NN

These are NN integrated weighted residual approximations of the governing dif­ 

ferential equation, one at each node i in the mesh. Because of the summation 

term in (3.28), the integrated approximate equation for a node, i, may involve 

the values of head, hj(t), at all other nodes in the mesh. The other terms 

in (3.28) involve only values at node i itself, at which the entire relation 

is evaluated.
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All the parameters in (3.28) are no longer functions of the space coordin­ 

ates. Each parameter takes on a particular value at each node in the mesh. 

Some of these values vary with time and a particular time for evaluation of 

these values needs to be specified. Also, the time derivative requires dis­ 

cretization.

Time steps

Time is broken up into a series of discrete steps, or time steps. The 

length of a time step, At, is the difference in time between two discrete 

times, at the beginning and end of a time step:

At Al » t - tn (3.29) n+i

where Atn+ j is the length of the (n+l) tn time step, tn is the actual time 

at the beginning of the (n+l) tn time step and tn** is the actual time at 

the end of this time step. The time steps are chosen to discretize the time 

domain before a simulation just as a mesh (or 'spatial steps') is chosen to 

discretize space. The time step length may vary from step to step.

The entire spatially integrated governing equation, (3.28), is evaluated at 

the end of each time step, t = tn+*. The time derivative of head in (2.28) is 

approximated, using a finite-difference approximation, as the change in head 

over a time step, divided by the time step length:

h.(tn + At ) - h.(tn )

In order to simplify the notation, the head at the end of the time step,
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h. (t + At , ) is denoted h, , and the head at the beginning of the time step 

h± (tn ) is denoted h". Thus,

, n+1 , n
dhj ~ _i _____ L_ ( <\ CM \dt 1 " At . (3 ' 31) 

n+1

The parameters that depend on time in (3.28), V (t), I..(t) and h.(t), 

are also evaluated at the time, t , at the end of a time step:

<3.32a)

"fc 
The sources, Qjjjj > an<i Qi » are assumed constant in time for present

example.

Resolution of non-linearities

The variability in time of cell volume, V^, and the integral, I-jj, 

depends on the changing thickness of the aquifer with time, B(x,y,t). The 

aquifer thickness at node i at the end of a time step, B^n+ *, is not known until 

the head at the end of the time step is known giving the water-table elevation. 

This typifies a non-linear problem wherein the problem requires values of coef­ 

ficients in order to be solved, but the values of these coefficients depend on 

the, as yet unobtained solution. This circular problem is avoided in this ex­ 

ample by using estimates of the coefficient values in the solution. An estimate 

of the head at the end of the next time step is obtained by a linear projection:

,At
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where h. is the projected or estimated head at the end of the, as yet un­ 

solved time step, which would have an exact value, h, . Actually, in addition 

to projection, SUTRA also employs a simple iterative process to resolve non- 

linearities. This is described in sections 4.4 and 4.5 under the sub-heading 

"Temporal discretization and iteration."

A projected thickness may then be determined from (3.33) as:

B°+1 . BProJ - h - BASE. (3.34)

where B, is the value of thickness needed to evaluate V. and I,. , B^ 

is the estimated value of B, , and BASE, is the value of BASE(x,y) at node i
3-1 A

Now the spatially integrated equation, (3.28), may be written discretely 

in time:

n+1 " NN J- . J- . (3 " 35>
\ n+l / j«l J J i

i « 1,NN 

where V, and I., are evaluated based on projected thickness, B.

3.5 Boundary Conditions and Solution of Discretized Equation

Matrix equation and solution sequence

The NN relations given by (3.35) may be rearranged and rewritten in 

matrix form:
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Ut +1 /

~ s vn<fls lvl
0

0
*

*

0

0

s vn+1 
V2

0

0

0 -

0  

s vn<fl
S 3V 3

0  

-   0

    0

0

 *s vn+1
NN NN

<

fh» +1

, n+1 h 2

hf1

fchN+1 -

n+1 
11

n+1

'at 1
jn+1

n+1 
NN,1

n+1 
12

n+1 
L 22

jn+1

m

 

n+1 
1 13

Tn+l 
23

jn+1

,

 

,n+l
,NN

n+1
NN,NN

\ vn41 hn

s vn+1 hn
b2 V 2 n2 

S 3 V3 h3

s vn<fl hn
NN NN NN

/,

INj 

INo 

IN^

INfjjj
^ >

* 4

*

*^2
*

QNN
k. >

n+1

(3.36)

By adding the two matrices on the left side, and the vectors on the right 

side, a matrix equation is obtained which may be solved for the model heads 

at the new time level, tn*^, on each time step:
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/ S ! V?+1 0.1 \ T n + 1 Tn+1 T^l/ 11 , Tn+l\ I,« I in ....... . iUtn+1 +I n ; u 13 B 1 * NH

I^1 / S 2V2 +1 an+n rn+l

n+1 n+1 
7 31 7 32

' s vn+1
n+1 / NN NN , Tn+l \
NN,1 \ At Al NN,NN/ 

  n>fl «

<

, n+1
h l

, n+1h2

, n+1 *>

hNN
L. ^

Atn+1

Atn+1

yn+l n 
bNN NN "N

flt
+ Q

n+ l IN
+ Q

NN NN

3.37)

^ -- -    ^ 

The solution progresses through time as follows: On a given time step, the 

nodal heads at the beginning of the step are known values and are placed in h 

on the right hand side vector of (3.37). The thickness-dependent values are 

determined based on the projection of B in (3.34) using projected head of 

(3.33). The integrals and volumes are evaluated and the matrix and vector com­ 

pleted. The nodal heads at the end of the current time step are solved for by 

Gaussian elimination for the (banded) matrix on the left of (3.37). The new 

heads are then placed on the right side of (3.37) into h , and a new time 

step is begun.
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Specification of boundary conditions

Before solving the matrix equation as described above, information about 

boundary conditions must be included. In the case of solving for heads, the 

boundary conditions take the form of either specified fluid fluxes across 

boundaries which are directly entered in the terms, QJJJ,, or °^ particular 

head values specified at nodal locations. At a point of fixed head in an aquifer, 

a particular value of fluid inflow or outflow occurs at that point in order to 

keep the head constant when the aquifer is stressed. It is this flux of fluid 

which is added to the model aquifer in order to obtain fixed heads at nodes.

Consider the closed system of Figure 3.5 in which head at node i, hj_, is 

to have a specified value, hgQ, for all time. A well is removing water from 

the system at an internal node. A core of porous medium with conductance v is 

connected to node i. The head outside the core is held at the specified value, 

hgc. The head at node i, hj[, is calculated by the model. A flow of Q^CJ 

[L^/s] enters through the core at node i in order to balance the rate of fluid 

removal at the well. The resulting head at node i depends on the conductance 

value v of the core. If v is very small, then a large head drop*is required 

across the core in order to supply fluid at the rate the pumping well requires. 

This results in hj[ having quite a different value from hgQ. If, however, v 

is very large, then the value of head at node i, is very close to hgQ, as only 

a minute head drop across the core supplies the fluid required by the well. 

Therefore, by applying flux to a node through a highly conductive core, the out­ 

side of which is held at a specified head value, the node responds with a head 

value nearly equal to that specified. An advantage of specifying head this way
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Figure 3.5
Schematic representation of specified head (or
pressure) boundary condition.
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is that when head at a node in the mesh is fixed, a calculation of the flux 

entering the mesh at this node is obtained at the same time. 

This flux is defined as follows:

(3 ' 38)
where (X,- is the inflow at node i resulting from the specified head boundary

BO ,

condition, v is the conductance of the f core f , and hg^, is the specified 

value of head at node i on the boundary.

The matrix equation (3.37) may be written in short form as:

NN . . . . / S. 
l M?]1 hf1 - -- "

i - 1,NN 

wherein an additional flux 0  has been added to account for specified
D\j-j^

head nodes. At such a node, say node A, the equation is:

^

, , i /ov (MVT / q V \ /

v ^n+1 ,n+l I A A \ ,n , * . ^ , I& u * " v ̂ ^r / A QA QINA v v
where v is very large, then the last term dominates the equation and (3.40) 

becomes:

Thus the specified head is set at node A, but as h. and h__ are slightly
A BCA

different, a flux may be determined from (3.38).
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Chapter 4 

Numerical Methods

In this section, the numerical methods upon which SUTRA is based are presented 

in detail. The purpose of this presentation is to provide a complete reference for 

the computer code.

4.1 Basis and Weighting Functions

Basis functions, weighting functions and their derivatives are all described 

in local element geometry. In a local coordinate system, every element takes the 

shape of a two by two square. The local coordinates, £ and n, are shown along 

with a generic local finite element in Figure 4.1. The origin of the local 

coordinate system is at the center of the element. Local node one always has 

local coordinates (£, ri) « (-1, -1). The other nodes are numbered counter­ 

clockwise from the first node as shown in Figure 4.1.

The following one-dimensional basis functions are defined over the region 

of the element:

(1 - £) (4.1)

| (1 + £) (4.2)

H_(n) - | (1 - n) (4.3)

(i + n) (4.4)

These linear one-dimensional basis functions are continuous in £ and n and 

have either a value of zero or one depending on whether £ or n have a value 

of +1 or -1. The one-dimensional functions are combined to create the bi­ 

linear basis functions used in SUTRA:
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NODE 4 
(-1,1)

NODES 
(1,1)

t-

NODE1
(1,-D 

NODE 2

Figure 4.1
Quadrilateral finite element in local coordinate
system (C,n)«
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ftjU,*) = S_ H_ (4.5)

Q2 U,n) » 5+ H_ (4.6)

Q3 <e,n) - S+ H+ (4.7)

Q4 U,n) - S_ H+ (4.8)

The two-dimensional bi-linear basis functions, when defined in the local element 

coordinate system are denoted as ft,(C,n), i»l,2,3,4. There is one basis function 

defined for each node.

The basis function ft., defined for node i, has a value of one at the node 

and a value of zero at the other nodes. The surface representing ft,(£,n) over 

an element is curved due to the product of £ and n in equations (4.5) through 

(4.8). A trajectory in the surface parallel to an element side, however, is a 

perfectly straight line as shown in Figure 4.2. This is born out in the der­ 

ivatives of the bi-linear basis functions which depend on only one space co­ 

ordinate:

ISj

al2

If3

3ft4
ar

1 H" ~ ? -

  4 H-
- * \ \

1
" " 2 H+

If1
i2
a"n"3

M4

""I s-

i
~ 2 "+

1

1* + 2 "-

(4.9)

(4.10)

(4.11)

(4.12)

Asymmetric weighting functions are defined for use in a Galerkin-Petrov 

method (one version of which is described in Huyakorn and Finder, 1983). These 

are not applied for nodewise discretization of parameters, but rather for 

weighting in the volume integrals of the governing equation. They may be used
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d.,-1

(1., 1.)

Figure 4.2
Perspectives of basis function at node i



to give an 'upstream weighting 1 to the advective flux term in the transport 

equations or to provide 'upstream weighting' to the fluid flux term in the fluid 

mass balance when the medium is unsaturated. The asymmetric functions are defined 

as follows:

s_ - 2*) (H_ - H*)

s_ - s*) /H+

where:

*

The spatial derivatives are: 

36

|§

36

(4.13)

e2 (e,n) - s+ + E H_ - H (4.U) 

6 3u,n) - (E^ + s*) (H+ + H*) (4.15)

(4.16)

(4.17)

H* » 3a S S (4.18) n - +

i - - I (i-3¥) (H. - H*) |2i . - I (i-3V) (B. - a*) (4.19)

(H.-H*) |22 - - i (i-3ann) (a+ + H*) (4.20)

3 - + I (l-3V) (H+ + H*) |23 - + I (l-3.nn) (3+ * E*) (4.21)

4 - - I (l-3.6£) (H+ + H*) |j|4 - + i (l-3V) (S_ - S*) (4.22)
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The parameters a- and a determine the amount of asymmetry (or upstream 

weight) in each coordinate direction. When these parameters have a value of 

zero, then the basis functions and their derivatives, equivalent to (4.5) 

through (4.12) are exactly obtained from (4.13) through (4.22). The values of

a_ and a depend on location in the element: 
£ n K

a (6,n) - (UP) (~  *   (4.23) 
* V -local

V

H(UP)  U  ( ) (4.24)

where UP is the fractional strength of upstream weighting desired (chosen by the 

model user), V£(£,fl) and v^(^,n) are the components of fluid velocity given

in terms of local element coordinates, and |v, ,(£,n)l is the magnitude of
 local

fluid velocity given in terms of local coordinates. Each velocity component may 

vary in value throughout the element. A description of the calculation of fluid 

velocity is given in section 4.6, "Consistent Evaluation of Fluid Velocity."

Note that the basis functions, weighting functions and their derivatives are 

calculated by the SUTRA subroutine 'BASIS2*.

4.2 Coordinate Transformations

During calculations for the finite-element mesh and during integral 

evaluations, transformations are required between the global (x,y) coordinate 

system in which an element may have an arbitrary size and quadrilateral shape, 

and the local (C,n) coordinate system in which each element is a two by two 

square. Transformations are required in both directions. The transformation
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involves a linear remapping in each coordinate direction and employs the basis 

functions to provide mapping. The Jacobian matrix [J] is calculated separately 

for each element that requires transformation and may vary from point to point 

in an element.

aft, a?1

3ft
L an

aft, al2

3ft0an2

an. a?3

aft. a^3

aft, al4

aft 
an J

" x i

X2

X3

- x /,

y l "
y2 

y3

y A J

(4.25)

The numbered subscripts refer to the local element numbering of Figure 4.1.

The Jacobian matrix is used to transform derivatives of basis functions from 

the global to the local coordinate systems and the reverse:

aft. a"?

ax

an an

!£-

ay

(4.26)

3ft

(4.27)

an

where:

ax 
an an

(4.28)

The subscript j refers to any one of the four nodes in an element and (J>. refers
 J

to the global basis function as defined for the j node in an element. The 

same transformations apply to derivatives of the asymmetric weighting functions 

which are denoted to. in global coordinates. In (4.27), JJ J is the inverse 

Jacobian matrix defined as:
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( 1 \
det J 1

J22 "J12 

~J21 Jll
(4.29)

where det J is the determinant of the Jacobian given by:

det J - Ju J22 - J12 J21 (4.30)

The determinant may vary bi-linearly over an element.

Differential elements of area, dA, are transformed between local and global 

coordinate systems as:

dA - dx dy - (det J) d£ dn (4.31)

Note that the Jacobian matrix, determinant of the Jacobian, and the deri­ 

vatives of the basis functions in local and global coordinates are calculated 

in SUTRA subroutine, 'BASIS2*.

4.3 Gaussian Integration

Gaussian integration is a method by which exact integration of polynomials 

may be carried out through a simple summation of point values of the integrand. 

The method is:

t-+l NP

/ f<*> * ' £ GKG «W (4 ' 32) 

T 1 KG-1

where f(t) is the function to be integrated between i » -1 and T « +1. KG is the 

Gauss point number, NP is the total number of Gauss points, GRQ is a constant, 

and TKQ is the location of the KGt" Gauss point. An exact integration is guar­ 

anteed by the sum in (4.32) if (2n-l) Gauss points are used for a polynomial f(t) 

of order n. For evaluation of integrals which arise in the SUTRA methodology, 

only two Gauss points are used in a given coordinate direction as the integrals
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encountered are usually of order three or less. In this case, the constants, 

have a value of one and (4.32) simplifies to:

x * +1 2

I f(t) dt - ^T f(xRG ) (4.33)

T * -1 KG=1

The values of TJ^Q for Gauss points one and two, are minus and plus 0.577350269189626, 

(or ± 3 z respectively).

The need to define a two by two element in local coordinates is apparent 

here. Gaussian integration is done over a range of two from -1 to +1. In order 

to integrate a term of the differential governing equation over an arbitrary 

quadrilateral element in the mesh, the limits of the integral must first be 

transformed to values of -1 and +1, that is, to local coordinates. When inte­ 

grating a double integral, both integrals must be transformed to have limits of 

-1 and +1 , and two Gauss points are needed in each coordinate direction. These 

are defined as shown in Figure 4.3.

An example, evaluating the integral of (3.24) follows: The integral to 

evaluate is:

A,. * / / (V(|>.   V<|>.) B. dy dx (4.34) 
ij J J ~ 3 ~ * !

XL yL 

where x and y indicate that the integral is over the area of an element L in
i-i Lj

global coordinates. First, the (x,y) integral is converted to an integral in 

local coordinates (£,TI) through use of the Jacobian:

+1 +1 

ij sA s / /* (V<j>..-   V^) Bi (det J) dn d£ (4.35)

C  1 n«-l
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Figure 4.3
Finite element in local coordinate system with Gauss
points.
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The values of V«j> are in global coordinates and are obtained by transformation 

of derivatives calculated in local coordinates.

Gaussian integration is applied independently to each integral:

Aj.   > > |(X*- ' ¥*i) B - ( det J ) V \ (4.36) 

K -1 \ Y\

or equivalently as a single summation: 

4

Z IY \ i II V<j>.   V<j>. I B. (det J) I/ \ (4.37)
KG»1 \ KG ' KG/

where Kr and K« refer to Gauss point locations in the £ and r\ directions, and 

where £J^Q and HRG refer to the four Gauss points arising in (4.36) as depicted 

in Figure 4.3. Thus, in order to evaluate the integral (4.34) over a given 

element, only four values of the integral need to be summed as given in (4.37), 

with one value determined at each of the four Gauss points.

In the case where an element is a non-rectangular quadrilateral with 

variable thickness B, the polynomial to be integrated in (4.35) is of fourth 

order as each of the terms may vary linearly in the same direction. Otherwise 

it is always of third order or less, and two-point Gauss integration provides 

exact results.

Note that the summation indication by (4.37) over the Gauss points is 

carried out by SUTRA subroutine 'ELEMEN 1 for each element in the mesh and for 

each integral which requires evaluation.
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4.4 Numerical Approximation of SUTRA Fluid Mass Balance

The governing equation representing the SUTRA fluid mass balance (2.24), is 

modified by the addition of a point source term which is used to insert points 

at which pressure is specified. This is done as described in text referring to 

relation (3.38).

Op(p.U, . (sw,Sop * ep g.) g * (esw * ) H

-
(4.38)

- v 
P

The last term is the source term arising from a specified pressure condition, 

wherein vp is a 'conductance 1 and pjjc(t) ^ s tne externally specified pressure 

boundary condition value. When vp is set to a sufficiently large value, t'he 

last term becomes much larger than the others in (4.38), and p « PBC> which is 

the desired boundary condition. Relation (4.38) is numerically approximated in 

the following sections.

Spatial integration

When the equation for Op(p,U) is approximated through nodewise, elementwise 

and cellwise discretizations, it no longer exactly equals zero. The approximate
A

equation, 0 (p,U), equals a spatially varying residual, Rp(x,y,t), as shown 

in (3.8). A weighted residual formulation may be written as:
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0 (p,U) W (x,y) dV * 0 i * 1,NN (4.39)

V

where Wj_(x,y) is the weighting function in global coordinates chosen to be 

either the basis function, <j>^(x,y) or the asymmetric weighting function, 

(o-£(x,y), depending on the term of the equation. Relation (4.38) is approxi-
A

mated discretely and substituted for 0 (p,U) in (4.39). The resulting set of 

integral terms is evaluated, one term at a time in the following paragraphs. 

The first term is an integral of the pressure derivative:

[
A(vsoP + "H*)!? K(x-*"oP dv (4 - 4o) -*"

where the term in brackets is discretized cellwise, with one value of the term 

for each of the NN cells in the mesh, and the weighting function is chosen to be 

the basis function (written in global coordinates) The carat (~) or large 

carat (A) over a term indicates that it has been approximated in one of the 

three ways. Because the cellwise-approximated term is constant for a node i, it 

is removed from the integral leaving only the basis function to be integrated. 

The volume integral of <j>.(x,y) gives the volume V. of cell i according to 

relation (3.15). The term (4.40) becomes:

(s pS + ep |V|. f£i V. (4.41) 
\ w op dp /i 3t i

The second term of the expanded form of (4.39) is also a time derivative 

which is approximated cellwise:

  r A i
( £S fiOir |*.(x,v) dV-(tS tfcYj&V. f\ w 9b / 9t r i   \ w 9U/i 3t i

(4.42)
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The third term of expanded relation (4.39) involving the divergence of 

fluid flux is weighted with the asymmetric function. The asymmetry is intended 

for use only in unsaturated flow problems to maintain solution stability when 

the mesh has not been designed fine enough to represent sharp saturation fronts. 

In general, the usual symmetric function is used for weighting this flux term 

even for unsaturated flow, but the term is developed with the asymmetric function 

in order to provide generality. Green's Theorem (3.17) is applied yielding:

A
- / { ! [(*£) - (VP -  )] }  ,<. dV

- / (° V) ' (vp - P£H   n ^(x.

A -j (4.43) 

3 - OR 11   Vw. dV

wherein the terms with carats are approximated discretely as described below, 

n is the unit outward normal to the three-dimensional surface bounding the 

region to be simulated, and F is the surface of the region. The asymmetric 

weighting function in global (rather than local) coordinates is denoted, 

to.(x,y). The first term on the right of (4.43) is exactly the fluid mass flux 

(see Darcy's law, relation (2.19)) out across the region's boundary at node i, 

qQUT (t) in units of [M/sJ:

Ax F r/w u ,xA / xl <4-44)
qOUT (t) * £p^ - s w dr / {&$   (»-«)]  . -,
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This term is used to specify fluid flows across boundaries in SUTRA, Note that 

an inflow, qu^U) is qINi *

The second term on the right of (4.43) is approximated using a combination 

of elementwise and nodewise discretizations. The approximation of (Vp - pjj) 

requires particular attention and is discussed in section 4.6, "Consistent 

Evaluation of Fluid Velocity." The permeability tensor appearing in (4.43) in 

general has nine components, however, (Vp - pg) is always zero in the third 

spatial direction due to the assumption of a two-dimensional model. Thus only 

four components of the permeability tensor are required:

r kL kL 1*   * *
yx yy

AL
wherein k and is discretized elementwise as indicated by k . The pressure is 

discretized nodewise:

NN
P(x,y,t) a I p (t) (f>.(x,y) (4.46) i-1 *  1

Relative permeability, kr , depends on saturation which, in turn, depends on 

pressure. Relative permeabilities are evaluated at each Gauss point during 

numerical integration depending on the saturation (and pressure) at the Gauss 

point. Viscosity is evaluated at each Gauss point for energy transport as a 

function of nodewise discretized temperature, and is constant for solute 

transport.
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Density, p, when it appears in the permeability term, is also evaluated at 

each Gauss point depending on the nodewise discretized value of U at the Gauss 

point. The density appearing in product with the gravity term is expressly 

not evaluated in this usual manner. A particular discretization is used which 

maintains consistency with the Vp term as described in section 4.6, "Consistent 

Evaluation of Fluid Velocity". This consistently-evaluated pjg term is denoted 

pg, (see relation (4.103)).

The second term on the right of (4.43) is thus approximated as:

NN * * (r/-L \ A P\-i \
«r» / 4- \ f f /1 I lr 1 I "     "  1 I * \7ffi > * \7/i\ "RI *v vi f\\7 HYI I \II«v   i  |vu/,/^vw i j.jv-'V«y/ij.y*-iA / / / n \

J J (l\^ ) \ U /J ~ 3) - i (4.47) 
x y

f(iL) (
x y

^T /tr \

where k indicates an elementwise discretized permeability tensor, I r_ Iv ;
indicates the value of the term based on nodewise discretized values of p and U,

^"Jt 
and (PJ») indicates a discretization of (pj») consistent with the discretization

of Vp. The thickness of the mesh, B(x,y), is evaluated at each Gauss point 

depending on a nodewise discretization:

NN
B(x.y) * I B. 4>.(x,y) (4.48) 

i-1

where B. is the mesh thickness at node i. Note that mesh thickness is fixed
i

and may not vary in time as was allowed for illustrative purposes in Chapter 3, 

"Fundamentals of Numerical Algorithms."

The last two terms of (4.38) are approximated cellwise with a basis 

function for weighting.
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r A i
- /Qp «.( X ,y) dV - j|vp(pBC - p)J «.(x,y> dV = - Q. - v^- p.)

(4.49) 

The cellwise discretizations which are employed in the above evaluations are:

NN t i -i %

(4.50)

^ ~» NN r /v. x / xl
(4.51)

where V.is the volume of cell i, Q,(t) [M/s] is the total mass source to cell i,

3 
Q [M/L -s] is the fluid mass source rate due to the specified pressure, and

v.[L-s] is the pressure-based conductance for the specified pressure source in 

cell i. The conductance is set to zero for nodes at which pressure is not 

specified, and to a high value at nodes where pressure is specified.

By combining and rearranging the evaluations of approximate terms of 

(4.39), the following weighted residual relation is obtained:

, , NN
AF. 2&i + CF. §~L + T p.(t) BF.. + v.p. * Q, + v.p^ + q_. T + DF. 

i dt i dt . , 1 11 11 i i BC, IN. i j=l J 11

i = 1,NN 

where:

(4.52)

AF. » ( S pS + ep ~w|. V, (4.53) 
i \ w op 3p /i i

CF. = feS I^V V. (4.54) 
i \ w 9U/i i

d\- ) \~n ~ J f ~ x
x y

x y
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The only integrals requiring Gaussian integration are BF.. and DF.. Note that 

these are evaluated in SUTRA subroutine ELEMEN in an element by element manner. 

The other terms except for those involving v. are evaluated cellwise (one for 

each node). Note that this is done by subroutine NODALB, and the specified 

pressure terms are evaluated by subroutine BOB.

Temporal discretization and iteration

The time derivatives in the spatially discretized and integrated equation 

are approximated by finite differences. The pressure term is approximated as:

n+1 n
- Pi (4.57)

where

Atn,l

Pi * pi (tn> (4.58a)

- pi(tn+1 ) (4.58b)

and

(4.59)

The new or current time step, At ., begins at time t and ends at time t 

The previous time step for which a solution has already been obtained at time

t is denoted At . 
n

The term in (4.52) involving the time derivative of concentration or temp­ 

erature, -rr, makes only a very small contribution to the fluid mass balance. For

solution over the present time step, At .., this derivative is evaluated usingn+i

information from the previous time step, as these values are already known:
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This approximation gives a simple method of accounting for this small 

contribution to the fluid mass balance.

All other terms in (4.51) are evaluated at the new time level t for 

solution of the present time step, At ., except for the density in the 

consistently discretized I P£) term. The density is evaluated based on U(t ), 

the value of U at the beginning of the present time step. Because coefficients 

depend on the, as yet, unknown values of p and U at the end of the time step, 

one or more iterations may be used to solve this non-linear problem. On the 

first iteration, and when only one iteration per time step is used, coefficents 

are based on a projected value of p and U.

/At .,v / ,J>roj M n A / n+l\ / n _ n-1
i n

u" + ("IT1) (ui - "i" 1 ) (4<62)
\ n / \ /

These projections estimate the p and U values at a node i, p^ and uV , at

the end of the present time step, At , , based on linear extrapolation of the
~*

two previous values of p and U. All p and U dependent coefficients (except pg)

in (4.52) through (4.56) are estimated at time level t . These coefficient 

values are based on the most recent values of p and U, be they projections or 

solutions to the previous iteration. Iterations end when the maximum change in 

p and U at any node in the mesh falls below user-specified criteria of absolute 

change in p and U.
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The weighted residual relations (4.52) may thus be written in a form which 

allows for solution of pressures at nodes, p. , at the end of the present time 

step:

NN
i

ST
-n-c. , ^ , , ,- 0 vBFij + v i p i * Qi (4 ' 63)

DF(n+D* n + / n+ l
i V i

i « 1,NN

where the superscript involving (n) or (n+1) indicates level of time evaluation
~"A* 

The term with level (n+1)* indicates that the (p£) term is evaluated at the (n)

time level on the first iteration, and at the most recent level on subsequent 

iterations. The other coefficients are evaluated at the (n+1) time level by 

projection on the first iteration, and at the most recent level on subsequent 

iterations,

Boundary conditions, fluid sources and sinks

Specified pressures are obtained through the cellwise addition of a fluid flux,

(see Figure 3.7), Q__, [M/sj with reference to (4.49):
BC.

_n+l / n+1 n+l , , ,,. 
QBCi * vi (PBCi * Pi (4 ' 64)

For a cell in which v. is specified as a large number, this flux term dominates

the fluid mass balance and p^- - p, , achieving a specified pressure at the
UL , i

node representing cell i. Note that specified pressure may change each time step. 

For cells in which pressure is not specified, v , is set at zero, and no fluid 

is added to the cell by (4.64).

Both fluid sources, Q, , and fluid inflows across region boundaries,

q , are specified cellwise. They directly add fluid mass to the node in 
i
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cell i. Thus, fluid sources and boundary inflows are indistinguishable in the 

model. Fluid sources and flows across boundaries are both accounted for by the 

vector Q, in SUTRA, and are referred to as fluid sources. Thus the term,

qTM , in (4.63) may be dropped and the definition of Q, may be generalized 
IN, i

to include the boundary flows.

The form of the discretized fluid mass balance implemented in SUTRA is as 

follows:

NN

E IY  L\ At
j-i

n+l

wherein 6,. is the Kronecker delta

(4.65)

0 if
l if 1-J

/y £C x (4 ' 65a)

4.5 Numerical Approximation of SUTRA Unified Solute Mass and Energy Balance

The governing equation representing the SUTRA unified energy and solute 

mass balance (2.52) is modified by the addition of a point source term which 

arises due to fluid inflows and outflows at points of specified pressure:

0 (U) u

- V

f eS pc L w w + (l-e)p c 1 ~ + eS pc v-VU s s 3t w w- -

D) Vu|

QpCw(U* * U) " eSPr Uwl l Us - eSwPro   (1 "e)p sro

- QPBCCw(UBC - U) - °
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The last term is the solute mass or energy source due to fluid inflow at a point

3 
of specified pressure, Q,.,,.-, [M/L *sj is the mass fluid source rate given by

(4.51), and U _ is the concentration or temperature of the flow. For outflow, 

U * U, and the terms goes to zero. Relation (4.66) is numerically approximated 

in the following sections.

Spatial integration

When the equation for 0 (U) in (4.66) is approximated through nodewise, 

elementwise and cellwise discretizations, it no longer exactly equals zero. The

A
approximate equation, 0 (U), equals a spatially varying residual, R (x,y,t), 

as shown in (3.8). A weighted residual formulation may be written as:

A __
0 (U) W.(x,y) dV « 0 i * 1,NN (4.67)

where W (x,y) is the weighting function, chosen to be either the basis function, 

4>.(x,y) or the asymmetric weighting function, w.(x,y), depending on the term 

of the equation. Relation (4.66) is discretized and the approximation is

A
substituted for 0 (U) in (4.67). The resulting set of integral terms is eval­ 

uated, one term at a time, in the following paragraphs.

The first term is an integral of the temperature or concentration time 

derivative:

if a A /i \ 1 9ul A f ^ ,«, // ^^ \\ eS pc + (1 £)p c I "r / <p.(x,y) dV (4.68)
Hww sjotii V ' '

where the term in braces is discretized cellwise, and the weighting function is 

the basis function, (written in global coordinates). As the term with a carat 

in braces has constant value over a cell, i, the integral contains only the 

basis function and equals the cell volume, V., according to (3.15). Thus the 

term is:
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f?1 Vi

The second integral is:

o) i (x,y) dV (4.70) 

V

where the asymmetric weighting function is chosen to allow the use of 'upstream 

weighting' for this term representing advective transport. "Upstream weighting" 

is intended for use only when the finite-element mesh has been designed too 

coarse for a particular level of dispersive and advective transport. The 

asymmetric function adds dispersion in an amount dependent on element length 

in the flow direction. As a result, it changes the parameters and thus changes 

the physics of the problem being solved. This term is written in general to 

allow upstream weighting, but simplifies to weighting with a basis function when 

upstream weight (UP in (4.23) and (4.24)) is set to zero. Thus, in order not to 

alter the physics for most simulation problems, this term will have symmetric 

weighting.

The coefficients in this term (except velocity) are evaluated at each 

Gauss point and are represented depending on nodewise discretization of p and 

U. Porosity is discretized nodewise. Nodewise discretizations of e and U 

are written:

NN

e(x,y) * e - e ± ^(x.y) (4.71)

NN

U(x,y,t) * > U± (t) ^(x.y) (4.72)
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The velocity is evaluated at each Gauss point during numerical integration

in a particular way that depends on consistent discretization of Vp and P£ terms
~* 

in Darcy's law. This consistent approximated velocity is denoted v. Thus the

term (4.70) is evaluated as:

I Uj(t) f f Fe (SWP) cw v* - V^l ̂ (x.y) B(x,y) dy dx (4.73) 

x y

wherein B(x,y) is the nodewise-discretized mesh thickness (4.47). Specific

heat, c , is a constant, w

The third term of (4.67) is:

- I V-jpcJeSw (crj. + lA + d-e)cr sll-VU> <|> 1 (x,y) dV (4.74) 

V

where the basis function weights the integral. Green's Theorem (3.17) is 

applied to (4.74) resulting in:

Af\ T \

D) + (l-e)a s l LvuU *±(x, 
J /

M
(4.75) 

pc I eS I a I + Dl + (l-e)tf I I -VUVVA. dV/| pc r^wi + 2) * (1 -e) * s! -^up*i
V

where the carat refers to the entire terms in braces. The first term represents 

the diffusive/dispersive flux of solute mass or energy out across a system boundary 

in the region of node i. This term is denoted, ^nuT   An influx would be 

-¥ or ¥_w . The second term is based on nodewise discretization of U.

The coefficients p and S are evaluated at Gauss points based on nodewise dis-
w

cretization of U and p. Porosity, e is discretized nodewise as in (4.71), and 

c , a and ff are constants. The dispersion tensor, D, is evaluated at each
V? Vf S "*"
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Gauss point according to equations (2.38) through (2.40b). Velocities used in

v?
this evaluation are the consistent values, v, and dispersivities, a and Oi T ,

JL i

are discretized elementwise except that a is evaluated at each Gauss point
LJ

for the anisotrtopic media model. The approximated D is denoted, D Thus, the 

term (4.74) is evaluated as:

  x + j!i uj (t)// {"sW0"* * 2) + (i -;> °s4 - -*i B(x>y) dy dx
x y

(4.76)

The remaining terms in (4.67) are discretized cellwise with the basis 

function as the weighting function:

A,
" / Kcw(U*~U) J *i (x ' y) dV " "" Qi cw(Ui " Ui
V

V

A
_ ., a

v

o + - £) Vo] *i( X '^ dV 

V

A
. -PBr cw(V - u)l V x ' y) dv L FBC w\ BC /J 1

V

where:

QBC.   Vi(PBC.

and:

NN X Q.

"PBC ' .2
1*1 ^ 1

A
wPr l U J VX ' y) dV   "" £SPr (4 ' 78)

.(x,y) dV - - [<l-e)pr uV (4.79)
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The relation, (4.79), is non-zero only for solute transport and the value of U
8

is given for solute trasport by the adsorption isotherms in the form:

U s C - sT C + sn (4.84) 
s s L R

where s_ and s are defined in section 4.7, "Temporal Evaluation of Adsorbate 
Li K

W s 
Mass Balance." In the above cellwise relations, c , p , 7, , and y, are constant,

W D X J.

W 3and 7,7,8-, and s_ may vary cellwise and with time.
O O L K

By combining and rearranging the evaluations of integrals in (4.67) and the 

definition (4.84), the following NN spatially discretized weighted residual re­ 

lations are obtained:

... NN NN
..

+ QBC. Cw Ui(t) ' VwU + QBC. CwUBCi + *INi + ETi + GsTRi (4 ' 85)

i »1,NN 

where:

AI± * I eSwpcw + (1 ~  > p 8 cs|i Vi (4.86)

I /T e(Swp) Cwy*' V » B dy dx (4.87)

BIu //{pCw[ ^ Sw( 0wi + 2) + d-0a8l} V^I'V^ B dy dx

y
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Vi (4 ' 89b)

GIRi - [(l-t)Pr s V (4.890si . ±

Vi (4 ' 90)

The only integrals requiring Gaussian integration are DT , and BT... Note that 

these are evaluated in SUTRA, subroutine ELEMEN, in an element by element manner,

The remaining terms that do not involve Q_._ are evaluated cellwise by SUTRA sub-is \j

routine NODALB. Also note that the flux terms arising from specified pressure 

(those with Q ) are evaluated by subroutine BCB.

Temporal discretization and iteration

The time derivative in the spatially discretized and integrated equation 

is approximated by finite differences:

n+1 _ n

dt At - . n+1

where:

uj « ^(t11 ) (4.92a)

u"+1 « U,(tn + At ) - U,(tn<fl ) (4.92b) 
t i n i

All terms in (4.85) are evaluated at the new time level, t , except the 

velocity in (4.87) and the dispersion tensor in (4.88) which involves velocity 

are lagged on the first iteration. Because coefficients depend on the yet 

unknown values of p and U at the end of the time step, one or more iterations 

may be used to solve this non-linear problem. On the first iteration, and when 

only one iteration per time step is used, coefficients are based on a projected
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value of p and U as given by (4.61) and (4.62). On subsequent iterations 

coefficients are based on the most recent value of p and U. Iterations end 

when the convergence criteria are satisfied.

On the first iteration, and when only one iteration per time step is used, 

the velocities are evaluated based on p , U. and p. . This is because the 

pressure gradient in the velocity calculation, \7p , is based on pressures cal­ 

culated when the fluid density was p . On subsequent iterations velocities 

are calculated using the pressure solution for the most recent iteration together 

with the densities resulting from the previous iteration upon which the most re­ 

cent pressure solution was based. No spurious velocities, which arise from mis~

matched p and p, are generated this way. The flux term, Q , arising from the
i>L

specified pressures is evaluated on the first iteration at the beginning of 

the time step in terms of p. and pB . On subsequent iterations, it is based
1 -!

on the most recent pressure solution and p .
BC . 

1
The relations (4.85) may thus be written in a form which allows for solu­ 

tion of concentration or temperature at nodes, U. , at the end of the present 

time step:

un+1 + un+1 DT< n+1) * + un+1 BTn+1

c c - Qn+1 c U*"+1 + Q^+1) *c C1 + f";1 + ETn+1
i w i XBC. w i i w i XBC . w BC . IN. i

i 111

i*l,NN (4.93)

The (n+1)* level indicates that velocity and Q are evaluated on the first
BC

iteration at the time step (n) and on subsequent iterations, at, the most
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recent level. Other coefficients are evaluated at the (n+1) time level by pro­ 

jection on the first iteration, and then at the most recent level on subsequent 

iterations.

Boundary conditions, energy or solute mass sources and sinks

Specified temperatures or concentrations at nodes are obtained numerically 

at the node k by replacing the k equation in (4.93) by:

where U is the user-specified value of U that node k is to have during time
BCk 

step (n+1). The specified value may change with each time step.

Source boundary conditions for U arise whenever a fluid source Q, is spec­ 

ified. These may be either point sources of fluid or fluid flows across the bound­ 

aries. These fluid inflows must be assigned concentration or temperature values,

*n+l
U. , which may change with each time step. Note that these sources are evalu­ 

ated in SUTRA subroutine NODALB. Outflows of fluid result in the disappearance 

of the source term from the transport equation because (U. * U, ) the sink 

and aquifer have the same U-value.

Source boundary conditions for U may arise at points of specified pressure

when an inflow Q__ occurs at such a point. A value of U must be specified for BC
i  *

such fluid inflows as U^r . These values may change with each time step. This 

source term for U disappears for outflow at a point of specified pressure. Note 

that specified pressure sources are evaluated in SUTRA subroutine BCB.

A source or sink at a boundary due to diffusion or dispersion appears 

in (4.75):

^N1 * / <P C-J £S-JI*~I * 9) + U-e) *_ !l-YU}"Ti -n <t>, dF (4.95)1 * MP C J eS /° I + oW (l-e) a l]-VU>n+1 -n <t>. 
i J I WL "V w -/ s »J - ( - "i1
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where the carat refers to the entire term in braces. For solute transport, this 

term may represent molecular diffusion and dispersion of solute mass across a 

boundary. For energy transport, this term represents heat conduction and thermal 

dispersion across a boundary. This heat or solute flux is a user-specified value 

which may change each time step. If the term is set to zero, it implies no dif­ 

fusion and no dispersion across a boundary for solute transport, or for energy 

transport it implies perfect thermal insulation and no dispersion across a boundary, 

For an open boundary across which fluid flows, this term is not automatically 

evaluated by SUTRA. If no user-specified value exists at an open boundary, then 

this term is set to zero. This implicitly assumes that the largest part of sol­ 

ute or energy flux across an open boundary is advectively transported rather 

than diffusively or dispersively transported. In cases where this assumption 

is inappropriate, the code may be modified to evaluate this term at the new 

time level depending on the value of Un"*"l.

The form of the discretized unified energy and solute mass balance equation 

which is implemented in SUTRA is as follows:

/ n+1 (n+l)*+ n n+l\ 
w\xi i XBC, BC,/

+ 
IN. i si -r~    i

"n+1

(4.96)

wherein 6,. is the Kronecker delta.
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4.6 Consistent Evaluation of Fluid Velocity

Fluid velocity is defined by equation (2.19) as

k k

w

This relation strictly holds true at a point in space. In order for the rela­ 

tion to hold true when discretized, the terms Vp and pg must be given the same 

spatial variability. This avoids generation of spurious velocities which would 

be caused by local mismatching of the discretized pressure gradient term and 

density-gravity term. For example, in a hydrostatic system where densities vary 

spatially, Vp * p£, to yield a zero vertical velocity. However, if Vp and p£ do 

not locally cancel because of the discretization chosen, then erroneous vertical 

velocities would be generated.

Such an error would occur over an element where Vp is allowed only a 

single constant value in a vertical section of the element, but where p is allowed 

to vary linearly in the vertical direction. This would be the case in a standard 

finite-element approximation wherein both p and U vary linearly in the vertical 

direction across an element. Linear change in p implies a constant value Vp, 

while linear change in U implies a linear change in the value of p according to 

(2.3) or (2.4). Thus a standard finite-element approximation over a bi-linear 

element results in inconsistent approximations in the vertical direction for Vp 

and pg: constant Vp and linearly varying p. This inconsistency generates
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spurious vertical velocities especially in regions of sharp vertical changes in 

U. A consistent approximation of velocity is one in which Vp and PJ* are allowed 

the same spatial variability, and further, are evaluated at the same time level.

A consistent evaluation of velocity is required by the transport solution 

in (4.87) and also required in the evaluation of the dispersion tensor in (4.88), 

where velocity is required in each element, in particular, at the Gauss points 

for numerical integration. Also a consistent evaluation of the pg term is re­ 

quired for the fluid mass balance solution in the integral shown in (4.56). The 

values are also required at the Gauss points in each element during numerical 

evaluation of this integral.

The coefficients for calculation of velocity in (4.97) are discretized as 

follows: Permeability, k, is discretized elementwise; porosity, e, is discre­ 

tized nodewise. Unsaturated flow parameters, kr and Sw , are given values 

depending on the nodewise-discretized pressure according to relations (2.8) and 

(2.21). Viscosity is either constant for solute transport or is given values 

depending on nodewise-discretized temperature according to (2.5).

To complete the discretization of velocity, values in global coordinates 

at the Gauss points are required for the term (Vp - p£). A consistent approxi­ 

mation is presented in the remainder of this section for this term based on the 

fact that this term will be discretized in a consistent manner in global coor­ 

dinates in an arbitrarily oriented quadrilateral element whenever it is dis­ 

cretized consistently in local element coordinates (£,n). Consistent discretiza­ 

tion in local coordinates is obtained when the spatial dependence of -rjr and pg
o£ £

is the same, and when r*-* and pg have the same spatial dependence. Because the
OT\ T[

discretization for p(£,n) has already been chosen to be bi-linear, it is the 

discretization of the pj* term, in particular, which must be adjusted. First,
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in the following, a discretization of the p£ term is presented which is 

presented which is consistent with the discretization of Vp in local coor­ 

dinates, and then both Vp and p£ are transformed to global coordinates 

while maintaining consistency.

The pressure gradient within an element in local coordinates is defined in 

terms of the derivatives with respect to the local coordinates:

I P. i (4.98a) ,_, i at,

The summations may be expanded and written in detail by reference to relations 

(4.9) through (4.12) and (4.1) through (4.4).

A local discretization of pg, with a spatial functionality that is con­ 

sistent with the local pressure derivatives, (4.98a) and (4.98b) is:

a

4
(pg) U,n) = I P,g an

(4.99)

(4.100)

where the vertical bars indicate absolute value, p is the value of p at node 

i in the element based on the value of U at the node through relation (2.3) or

(2.4), g.. is the ^-component of g at node i, and g is the Ti-component of £ at
M ni

node i. The eight gravity vector componenets at the nodes in each element need

be calculated only once for a given mesh and may be saved. This discretization 

is robust in that it allows both the density and (the direction and) the magni­ 

tude of gravity vector components to vary over an element. No particular
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significance should be attached to the absolute values of basis function deriva­ 

tives, except that these happen to give the desired consistent approximations, 

as is shown shortly.

The gravity vector components in local coordinates at a point in the ele­ 

ment are obtained from the global gravity components as:

H   fW L
,,} <* "»> . Ky)

where I J I is the Jacobian matrix defined by (4.25).

The derivatives of pressure in local coordinates (4.98a) and (4.98b), and 

the consistent density-gravity term components in local coordinates, (4.99) and 

(4.100), are transformed to global coordinates for use in the evaluation of the 

integrals they appear in by:

(4.102)

(Pg) x
(4.103)

where (pg) and (pg) are the consistently discretized density-gravity term x y

components in global coordinates, and [J] is the inverse Jacobian matrix 

defined by (4.29).

The spatial consistency of these approximations may be seen by inspecting 

their expansions in local coordinates. For example, the ^-components are:
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If   I [("2 - "1 ) O-") * ("3 - "4 1+" (4 - 104 >

< 4 - 105>

The terms in parentheses preceeding the terms containing T) all have a constant 

value for the element, and thus the approximations have consistent spatial 

dependences.

4.7 Temporal Evaluation of Adsorbate Mass Balance

The terms in the unified energy and solute mass balance equation which 

stem from the adsorbate mass balance require particular temporal evaluation be­ 

cause some are non-linear. The following terms of relation (4.93) are evaluated 

here: AT. . , GT. , and ET. . For solute transport, the coefficient, c , in
111 S i

AT. (4.86) becomes if. , according to (2.52b). The relation which defines r, i i ±

is given by either (1.34c), (1.35c), or (1.36c) depending on the sorption iso­ 

therm. The variable, U , is expressed in terms of the concentration of adsor-

bate, C , in a form given by (4.84). The parameters in (4.84), s. and s ,
8 , Li K.

are defined in this section and are based on either (1.34a), (1.35a) and (1.36a) 

depending again on the sorption isotherm. The temporal approximations of these 

parameters are described below for each isotherm.

For linear sorption, all terms and coefficients related to the adsorbate 

mass are linear and are evaluated at the new time level and strictly solved for 

at this level:

_. ~ o // -in* \U * C « \i P C. (4.106a)s. s. 1 o i
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n+1 n+1 
C s t * *l ± * X l p o (4.106b)

S T - x,P rt (4.106c) L 1 o

s » 0 (4.106d)
K.

For Fruendlich sorption, the adsorbate concentration is split into a 

product of two parts for temporal evaluation. One part is treated as a first 

order term as is linear sorption. This part is evaluated strictly at the new 

time level and solved for on each iteration or time step. The remaining part 

is evaluated as a known quantity, either based on the projected value of C. at 

the end of the time step on the first iteration, or based on the most recent C. 

solution on any subsequent iteration.

Also:

rt «  u* ^     -     *fc'\''v 'J^a/"»» '^   \'»-j^1 ^ '8 i J i

BL

8R  

where the coefficient, tr, , is evaluated from the projected or most recent value
i 

of C., depending on the iteration.

130



Finally, for Langmuir sorption the form used for the temporal evaluation 

preserves dependence on a linear relationship to C,. However, the linear rela­ 

tionship is appropriate only at low solute concentrations. At high concentrations, 

the adsorbate concentration approaches (x-,/Xo)« Therefore, two temporal approx­ 

imations are combined, (one for low C, and one for high C) in a manner depending 

on the magnitude of concentration. When (x^P c)«l, the following temporal 

approximation for low values of C, referred to as C , is employed:

1 - i +
,proj

(4.108)

00
When (x 9 pC)»l, the following temporal approximation for high C, C is employed;

£ S

v L" i + xPcPr°J J (4.109)

Thus C may be defined:
S  
1

W C° + W C° 
s . s . os. <» s ,
i i 11

where the weights W and W , are:o °*

W
x, P O

(4.110)

(4. Ilia)

W = 1 - W o * (4.111b)

By substituting (4.108), (4.109), (4.Ilia), and (4.111b) into (4.110), the

following temporal evaluation of C is obtained after algebraic manipulation:
s » 
1
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proj

S i
(1

°32 (1 P Cf° 3 ) 2 
o i

(4 .ll2a)

The coefficient, r.. , is defined as:
i

c * *r 
s . 
i

n-H _____ l o*             r- 
. f , , _pro j>. 
i (1 + x 9 P C" J ) z o i

,. 
(4

>R
.v2

(4.112d)

The first term in (4.112a) is solved for on each iteration and the second term is 

treated as a known. In the above four relations* C, is based on a projection 

for the first iteration on a time step, and is the most recent value of C. on 

subsequent iterations for the time step.
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Chapter 5

Other Methods and Algorithms

5.1 Rotation of Permeability Tensor

The aquifer permeability may be anisotropic (as discussed in section 2.2 

under the heading "Fluid flow and flow properties," and may vary in magnitude 

and direction from element to element (as shown in (4.45)). The permeability 

in each element is completely described by input data values for kmax* ^min 

and 8, the principal permeability values and the direction in degrees from the 

global +x direction to the maximum direction of permeability. The evaluation 

of integrals (4.55) and (4.56) as well as the velocity evaluation (4.97) require 

the permeability tensor components in global coordinates as given by (4.45). 

Thus a rotation of the tensor is required from principal directions (xp,xin ) to 

global directions (x,y), as shown in Figure 2.2.

The rotation is given by:

  i 
kL « JT kL JT (5.1)

where

,L [*L o 1I max T I
I 0 k J

(5.2)

"! 

J

1 f cos9 sine"!
"I (5 - 4)

|_-sine cosej

cos8 -sine"
< 5 - 3)

cos9
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and k is given by (4.45). The result is:

kL - kL cos28 + kL . sin 2 9 (5.5a) xx max min

kL - kL sin2 0 + k1 ., cos 2 8 (5.5b) 
yy max min

kL - kL - (k - k . ) sine cosB (5.5c) 
xy yx max min

5.2 Radial Coordinates

SUTRA is written in terms of two-dimensional Cartesian coordinates x and 

y. In general, the two-dimensional numerical methods are applied to Cartesian 

forms of the governing equations; however, because the mesh thickness, B^, is 

allowed to vary from node to node, radial coordinates (cylindical coordinates), 

r and z are an exact alternate coordinate set.

A function, f(r,z), of radius r, and vertical coordinate z, is integrated 

over a cylindrical volume as follows:

R » j [ I f( r ,z) r de dr dz (5.6) 

z r e

Assuming symmetry with respect to angular coordinate e (f(r,z) does not depend 

on e), the integral becomes:

Rr * / / f(r ' z) (2lrr) dr dz (5 ' 7) 

z r

This integration may be compared with a general integration of a function 

g(x,y) in Cartesian coordinates as it is carried out in SUTRA methodology:

Rc " g (x »y ) B < x »y> dx dy < 5 - 8 >
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Integrals R and R are exactly analogous if: x»r, y"z, and

B(x,y) * 2irr (5.9)

Thus, by a simple redefinition of coordinate names, and by setting the mesh 

thickness, B, at each node, equal to the circumference of the circle it would 

sweep out when rotated about the r^O axis of the cylinder (B-j^wr^), the 

SUTRA simulation is converted exactly to radial coordinates. Figure 5.1 

shows a mesh and the volume it sweeps out when in radial coordinates. Each 

element becomes a three-dimensional ring when used in radial coordinates.

5.3 Pinch Nodes

Pinch nodes are employed to ease mesh design when large changes in the 

density of elements are desired over relatively short distances. See Figure 

5.2, where pinch nodes are indicated by open nodal dots. This would aid in 

design of a mesh, for example, in which a large model region is required in 

order to properly simulate the ground-water flow system. However, only a small 

portion of this region need be simulated with transport. The fine mesh required 

in the transport region can be quickly coarsened to the region where only flow 

is of interest.

Unfortunately, use of pinch nodes tends to increase the band width of the 

simulation problem although it can significantly decrease the number of nodes 

in a simulation. Thus with a band-width matrix equation solver, as employed 

by SUTRA, the use of pinch nodes in a mesh does not always lead to an advantage 

of decreased computational time. The pinch node option is included, however, as 

the solver is modular and may be replaced by non-band-width-dependent methods.
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Figure 5.1
Finite-element mesh in radial coordinates
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Figure 5.2
Finite-element mesh with pinch nodes
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A pinch node is defined as a node in an element which is located at the 

mid-point of an element side, as shown in Figure 5.3. Each element has only 

four real nodes (at the corners) and four basis fuctions associated with these 

nodes. The pinch node has no basis function assigned to it in the element in 

which it appears on an element side. Values of variables and coefficients at 

the pinch node are determined as the average of the values of the real nodes at 

the end of the element side upon which the pinch node resides. Thus, no sources, 

sinks, or boundary conditions may be specified at a pinch node. The numerical 

solution at a pinch node depends entirely on the two nodes at the ends of its 

side.

Pinch nodes are handled by SUTRA as follows: All elementwise calculations 

are carried out as though a pinch node were a real node. In fact, each pinch 

node appears as a corner node in one or more elements. No special treatment is 

given pinch nodes through the entire matrix assembly process, and they enter the 

matrix through usual elementwise and nodewise calculations.

Just before solution of the matrix equation, pinch-node conditions are 

imposed on the matrix equation. For the pinch node, k, the right hand side of 

the equation for node k is set to zero. The row of the final coefficient matrix 

for node k is changed to all zeroes, except for two coefficients. These are in 

the two matrix columns related to the nodes at the ends of the element side upon 

which pinch node k resides. They are set to a value, 0.50, and the coefficent 

on the matrix diagonal (with subscript, kk) is set to a value, -1.0. This sets 

an equation for pinch node k as follows:

n+1 1 f n+1 . , c 1n . 
Pk ' 2 ( Pr ps } (5.10a)

(5.10b)
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Figure 5.3
Detail of mesh with a pinch node.
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where subscripts r and s refer to the nodes at the ends of the pinch node 

element side.

Pinch nodes are specified in the data set containing the nodal incidence 

list for elements and the order of specification is related to the local element 

node numbering scheme as defined by Figure 5.4.

5.4 Solution Sequencing

On any given time step, the matrix equations are created and solved in the 

following order: (1) the matrix equation for the fluid mass balance is set up, 

(2) the transport balance matrix equation is set up, (3) pressure is solved for,
A

and (4) concentration or temperature are solved for. Both balances are set up 

on each pass such that the elementwise calculations only need be done once per 

pass. However, SUTRA allows the p or U equation to be set up and solved only 

every few time steps in a cyclic manner based on parameters NPCYC and NUCYC. 

These values represent the solution cycle in time steps. For example, setting 

up and solving for both p and U each time step (NPCYONUCYO1):

time step: 1234567. . . . 
P P P P P P P

{
P F P P V P V 

U U U U U U U

or solving for p every third time step and for U each time step (NPCCYC=3 and

NUCYO1):

time step: 1 2 3 4 5 6 7 8 9 10 11 12 13 ....
/p   p   ' P     P '   P ' 

solve for:^
<UUUUUUUUUUUUU

However, either of p or U must be solved for on each time step and therefore
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Figure 5.4
Finite element in local coordinates (£,n) with
pinch nodes.
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either NPCYC or NUCYC must be set to one.

For a simulation with steady state flow, the sequencing is:

time step: 012345. . . . 
,p .....

solve for:

..... 

<U U U U U U

For steady flow and transport 

time step: 0 1

solve for ={P  
(  U

The only exception to the cycling is that for non-steady cases, both unknowns 

are solved for on the first time step, as shown in the case for NPCYC=3, NUCYC=1, 

above.

It is computationally advantageous to allow a matrix equation solution 

for U by back-substitution only, saving both equation construction and matrix 

decomposition steps. This is begun on the second time step solving for U only 

after the step on which both p and U are solved for. In order to do this the 

matrix coefficients including the time step must remain constant. Thus, non­ 

linear variables and fluid velocity are held constant with values used on the 

first time step for U after the step for p and U. For example, when NPCYC=1, 

NUCYC=6:

time step: 1 2 3 4 5 6 7 8 9 10 11 12 
p .... p .... . p

solve for:-?
^UUUUUUUUUU U U

[constant values) | constant values |
| back j | back |
| substitute) | substitute |
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A pressure-only solution may be obtained with NPCYC*!, and NUCYC^Cnumber 

larger than the number of time steps). Note that p and U solutions must be 

set to occur on time steps when relevant boundary conditions, sources or sinks 

are set to change in value.

5.5 Velocity Calculation for Output

The velocities employed in the numerical solution of fluid mass, and solute 

mass or energy balances are those calculated at the Gauss points in each element 

(as described in section 4.6 "Consistent Evaluation of Fluid Velocity.") For pur­ 

poses of output, however, only one velocity value per element is made available.
* 

This is the velocity at the element centroid as shown in Figure 5.5. The centroid

is defined as the point in the element where the lines connecting the mid-point of 

opposite sides intersect.

The velocity at the centroid of an element is calculated by taking the 

average of the four global x-components of velocity at the Gauss points, as 

well as the average of the four global y-components of velocity at the Gauss 

points, and by constructing a velocity vector from these averaged components. 

This process gives the "true" velocity at the centroid that would be calculated 

employing the consistent velocity approximation evaluated at this point in the 

element. This may be seen by setting C^n^O in (4.104) and (4.105).

5.6 Budget Calculations

A fluid mass and solute mass or energy budget provides information on the 

quantities of fluid mass and either solute mass or energy entering or exiting
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Figure 5.5
Finite element in global coordinates (x,y) with element
centroid.
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the simulated region. It is not intended as a check on numerical accuracy, but 

rather as an aid in interpreting simulation results.

The fluid budget is calculated based on the terms of the integrated- 

discretized fluid mass balance, (4.52), as approximated in time according to

(4.65). After the solution to a time step makes available p. and U, , the

time derivatives of these, -jri and -rri, are calculated according to (4.57) and
at at

(4.91).

The total rate of change in stored fluid mass in the region due to 

pressure changes over the recent time step is:

NN

I [M/sl (5 - H)

where AF is defined in (4.53), and the total rate of change in stored fluid due 

to changes in concentration or temperature is: 

NN du

CFi+1 dT (M/s) (5 ' 12)

where CF as defined in (4.54).

The sum of (5.11) and (5.12) gives the total rate of change of fluid mass in

the entire region.

Fluid sources, Q. , may vary with time and those that do vary are reported 

by the budget at each source node. The sum of Q. :

NN

[M/s] (5.13)

gives the total rate of fluid mass change due to all sources and sinks of 

fluid mass, as well as to specified fluxes across boundaries. Fluid sources 

due to specified pressure conditions, Q__ , usually vary with time and are
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also reported by the budget at each node. This source is calculated at each

node from (4.64). The sum of Q :
BC i

NN (M/si (
gives the total rate of fluid mass change in the entire region due to inflows 

and outflows at all specified pressure nodes.

The sum of (5.13) and (5.14) should be close to the value given by the sum 

of (5.11) and (5.12). These may be expected to match better when iterations 

have been used and convergence achieved, as the budget is calculated for a time 

step with only one iteration with the (n+1) time level values of non-linear 

coefficients, and the solution was obtained with coefficients based on projected 

values of p and U.

The solute mass or energy budget is calculated based on the terms of the 

integrated-discretized balance, (4.85), as approximated in the time according 

to (4.93). The total rate of change in stored solute mass or energy in the 

region over the recently computed time step is:

NN
. 1 . 

ATi dt {Ms /S °r E/sl (5 * 15)

where AT is calculated from (4.86) using U. in all coefficients requiring 

a U value (including adsorption isotherms for c « ir ) . In reporting this portion
S J.

of the budget, a separate value is given for the sum of the portion stemming

from (eS pc ) and for (l-e)p c . The former sum relates to rate of solute mass 
w w s s

or energy change in the fluid, and the latter relates to change in the solid- 

immobile portion.
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The total rate of first-order solute mass production in the fluid is cal­ 

culated as:

NN

[M/s] (5.16a)

and at the rate of first-order adsorbate production is calculated as:

NN
r, TT n+1 Tin+1 4. r,

a iS G TL?+1 U?+1 + G_TR?+1 [M/s] (5.16b) si i

where GT. and G TL and G TR are defined by 4.89a, 4.89b and 4.89c and all iso-
1 S JL SI

therms are based on U. . Fluid and adsorbate rates are reported separately by 

the budget. These terms have no analogy for energy transport. The t§rms of zero* 

order production of solute and adsorbate mass or energy production in the fluid 

and solid matrix are:

NN

ET?+1 [M /s of E/s] (5.17) 
i s

where ET. is defined by (4.90) and the fluid and immobile phase production rates 

are reported separately by the budget.

Solute mass and energy sources and sinks due to inflowing or outflowing 

fluid mass may vary with time and are reported by the budget at each fluid 

source node and at each specified pressure node. These are separately summed 

for the entire region: 

NN

Z
NN

Q?+1 c U*n+1 [M /s or E/s] (5.18)
1 W 1 S

[Ms/sorE/sJ (5.19)
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Where U. and U__ take on the user-specified values of U for fluid inflows, 
i BL. .

and the U value of the ambient system fluid for outflows.

These sums give the total rate of change of solute mass or energy in the

entire system due to these fluid sources and sinks.

Finally the diffusive-dispersive sources of solute mass or energy are 

summed for the entire system and are also reported by node as they may vary 

with time:

NN

V s 
±

[M/s or E/s] (5.20)

The sum of (5.16a), (5.16b), (5.17), (5.18), (5.19) and (5.20) should be 

close to the value given by (5.15). These values may be expected to match 

best when iterations have been used and convergence achieved, as the budget 

is calculated for a time step with only one iteration with all information at 

the (n+1) time level, and the solution was obtained using non-linear coefficients 

based on projections of p and U.

5.7 Program Structure and Subroutine Descriptions

SUTRA is structured in a modular, top-down programming style that allows 

for code readability, ease in tracing logic, and hopefully, ease in eventual 

modifications. Each subroutine carries out a primary function that is clearly 

distinguished from all other program functions. User-required program changes 

are limited to: 1) dimensioning three storage arrays in the main routine, and
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2) coding portions of a subroutine which is used to control time-dependent 

sources and boundary conditions (when they are used) and a subroutine which sets 

the unsaturated flow functions when unsaturated flow is simulated. The code 

consists of approximately 3000 statements and includes one main program and 24 

subroutines. The program is commented to aid in tracing logic.

SUTRA is written in FORTRAN-77; however, few structures are used which are 

not compatible with FORTRAN-66. Modifications of the code required to compile 

in FORTRAN-66 would not be major.

The code runs accurately when it employs "double-precision" real variables 

(64 bit words with 47 bit mantissa) with a precision of about 15 significant 

figures, and 32 bit word integer variables. Should the code require modification 

to run on machines with other word lengths or other bit to byte ratios, the number 

of significant figures in a real variable should be preserved, if not increased.

Input and output is also somewhat modularized. Input is through Fortran 

unit numbers 5 and 55. Unit-55 contains only data on initial conditions for a 

simulation at the nodes for p and U. Unit-5 contains all other data required for 

a simulation. Output is to Fortran unit numbers 6 and 66. Unit-66 receives the 

result of the final time step in a format equivalent to that of Unit-55, for later 

use as the intial conditions file if the simulation is to be restarted. Unit-6 

receives all other simulation output usually to be printed on a line printer (as 

shown in Figure 5.6).

The main logic flow of the program is straightforward. A schematic diagram 

of the code is shown in Figure 5.7. The main routine sets up dimensions and 

calls the main control routine, SUTRA, which cycles the program tasks by calling 

most of the remaining subroutines in sequence. Subroutines are named to describe 

their main function. A description of each subroutine is given in the following 

sections.
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SUTRA Headers

Unit 5 Input Data,

Data Checks, and 
Mesh Plot

Initial Conditions

for Pressure and 
Concentration or Temperature

Steady-State Results, or 

Results for Time Step 1

(Pressure, Concentration or 
Temperature, Velocities, 

Saturation, Plots, Budget)

Results for Each NPRINT 

Time Steps

Results for Last Time Step

Observation Results

Figure 5.6
Schematic of SUTRA output
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SUTRA

Initialize

Initialize

Figure 5.7
SUTRA logic flow.
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Main Program

-Purpose:

1) To dimension and allocate space for the main storage arrays.

2) To divide the storage arrays into their component arrays. (Set up 

pointers.)

3) To start and stop the simulation.

-Calls to; 

SUTRA

-Description:

The main routine has three arrays that must be user-dimensioned: RM, RV 

and IMV. These are used for dynamic storage allocation and they contain 

almost all of the values required for SUTRA simulation. RM contains real 

matrices, RV contains real vectors, and IMV contains i.nteger matrices 

and vectors. The dimensions required for RM, RV and IMV are RMDIM, RVDIM 

and IMVDIM, where the actual values are given in section 7.3, "Program 

Dimensions."

After reading the actual Unit-5 input data for the variables listed above, 

the main routine sets up pointers which allocate the correct amount of space for 

each of the component arrays contained in the storage arrays. The pointers point 

to the position in the storage array of the starting element of each component 

array. The starting elements are passed to subroutine SUTRA as calling arguments 

Additional arrays which may be required by any modifications to SUTRA are added ai
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the bottom of the appropriate pointer lists in the call statement and in the pointer 

calculations. The values of NNV or NEV may need to be increased, and the commented 

record of calculation of dimensions of storage arrays at the top of the routine 

should be increased accordingly.

Subroutine SUTRA

-Purpose:

1) To act as primary control on SUTRA simulation, cycling both 

iterations and time steps.

2) To sequence program operations by calling subroutines for input, 

output and most program calculations.

3) To carry out minor calculations.

-Called by;

Main routine

-Calls tot

INDAT1, PLOT, SOURCE, BOUND, OBSERV, CONNEC, BANWID, NCHECK, INDAT2, 

PRISOL, ZERO, BCTIME, ADSORB, ELEMEN, NODALB, BOB, PINCHB, SOLVEB, 

BUDGET, STORE.

-Description:

Subroutine SUTRA receives pointers for all actual arrays and vectors 

which are dynamically allocated space by the main routine. These arrays are
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dummy dimensioned to actual sizes required for the simulation. Subroutine 

SUTRA initializes some constants and directs the reading of Unit-5 input data 

by calls to INDAT1, PLOT, SOURCE, BOUND, OBSERV, and CONNEC. It calls for 

band-width calculation (BANWID) and mesh data checks (NCHECK). The call to 

PLOT (after INDAT1) also plots the mesh. Then subroutine SUTRA directs a call 

to INDAT2 to read initial conditions from Unit-55, and calls PRISOL to print 

the initial conditions.

The subroutine decides on cycling parameters if steady state pressures will 

be calculated, and calls ZERO to initialize arrays. For transient pressure 

solution steps, time-step cycling parameters are set and a decision is made as 

to which (or both) of p and U will be solved for on this time step. The decision 

depends on NPCYC and NUCYC, and subroutine SUTRA sets the switch, ML, as follows:

{ 0 solve for both p and U
1 solve for p only
2 solve for U only

The switch for steady state flow is ISSFLO, which is set as follows:

, 0 steady flow not assumed 

ISSFLO * < 1 steady flow assumed, before pressure time step

2 steady flow assumed, after beginning of pres­ 
sure time step

Note that time step number, IT, is set to zero for the steady p solution, and 

increments to one for the first transport time step.

Subroutine SUTRA increments the simulation clock, TSEC, to the time at the 

end of the new time step, and shifts new vectors to previous level vectors which 

begins the time step. "BCTIME is called to set time-dependent sources and boundary 

conditions if such exist. ADSORB is called if sorption is required. The element
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by element calculations required to construct the matrix equations are carried 

out by a call to ELEMEN. NODALB is called to carry out nodewise and cellvise 

calculations for the global matrices. BCB is called to modify the matrix 

equations for boundary conditions, and PINCHB is called to implement any pinch 

nodes in the matrices.

SOLVES is called for p and or U solution (depending on the value of ML), 

and if iterations are underway, convergence is checked. If iterations are con­ 

tinued, control switches back to the step which shifts new to old vectors, and 

the sequence of calls is repeated. If no more iterations are required, SUTRA 

may call PRISOL and PLOT to print and plot results if these are requested on the 

present time step. OBSERV is called to remember values at observation nodes if 

any exist. BUDGET is called if requested output should occur this time step.

If more time steps are to be undertaken, control switches back to the step 

which initializes arrays, and continues down from that point. If the simulation 

is complete, STORE is called if the store option has been selected to set up a 

restart file in Unit-66. OBSERV is called to print any observations that were 

taken. At this point, control returns to the main routine.

Subroutine INDAT1

-Purpose;

1) To read simulation and mesh data from the Unit-5 data file, and print 

out this information.

2) To initialize some variables and carry out minor calculations.

-Called by; 

SUTRA

155



 "Description:

INDAT1 reads a portion of the Unit-5 input data file, ending with the 

eletnentwise data set. Most information is printed on the Unit-6 data file 

after reading, the amount of output depends on the user choice of long or 

short output format. Scale factors are multiplied with appropriate input 

data. Calculations are carried out for a thermal conductivity adjustment 

and for determination of k matrix components of k in each element from

* and e -

Subroutine PLOT

"Purpose;

To provide maps on printer output paper of the finite-element mesh, 

pressure values at nodes, and U values at nodes.

-Called by: 

SUTRA

-Description;

PLOT is called once for initialization to read plot set-up data from Unit-5, 

and to set up a plot of the mesh. PLOT is then called to plot the mesh. PLOT is 

called on each time step in which output is produced, once each for p for U, if 

these plots have been requested.

The printer plot either fits the longer plot direction across the output 

page, or along the output page, depending on the user choice. The plot is 

self-scaled to page size, and different scales may be chosen by the routine 

along and across the page. A blank border one tenth of the maximum x and y
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range surrounds the plotted region. Three figures of the solution value are 

plotted at each nodal location.

PLOT begins by ordering the nodes by plot line and saves the ordered 

results in XX, YY, and INDEX during the initialization call. Certain nodes 

fall in each line of the plot. During actual plotting, PLOT starts with nodes 

in the top plot line and places the values to be plotted in the proper 

position in the line. The line is then printed. This is repeated for each 

line of the plot.

Subroutine SOURCE

-Purpose;

1) To read source node numbers and source values for fluid mass sources 

and boundary fluxes and for diffusive and productive U sources, as 

well as fluxes of U at boundaries; to check the data, and to print 

information.

2) To set up pointer arrays which track the source nodes for the simula­ 

tion.

-Called by; 

SUTRA

-Description;

SOURCE reads and organizes, checks and prints information on source nodes 

for fluid mass, and for sources of solute mass or energy. Fluid mass source 

information read is node number, mass source rate, and U value of any inflowing
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fluid at this node. If there are NSOP fluid source nodes, the node numbers 

become the first NSOP values in vector IQSOP. The rates are entered in the el­ 

ement corresponding to the nodes at which they are defined in vectors QIN and 

UIN which are NN long. The source information for U read is node number and 

solute mass or energy source rate. If there are NSOU source nodes for U, the 

node numbers become the first NSOU values in IQSOU. Vector QUIN is NN long and 

contains the source rates in numerical order by node. Counts are made of each 

type of source and are checked against NSOP and NSOU for correctness. A blank 

(zero) node number ends the data set for QIN and then for QUIN. One blank el­ 

ement is left at the end of IQSOP and IQSOU so that a dimension of one is obtained 

even when no source nodes exist. These arrays are used primarily in NODALB and 

BUDGET.

Subroutine BOUND

-Purpose:

1) To read specified pressure node numbers and pressure values, check 

the data, and print information.

2) To read specified concentration or temperature node numbers and the 

values, to check the data, and print information.

3) To set up pointer arrays which track the specified p and U nodes for 

the simulation.

-Called by: 

SUTRA
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-Description;

BOUND reads and organizes, checks and prints information on specified p 

nodes and for specified U nodes. Pressure information read is node number, 

pressure value and U value of any inflow at this node. If there are NPBC 

specified pressure nodes, the above information becomes the first NPBC values 

in vectors IPBC, PBC and UBC. Specified U information read is node number and 

U value. If there are NUBC specified concentration nodes, the above information 

begins in the (NPBC+1) position of IUBC and UBC, and ends in the (NUPBC+NUBC) 

position of UBC and IUBC. This is shown below:

A 2 3 4 5 6 7 8 9 10 IK

\««» v v <» « « /

f,l 2 3 4 5 6 
PBC

X X X X X

.123456 v

* V V V V V V '

(
xxxxxxyyyy v 

I 
1 2 3 4 5 6 7 8 9 10 11'

/ y y y y v
IUBC I I 

V l 2 3 4 5 6 7 8 9 10 IK

where x refers to specified p information, and y refers to specified U infor~ 

mation.

Counts are made of each type of specification and are checked against 

NPBC and NUBC for correctness. A blank (zero) node number ends the data set 

for p and then for U. One blank element is left at the end of each of these 

arrays in case there are no specified p or U nodes. The first NPBC elements 

of IUBC and UBC are blank. These arrays are used primarily by subroutines BCB 

and BUDGET.
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Subroutine OBSERV

-Purpose:

1) To save p and U values at chosen observation nodes as a function of 

the time.

2) To report the observations after the simulation has been completed.

-Called by: 

SUTRA

-Description;

On an initialization call from SUTRA, OBSERV reads observation node numbers 

and observation cycle, NOBCYC, in time steps from Unit-5 and outputs these values. 

Every NOBCYC time steps, when SUTRA calls OBSERV after a solution, OBSERV saves 

the current elapsed time, and p and U values at all observation nodes. When the 

simulation is completed, OBSERV is called to output the stored lists of: time 

step, elapsed time, p, and U.

Subroutine CONNEC

-Purpose:

1) To read, output, and organize node incidence data.

2) To read, output, and organize pinch-node incidence data.

-Called by: 

SUTRA
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-Description:

CONNEC reads the nodal incidence list which describes how nodes are 

connected. The data is organized as array, IN, which contains the counter­ 

clockwise-ordered set of four node numbers in each element in order of element 

number. Thus the ninth through twelfth values in IN are the four nodes in 

element number three.

For an element with one or more pinch nodes, the pinch node numbers are 

entered in the first column of array IPINCH, and the node numbers at the ends 

of the side on which the pinch node resides are entered in columns two and 

three of IPINCH.

IPINCH is used in subroutine PINCH, and NCHECK. IN is used in BANWID, 

ELEMEN, and GLOBAN.

Subroutine BANWID

-Purpose:

To calculate the band width of the mesh and check the value specified by 

the user.

-Called by; 

SUTRA

-Description:

BANWID checks the array, IN, in all elements for the maximum difference in 

node numbers contained in an element. This value, NDIFF, is used to calculate
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actual bandwidth, NBL, which is compared with the user-specified, NBI. IF NBL>NBI, 

the values are printed and the simulation is halted for corrections.

Subroutine NCHECK

-Purpose;

To check that pinch nodes are neither assigned sources, nor have specified 

p or U.

-Called by: 

SUTRA

-Description: *

NCHECK compares the list of pinch node numbers with the list of source 

nodes, specified pressure nodes and specified U nodes. Any matches result in 

a printed report and the simulation halts.

Subroutine INDAT2

-Purpose;

1) To read initial conditions from Unit-55.

2) To initialize some arrays.

-Called by; 

SUTRA
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-Calls to; 

UNSAT

-Description:

INDAT2 is the second major input data routine. It reads the data file, 

Unit-55, which contains initial conditions for p and U. The warm-start 

section reads initial conditions and parameter values of a previous time step, 

all of which must have been stored by subroutine STORE on a previous simulation 

For a cold-start, INDAT2 reads only initial p and initial U. INDAT2 calls 

UNSAT for calculation of initial saturation values, on a cold start.

Subroutine PRISOL

-Purpose:

To output the following to Unit-6: 

Initial conditions 

Pressure solutions 

Saturation values

Concentration and temperature solutions 

Steady-state pressure solution 

Fluid velocities (magnitude and direction)

-Called by; 

SUTRA
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-Description:

PRISOL is the main SUTRA output routine and is used for printing 

solutions.

Subroutine ZERO

-Purpose:

To fill a real array with a constant value.

-Called by:

Various routines

-Description;

ZERO fills an entire array with a specified value. This routine may be 

replaced with a machine-dependent assembly language routine in order to maxi­ 

mize efficiency.

Subroutine BCTIME

-Purpose:

A user-programmed routine in which time-dependent sources and boundary 

conditions are specified.

-Called by: 

SUTRA
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-Description:

BCTIME is called on each, time step when a time-dependent source or 

boundary condition is specified by the user. It allows the value of a source 

or boundary condition to be changed on any or all time steps.

BCTIME is divided into four sections. The first section allows the user 

to specify either time-dependent pressure and concentration or temperature of 

an inflow, or both, at specified pressure nodes (PBC or UBC). The second sec­ 

tion allows user specification of time-dependent U at specified concentration/ 

temperature nodes. The third section allows user specification of time-dependent 

fluid source or source concentration/temperature. The fourth section allows user- 

specification of time-dependent solute mass or energy source.

The current time step number, IT, and current time (at the end of the 

present time step) in various units are available for use in the user-supplied 

programming. The user may program in any convenient way through data statements, 

calls to other programs, logical structures, 'read' or 'write' statements, or 

other preferred methods of specifying the time variability of sources or speci­ 

fied p and U conditions. More information may be found in section 7.5, "User- 

Supplied Programming."

Subroutine ADSORB

-Purpose:

To calculate and supply values from adsorption isotherms to the 

simulation.
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-Called by: 

SUTRA

-Description:

ADSORB calculates the sorption coefficient, K , (called CS1), and also 

SL (called SL) and SR (called SR) and SR which are used in calculating) ad-

sorbate concentrations, Us , depending on the particular isotherm chosen: linear, 

Freundlich or Langmuir. The calculations are based on the description given in 

section 4.7, "Temporal Evaluation of Adsorbate Mass Balance." ADSORB is called 

once per time step for U, when sorption is employed in the simulation.

Subroutine ELEMEN

-Purpose:

1) To carry out all elementwise calculations required in the matrix 

equations.

2) To calculate element centroid velocities for output.

-Called by; 

SUTRA

-Calls to;

BASIS2, GLOBAN

-Description:

ELEMEN undertakes a loop through all the elements in a mesh. For each 

element, subroutine BASIS2 is called four times, once for each Gauss point.
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BASIS2 provides basis-function information, and values of coefficients and 

velocities at each Gauss point, all of which is saved by ELEMEN for use in 

calculations for the present element.

Gaussian integration (two by two points) as described in section 4.3, is 

carried out for each integral in the fluid mass balance ((4.55) and (4.56)), 

and for each integral in the unified energy and solute mass balance ((4.87) and 

(4.88)). The portion of cell volume within the present element for node I, 

VOLE(I), is calculated with the fluid balance integrals. The values of the 

integrals are saved either as four-element vectors or as four-by-four arrays. 

Separate (nearly duplicate) sections of the integration code employ either basis 

functions for weighting or asymmetric weighting functions.

The vectors and arrays containing the values of integrals over the present
«

element are passed to subroutine GLOBAN in order to add them to the global matrix 

equation (assembly process).

Subroutine BASIS2

-Purpose:

To calculate values of basis functions, weighting functions, their derivatives, 

Jacobians, and coefficients at a point in a quadrilateral element.

-Called by: 

ELEMEN
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-Calls to: 

UNSAT

-Description:

BASIS2 receives the coordinates of a point in an element in local coordi­ 

nates (£,n), denoted (XLOC,YLOC) in the routine. At this point, BASIS2 determines 

the following: values of the four basis functions and their derivatives in each 

local coordinate direction, elements of the Jacobian matrix, the determinant of 

the Jacobian matrix, elements of the inverse Jacobian matrix, and if required, 

four values of the asymmetric weighting function (one for each node) and their 

derivatives. Also, the derivatives are transformed to global coordinates and 

passed out to ELEMEN. Values of nodewise-discretized parameters are formed at 

this location in the element, as are values of local and global velocity. Values 

of parameters dependent on p or U are calculated at this location. Unsaturated 

parameters are obtained by a call to UNSAT. The calculations are based on sections, 

4.1 "Basis and Weighting Functions", 4.2 "Coordinate Transformations," and 4.6 

"Consistent Evaluation of Fluid Velocity."

Subroutine UNSAT

-Purpose;

A user-programmed routine in which unsaturated flow functions are specified.

-Called by;

INDAT2, BASIS2, NODALB, BUDGET

-Description;
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UN5AT is called by INDAT2 to calculate initial saturations at nodes, by 

BASIS2 at each Gauss point in each element during numerical integration, by NODALB 

for each cell, and by BUDGET for each cell. It allows the user to specify the 

functional dependence of relative permeability on saturation or pressure, and 

the dependence of saturation on pressure. UNSAT is divided into three sections. 

The first section requires the user to specify the saturation-pressure (or 

capillary pressure) function. The second section requires the user to specify 

the derivative of saturation with respect to pressure. The third section requires 

the user to specify the relative permeability dependence on saturation or capillary 

pressure. INDAT2 requires only values of saturation, BASIS2 requires only values 

of saturation and relative permeability, NODALB and BUDGET require values of sat­ 

uration and its pressure derivative. These calculations are controlled in UNSAT 

by the parameter IUNSAT which INDAT2 sets to a value of three, which BASIS2 sets 

to a value of two, and NODALB and BUDGET set to one. For simulation of purely 

saturated flow, IUNSAT is set to zero by INDAT1. and UNSAT is never called. The 

user may program these functions in any convenient way, for example, through data 

statements, calls to other programs, logical structures, 'read' or 'write 1 state­ 

ments, or other preferred methods. More information may be found in section 7.5, 

"User-Supplied Programming."

Subroutine GLOBAN

-Purpose;

To assemble elementwise integrations into global matrix form.

-Called by: 

ELEMEN
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-"Description;

GLOBAN carries out the sum over elements of integrals evaluated over each 

element by ELEMEN as suggested by relation (3.23). Both the matrix and right 

side vector terms involving integrals in the solution equations (4.65b) and 

(4.96b) are constructed.

Subroutine NOPALS

-^Purpose;

To calculate and assemble all nodewise and cellwise terms in the matrix 

equation.

-Called by; 

SUTRA

-Calls to; 

UNSAT

-Description;

NODALB undertakes a loop through all nodes in the mesh and calculates val­ 

ues of all cellwise terms. For each node, time derivatives and a fluid source 

are added to the fluid mass balance matrix equation. The time derivative as 

well as terms due to fluid sources production and boundary fluxes of U are pre­ 

pared and added to the solute mass/energy balance matrix equation. Subroutine
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UNSAT is called for unsaturated flow parameters. The terms added by NODALB may 

be described as the non-integral terms of (4.52) and (4.85) (except for the spec­ 

ified pressure terms.)

Subroutine BCB

-Purpose;

1) To implement specified pressure node conditions in the matrix 

equations.

2) To implement specified temperature or concentration node conditions 

in the matrix equations.

"Called by: 

SUTRA

-Description:

The source terms involving v^ in (4.52) are added to fluid balance matrix 

equation in order to obtain specified p nodes. The unified energy-solute mass 

balance is modified by the addition of a source, QPL, (calculated with the most 

recent p solution by subroutine SUTRA) with concentration or temperature value, 

UBC.

For a specified U node, the discretized balance equation is modified by 

zeroing the row of the U-matrix which gives the equation for the specified node. 

A one is placed on the diagonal and the specified U-value, UBC, is placed in the 

same row of the right side vector.
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Subroutine PINCHB

-Purpose:

To implement pinch-node conditions in both matrix equations.

-Called by: 

SUTRA

-Description:

PINCHB undertakes a loop through all pinch nodes. For each pinch node, 

the appropriate row of each matrix (for p and U) is zeroed, a one is placed on 

the diagonal, -0.5 is placed in the two columns corresponding to the side 

neighbors of the pinch node, and the corresponding element of the right side 

vector is zeroed.

Subroutine SOLVES

-Purpose:

To solve a matrix equation with a non-symmetric banded matrix.

-Called by: 

SUTRA
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-Description:

SOLVEB expects the matrix band as a vertical rectangular block with the 

main diagonal in the center column, and minor diagonals in the other columns. 

The upper left-hand corner and lower right-hand corner of the matrix is blank.

The first section of the routine carries out an LU decomposition of the 

matrix which is saved within the original matrix space. The second section of 

the routine prepares the right side for solution and carries out back-substitution 

with a given right side vector.

Subroutine BUDGET

-Purpose:

1) To calculate and output a fluid mass budget on each time step with 

output.

2) To calculate and output a solute mass or energy budget on each time 

step with output.

-Called by: 

SUTRA

-Calls to:

UNSAT, ADSORB

-Description:

BUDGET calculates and outputs a fluid mass, solute mass or energy budget on 

each output time step for whichever of p and/or U are solved for on the just- 

completed time step. The calculations are done as described in section 5.6 

"Budget Calculations."
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Subroutine STORE

-Purpose:

To store p and U results as well as other parameters on Unit-66 in a format 

ready for use as initial conditions in Unit-55. This acts as a backup 

for re-start in case a simulation is unexpectedly terminated before com­ 

pletion by computer malfunction.

-Called by: 

SUTRA

-Description:

STORE is called upon completion of each time step of a simulation, if the 

storage option has been chosen. STORE writes the most recent solution for p 

and U at the nodes on a file, Unit-66, in a format exactly equivalent to that 

of input data file Unit-55. Information is also written which is used in a 

warm start (restart) of the simulation. The results of only the most recent 

time step are stored on UNIT-66 as STORE rewinds the file each time before 

writing.
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Chapter 6 

Simulation Examples

This chapter outlines a number of example simulations which serve to 

demonstrate some of the capabilities of SUTRA modeling. Some of the examples 

show results which are compared with analytical solutions or numerical 

solutions available in the literature. These results serve to verify the 

accuracy of SUTRA algorithms for a broad range of flow and transport problems 

The other examples demonstrate physical processes which SUTRA may simulate in 

systems where no other solutions are available. A complete SUTRA input data 

set and model output is provided for the example of section 6.3, "Radial Flow 

with Energy Transport," in Appendix B and Appendix C.

6.1 Pressure Solution for Radial Flow to a Well 

(Theis Analytical Solution)

Physical Set-up;

A confined, infinite aquifer contains a fully penetrating withdrawal 

well. Fluid is pumped out at a rate,

Objective:

To simulate transient drawdown in this system which should match the Theis 

solution. The Theis solution (Lohman, 1979) is given in terras of variables used

in SUTRA by:
* QTOTU

s «      ~^     W(u) (6. la) 
4 Tf p Az k |g|

* 
where s is the drawdown, W(u) is the well function of u, and
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r 2 u S
u

where r is the radial distance from the well to an observation point and t is 

the elapsed time since start of pumping.

Simulation Set-up:

The mesh contains one row of elements with element width expanding by a 

constant factor, 1.2915, with increasing distance from the well; other mesh 

dimensions are Arm-£n*2.5 [m], Armax*25. [m], rmax*500. [m], Az*l. [mj. 

Mesh thickness at node i, is given by B-j^-jrr^, which provides a radial 

coordinate system. The number of nodes and elements in the mesh are: NN*54, 

NE-26. See Figure 6.1.

The initial time step is, At0*l. [s], with time steps increasing by a factor, 

1.5, on each subsequent step.

One pressure solution is obtained per time step, solutions for concentration 

are ignored; the cycling parameters are: NPCYO1, NUCYO9999.

Parameters:

Sop « 1.039 x 10'6 [m-s 2 /kgj e » 0.20

a » 1.299 x 10-6 [m-s 2 /kg] k » 2.0387 x 10" 10 [m2 ]

3 « 4.4 x 10~ 10 [m-s 2 /kgj p - 1000. [kg/m3 ]

|g| » 9.81 [m/s2 ]

QTOT * 0.6284 [kg/s] (one-half at each well node)
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Figure 6.1
Radial finite-element mesh for Theis solution.
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Boundary Conditions:

No flow occurs across any boundary except where hydrostatic pressure is 

specified at rmax . At the top outside corner of the mesh, rmax , pressure is 

held at zero. A sink is specified at r*0 to represent the well.

Initial Conditions;

Hydrostatic pressure with p*0 at the top of the aquifer is set initially.

Results;

SUTRA results are plotted for two locations in the mesh representing obser­ 

vation wells at r*15.2852 [m], and r*301.0867 [m]. Both locations should plot on 

the same Theis curve. The match of SUTRA results between one and 6000 minutes 

with the Theis analytical solution shown in Figure 6.2 is good.

6.2 Radial Flow with Solute Transport 

(Analytical Solutions)

Physical Set-up;

A confined infinite aquifer contains a fully penetrating injection well.

JU

Fluid is injected at a rate, QxoT» with a solute concentration, C , into the 

aquifer initially containing fluid with solute concentration, Co . The fluid 

density does not vary with concentration.

Objective;

To simulate the transient propagation of the solute front as it moves 

radially away from the well. The concentrations should match the approximate
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Figure 6.2
Match of Theis analytical solution (solid line)
with SUTRA solution (+).

181



analytical solutions of Hoopes and Harletnan (1967) and Gelhar and Collins (1971) 

The solution of Gelhar and Collins (1971) is:

( \ 1 I ( "if \ I ~*   I * ~2 er^c i           "      ' (6.2)

where:

r* « (2At)- / (6.3a)

A / QTOT\ ,, ... ,A » i-rrrrri (6.3b)

The Hoopes and Harleman (1967) solution is obtained by replacing r* in the 

denominator of (6.2) with r.

Simulation Set-up;

The mesh consists of one row of elements with element width expanding from 

Arrain=2.5 [m] by a factor, 1.06, to r*395. [mj, and then maintaining constant 

element width of Ar-24.2 [m] to rmax-1000. [m]. Element height, b, is 10. [m]. 

Mesh thickness is set for radial coordinates, B-j_ =s 2Tfr-[, with the number of 

nodes and elements given by NN=132, NE*65. See Figure 6.3.

The time step is constant at Ata»4021. [s], and outputs are obtained for 

times steps numbered: 225, 450, 900, 1800. One pressure solution is carried 

out to obtain a steady-state, (ISSFLO*!), and one concentration solution is done 

per time step, (NUCYO1).

Parameters:

Sop =0.0 p - 1000. [kg/m3 ] 

k - 1.02xlO-n [m2 ] Dm - l-xlO" 10 [m2 /s]
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Figure 6.3
Radial finite-element mesh for constant-density
solute and energy transport examples.
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e = 0.2 aL « 10.0 [m] 

U = l.OxlO" 3 [kg/m-s] ctT « 0.0 [m] 

|g| - 9.8 [m/ S 2]

62.5 [kg/s] (one half at each well node)

C* - 1.0

Boundary Conditions:

No flow occurs across any boundary except where hydrostatic pressure is 

specified at r^^. At the top outside corner of the mesh, rmax , pressure is 

held at zero. A source is specified at r^O.O to represent the injection well.

Initial Conditions;

Initially hydrostatic pressure is set with p^O.O at the aquifer top. 

Initial concentration, Co , is set to zero.

Results:

SUTRA results after 225, 450, 900 and 1800 time steps are compared with 

the approximate analytical solutions of Gelhar and Collins (1971) and Hoopes and 

Harleman (1967) in Figure 6.4. The analytical solutions are approximate and 

they bound the SUTRA solution at the top and bottom of the solute front. All 

solutions compare well with each other and the SUTRA solution may be considered 

to be more accurate than either approximate analytic solution because it is based 

on a very fine spatial and temporal discretization of the governing equation.
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steps is n.
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6.3 Radial Flow with Energy Transport 

(Analytical Solution)

Physical Set-up:

A confined aquifer contains a fully penetrating injection well. Fluid is

4f
injected at a rate, QjoT» with a temperature, T , into the aquifer initially 

at a temperature, T0 . For this problem, density p, and viscosity u, are kept 

approximately constant by injecting fluid that only slightly differs in temper­ 

ature from the ambient fluid; i.e. (T*-TO ) is small.

Objective:

To simulate the transient propagation of the temperature front as it radially 

moves away from the well. The solution should match an approximate analytical 

solution of Gelhar and Collins (1971) modified for energy transport. The Gelhar 

and Collins (1971) solution, as modified for energy transport is:

(6.4)

A -2^i? <6 ' 5)

\ CTOT/

CTOT   EPCW + <1 -e)p SC s (6 ' 7)

XTOT * eXw + (1 -£)X, (6 ' 8)

r* - (2At>* (6.9)
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The energy solution above may be obtained from the solute solution by retarding 

the velocity of transport to represent movement of an isotherm rather than a 

parcel of solute. This is done by accounting for energy storage in the solid 

grains of the aquifer material in the storage term of the analytical solution.

Simulation Set-up;

The mesh used for this example is the same as for the radial solute transport 

example. Time steps and frequency of SUTRA outputs are the same as for the radial 

solute transport example. Further, cycling of the SUTRA solution is the same as 

for the radial solute transport example.

Parameters;

cw - 4182. [J/kg -°Cj Sop - 0.

c s « 840. [j/kg-°C] k = 1.02X1CT 11 [m2 ]

\w * 0.6 [J/s-m-°C] e - 0.2

p - 1000. [kg/m3 ]

\ a « 3.5 [J/s-m-°C]

p s « 2650. [kg/«3] |£j = 9.8 [m/s 2 ]

ff   0.0 <*L - 10. [m]

a = 0.0 [m] 
U * u(T) (relation (2.5)) x

QTQT ** 312.5 [kg/s] (one half at each well node)

*
T * 1.0°C
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Boundary Conditions;

No flow occurs across any boundary except where hydrostatic pressure is 

specified at rmax . At the top outside corner of the mesh, pressure is held at 

zero. A source is specified at r«0.0 to represent the injection well. Further, 

the system is thermally insulated along the top and bottom of the mesh.

Initial Conditions:

Initially, hydrostatic pressure is set with p«0.0 at the top of the 

aquifer. The initial temperature is TO«0.0°C.

Results;

SUTRA results after 225, 450, 900 and 1800 time steps are compared with 

the approximate (modified) analytical solution of Gelhar and Collins (1971) in 

Figure 6.5. The analytic solution has the same relation to the SUTRA solution 

as it does in Figure 6.4 for solute transport. Thus the match is good, and 

again the SUTRA result may be more accurate than the approximate analytic 

result because of the fine discretization employed.

6.4 Areal Constant-Density Solute Transport 

(Example at Rocky Mountain Arsenal)

Physical Set-up;

This example involves a simple representation of ground-water flow and sol­ 

ute transport at the Rocky Mountain Arsenal, Denver, Colorado, which is based on 

the detailed model of the system by Konikow (1977). The simplified representa-
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Match of analytical solution for radial energy 
transport (modified from Gelhar and Collina (1971) 
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Number of elapsed time steps is n.
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tion consists of an areal model of a rectangular alluvial aquifer with a con­ 

stant transmissivity and two impermeable bedrock outcrops which influence ground- 

water flow. (See Figure 6.6.)

Regional flow is generally from the south-east to the north-west where some 

discharge occurs at the South Platte River. This is idealized as flow origin­ 

ating in a constant head region at the top of the rectangle in Figure 6.6, and 

discharging to the river at the bottom of the rectangle which also acts as a 

specified head region. Three wells pump from the aquifer (at a rate of QotJT 

each), and contamination enters the system through a leaking waste isolation

^u

pond (at a rate of QJJJ, with concentration, C ). The natural background con­ 

centration of the contaminant is Co .

Objectives;

1) To demonstrate the applicability of SUTRA to an areal constant density 

solute transport problem; 2) To convert SUTRA input data values so the pressure 

results represent heads, and the concentration results are in [ppm]; and 3) To 

simulate steady-state flow and hypothetical steady-state distributions of the 

contaminating solute, both as a conservative solute, and as a solute which under­ 

goes first order decay, assuming that the contamination source in the idealized 

system is at a steady-state.

Simulation Set-up:

The rectangular mesh consists of 16 by 20 elements each of dimension 1000. ft 

by 1000. ft, as shown in Figure 6.6. (NN-357, NE-320). Mesh thickness, B, is 

the actual aquifer thickness, assumed constant for the idealized model.

One steady-state pressure solution is obtained (ISSFLO*!), and one concen-
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Idealized representation for example at Rocky
Mountain Arsenal, and finite-element mesh.
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tration solution is obtained. The concentration solution is obtained after a 

single time step of 1000. years, which, for all practical purposes, brings the 

concentration distribution to a steady-state.

The leaky pond is simulated as an injection of fluid (Qifl, C1") at a 

single node. Where the impermeable bedrock outcrop occurs, elements are 

assigned a conductivity value one-millionth of the aquifer values. A single 

value of constant head is specified along a portion of the top boundary, and a 

series of head values is specified along the bottom (river) boundary tp 

represent changing elevation of the river.

In order to obtain results in terms of hydraulic head and Ippmj, the 

following must be specified: p*1.0, r~ * 0.0, J£|*0.0, ii*l«0' Hydraulic con­ 

ductivities are entered in the permeability input data set. Head values in Iftj 

are entered in data sets for pressure. Concentrations in Ippmj are entered in 

data sets for mass fraction concentration. Sources and sinks are entered in units 

of volume per time.

Parameters:

OL « 500. [ft] QIN « 1.0 Ift 3/sj

aT « 100. [ftj C* - 1000. Ippmj

e » 0.2 C0 » 10. Ippmj

K « 2.5xlO"4 Ift/sJ QOUT * °- 2 I*t 3/sj 
(hydraulic conductivity) (at each of three wells)

B * 40. ft

Boundary Conditions:

No flow occurs across any boundary except where constant head is specified
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at 250. [ft] at the top of the mesh and where constant head is specified as 

changing linearly between 17.5 [ft] at the bottom left corner, and 57.5 [ft] at 

the bottom right corner of the mesh. Inflow at the top of the mesh is at back­ 

ground concentration, C0«10. [ppm]. A source is specified at the leaky pond 

node, and a sink is specified at each well node.

Initial Conditions:

Initial pressures are arbitrary for steady-state simulation of pressure. 

Initial concentration is C0»10. [ppm].

Results;

A nearly steady-state solute plume for a conservative solute is obtained 

after a 1000 year time step shown in Figure 6.7. For a solute which under­ 

goes first order decay with decay coefficient, y*l.lxlO~^ [s""l] (approxi­ 

mately a 20 year half-life), the nearly steady plume is shown in Figure 6.8. 

Just upstream of the plume envelope is a region in which concentration dips 

slightly below background levels. This is due to a numerical problem of 

insufficient spatial discretization in a region where the concentration must 

change sharply from fresh upstream values to contaminated plume values. Lower 

dispersivity values would exacerbate the problem in the upstream region, but 

minor upstream oscillations do not affect concentration values within the plume,
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Figure 6.7
Nearly steady-state conservative solute plume 
as simulated for the Rocky Mountain Arsenal 
example by SUTRA.
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Rocky Mountain Arsenal example by SUTRA.
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6.5 Density-Dependent Flow and Solute Transport

(Henry (1964) Solution for Sea-Water Intrusion)

Physical Set-up;

This problem involves sea-water intrusion into a confined aquifer studied 

in cross-section under steady conditions. Fresh-water recharge inland flows 

over salt water in the section and discharges at a vertical sea boundary.

The intrusion problem is non-linear and may be solved by approaching the 

steady state gradually with a series of time steps. Initially there is no salt 

water in the aquifer, and at time zero, salt water begins to intrude the fresh 

water system by moving under the fresh water from the sea boundary. The intru­ 

sion is caused by the greater density of the salt water.

Dimensions of the problem are selected to make for simple comparison with 

the steady-state dimensionless solution of Henry (1964), and with a number of 

other published simulation models. A total simulation time of t*100. [min], is 

selected, which is sufficient time for the problem to essentially reach steady 

state at the scale simulated.

Simulation Set-up:

The mesh consists of twenty by ten elements, each of size 0.1 [m] by 0.1 [mj, 

(NN-231, NE-200). Mesh thickness, B, is 1. [m]. See Figure 6.9. Time steps 

are of length 1. [min], and 100 time steps are taken in the simulation. Both 

pressure and concentration are solved for on each time step, (NUCYONPCYO1).

A source of fresh water is implemented by employing source nodes at the 

left vertical boundary which inject fresh water at rate, QJJJ, and concentra­ 

tion, Cjjg. The right vertical boundary is held at hydrostatic pressure of
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Boundary conditions and finite-element mesh
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sea water through use of specified pressure nodes. Any water which enters the 

section through these nodes has concentration Cgc °f sea water (equal to C s ).

Parameters:

0.35

rkg(dissolved solids)! 
L kg(seawater) J

1025. {kg/m3 ]

___kg(seawater) 2 
(kg dissolved solids

r:  rJ
ids-m-'j

700.

QIN - 6.6xlO-2 [kg/s] 

(divided among 11 nodes 

at left boundary)

k » 1.020408xlO"9 _
(based on K*1.0xlO * [m/s])

|gj - 9.8 [m/s 2 ]

«L * aT * °'° 

B * 1.0 [m]

6.6X10"6 [m2 /s] ) two 

D * 18.8571xlO~6 [m2 /s] J cases

CIN - 0.0

Boundary Conditions:

No flow occurs across the ,top and bottom boundaries. A fresh-water source 

is set along the left vertical boundary. Specified pressure is set at hydrosta­ 

tic sea water pressure with (p s*1025. [kg/m3 ]) along the right vertical 

boundary. Any inflowing fluid at this boundary has the concentration, C s*0.0357 

[kg(dissolyed solids)/kg(seawater)}, of sea water.

Initial Conditions:

Natural steady pressures are set everywhere in the aquifer based on the 

fresh-water inflow, zero concentration everywhere, and the specified pressures 

at the sea boundary. These initial conditions are obtained through an extra 

initial simulation which calculates steady pressures under these conditions.
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Results;

Henry's solution assumes that dispersion is represented by a constant 

large coefficient of diffusion, rather than by velocity-dependent dispersivity. 

Two different values of this diffusivity have apparently been used in the lit­ 

erature by those testing simulators against Henry's solution. The total dis­ 

persion coefficient of Henry (1964), D, is equivalent to the product of porosity 

and molecular diffusivity in SUTRA, D»eDm .

Henry's results are given for his non-dimensional parameters: £*2.0, b«0.1, 

a«.264 (page C80- Figure 34 in Henry (1964)). In order to match the Henry para­ 

meters using simulation parameters as listed above, values of D»6.6xlO""" [nr/s] 

and Dm*lS.S51lxlQ~6 [m^/a] are required. Some authors, however, have appar­ 

ently used a value equivalent to Dm«6.6xlO"6 [m2 /sj and D « 2.31xlO"6 

[m2 /s], which differs from the Henry parameters by a factor equal to the porosity.

In the previous model solutions compared here, only Huyakorn and Taylor 

(1976) have employed the higher value which should match Henry's solution. A 

comparison of SUTRA results at t-100. [min], using the higher value with those 

of Huyakorn and Taylor (1976) along the bottom of the section is shown in Figure

6.10. Huyakorn and Taylor's results are for a number of simulation models 

based on significantly different numerical methods. SUTRA results are also shown 

for the lower diffusivity value. The results of simulations using the higher 

diffusivity value compare favorably. Results using the higher value have also 

been obtained with the INTERA (1979) finite-difference code at t-100. [min], 

(with centered-in-space and centered-in-time approximations). These are 

compared with SUTRA and the Henry solution for the 0.5 isochlor in Figure

6.11. The models match well but do not compare favorably with the analytic
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Figure 6.11
Match of isochlor contours for Henry analytical
solution (for 0.50 isochlor) (long dashes), INTERA
code solution (short dashes), SUTRA solution (solid
line).
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solution, which is approximate and may not be as accurate as the numerical 

solutions.

For the lower value of diffusivity, Dm=6.6xlO"~° [m^/s], (which should 

not compare with the Henry result), the SUTRA solution at t*100. [minj is com­ 

pared in Figure 6.12 with that of Finder and Cooper (1970) (method of charac­ 

teristics), Segol et. al. (1975) (finite elements), Desai and Contractor (1977) 

(finite elements - coarse mesh), and Frind (1982) (finite elements). The match 

of the numerical 0.5 isochlor solutions is remarkably good; however, it should 

be noted that none of these match the analytical solution.

6.6 Density-Dependent Radial Flow and Energy Transport 

(Aquifer Thermal Energy Storage Example)

Physical Set-up:

This is an example of aquifer thermal energy storage. Hot water is in­ 

jected into an aquifer for storage and later withdrawn and used as an energy 

source. The fully penetrating injection wells are emplaced in a well-field 

in a hexagonal packing pattern. The wells are at the vertices of contiguous 

equilateral triangles with sides of 500. [m]. This gives approximately radial 

symmetry to physical processes surrounding an interior well.

Objective:

To simulate the initial injection-withdrawal cycle at an interior well 

consisting of 90 days of injection (at Qjjg) of 60°C water into the aquifer 

initially at 20°C, and 90 days of withdrawal (at QIN) producing the stored 

water. Degradation of recovered fluid temperature should occur due to thermal
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Figure 6.12
Match of 0.50 isochlor contours for Henry problem
with simulated results for Efo * 6.6 x lO'^tm^/sJ
of Finder and Cooper (1970), (short dashes), Segol,
et al (1975) (dotted line), Frind (1982) (long and
short dashes), Desai and Contractor (1977) (long dashes).
SUTRA results at isochlors (0.25,0.50,0.75) (solid line).
Henry (1964) solution for T^ « 18.8571 x 10*9 [m2 /sj,
(0.50 isochlor, dash-dot).
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conduction, dispersion, and tipping of the thermal front. The front should 

tip as less dense, less viscous hot water rises over colder, denser, and more 

viscous formation water.

Simulation Set-up;

The mesh is 30. [m] high with a vertical spacing between nodes of 3.0 

[m]. The first column of elements has width Arin^n » 1.0 [m], and element 

width increases with each column by a factor, 1.1593, to a final column of 

width, Armax * 35. [m]. The outside boundary of the mesh is at rmax * 

246. [m]. See Figure 6.13. Mesh thickness, B, at any node i, is Bj[ * 

2irr^, giving cylindrical symmetry. The number of nodes and elements in the 

mesh is given by NN-286, NE-250.

The time step is constant at At * 3.0 [days}. One pressure solution and 

one temperature solution is obtained at each time step (NPCYONUCYO1). The 

storage coefficient is assumed negligible resulting in a steady flow field at 

any time step. Subroutine BCTIME is programmed to control the well rate which 

changes after 90 days from fluid injection to fluid withdrawal.

A time-dependent fluid source is specified at the left vertical boundary 

(center axis) which injects 60.[°C] water for 90 days and then withdraws ambient 

water for 90 days. The right vertical boundary is held at hydrostatic pressure 

for water at 20. [°CJ. Any inflow at this boundary has a temperature of 20.°C. 

Thermally insulated and impermeable conditions are held at the top and bottom 

of the mesh.
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Figure 6.13
Radial two-dimensional finite-element mesh for
aquifer thermal energy storage example.
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Parameters
c * 4182. [J/kg-°C]w

c - 840. [J/kg-'C] 
s

X * 0.6 [J/s-m-°C] 
w

X - 3.5 [j/s-m-°C] 
s

T - 20. °C o

ai -0.375 [kg/in -°C]

T* - 60.[°C]

QTOT - 200. 

(distributed along well)

S - 0 
op

k - 1.02 x 10~10 [m2 ]

e - 0.35

PQ - 1000. {kg/m3 ]

p - 2650. (kg/m3 ] 
s

u » u(T) (relation (2.5)) 

|£| * 9.81 [m/s 2 J 

«L - 4.0 lm]

<*  - 1.0 [m]

Boundary Conditions:

Conditions of no flow and thermal insulation are held at all boundaries

except where hydrostatic pressure at T * 20.[°C] is specified at rmax* At the

top outside corner of the mesh the pressure is held at zero. A time-dependent 

source is specified at r*0.0 to represent the injection-withdrawal well.

Initial Conditions:

Hydrostatic pressure is specified initially, with p«0.0 at the top of the 

aquifer. The initial temperature is set to TO«20.[°C].

Results:

SUTRA results during injection after 30 days and 90 days are shown in 

Figure 6.14 and Figure 6.15. Simulated results during withdrawal are shown in
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Figure 6.14
SUTRA results after 30 days of hot water Injection.
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Figure 6.16, Figure 6.17, and Figure 6.18 after 30 days, 60 days, and 90 days 

of withdrawal. The thermal transition zone (between hot and cold water) widens 

throughout the injection-production cycle, due to both dispersion and heat con­ 

duction. The top of the transition zone tips away from the well during the entire 

cycle, due to the bouyancy of the hotter water. These two effects combine to 

cause cooler water to reach the bottom of the withdrawal well much earlier than 

if no density differences or dispersion existed. Also, although the same quan­ 

tity of water has been removed as injected, energy is lost to the aquifer during 

the cycle as seen at the end of simulation.

6.7 Constant-Density Unsaturated Flow and Solute Transport 

(Example from Warrick, Biggar and Nielsen (1971))

Physical Set-up:

Water containing solute infiltrates an initially unsaturated solute-free 

soil for about two hours. Solute-free water continues to infiltrate the soil 

after the initial two hours. The moisture front and a slug of solute move 

downwards through the soil column under conservative non-reactive constant- 

density transport conditions, as described in a field experiment by Warrick, 

Biggar, and Nielsen (1971).

Objective

To simulate the transient propagation of the moisture front and solute 

slug as they move downwards through the soil column, under conditions of 

simulation equivalent to that used by Van Genuchten (1982) to represent the
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Figure 6,16
SUTRA results after 30 days of pumping, (120 days
total elapsed time).
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Figure 6.17
SUTRA results after 60 days of pumping, (150 days
total elapsed time.)

211



o
$

30

25

20

15

10

15

Temperature (°C)

50 75 100 125 150 175 200 225

RADIAL DISTANCE, IN METERS

Figure 6.18
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field experiment. The solutions should match the best fine grid - fine time 

step simulation results of Van Genuchten (1982) which were obtained with a 

number of different finite difference and finite element numerical methodol­ 

ogies.

Simulation Set-up;

The mesh consists of a single vertical column of 100 elements oriented 

in the direction of gravity, which is 2.0 [m] long and 0.01 [m] wide. The 

number of nodes and elements is: NN * 202, NE « 100. Each element is 0.01 [m] 

wide and 0.02 [m] high. Mesh thickness is unity. The vertical coordinate, x, 

is measured downward from the top of the column.

The time step is constant at At * 30. [s], and because of the small time 

step, only one iteration is done per step. The simulation is carried out for 

nine hours of infiltration.

Outputs are obtained once each hour, but are only compared at two hours 

and nine hours. There is one pressure solution and one concentration solution 

each time step.

Parameters

k = 1.235376xlO~6 exp(13.604 S ) (6.10) 
r w

S « 1.52208 - 0.0718947 ln(-p) (6.11a) w

for -2892.38 < p S -1421.96 [kg/(ro-s 2 )] 

S = 2.94650 - 0.250632 ln(-p) (6.lib)
w

for p < -2892.38 [kg/(m-s 2 )]

S Q =0.0 p « 1000. [kg/m 3

k = 4.4558xlO" 13 [m2 ] a = 0.0
w
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e   0.38 a   0.01 [m]L

u   1.0 x 10~ 3 [kg/m's] OT   0.0 [m] 

|gj - 9.81 [tn/s 2 ]

Boundary Conditions

The top boundary representing an infiltration pond, is held fully satur­ 

ated, Sw   1.0, (water content eSw * 0.38) during the simulation by spec­ 

ification of pressure at p * -1421.96 [kg/(m*s2)}. j^g bottom boundary is 

held at a specified saturation of Sw   0.526316, (water content eSw « 0.20) 

by specification of pressure, p   -15616.5 [kg/(m's2)]. No flow occurs across 

either side boundary, but flow enters the top boundary due to the pressure spec­ 

ification. The concentration of inflowing fluid at the top is held/ at C * 209.
/

{meq/liter] until time t   168.0 [min], at which time the concentration of the 

inflow drops to C   0.0 {meq/literj. Note that the concentration units are 

arbitrary (need not be mass fractions) because this is a constant density sim­ 

ulation.

Initial Conditions I

Initially, pressures are set to obtain the following initial distribution 

of saturation, shown in Figure 6.19:

0.394737 + 0.219289 x 0.0 < x S 0.60 [m] (6.12) 
Sw(x,t-0)

0.526316 0.6 < x 1 1.25 [m]

Initial concentrations are set to zero.
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Results;

SUTRA results after two hours and nine hours of infiltration are shown 

with the finely discretized solutions of Van Genuchten (1982) for saturation 

in Figure 6.19, and for concentration in Figure 6.20. The results coincide 

almost exactly for both early and late time so only one curve can be shown for 

each time. Although the SUTRA results are obtained with a non-iterative solu­ 

tion and small time steps, similar results may be obtained with longer time 

steps and a few iterations per step. The concentration front lags behind the 

moisture front as the volume between the concentration front and top boundary 

represents the water which has infiltrated. The volume of water between the
*

moisture front and concentration front represents the initial water in the 

medium which has been displaced by the infiltrating water.
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Figure 6.19
Propagation of moisture front far unsaturated flow and 
solute transport example. Results of Van Genuchten 
(1982) and SUTRA shown in same solid line.
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SUTRA SIMULATION SETUP
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Chapter 7 

Simulation Setup

7.1 SUTRA Data Requirements

The following is a complete list of data required to setup a simulation 

with SUTRA. (1) The information included in the list is the parameter name 

used in this report (if it has been mentioned), (2) the parameter units, (3) 

the parameter name in the input data list, and (4) a short explanation of the 

parameter.

Mesh and coordinate data

NN

NE

2 
(L/a ]

2 
[L/s ]

[L] 

[LJ

GRAVX x-component of gravity vector 

GRAVY y-component of gravity vector

X(I) x coordinate of node i, for all 
nodes in mesh

Y(I) y coordinate of node i, for all 
nodes in mesh

NN total number of nodes in mesh

IIN(l-A) counter-clockwise nodal incidence 
list in each element

IEDGE(l-4) ordered list of pinch nodes in each 
element according to Figure 5.5

NE total number of elements in mesh 

NPINCH total number of pinch nodes in mesh

NBI full band-width of global banded 
matrix
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Flow parameters

3 [M/CL'S 2 )]" 1 COMPFL 

a (M/CL-s 2 )]" 1 COMPMA 

£1 [U POR(I)

[L2 ]

[L2 J

PO [M/1,3]

PMAX(L)

PMIN(L)

ANGLEX(L)

RHOWO

fluid compressibility

solid matrix compressibility

volumetric porosity of solid matrix 
at each node

maximum component of permeability in 
each element

minimum component of permeability in 
each element

angle between kmax and -fx-axis in 
each element

fluid base density

au

u,

[M/L 3 -°C] DRWDU

or

[M2 /L 3 -Mj DRWDU

or 

[Ma /M]

Transport parameters 

aLmaxL

aLminL

« [L]

'w or

[m2 /s]

URHOWO

URHOWO

ALMAX (L) 

ALMIN (L) 

ATAVG (L)

[E/(L-°Os)) SIGMAW

SIGMAW

for energy transport: coefficient 
of fluid density change with temp­ 
erature

for solute transport: coefficient 
of fluid density change with concen­ 
tration

for energy transport: base tempera­ 
ture for density calculation

for solute transport: base concen­ 
tration for density calculation

value of longitudinal dispersivity in 
direction of kmax in each element

value of longitudinal dispersivity in 
direction of k^in in each element

value of transverse dispersivity in 
each element

for energy transport: fluid thermal 
conductivity

for solute transport: molecular dif- 
fusivity of solute in fluid
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<J S [E/(L'°C's)j SIGMAS for energy transport: solid grain
thermal conductivity (equals zero 
for solute transport)

cw [E/(M'°C)3 CW for energy transport: fluid specific
heat capacity (equals one for solute 
transport)

c s [E/(M >u C)j CS for energy transport: solid grain
specific heat capacity (not specified 
in input data for solute transport)

p a [M/L3 ] RHOS density of a solid grain in the solid
matrix

Reaction and production parameters

Linear Sorption Isotherm

\ l f Lf'MG^ CHI1 linear distribution coefficient (2.34a)
(X ? is zero for this isotherm)

Freundlich Sorption Isotherm

X, [L^/M0 J CHI1 Freundlich distribution coefficient (2.35a) i r o

X 2 [1] CHI2 Freundlich coefficient (2.35a)

Langmuir Sorption Isotherm

o
X, [L_/M0 ] CHI1 Langmuir distribution coefficient (2.36a) l ± (j

X 9 (L^/M ] CHI2 Langmuir coefficient (2.36a)
£* Z. 8

Production

w  1
y, (s ] PRODF1 for solute transport: rate of first- 

order production of adsorbate mass 
in the fluid mass (equals zero for 
energy transport)

s  1 r, [s J PRODS1 for solute transport: rate of first
order production of solute mass in 
the immobile phase (equals zero for 
energy transport)
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w

[<E/M)/sJ

( KM.

PRODFO

PRODFO

for energy transport: zero-order 
rate of energy production in the 
fluid

for solute transport: zero-order 
rate of solute mass production in 
the fluid

[<E/MG)/s]

[(M

PRODSO

PRODSO

for energy transport: zero-order 
rate of energy production in the 
immobile phase

for solute transport: zero-order 
rate of adsorbate mass production 
in the immobile phase

Boundary conditions and source data

Flow Data - Specified Pressures 

NPBC NPBC

IPBC
ipu

PBC
ipu

number of nodes at which pressure is 
a specified constant or function of 
time

IPBC(IPU) node number at which pressure is 
specified (for all NPBC nodes)

PBC(IPU) value of specified pressure at node 
IPBC (for all NPBC nodes)

UBC
ipu

NSOP

IQCPiqp

JIN,

[M /M]
8

UBC(IPU)

UBC(IPU)

for energy transport: value of temp­ 
erature of any fluid which enters 
the system at node IPBC

for solute transport: value of 
concentration of any fluid which 
enters the system at node IPBC

Flow Data - Specified Flows and Fluid Sources 

NSOP

(M/sj

IQCP, 
IQSOP (IQP)

QINC, QIN(I)

number of nodes at which a source 
of fluid mass is specified

node number at which a fluid source 
is specified (for all NSOP nodes)

fluid source rate at source node 
IQCP (for all nodes)
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IN

NUBC

IUBCipu

UBC

or 
IM /MJ

UINC, UIN(I)

UINC, UIN(I)

for energy transport: value of temp­ 
erature of any fluid which enters 
the system at source node IQCP

for solute transport: value of con­ 
centration of any fluid which enters 
the system at source node IQCP

lMg /Mj

Energy or Solute Data - 

Specified Temperatures or Concentrations

NUBC number of nodes at which temperature 
or concentration is a specified 
constant or function of time

lUBC(IPU) node number at which temperature
or concentration is specified (for 
all NUBC nodes)

UBC(IPU) for energy transport: value of spec­ 
ified temperature at node IUBC (for 
all NUBC nodes)

UBC(IPU) for solute transport: value of spec­ 
ified concentration at node IUBC (for 
all NUBC nodes)

Energy or Solute Data - 

Diffusive Fluxes of Energy or Solute Mass at Boundaries

NSOU

IQCU

lE/sJ

IMS /.J

Initial conditions

l.J

NSOU

IQCU, 
IQSOU(IQU)

QUIN(I) 

QUIN(I)

lM/(L-s*)J

TSTART 

PVEC(II)

number of nodes at which a diffusive 
energy or solute mass flux (source) 
is specified

node number at which a flux (source) 
is specified (for all NSOU nodes)

for energy transport: energy flux 
(source) rate at node IQCU (for all 
NSOU nodes)

for solute transport: solute mass 
flux (source) rate at node IQCU (for 
all NSOU nodes)

starting time for simulation clock 

initial pressure at all nodes in mesh
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u <t-to )«
[°c]

[M /M]

UVEC(II) 

UVEC(II)

Numerical and temporal control data

v, [ Ls] GNU

UP

At

NPCYC 

NUCYC

[1] UP

[s] BELT 

[s] TMAX 

ITMAX

ITCYC

DTMULT

DTMAX

NPCYC 

NUCYC

ITRMAX 

[M/(L-s 2 )j RPMAX

[°CJ

[Mg /M]

Data for options

RUMAX 

RUMAX

I READ 

ISTORE

for energy transport: initial temp­ 
erature at all NN nodes in the mesh 
for solute transport: initial con­ 
centration at all NN nodes in the 
mesh

specified pressure boundary condition 
'conductance' factor (4.64)

fractional upstream weight for asym­ 
metric weighting functions (4.23) (4.24)

initial time step

maximum allowed simulation time

maximum allowed number of time steps 
in a simulation

time step change cycle

multiplier for time step change cycle

maximum time step size allowed when 
using multiplier

time steps in pressure solution cycle

time steps in temperature or concen­ 
tration solution cycle

maximum number of iterations for non- 
linearities per time step

pressure convergence criterion for 
iterations

for energy transport: temperature 
convergence criterion

for solute transport: concentration 
convergence criterion

+1 new simulation - cold start
-1 restart simulation - warm start

1 store simulation results for 
later restart

0 do not store results
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Simulation mode options

SIMULA ( - "SUTRA ENERGY TRANSPORT"

* "SUTRA SOLUTE TRANSPORT" 

IUNSAT ( » 1 allow unsaturated flow

* 0 saturated flow only 

ISSFLO i * 1 steady-state flow

( * 0 transient flow and transport 

ISSTRA ( * 1 steady-state flow and transport

* 0 transient transport

Velocity Output Option

KVEL I * 1 output fluid velocity at element
centroids

* 0 no velocity output 

Printer Plot Output Option

KPLOTP ( * 1 output of pressure

* 0 no pressure plots

KPLOTU / * 1 output plots of temperature
or concentration

* 0 no plots of temperature or 
concentration

IDIREC (   +1 plot across page (small)

* -1 plot along page (large) 

NLINPI number of printer lines per inch
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NCHAPI 

NCHAPL 

PHASE 

UBASE

number of printer characters per inch 

number of printer characters per line 

value for scaling plotted pressures

value for scaling plotted temperatures 
or concentrations

Observation Option

NOBS

NTOBS

NOBCYC

INOB(I)

number of nodes at which pressure 
and temperature or concentration 
will be observed (zero cancels the 
option)

maximum number of observation time 
steps

observations are made every NOBCYC 
time steps

observation node numbers

KBUDG
1 output fluid mass and energy 
solute mass budgets

or

0 no budgets

Output Controls

KNODAL

KELMNT

KINCID

NPRINT

1 output nodewise input data

0 cancel output

1 output elementwise input data

0 cancel output

1 output incidence lists

0 cancel output

results are output every NPRINT 
time steps
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7.2 Discretization Rules-of-Thumb

Proper discretization in space and time is the vital factor in obtaining 

accurate simulation of the physics of flow and transport with a numerical model 

such as SUTRA. Adequate discretization is vital for two reasons: 1) The 

ability of a model to represent the variations in system parameters and to 

simulate complex processes depends on the fineness of discretization. 2) The 

accuracy and stability of the numerical methods used to represent system 

processes, in particular, transport, depends on the spatial and temporal 

discretization. This section describes some general guidelines for designing 

adequate discretization for simulation with SUTRA.

A 'sufficiently good 1 discretization allows for accurate simulation of the 

processes and parameter variations at the scale of interest, and thus the 

goodness of a discretization is a relative rather than absolute factor. A better 

discretization is always obtained by making existing discretization finer, but 

the finer the discretizations are, the more computationally expensive the simu­ 

lations become.

Relative to a certain adequate level of fineness, even finer discretizations 

do not practically improve the accuracy of simulation. In contrast, discretiza­ 

tion that is too coarse may completely obscure parameter variations and processes 

of interest in a simulation, and give highly inaccurate results. Unfortunately, 

simulation results based on inadequate discretization may appear to be a reasonably 

good representation of flow and transport physics in a particular system. The 

only way to explicitly check for inadequate discretization of a system is to simu­ 

late with a discretization- that is assumed to be adequate and then with a signi­ 

ficantly finer discretization and compare results. If there are no telling dif-
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ferences in the results, then the coarser simulation indeed has been adequately 

discretized.

Some general guidelines for obtaining adequate discretization, both for 

parameter representation and for accuracy and stability of numerical methods 

are given below.

1) Nodes are required where boundary conditions and sources are specified. 

Should accurate simulation of processes near these specified points be required, 

then a finer mesh is needed in these areas.

2) A finer mesh is required where parameters vary faster in space. This 

is often the case near sources or boundary conditions specifying inflows of 

fluid, solute or energy. The fineness required is that which makes the nodewise, 

cellwise, or elementwise discretization of the parameter values a good represen­ 

tation of the actual distributions. When a parameter distribution is known a 

priori, then this discretization is straightforward. However, when the parameter 

distribution depends on the simulation results then judgement must be exercised 

in discretization, and the result may be tested by experiment with various dis­ 

cretizations.

It is important to recognize that each node or element does not alone rep­ 

resent a physical entity in an aquifer system. This is demonstrated in the 

following example which shows that one layer of elements is not a good repre­ 

sentation in cross section of a semi-confining layer or aquifer unit. Although 

permeability is specified elementwise and the permeability of two aquifer units 

separated by confining layer, viewed in cross-section, is clearly represented 

visually by three layers of elements, the numerical model does not 'see* three
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distinct layers of permeability. Each node at the boundary of these layers 

experiences some average of the two permeabilities rather than either one. 

Thus, no node in the system experiences the assigned low permeability of con­ 

fining layer, and the three-layer discretization is inadequate. More layers of 

elements are required in each unit to obtain adequate discretization although 

the model always experiences an average permeability in the elements making up 

the boundaries of the units. Further refinement of discretization would be re­ 

quired to represent the pressure distribution should accurate simulation of 

sharply-varying pressures across the confining layer be required.

Discretization of the spatial distribution of transport variables, con­ 

centration or temperature, often is that which requires the finest mesh. The 

spatial distributions of these variables often include a 'front* at which the 

concentration or temperature changes sharply from high values on one side to 

low values on the other side. A rule-of-thumb is that at least five elements 

should divide the front in order to guarantee that the simulated front width 

arises from simulated physical processes rather than from spreading due to 

inadequate discretization. When such fronts travel with the flow across a mesh 

during simulation, then the mesh must be designed fine enough to adequately 

represent the front at all points along its path. In regions external to the 

front path, coarser discretization is usually adequate, and an expanding mesh 

or pinch nodes may be used to design the discretization in this region.

3) The spatial stability of the numerical approximation of the unified 

transport equation (2.52) depends on the value of a mesh Peclet number, Pem , 

given by:
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esw lyi ALL 
Pem * f

where AL is the local distance between element sides along a streamline of LI

flow. Spatial instability appears as one or more oscillations in concentration 

or temperature. Stability is guaranteed in all cases when Pe £ 2, which gives

a criterion for choosing a maximum allowable element dimension, AL , along theLI

local flow direction. This criterion significantly affects discretization. 

Spatial stability is usually obtained with SUTRA when

Pe < 4 (7.2) 
m

which gives a less-stringent criterion. Mesh design according to the criterion 

is critical when concentrations or temperatures change significantly along 

streamlines, such as when a front is propagated in the direction of flow. When 

concentrations or temperatures exhibit small changes along streamlines, then 

the criterion, (7.2) may safely be violated, even by a few orders of magnitude, 

without inducing spatial instability. An example of this may be cross-sectional 

simulation of an aquifer containing fresh water and salt water. In such a case, 

flow often is directed parallel to the front between fresh water and salt water, 

allowing use of discretization with large mesh Peclet numbers.

In the typical case of solute or energy transport with longitudinal dis­ 

persion primarily due to longitudinal mixing, the mesh Peclet number becomes: 

,AL,

  v«L -

A discretization rule-of-thumb for simulation with SUTRA which guarantees 

spatial stability in most cases is:

ALT S 4« (7.4) LI LI
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While (7.4) deals with adequate discretization for numerical stability it 

may be interpreted from another point of view. Taken in combination with the 

considerations of guideline (2) requiring at least five elements across a front, 

(7.4) implies that a minimum front width which may be simulated when the mesh is 

designed according to AL ~ 4aT is 20aT . Thus for early times following onset
Li Li JL

of localized energy or solute source, the sharp front that should result may be

simulated inaccurately as its width is less than 20aT .
JL

4) Discretization for transverse dispersion also may be related to dis- 

persivity. Although an exact guideline is not given, the object of transverse 

discretization is to make the local element dimension perpendicular to a stream­ 

line small relative to the total transverse dispersivity:

ALT < «T * ]7| K'w * (1 -e) °s] (7 ' 5)

where AL is the local element dimension transverse to the flow direction. In 

the case where the transverse mixing rather than diffusion dominates the trans­ 

verse dispersion an adequate but stringent rule-of-thumb may be, ALT < 10a_, 

although simulation results should be compared for various transverse discreti­ 

zations.

5) Radial/cylindrical meshes with a well require very fine discretization 

near the center axis to accommodate the sharply curving pressure distribution. 

The radial element dimensions may increase outward and become constant at, for 

example, a size of 4a .
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6) Unsaturated flow simulation requires at least as fine discretization as 

does transport. Spatial instability appears as an oscillation in saturation 

values. Unsaturated flow parameters may vary sharply in space, especially dur­ 

ing wetting events. A rule-of-thumb is to design the mesh to have at least five 

elements across a saturation front.

7) Discretization in time is done by choosing the size of time steps. Actual 

time step sizes may be as large as possible while providing adequate discretization 

of parameter changes in time. As with spatial discretization, the adequacy of a 

temporal discretization may be tested only by comparing results of simulations car­ 

ried out with different time step sizes.

For saturated flow simulation, temporal discretization begins with fine time 

steps which may become significantly larger as the system response slows. The 

time-step multiplier feature is provided in SUTRA input data to allow this type 

of temporal discretization.

For unsaturated flow simulation with SUTRA, temporal discretization must be 

fine enough to keep saturation changes at each node to be small over any time 

step. A rule-of-thumb is that over a time step, the maximum saturation change 

is about 0.1.

For transport simulation, temporal changes in concentration or temperature 

at a point in space are often due to the movement of fronts with the fluid flow. 

Therefore, adequate discretization of these parameters in time is often related 

to both fluid velocity and spatial gradients in the parameters. The higher the 

longitudinal spatial gradient and fluid velocity, the smaller the time step re­ 

quired for adequate temporal discretization. A general guideline is that rela­ 

tively sharp fronts require time discretization which allows them to move only
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a fraction of an element per time step. Broad fronts with low gradient in con­ 

centration or temperature have adequate temporal discretization when time steps 

are chosen to move the front one or more elements per step.

Usually a constant time step size is chosen for transport simulation when 

flow velocities remain relatively constant during a simulation. For saturated 

flow and transport, if adequate temporal pressure discretization would allow 

larger time steps than the temporal transport discretization, then a pressure 

solution may be done only every n time steps for transport. For example, if 

the adequate pressure time step is ten times that of transport, then SUTRA input 

data requires the specification: NPCYC « 10, NUCYC   1.

7.3 Program Dimensions

All vector and array dimensions in the SUTRA computer code which may vary 

between simulations are combined for user convenience in three large arrays, KM, 

RV, and IMV. These arrays are dimensioned by the user in the main routine for 

SUTRA. No other arrays need be dimensioned. RM contains all of the real 

matrices in the code, RV contains all of the real vectors, and IMV contains 

all of the integer matrices and vectors. The dimensions required for these 

arrays, RMDIM, RVDIM, and IMVDIM, must be specified in the main program to values 

greater than or equal to those required. The required values are given by 

relations similar to:

RMDIM = 2(NN)(NBI) (7.6)
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RVDIM - (NNVHNN) + (NEV+8)(NE) + (NBCN)3 

+ (NOBS+l)(NTOBS+2)2 + NTOBS + 5

(7.7)

and

IMVDIM * (NE)8 + NN + (NPINCH)3 + NSOP + NSOU 

+ (NBCN)2 + NOBS + NTOBS + 12

(7.8)

NN * number of nodes

NE * number of elements

NBI * full band width of matrix

NSOP * number of fluid source nodes

NSOU * number of solute or energy source nodes

NPBC *» number of specified pressure nodes

NUBC * number of specified U nodes

NBCN « NPBC + NUBC

NPINCH * number of pinch nodes

NOBS « number of observation nodes

NTOBS * number of observation time steps (max)

NNV ** number of vectors NN long * approx. 30 (fixed)

NEV * number of vectors NE long * approx. 10 (fixed)

The actual relations and values are listed in the main routine and should be 

checked there for the most recent SUTRA model version. These dimensions may 

be greater than but not less than the values given by the relations equivalent 

to (7.6), (7.7) and (7.8) in the main routine.
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7.4 Input and Output Files

The SUTRA computer code requires three or four files to be assigned on the 

computer in order to run simulations. Two of these are input files and one or 

two of these are output files.

INPUT FILES:

UNIT-5 A file must be assigned as fortran-unit-5 which contains SUTRA input 

data for UNIT-5. This file contains all of the data necessary for 

simulation except initial conditions.

UNIT-55 A file must be assigned as fortran-unit-55 which contains SUTRA input 

data for UNIT-55. This file contains initial conditions of pressure 

and concentration or temperature for the simulation to be done.

OUTPUT FILES:

UNIT-6 A file must be assigned as fortran-unit-6 on which printed output 

of the simulation will be placed.

UNIT-66 An optional output file must be assigned as fortran-unit-66 if

the option to save the solution of the most recently completed time 

step for later restart is chosen in UNIT-5 when (ISTORE * 1). Data 

will be written to this file in a format equivalent to UNIT-55 data 

so that this file may later be used as UNIT-55.

The data lists and formats for the input files are given in section 7.7,

"SUTRA Input Data List."
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7.5 User-Supplied Programming

When SUTRA is used for simulation of systems with unsaturated flow, then 

the user must code the desired unsaturated flow functions in subroutine UNSAT. 

When SUTRA simulation includes time-dependent boundary conditions or sources, 

then the desired temporal variations must be coded by the user in subroutine 

BCTIME. 

Subroutine UNSAT

The general operation of this subroutine is described in section 5.7, 

"Program Structure." Given a single value of pressure, UNSAT must provide val­ 

ues of Sw , (9Sw/9p), and kr . UNSAT consists of three sections. The user must
wt

supply code in each of these sections. An example using the unsaturated flow 

functions (2.8), (2.11), and (2.21a) and (2.21b) is given in the listing of 

Subroutine UNSAT in APPENDIX A, "SUTRA Program Listing."

The first section requires specification of saturation, Sw , as a function 

of pressure, p. The second section requires specification of the derivative of 

saturation with respect to pressure, p, or saturation, Sw . The third section 

requires specification of the relative permeability, kr , as a function of 

either saturation, Sw , or pressure, p. The pressure value which is passed to 

UNSAT is the projected value, the most recent iterate or the newly obtained 

solution. The values are either at Gauss points or at nodes.

Any convenient programming algorithm may be used to implement these functions 

irk UNSAT. Some possibilities are: use of explicit expressions, as in the example; 

use of data statements; use of logical statements to give piecewise continuous
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functions; or use of READ statements to input new data to the functions from either 

UNIT-5 or a new data file. Sometimes functions with entry pressure or residual 

saturation require that functions used be switched when passing by these values. 

Logical statements which check Sw or p values may be used to switch to other 

functions or to constant values, as required.

Subroutine BCTIME

The general operation of this subroutine is described in section 5.7, 

"Program Structure." At the beginning of each time step, BCTIME must provide: 

values of all specified time-varying pressure values and temperature or concen­ 

tration values of fluid inflow at these nodes; values of specified time-varying 

temperature or concentration; values of specified time-varying fluid sources 

(or sinks) and temperatures or concentrations of these flows if they are inflows; 

and values of time of time-varying energy or solute mass sources (or sinks). 

BCTIME consists of four sections, each dealing with one of the above types of 

specification. The user must supply code in the section (or sections) of BCTIME 

which specifies the particular type of time-varying boundary condition or source 

desired.

The first section is used for specifying either time variation of pressure, 

or time variation of the temperature or concentration of any fluid which enters 

the system at a point of specified pressure, or both. The coding must be entered 

within a loop which checks all NPBC specified pressure nodes for the *:ime-variability 

flag. This flag is a negative node number in the list of specified pressure nodes 

IPBC(IP). The counter for the list is IP. When the loop finds that the IPth 

node number, IPBC(IP), is negative, then the actual node number is given by I » 

-IPBC(IP). In this case, the user must supply code which specifies a value
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appropriate for the current time step, for both PBC(IP), which is the specified 

pressure for the IP*1 *1 specified pressure node (node I), and for UBC(IP), which 

is the specified temperature or concentration of any inflow at the IP*-" speci­ 

fied pressure node (node I). The loop skips over the positive node numbers in 

the list IPBC(IP).

The second section is used for specifying time variation of temperature or 

concentration. The coding must be entered within a loop which checks all NUBC 

specified temperature or concentration (U) nodes for the time-variability flag. 

This flag is a negative node number in the list of specified U nodes, IUBC(IU). 

The list begins in the (NPBC -f l) th element of IUBC as shown in the description 

of subroutine BOUND in section 5.7, "Program Structure." The first NPBC elements 

of IUBC are blank. The counter for the list is IU. If the loop finds that the 

IUt^1 node number, IUBC(NPBC + IU), is negative, then the actual node number is 

given by I * -IUBC(NPBC + IU). In this case, the user must supply code which 

specifies a value, appropriate for the current time step, for UBC(NPBC -f IU), 

which is the specified temperature or concentration for the lU*-  specified U 

node (node I). The loop skips over node numbers, IUBC(NPBC + IU), which are 

positive.

The third section is used for specifying time variation of either fluid 

sources (or sinks), temperature or concentration of inflowing fluid at sources, 

or both. The coding must be entered within a loop which checks all NSOP fluid 

source nodes for the time-variability flag. This flag is a negative node number 

in the list of fluid source nodes, IQSOP(IQP). The counter for the list is IQP. 

If the loop finds that the IQPth node number IQSOP(IQP), is negative, then 

the actual node number is given by I * -IQSOP(IQP). In this case, the user must 

supply code which specifies a value appropriate for rhe current time step, for
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both QIN(I), which is the specified fluid source for node I (the IQP speci­ 

fied fluid source node), and for UIN(I), which is the temperature or concentra­ 

tion of inflowing fluid at node I. The loop skips over node numbers in the list, 

IQSOP(IQP), which are positive.

The fourth section is used for specifying time variation of energy or 

solute mass sources. The coding must be entered within a loop which checks all 

NSOU specified energy or solute mass source nodes for the time-variability flag. 

This flag is a negative node number in the list of specified energy or solute 

mass source nodes, IQSOU(IQU). The counter for the list is IQU. If the loop 

finds that the IQU^ node number, IQSOU(IQU), is negative, then the actual 

node number is given by I * -IQSOU(IQU). In this case, the user must supply 

code which specifies a value appropriate for the current time step, for QUIN(I), 

which is the specified energy or solute mass source for node I (the IQUtn 

specified energy or solute mass source node). The loop skips over the positive 

node numbers in the list, IQSOU(IQU).

The current time at the end of the present time step in seconds, TSEC, and 

in other time units is available for use in specifying time variations. Any 

convenient programming algorithm may be used to implement the time-variations 

in BCTIME. Some possibilities are: use of expressions as explicit functions of 

time such as, for example, a sine function to represent tidal pressure variations; 

use of data statements and new arrays explicitly dimensioned in BCTIME; use of 

logical statements to give stepped or piecewise continuous functions; or use of 

READ statements to input the time-varying values directly from SUTRA UNIT-5 or 

a new data file. If different functions or values are to be specified at various 

nodes, then the user must also supply code to distinguish which functions apply 

to which specified node numbers.
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7.6 Modes and Options

Simulation modes

SUTRA may simulate flow and transport in three temporal modes for either 

energy or solute transport. The modes are: (1) transient flow and transport, 

(2) steady flow with transient transport, and (3) steady flow and steady trans­ 

port, where mode (1) is the most computationally expensive and mode (3), the 

least expensive. Modes (2) and (3) are not applicable to all problems. The 

classes of problems amenable to solution by each node is given below.

(1) Transient Flow and Transient Transport

Allows for simulation of any physical problem which SUTRA deals 

with: either saturated or unsaturated flow or both; variable 

fluid density and viscosity; any sorption isotherm; energy or 

solute transport.

(2) Steady-State Flow and Transient Transport

Allows for simulation of a restricted class of SUTRA problems: 

saturated flow only; constant fluid density and viscosity; any 

sorption isotherm; energy transport with only small variations 

in temperature, or solute transport.

(3) Steady-State Flow and Steady-State Transport

Allows for simulation of the most restricted class of SUTRA prob­ 

lems: saturated flow only; constant fluid density and viscosity; 

linear sorption isotherm only; energy transport with only small 

variations in temperature, or solute transport.
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These modes are specified in UNIT-5 input data by the values of ISSFLO, 

ISSTRA, and SIMULA.

Output options

A number of output options are available which help to interpret SUTRA 

simulation results. These are: (1) printer plots, (2) velocity output, (3) 

budget output, and (4) observation node output. The first three options require 

some extra computations and should be used only when necessary, as the extra 

calculations are done for each printed output.

(1) Printer Plots

Plots are available which are printed on each time step on which 

there is output. The plot is a map of three-digit pressures, 

temperatures or concentrations at the nodes which may be contoured 

by hand for an initial view of simulation results. Either a pres­ 

sure plot or temperature (concentration) plot is output, or both on 

each time step with output. The plot consists of three significant 

figures of the pressure or temperature (or concentration) value at 

each node printed approximately at the nodal location in a map scaled 

to the printer paper. The map may be oriented either across the output 

page for a small plot, or along the page for a large plot. A plot of 

the locations of node numbers is provided with the input data print-out. 

Unfortunately, when some nodes in the mesh are grouped closely relative 

to the others, the printed three digits at clustered nodes may overlap 

and obscure the values. This typically occurs near the center axis for
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meshes in cylindrical coordinates. Use of the large plot may separate 

the values but the plot size can become unwieldy. Computer graphics con­ 

touring must then be employed, and is clearly more convenient than hand- 

contoured printer plots when available.

(2) Velocity Output

An output of fluid velocity is available, the information in which 

may be used to plot velocity vectors everywhere in the simulated 

spatial region with computer graphics software supplied by the user. 

These velocities are calculated and output on each time step that a 

pressure solution is output. One velocity is calculated in each 

finite element, at the location of the element centroid, as described 

in section 5.5, "Velocity Calculation for Output." Velocity output 

occurs in two groups of values: first, the magnitude of the velocity 

vector at each element centroid, and second, the angle measured (with 

a counter-clockwise positive value) from the positive x-axis to the 

velocity vector direction. Note that velocity values are lagged one 

time step if a non-iterative solution is used. (In this case, they are 

calculated not with the new pressure solution, but with the solution of 

the previous time step and with fluid density values of the step before 

that. This keeps the velocity calculations consistent in time.) This 

option is controlled by UNIT-5 parameter, KVEL.

(3) Budget Output

A fluid mass and energy or solute mass budget output is available as 

an aid in tracking the simulated behavior of a system. The budget is 

not a check on numerical accuracy of the model as the calculations 

involved in determining the budget are less accurate than the calcula-
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tions used to carry out the SUTRA simulation. The budget is output on 

each time step with printer output, and tallies total system changes in 

fluid mass, and energy or solute mass for the time step. Besides the 

totals of these quantities for the entire simulated region, the budget 

lists time step total gains or losses in these quantities at each spec­ 

ified pressure node, fluid source node, and energy or solute mass source 

node in the mesh. More information about the budget calculations is 

given in section 5.6, "Budget Calculations. 11 The option is controlled 

by UNIT-5 parameter, KBUDG.

(4) Observation Node Output

An observation node output is available which observes pressure and 

temperature or concentration at particular nodes in the system during 

the simulation, and outputs the observations in table form after the 

last time step of the simulation has been completed. For each observed 

node, the table consists of three columns of numbers: the time of the 

observation, the observed pressure value, and the observed temperature 

or concentration value. Any number of observation nodes (NOBS) may be 

chosen, and observations may be requested every NOBCYC time steps.
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7.7 SUTRA Input Data List 

List of Input Data for UNIT 5

Model Series: SUTRA 
Model Version: V1284-2D

Note that three arrays in the main routine of the code need to be 
dimensioned. The procedure for choosing dimensions is listed in the 
main routine itself, near the place where the dimensions need be 
specified.

DATASET 1: Input Data Heading (one card)

Variable Format Description

SIMULA 2A6 For energy transport simulation, write
"SUTRA ENERGY TRANSPORT". 
For solute transport simulation, write 
"SUTRA SOLUTE TRANSPORT".

The rest of the card is not used by SUTRA and 
may either be left blank or may be used to note 
an additional label for this UNIT 5 data list.
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DATASET 2: Output Heading (two cards)

Variable

TITLE1

TITLE2

Format

80A1

80A1

Description

First line of a heading for the input data 
set.

Second line of heading for the input data 
set.

These two lines are printed as a heading 
on SUTRA output.

248



DATASET 3: Simulation Control Numbers (one card)

Variable

NN

Format

15

Description

Exact number of nodes in finite element 
mesh.

NE 15 Exact number of elements in finite element 
mesh.

NBI 15

NPINCH 15

Full bandwidth of global banded matrix. NBI 
is equal to one plus twice maximum difference 
in node numbers in the element containing the 
largest node number difference in the mesh. 
This number is critical to computational 
efficiency, and should be minimized by 
careful numbering of the nodes (see Figure 7.1) 
Setting NBI too small causes SUTRA to automa­ 
tically print out the correct value and stop.

Exact number of pinch nodes in the finite 
element mesh.

NPBC

NUBC

15

15

Exact number of nodes at which pressure is a 
specified constant value or function of time.

Exact number of nodes at which temperature or 
concentration is a specified constant value or 
function of time.

NSOP

NSOU

15

15

Exact number of nodes at which a fluid 
source/sink is a specified constant value 
or function of time.

Exact number of nodes at which an energy or 
solute mass source/sink is a specified constant 
value or function of time.

NOBS

NTOBS

15

15

Exact number of nodes at which observations will 
be made. Set to zero for no observations.

Maximum number of time steps on which observations 
will be made. This depends on both the number of 
time steps in the simulation (DATASET 6), and on 
the frequency of observations (DATASET 21). NTOBS 
may be set to a value greater than that needed. 
Set to zero for no observations.
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Figure 7.1
Minimization of band width by careful numbering of nodes.
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DATASET 4: Simulation Mode Options (one card)

Variable Format Description

IUNSAT 15

ISSFLO 15

ISSTRA 15

IREAD 15

ISTORE 15

Set to +1 to allow simulation of unsaturated and 
saturated flow. Set to 0 to allow simulation of 
only saturated flow. When unsaturated flow is 
allowed (IUNSAT « 1) then the unsaturated flow 
functions must be programmed by the user in 
Subroutine UNSAT.

Set to 0 for simulation with TRANSIENT 
groundwater flow. Set to +1 for simulation 
with STEADY-STATE groundwater flow. If 
fluid density is to change with time, then 
TRANSIENT flow must be selected.

Set to 0 for simulation with TRANSIENT solute or 
energy transport. Set to +1 for simulation of 
STEADY-STATE transport. Note that steady-state 
transport requires a steady-state flow field. 
So, if ISSTRA « +1, then, also set ISSFLO « +1

To read initial condition data (UNIT 55) 
for cold start (first time step of a 
simulation), set to +1. To read initial 
condition data (UNIT 55) for simulation 
restart (to read data which has previously 
been stored by SUTRA on UNIT 66), set to -1.

To store results of most recently completed 
time step on UNIT 66 for later use as initial 
conditions on a restart, set to 4- 1. To cancel 
storage, set to 0. This option is recommended 
as a backup for storage of results of intermediate 
time steps during long simulations. Should the 
execution halt unexpectedly, it may be restarted 
with initial conditions consisting of results of 
the last successfully completed time step stored 
on UNIT 66.
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DATASET 5: Numerical Control Parameters (one card)

Variable Format Description

UP G10.0 Fractional upstream weight for
stabilization of oscillations in results 
due to highly advective transport or 
unsaturated flow. UP may be given 
any value from 0.0 to +1.0. UP - 0.0 
implies no upstream weighting (Galerkin 
method). UP « 0.5 implies 50% upstream 
weighting. UP » 1.0 implies full (100%) 
upstream weighting. Recommended value 
is zero.

Warning: upstream weighting increases the 
local effective longitudinal dispersivity 
of the simulation by approximately 
(UP'(AL)/2) where AL is the local distance 
between element sides along the direction 
of flow. Note that the amount of this in­ 
crease varies from place to place depending 
on flow direction and element size. Thus a 
non-zero value for UP actually changes the 
value of longitudinal dispersivity used by 
the simulation, and also broadens otherwise 
sharp saturation fronts.

GNU G15.0 Pressure boundary condition, 'conductance*.
A high value causes SUTRA simulated pressure 
and specified pressure values at specified 
pressure nodes to be equal in all signifi­ 
cant figures. A low value causes simulated 
pressures to deviate significantly from 
specified values. The ideal value of 
GNU causes simulated and specified pres­ 
sures to match in the largest six or seven 
significant figures only, and deviate in 
the rest. Trial-and-error is required to 
determine an ideal GNU value for a given 
simulation by comparing specified pressures 
with those calculated at the appropriate 
nodes for different values of GNU. An 
initial guess of 0.01 is suggested.
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DATASET 6: Temporal Control and Solution Cycling Data (one card)

Variable 

ITMAX

DELT 

TMAX

Format 

15

G15.0 

G15.0

ITCYC

DTMULT

DTMAX

NPCYC

110

G10.0

G15.0

15

NUCYC 15

Description

Maximum allowed number of time steps in 
simulation.

Duration of initial time step, [sj

Maximum allowed simulation time, [s} 
SUTRA time units are always in seconds. 
Other time measures are related as follows

[min]

id}
[week] 
[mo] 
[yr]

60
60
24
7.

[min]
[hj 

[d]
30.4375 [d] 
365.250 [d]

Number of time steps in time step change 
cycle. A new time step size is begun at 
time steps numbered: 1+ n (ITCYC).

Multiplier for time step change cycle. 
New time step size is: (DELT)(DTMULT).

Maximum allowed size of time step when using 
time step multiplier. Time step size is not 
allowed to increase above this value.

Number of time steps in pressure 
solution cycle. Pressure is solved 
on time steps numbered: n(NPCYC), 
as well as on initial time step.

Number of time step in temperature/ 
concentration solution cycle. 
Transport equation is solved on 
time steps numbered: n(NUCYC) as 
well as on initial time step.

Either 
NPCYC or 
NUCYC 
mu s t be 
set to 1
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DATASET 7: Output Controls and Options (one card)

Variable Format Description

NPRINT

KNODAL

15

15

KELMNT 15

KINCID

KPLOTP

15

15

KPLOTU 15

KVEL 15

KBUDG 15

Printed output is produced on time steps 
numbered: n(NPRINT), as well as on first 
and last time step.

A value of 0 cancels printout of node 
coordinates, nodewise element thicknesses, 
and nodewise porosities. Set to +1 for 
full printout.

A value of 0 cancels printout of element- 
wise permeabilities and elementwise dis- 
persivities. 
Set to +1 for full printout.

A value of 0 cancels printout of node 
incidences and pinch node incidences in 
elements. Set to +1 for full printout.

Set to a value of +1 for contourable 
printer plot of pressures at all nodes 
in mesh. Set to 0 to cancel pressure 
plot.

Set to a value of +1 for contourable 
printer plot of concentrations or 
temperatures at all nodes in mesh. 
Set to 0 to cancel plot.

Set to a value of +1 to calculate and 
print fluid velocities at element centroids 
each time printed output is produced. Note 
that for non-steady state flow, velocities 
are based on results and pressures of the 
previous time step or iteration and not on 
the newest values. 
Set to 0 to cancel option.

Set to a value of +1 to calculate and print
a fluid mass budget and energy or solute
mass budget each time printed output is
produced.
A value of 0 cancels the option.
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DATASET 8: Iteration Controls (one card)

Variable

ITRMAX

Format

110

Description

Maximum number of iterations allowed per 
time step to resolve non-linearities. 
Set to a value of +1 for non-iterative 
solution. Non-iterative solution may 
be used for saturated aquifers when density 
variability of the fluid is small, or for 
unsaturated aquifers when time steps are chosen 
to be small

RPMAX G10.0 Absolute iteration convergence criterion 
for pressure solution. Pressure solution 
has converged when largest pressure change 
from the previous iteration's solution of 
any node in mesh is less then RPMAX. May 
be left blank for non-iterative solution.

RUMAX G10.0 Absolute iteration convergence criterion 
for transport solution. Transport solution 
has converged when largest concentration 
on temperature change from the previous 
iteration's solution of any node in mesh 
is less than RUMAX. May be left blank 
for non-iterative solution.
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DATASET 9: Fluid Properties (one card)

Variable

COMPFL

CW

SIGMAW

Format

G10.0

G10.0

G10.0

RHOW0 

URHOW0

G10.0

G10.0

DRWDU G10.0

VISC0 G10.0

Description

Fluid compressibility, 0»(l/p)(dp/'dp). 
 s~)!~^. Note, specific pressure

storativity is: Sop (l-e)a + efl

Fluid specific heat, cw . |E/(M- W C)I 
(May be left blank for solute transport 
simulation.)

Fluid diffusivity, ow .
For energy transport represents fluid
thermal conductivity, I E/(L- uOs) I.
For solute transport represents molecular
diffusivity of solute in pure fluid.

Density of fluid at base concentration or 
temperature. |M/L3 |.

Base value of solute concentration (as mass 
fraction) or temperature of fluid at which 
base fluid density, RHOW0 is specified. 
IMS /M| or rcl.

Fluid coefficient of density change with 
concentration (fraction) or temperature: 
p « RHOW0 + DRWDU (U-URHOW0). 
(M/(L3 -MS )I or |M/(L3 - U C)I

For solute transport: fluid viscosity, v>-» 
|M/L-s|. For energy transport, this value 
is a scale factor. It multiplies the vis­ 
cosity which is calculated internally in 
units of |kg/m*s|. VISC0 may be used for 
energy transport to convert units of 
|kg/m«s| to desired units of viscosity.
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DATASET 10: Solid Matrix Properties (one card)

Variable

COMPMA

CS

SIGMAS

Format

G10.0

G10.0

G10.0

Description

Solid matrix compressibility, a de/dp,

RHOS G10.0

Solid grain specific heat, c s . [E/(M-°C)J 
(May be left blank for solute transport 
simulation. )

Solid grain diffusivity, a s . 
For energy transport represents thermal 
conductivity of a solid grain. (E/(L'°C*s)] 
(May be left blank for solute transport 
simulation. )

Density of a solid grain, p s . [M/L^]
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DATASET 11: Adsorption Parameters (one card)

Variable

ADSMOD

Format

A10

CHI1 G10.0

CHI2 G10.0

Description

For no sorption or for energy trans­ 
port simulation write "NONE" beginning in 
column one, and leave rest of card blank.

For linear sorption model, write 
"LINEAR" beginning in column one.

For Freundlich sorption model write 
"FREUNDLICH" beginning in column one.

For Langmuir sorption model write 
"LANGMUIR" beginning in column one.

Value of linear, Freundlich or 
Langmuir distribution coefficient, 
depending on sorption model chosen 
as ADSMOD, Xj. |L|/MG |.

Value of Freundlich or Langmuir
coefficient, depending on sorption
model chosen as ADSMOD.
Leave blank for linear sorption.
X 2 . !1 I for Freundlich.
IL£/MS 1 for Langmuir.
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DATASET 12: Production of Energy or Solute Mass (one card)

Variable Format Description

PRODFO

PRODSO

G10.0

G10.0

PRODF1

PRODS1

G10.0

G10.0

Zero-order rate of production in the fluid 
To7 . i(E/M)/sj for energy production, 
l(Ms /M)/sj for solute mass production.

Zero-order rate of production in the immobile 
phase, rg. [(E/MG)/s) for energy 
production, [(Ma /M(j)/s] for adsorbate mass 
production.

First-order rate of 1 solute mass production in
the fluid, jl . [ s )
Leave blank for energy transport.

First-order rate of adsorbate mass production in
8  " I

the immobile phase, y1 . [s ] 
Leave blank for energy transport.
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DATASET 13: Orientation of Coordinates to Gravity (one card)

Variable Format Description

GRAVX G10.0 Component of gravity vector in
 fx direction. [L2 /s] 
GRAVX - -|gj OELEVATION/ax), 
where jgj is the total accel­ 
eration due to gravity in [L^/s]

GRAVY G10.0 Component of gravity vector in
 fy direction. [L2 /s] 
GRAVY - -jgj OELEVATION/ay), 
where |gj is the total accel­ 
eration due to gravity in (L2 /s)
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DATASET 14A: Scale Factor for Nodewise Data (one card)

Variable

SCALX

Format

5X

G10.0

SCALY G10.0

SCALTH G10.0

PORFAC G10.0

Description

In the first five columns of this card 
write "NODE ", leaving one column blank.

The scaled x-coordinates of nodes in 
DATASET 14B are multiplied by SCALX in SUTRA. 
May be used to change from map to field 
scales, or from English to SI units. A value 
of 1.0 gives no scaling.

The scaled y-coordinates of nodes in 
DATASET 14B are multiplied by SCALY in SUTRA. 
May be used to change from map to field 
scales, or from English to SI units. A 
value of 1.0 gives no scaling.

The scaled element (mesh) thicknesses at 
nodes in DATASET 14B are multiplied by SCALTH 
in SUTRA. May be used to easily change 
entire mesh thickness or to convert English 
to SI units. A value of 1.0 gives no scaling.

The scaled nodewise porosities of DATASET 14B 
are multiplied by PORFAC in SUTRA. May 
be used to easily assign a constant porosity 
value to all nodes by setting PORFAC=porosity, 
and all POR(II)=1.0 in DATASET 14B.
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DATASET 14B: Nodewise Data (one card for each of NN nodes)

Variable

II

THICK(II)

Format 

15

G10.0 

G10.0 

G10.0

POR(II) G10.0

Description

Number of node to which data on this card 
refers, i.

Scaled x-coordinate of node II, x^. [L] 

Scaled y-coordinate of node II, y^. [L]

Scaled thickness of mesh at node II. [L] 
In order to simulate radial cross-sections, 
set THICK(II) « UwMradiuSi), where 
radius^ is the radial distance from the 
vertical center axis to node i.

Scaled porosity value at node II, £±. [I]
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DATASET ISA: Scale Factors for Eletnentwise Data (one card)

Variable

PMAXFA

Format

10X

G10.0

PMINFA G10.0

ANGFAC G10.0

ALMAXF G10.0

ALMINF G10.0

ATAVGF G10.0

Description

In the first ten columns of this card 
write "ELEMENT ", leaving three 
columns blank.

The scaled maximum permeability values 
of elements in DATASET 15B are multiplied 
by PMAXFA in SUTRA. May be used to 
convert units or to aid in assignment of 
maximum permeability values in elements.

The scaled minimum permeability values 
of elements in DATASET 15B are multiplied 
by PMINFA in SUTRA. May be used to convert 
units or to aid assignment of minimum * 
permeability values in elements.

The scaled angles between the maximum 
permeability direction and the x-axis 
of elements in DATASET 15B are multi­ 
plied by ANGFAC in SUTRA. May be used 
to easily assign a uniform direction 
of anisotropy by setting ANGFAC* angle, 
and all ANGLEX(L)=1.0 in DATASET 15B.

The scaled maximum longitudinal dis­ 
persivities of elements in DATASET 15B 
are multiplied by ALMAXF in SUTRA. May 
be used to convert units or to aid in 
assignment of dispersivities.

The scaled minimum longitudinal dis­ 
persivities of elements in DATASET 15B 
are multiplied by ALMINF in SUTRA. May 
be used to convert units or to aid in 
assignment of dispersivities.

The scaled average transverse disper­ 
sivities of elements in DATASET 15B are 
multiplied by ATAVGF in SUTRA. May be 
used to convert units or to aid in 
assignment of dispersivity.
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DATASET 15B: Elementwise Data (one card for each of NE elements)

Variable Format Description

PMAX(L)

PMIN(L)

110

G10.0

G10.0

ANGLEX(L) G10.0

ALMAX(L)

ALMIN(L)

ATAVG(L)

G10.0

G10.0

G10.0

Number of element to which data on this 
card refers.

Scaled maximum permeability value of 
element L, fc

Scaled minimum permeability value of 
element L, kmin W   [L2 ] 
Isotropic permeability requires: 
PMIN(L)-PMAX(L).

Angle measured in counterclockwise direction 
from -fx-direction to maximum permeability 
direction in element L, QL- f°J 
Arbitrary when both PMIN(L)-PMAX(L) , and 
ALMAX(L) - ALMIN(L).

Scaled longitudinal dispersivity value of 
element L in the direction of maximum 
permeability PMAX(L),

Scaled longitudinal dispersivity value of 
element L in the direction of minimum 
permeability PMIN(L), aLmin(L). [L]

Scaled average transverse dispersivity value 
of element L, «f(L). [L]
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DATASET 16: Data for Printer Plot (Two or three cards when plot has been
requested by DATASET 7)

OMIT when no plot is requested

Variable Format Description

Card 1 : (always required when plot is requested)

IDIREC 15 Chooses plot direction:
Set to -1 for small plot which fits across 
the output page.
Set to +1 for larger plot which is oriented 
along the output page.

NLINPI 15 Number of printer lines per inch.

NCHAPI 15 Number of printer characters per inch.

NCHAPL 15 Number of printer characters per output line.

The plotting routine prints three digits 
of the nodal value to be plotted at the (x,y) 
location of the node on a map of the mesh which 
the routine constructs. The three digits are not 
necessarily the first three digits of the value 
to be plotted, but are always one digit to the 
left and two digits to the right of the decimal 
point. Thus, if the value to be plotted is 
1234.567, then the digits 456, are printed 
at the nodal location on the output.

Card 2 ; (include this card only when pressure plots are requested 
in DATASET 7)

PBASE G13.0 Value for scaling plotted pressures.

The pressure value to be plotted,
is calculated by SUTRA as
PPLOT * (true pressure p^/ PBASE)
PBASE should be used to scale out powers of
ten and to shift the scaled digits of interest
to the position of the three plotted digits.
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Variable Format Description

Card 3: (include this card only when temperature or concentration 
plots are requested in DATASET 7)

UBASE G13.0 Value for scaling plotted temperature
or concentration values.

The value to be plotted 
calculated by SUTRA as: 
UPLOT* (true value U-^/UBASE). For 
example, UBASE may be set to one-tenth 
of the highest source concentration in 
the system; then fractional concentra­ 
tions relative to the highest concen­ 
tration are plotted with digits ranging 
from 000 to 999 which represents a rel­ 
ative concentration of 1.000 (-0.999).
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DATASET 17: Data for Fluid Source and Sinks (one card for each of NSOP fluid
source nodes as specified in 
DATASET 3, plus one blank card)

OMIT when there are no fluid source nodes

Variable Format Description

IQCP 110

QINC G15.0

UINC G15.0

Number of node to which source/sink data on 
this card refers.
Specifying the node number with a negative 
sign indicates to SUTRA that the source flow 
rate or concentration or temperature of the 
source fluid vary in a specified manner with 
time. Information regarding a time-dependent 
source node must be programmed by the user in 
Subroutine BCTIME., and should not be included 
on this card.

Fluid source (or sink) which is a specified 
constant value at node IQCP, QJN« (M/s| 
A positive value is a source of fluid to the 
aquifer. Leave blank if this value is specified 
as time-dependent in Subroutine BCTIME. 
Sources are allocated by cell as shown in 
Figure 7.2 for equal-sized elements. For 
unequal-sized elements, sources are allocated 
in proportion to the cell length, area or volume 
over which the source fluid enters the system.

Temperature or solute concentration (mass
fraction) of fluid entering the aquifer
which is a specified constant value for a
fluid source at node IQCP, UIN . I V C I or
!Ms /Mj
Leave blank if this value is specified as
time-dependent in Subroutine BCTIME.

Last card:

BLANK CARD Placed immediately following all NSOP 
fluid source node cards.
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Figure 7.2
Allocation of sources and boundary fluxes
in equal-sized elements.
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DATASET 18: Data for Energy or Solute Mass Sources and Sinks
(one card for each NSOU energy or 
solute source nodes as specified in 
DATASET 3, plus one blank card)

0 M I T when there are no energy or solute source nodes

Variable Format Description

IQCU 110

QUINC G15.0

Last card:

BLANK CARD

Number of node to which source/sink data on this 
card refers.
Specifying the node number with a negative 
sign indicates to SUTRA that the source rate 
varies in a specified manner with time. All 
information regarding a time-dependent source 
node must be programmed by the user in 
Subroutine BCTIME, and a value should not be 
included in this card,
Sources are allocated by cell as shown in Figure 
7.2 for equal-sized elements. For unequal-sized 
elements, sources are allocated in proportion to 
the cell length, area or volume over which the 
source energy or solute mass enters the system.

Source (or sink) which is a specified constant 
value at node IQCU, ¥j$. IE/ si for energy
transport, jMs /s| for solute transport. A 
positive value is a source to the aquifer. 
Leave blank if IQCU is negative, and this value 
is specified as time-dependent in Subroutine 
BCTIME.

Placed immediately following all NSOU 
energy or solute mass source node cards.
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DATASET 19: Data for Specified Pressure Nodes (one card for each of NPBC
specified pressure nodes as 
indicated in DATASET 3, plus 
one blank card)

OMIT when there are no specified pressure nodes

Variable Format Description

Cards 1 to NPBC:

IPBC 15

PBC G20.0

UBC G20.0

Last card:

BLANK CARD

Number of node to which specified pressure 
data on this card refers.
Specifying the node number with a negative 
sign indicates to SUTRA that the specified 
pressure value or inflow concentration or 
temperature at this node vary in a speci­ 
fied manner with time. Information re­ 
garding a ti«ie-dependent specified pressure 
node must be programmed by the user in 
Subroutine BCTIME, and should not be included 
on this card.

Pressure value which is a specified con­ 
stant at node IPBC. |M/(L-s 2 )) 
Leave blank if this value is specified as 
time-dependent in Subroutine BCTIME.

Temperature or solute concentration of 
any external fluid which enters the 
aquifer at node IPBC. UBC is a specified 
constant value. | U Ci or |Ms /Mj 
Leave blank if this value is specified as 
time-dependent in Subroutine BCTIME.

Placed immediately following all NPBC 
specified pressure cards.
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DATASET 20: Data for Specified Concentration or Temperature Nodes
(one card for each of NUBC 
specified concentration or 
temperature nodes indicated in 
DATASET 3» plus one blank 
card)

OMIT when there are no specified concentration or temperature nodes

Variable Format Description

Cards 1 to NUBC:

IUBC 15 Number of node to which specified concentration 
or temperature data on this card refers. 
Specifying the node number with a negative 
sign indicates to SUTRA that the specified 
value at this node varies in a specified 
manner with time. This time-dependence must 
be programmed by the user in Subroutine 
BCTIME, and a value should not be included on 
this card.

UBC G20.0 Temperature or solute concentration value
which is a specified constant at node IUBC.
[°C] or [MS /M]
Leave blank if IUBC is negative and this value
is specified as time-dependent in Subroutine
BCTIME.

Last card:

BLANK CARD Placed immediately following all NUBC 
specified temperature or concentration cards.
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DATASET 21: Observation Node Data (one card plus one card for each
(NOBS+16)/16 (integer arithmetic) 
observation nodes as specified in 
DATASET 3)

OMIT when there are no observation nodes

Variable Format Description

Card 1:

NOBCYC 110 Observations of pressure and temp­ 
erature or concentration will be 
made at all observation nodes 
specified below every NOBCYC time 
steps.

Cards 2 to (NOBS+16)/16

INOB 1615 Node numbers of observation nodes.
(Sixteen nodes per card.) 
Enter a value of zero as an extra 
observation node number following 
the last real observation node in 
order to indicate to SUTRA that 
there are no more observation nodes. 
This will require one extra card if 
there is an exact multiple of 16 
observation nodes.
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DATASET 22: Element Incidence and Pinch Node Data (one or two cards for
each of NE elements)

Variable Format Description

Card A; (always required for each element)

LL 16 Number of element to which data on this card 
(and the optional next card) refers. 
If pinch nodes exist in element LL, then the 
element number must be specified with a 
minus sign.

IIN(l) 16

16

16

16

Number of node 1 

Number of node 2 

Number of node 3 

Number of node 4

NODE INCIDENCE LIST

List of corner node 
numbers in element LL, 
beginning at any node, 
but taken in an order 
counterclockwise about 
the element.

Card B: (OPTIONAL) - is required immediately following Card A
only when LL is negative, 0 M I T when LL 
is positive)

PINCH-NODE INCIDENCE LIST

IEDGE( 1 )

IEDGE(2)

IEDGE( 3)

IEDGE(4)

16

16

16

16
>

Node number of

pinch node at
*  <

mid-point of

edge between

s

IIN(l) and IIN(2)

IIN(2) and IIN(3)

IIN(3) and IIN(4)

IIN(4) and IIN(l)

nodes :

A blank in the list of pinch node
numbers indicates that no pinch node exists
on that particular edge element LL.

End of Input Data List for UNIT 5
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List of Input Data for UNIT 55

Model Series: SUTRA 
Model Version: V1284-2D

The data in UNIT 55 need be created by the user only for Cold-Starts of SUTRA 
simulation (i.e.: for the first time step of a given simulation).

The Restart options are controlled by IREAD and ISTORE in DATASET 4 of UNIT 5 
data. SUTRA will optionally store final results of a simulation in a form 
directly useable as UNIT 55 for later restarts.

DATASET 1: Simulation Starting Time (one card) 

Variable Format Description

TSTART G20.0 Elapsed time at which the initial conditions
for simulation specified in UNIT 55 are 
given. [s}
This sets the simulation clock starting 
time. Usually set to a value of zero for 
Cold-Start.
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DATASET 2: Initial Pressure Values at Nodes

Requires (NN + 3)/4 cards. (Done by integer arithmetic.)

Variable Format Description

PVEC(II) 4G20.0 Initial (starting) pressure values at time,
TSTART, at each of NN nodes. {M/(L-s 2 )} 
Four values per card, in exact order of node 
numbers. These values are arbitrary and may be 
left blank if the steady-state flow option in 
DATASET 4 of UNIT 5 has been chosen. Initial 
hydrostatic or natural pressures in a cross- 
section may be obtained by running a single 
steady-flow time step with the store option. 
Then the natural pressures are calculated and 
stored on UNIT 66, and may be copied to the Cold- 
Start UNIT 55 file without change in format, as 
initial conditions for a transient run.
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DATASET 3: Initial Temperature or Concentration Values at Nodes

Requires (NN+3)/4 cards. (Done by integer arithmetic.)

Variable

UVEC(II)

Format

4G20.0

Description

Initial (starting) temperature or solute 
concentration (mass fraction) values at 
time, TSTART, at each of NN nodes. 
[°C] or [MS /M]
Four values per card, in exact order of 
node numbers.

End of Input Data List for UNIT 55
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Appendix A 

Nomenclature

Generic Units

[13 

[E] 

[L]

[Mj

[M fl ]

Units

[cm]

[d]

[gr]

(hj

[J]

[kg]

[Ibmj

[tn]

[min]

[mo]

[B]

unity - implies dimensionless or [L*

energy units or [M-L^/s^]

length units

fluid volume

solid grain volume

fluid mass units

solid grain mass units

solute mass units

degrees Celcius

centimeters

days

grams

hours

Joules or [kg-m

kilograms mass

pounds mass

meters

minutes

months

seconds
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Special Notation

at or at

v * i v + i v +kv - - x  *  y - z

Otff 0\tf '
Vy,i|I +i |I + k^

3v 3v 3v h 3z"ZA-v * T-X + - - 3x

1,NN

or

A?

BC

IN

KG

time derivative of ?

vector v with components in 
i^ J[, and k directions

gradient of scale ? 

divergence of vector v

index i takes on all integer 
values between one and NN

absolute value of scalar ? 

magnitude of vector v

approximate or discretized value 
of ?

discrete change in value of ?
(e.g : A? - ?2 )

initial condition or zeroth 
value of 7

value of Y as specified at a 
boundary condition node

value of ? at node or cell 
i or j

value of ? in inflow

value of ? at the KG Gauss 
point

value of ? in element L

value of a vector v along 
a stream line

value of a vector v in x 
direction

value of a vector v in y 
direction
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V, value of a vector v in the 
direction

r1 

in

,n+l 

,(n+D*

v*

Pg

NN 
E 

i-1 NN

value of a vector v in the n 
direction

value of ¥ in element L

value of ¥ at time step n

value of *? at time step n+1

value of ¥ evaluated at 
previous time step on first 
iteration, and at most recent 
iteration on subsequent 
iterations

value of ¥ projected from 
previous time steps on first 
iteration

consistently evaluated velocity

consistently evaluated density- 
gravity term

summation

Greek Lowercase

aL(x,y,t)

T Lmax

aT(x,y)

(2.17)

(2.40b) 
(2.41)

(x,y) (2.42b)

(2.40b)

(2.15) 

(2.25)

[L] 

[L]

[L]

(M/U'S 2 )]" 1

[E/MG -S]

Porous matrix compressibility

Longitudinal dispersivity of 
solid matrix

Longitudinal dispersivity in 
the maximum permeability
direction, x 

P

Longitudinal dispersivity in 
the minimum permeability
direction, x 

m

Transverse dispersivity of 
solid matrix

Fluid compressibility

Energy source in solid 
grains
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s
y (2.37b) [(M /M)/s] Zero-order adsorbate mass 
o s ,

production rate

7W(x,y,t) (2.25) [E/M-s] Energy source in fluid

yW (2.37b) [(M /M)/s] Zero-order solute mass 
o s ,

production rate

s -1 
y, (2.37b) [s ] First-order mass production

rate of adsorbate

w  1 
7, (2.37b) [s ] First order mass production

rate of solute

6.. (4.65a) Kronecker delta 
1J

e(x,y,t) (2.6) [1] Porosity

T) (4.3) r| local coordinate

r (C,C ) (2.32b) [M/M ] First general sorption
coefficient

»C 2 (C,C ) (2.32b) {M/M *s] Second general sorption
coefficient

ic 3(C,C s ) (2.32b) [Ma /MG -s] Third general sorption
coefficient

X(x,y,t) (2.25) [E/(s-L'°O] Bulk thermal conductivity
of solid matrix plus fluid

\ (2.26) [E/(s-L-°O] Solid thermal conductivity 
S (about \ - 0.6 [J/(s-m- c'C)

at 20°C) S

\ (2.26) [E/(s-L-°O] Fluid thermal conductivity 
W (about X - 0.6 (J/(s-m- a C)j

at 20°C) W

U (2.5),(2.6) Fluid viscosity

v. (4.51) Pressure-based conductance
for specified pressure in 
cell i

v (4.38) Conductance for specified
pressure nodes
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5 (4.1) 

(2.4)

p(x,y,t) (2.1)

P s

a 1

0

(2.24) 
(2.30)

(2.17)

(2.47)

W

6(x,y)

KOUT

(2.47)

(2.21a)

<j>kv(x, y ,t) (2.42b)

*j (3.4)

X x (2.34b)

X1 (2.35b)

X x (2.36b)

X9 (2.36b)

X2 (2.35b)

ii> (4.75)V VH./J;

(4.75) 

(4.43)

3,

|M3 /L 3 | 

|M/(L-s2 H

Lf3 /MG

Lf /MG 

- Lf /Ms

11

£ local coordinate

Base fluid density at
OC or T*T o o

Fluid density

Density of solid grains 
in solid matrix

Integranular stress

Diffusion in solid phase in 
unified transport equation

Diffusion in fluid phase in 
unified transport equation

Angle from +x-coordinate 
axis to direction of 
maximum permeability, x

Angle from maximum permea­ 
bility direction, x to 
local flow direction, (v/}vj)

Symmetric bi-linear basis 
function in global coordinates 
at node i

Linear distribution 
coefficient

A Freundlich distribution 
coefficient

A Langmuir distribution 
coefficient

Langmuir coefficient 

Freundlich coefficient

Energy source i.E/sl or 
solute mass source (M /M-s[ 
at node i

Sink of energy or solute 
mass at node i

Asymmetric weighting 
function in global 
coordinates at node i

291



Greek Uppercase

(3.20)

F (x,y,t) (2.30)

T (x,y,t) (2.30) w

At 

AL]

AL. 

At
T

At - 
n+1

H

H

e.

(7.1)

(7.4)

(7.5)

(3.33) 

(3.29) 

(4.3)

(4.3)

(4.18)

(4.13)

(4.2)

(4.1)

(4.17)

( VV S

I.M

External boundary of 
simulated region

Adsorbate mass source (per 
unit solid matrix mass) 
due to production 
reactions within adsorbed 
material itself

Solute mass source in fluid 
(per unit fluid mass) due to 
production reactions

Length of time step

Distance between sides of 
element L along stream line

Distance between sides of 
element L perpendicular to 
stream line

Time step n 

Time step n+1

One-dimensional basis 
function in n direction

One-dimensional basis 
function in n direction

Asymmetric portion of n 
weighting function

Asymmetric weighting 
function at node i

One-dimensional basis 
function in £ direction

One-dimensional basis 
function in £ direction

Asymmetric portion of £ 
weighting function
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3 
T(x,y,t) (2.22) (M/(L -s)J Solute mass source (e.g.,

dissolution of solid 
matrix or desoprtion)

8 (4.8) Bi-linear symmetric basis
function at node i

Roman Lowercase

a,. (4.23) Asymmetric weighting
function coefficient

3c(x,y,t) (2.1) [M /L_] Solute volumetric concen­ 
tration (mass solute per 
volume total fluid)

c (2.27b) (E/(Mr -°C)3 Solid grain specific heat 
S (about c - 8.4 X 10 [j/(kg-°C

for sandstone at 20 U C)

c (2.25) [E/(M'°C)} Specific heat of water (about 
W c - 4.182 X 10 [J/(kg'°O]

alt 20°C

2 d (x,y,t) (2.39c) [L /s] Longitudinal dispersion
coefficient

2 d (x,y,t) (2.39c) [L /s} Transverse dispersion
coefficient

det J (4.30) Determinant of Jacobian
matrix

e (2.24) [E/M_] Energy per unit mass solid
S (a .matrix

e (2.24) (E/MJ Energy per unit mass water

3 
f(x,y,t) (2.30) (M/(L's)] Volumetric adsorbate source

(gain of adsorbed species by 
transfer from fluid per unit 
from fluid per unit total 
volume)

f (x,y,t) (2.32a) [M /M -s] Specific solute mass
adsorption rate (per unit

2 (2.19b) [L/s } Gravitational acceleration

mass solid matrix)

Gravitational aci 
(gravity vector)

293



h(x,y,t) (2.20) 
(3.1)

L|

k(x,y) (2.19a) 

(2.21a)

(2.21a)

kr(x,y,t) (2.19)

p(x,y,t)

Pcent

BC±

v(x,y,t)

v -s

(2.1)

Pc (x,y,t) (2.7)

(2.7) 

(4.38)

(4.44)

'OUT. (4.44)

(6.3a)

(4.84)

(4.84)

(3.4)

(2.39c)

(2.19a)

(2.49)

(2.39c)

[L[

lM/(L-s A )j 

|M/(L-s 2 )j 

I.M/U-s 2 )]

v (x,y,t) (2.39c)
y

I.L/s

IL/S.

I.L/s

U/s

Hydraulic head (sum of 
pressure head and 
elevation head)

Solid matrix permeability

Absolute maximum value of 
permeability

Absolute minimum value of 
permeability

Relative permeability to 
fluid flow (assumed to be 
independent of direction).

Fluid pressure 

Capillary pressure 

Entry capillary pressure

Specified pressure value 
at node i

Fluid mass flux in across 
boundary at node i

Fluid mass flux out across 
boundary node i

Parameter in analytical 
solution for radial 
transport

Left side coefficient 
contribution of sorption 
isotherm to U equation

Right side contribution of 
isotherm to U equation

Time

Magnitude of velocity y

Average fluid velocity

Net solid matrix velocity

Magnitude of x-component of y

Magnitude of y-component of v
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X
m

x coordinate

Minor principal direction 

Major principal direction 

y coordinate

Roman Uppercase

A

AF.

AT.

*

CF

(6.3b)

(4.53)

(4.86)

B(x,y,t) (3.2)

BASE(x,y) (3.2)

BF,. (4.55)

BT.. (4.88)

CQ (2.4)

C(x,y,t) (2.1)

C (x,y,t) (2.30)
S

C (x,y,t) (2.30)

(4.54)

.LI

M /Mi 
s

M /M] s

VMG

M /M ~ s

Factor in analytical 
solution for radial 
transport

Matrix coefficient of 
pressure time derivative

Matrix coefficient of U 
time derivative

Aquifer thickness

Elevation of aquifer base 
for example problem

Matrix coefficient in 
pressure equation

Matrix coefficient in U 
equation

Base fluid solute 
concentration

Specific concentration of 
adsorbate on solid grains 
(mass adsorbate/(mass 
solid grains plus 
adsorbate))

Solute concentration of 
fluid sources (mass 
fraction))

Matrix coefficient of U 
time derivative in 
pressure equation
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D(x,y,t) (2.25),(2.29) |_I//si Dispersion tensor

D m

D
XX

Dyy
DF.

DIii
ETi

F 
m

F 
P

F 
s

GKG

G TL
s

G TR
s

GT. 
i

I

I. .

(2.29) [L2 /s

(2.39c) I.L2 /s 

(2.39a) lL2 /s 

(2.39b) |L2 /s 

(4.56)

(4.87)

(4.90)

(2.42b)

(2.42a)

(2.41)

(4.32)

(4.89b)

(4.89c)

(4.89a)

(2.25) [I]

(3.23)

Apparent molecular 
diffusivity of solute in 
solution in a porous medium 
including tortuosity effects, 
(about, D -1. X 10 1m /si 
for NaCl at 20. W C)

Element of dispersion tensor 

Element of dispersion tensor 

Element of dispersion tensor

Element of vector on right 
side of pressure equation

Matrix coefficient of U 
equation

Element of vector on right 
side of U equation

Dispersive flux in 
principal direction m

Dispersive flux in 
principal direction p

Dispersive flux along 
stream line

Coefficient of Gauss 
integration

Element of vector on left 
side of U equation

Element of vector on right 
side of U equation

Element of vector on left 
side of U equation

Identity tensor (ones on 
diagonal, zeroes elsewhere)

Matrix arising from 
integral in example 
problem
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IMVDIM 

K(x,y)

KG

NE 

NN 

NP 

NPBC

NSOP 

NSOU 

NUBC

(7.8)

(2.20) 
(3.1)

(4.32)

(3.3)

(3.4)

(4.32)

(7.1)

(7.1) 

(7.1) 

(7.1)

L/s

NPCYC (7.1)

NUCYC (7.1)

0 (3.7)

0p

0
U

Pem

PBC.

(4.38)

(4.66)

(7.1)

(7.1)

(4.50)

Qp(x,y,t) (2.22)

Q (x,y) (3.1)

[M/s

I.M/U

-1

Program dimension 

Hydraulic conductivity

Number of Gauss point 

Number of elements in mesh 

Number of nodes in mesh 

Number of Gauss points

Number of specified pres­ 
sure nodes in mesh

Number of specified fluid 
source nodes in mesh

Number of specified U 
source nodes in mesh

Number of specified U 
nodes in mesh

Pressure solution cycle 

U solution cycle

The governing equation of 
the example problem

The fluid mass balance 
equation

The energy or solute mass 
balance equation

The mesh Peclet number

The ipu pressure boundary 
condition value

Total fluid mass source to 
cell i

Fluid mass source (including 
pure water mass plus solute 
mass dissolved in source 
water)

Volumetric fluid source for 
example problem (volume 
fluid injected per time /
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PBC

R

(4.51) 

(3.38)

QBC1

X

QTOT 

*

(4.64)

(3.20)

(6. la) 

(3.28)

(3.8)

(6.la)

S (x,y,t) (2.6) 
w

(2.3)

T(x,y,t) (2.1)

(3.2)

T (x,y,t) (2.25)

[M/L 3 -s

[M/s

RMDIM

RVDIM

VXty)
S(x,y)

(7.6)

(7.7)

(2.13) 

(3.1)

[Mf /(L-s 2 ) 

[IT 1 ]

r 1

1]

C]

[L2 /s]

[°CJ

example problem (volume 
fluid injected per time / 
volume aquifer)

Fluid mass source rate due 
to a specified pressure

Fluid volumetric source 
due to a specified head 
in the example problem

Fluid mass source due to 
a specified pressure node

Fluid volume efflux at 
boundary for example 
problem

Total pumping rate for 
pump-test example

Fluid volumetric source 
for example problem

Residual of discretized 
equation

Program matrix dimension 

Program matrix dimension 

Specific pressure storativity

Specific storativity for 
example problem

Dimensionless drawdown for 
pump test example

Water saturation (saturation) 
(volume of water per volume 
of voids)

Base fluid temperature

Fluid temperature (degrees 
Celcius)

Aquifer transmissivity for 
example problem

Temperature of source fluid
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U
BC

*

w

W 
o

W(u)

Wi 

W

(2.47) 

(4.66)

or

U

UP

vi
VOL

VOL

(2.47a)

(4.23)

(3.15) 

(2.9)

(2.13)

(6. la)

(4.39) 

(4. Ilia)

[M /Mj
S

either T or C depending on 
type of simulation

U value of inflow at point 
of specified pressure

U value of fluid source

Upstream weighting factor

Cell volume at node i

Volume (total)

Fluid volume

Weight for Langmuir isotherm

Well function for pump test 
example

Weighting function

Weight for Langmuir isotherm
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Appendix B:

SUTRA Program Listing

(Model version V1284-2D)
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c
CI
ci
CI
CI
CI
ci
Ci
ci
ci
CI
C|
CI
ci
CI
C|
CI
C|
ci
C|
C| 
Ci
CI
C|
C|
ci
C|
CI
CI
ci
Ci
ci
C|
ci
CI
CI
C| 
CI
ci
ci
ci
ci
ci
ci
C|

C|
ci
C|
CI
CI
ci
ci
C|
C|
ci
C|

ci

UNITED STATES GEOLOGICAL SURVEY
GROUNDrfATER FLOW AND ENERGY OR SOLUTE TRANSPORT SIMULATION MODEL

1 1
I S U T R A |
1... __ _ __ ........ ____ 1

Saturated Unsaturated TRAnsport
= = = = =

* ->saturated and/or unsaturated grounduiater flow *
* ->either single species reactive solute transport *
* or thermal energy transport *
* ->two-d imensional areal or cross-sectional simulation *
* ->either cartesian or radial/ c yl indrical coordinates *
* ->hybrid galer < in-f in i te-element method and *
* integrated-finite-difference method *
* mitn tuuo-diTiensional quadrilateral finite elements *
* ->finite-dif f erence tine discr et izat ion *
* ->non-lin»ar iterative/ sequential or steady-state *
* solution modes *
* ->optional fluid velocity calculation *
* ->optional observation well output *
* ->optional printer plots of output *
* ->optional fluid mass and solute mass or energy budget *

Complete explanation of function and use of this code
is given in :

Vossx Clifford I . , 1984^ SUTRA: A Finite-Element
Simulation Model for Saturated -Unsaturated
Fluid-Density-Dependent Ground-Water Flow
with Energy Transport or Chemical ly-Reac tive
Single-Species Solute Transport/ U.S. Geological
Survey Water-Resources Investigations Report
34-4369.

Users who jjish to oe notified of updates of the SUTRA
code and documentation may be added to the mailing
by sending a raq u ast to :

Cniaf Hydrologist - SUTRA
U.S. Geological Survey

A20..
I A 30
| A40..
I A 5 0
| A60..
|A70..
|A80. .
| A90 . .
| A100.
JA110.
JA120.
I A 1 3 0 .
| A140.
| A1 50.
|A160.
JA170.
| A1 80 .
| A190.
JA200.
| A210.
| A220. 
| A230.
|A240.
I A250.
IA260.
JA270.
| A280.
|A290.
JA300.
|A310.
|A320.
|A330.
JA340.
IA350.
JA360.
JA370.
| A380. 
IA390.
| A400.
| A410.
|A420.
JA430.
| A440.
| A450.
|A460.
|A470.
| A480.
JA490.
JA500.
I A51 0.
JA520.
I A530.
| A540.
JA550.
| A560.
JA570.
| A580.
I A590.
| A600.

...

...

...

. . .

...

...

...

. . .

. . .

...

...

...

...

...

...
     
...
... 
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
... 
...
...
...
...
...
...
...
...
. . .
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MAIN SjTRA-Vt3SIGN A1J

431 National Center 
Reston* Virginia 22092 

USA

* The SUTRA code and documentation juere prepared under «
* joint research project of the J.S. Geological Survey*
* Department of the Interior* Reston* Virginia* and the
* engineering and Services Laboratory* U.S. Air Force
* Engineering and Services Center* Tyndall A.F.B.*
* Florida. The SUTRA code and documentation are
* available for unlimited distribution.

IMPLICIT OOU3LE PRECISION (A-H*0-Z>
COMMON/LGEM/ RM
COMMON/LGEV/ RV
COMMON/LGEMV/ IMV
COMMON/DIMS/ NN*NE*NIN*NBI*NB*NBHALF*NPINCH,NPBC*NUBC* 

1 NSOP*NSOU*N3CN
COMMON/CONTRL/ GNJ*UP*OTMJLT*DTMAX*ME,ISSFLO*ISSTRA*ITCYC r 

1 NPCYC*NUCYC*NPRINT*IREAD*ISTOR£*NDUMAT*IUNSAT
COMMON/08 S/ NOBSN*NT03SN*>JOBCYC*ITCNT
CHARACTER*! TiTL£i(80)*TiTLE2(30)
CHARACTER*6 SIMULAC2) 
DIMENSION KRVC100)

c
r 
C
r

C
c
c
r

C
c
c
r u

Q

c
c
c
c
c
/ 

c
c
c
c
p

c
L
c
c

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

* * * * * ************************** *
***************************************************************
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

The three arrays that need be dimensioned
are dimensioned as follows:

DIMENSION RM( RMOIM)* RV ( RVDIM)* IMV(IMVDIM)

RMDIM

RVDIM

>= 2*NN*N3I

>= (( NNV*NN «  (NEV+8)*NE + NBCN*3
* (NDBS*1)*(MTOBS-»-2)*2 * NTOBS * 5 ) )

*
*
*
*
*
*
*
*
*
*

IMVDIM >= (( NE*8 * NN * NPINCH*3 «  NSOP «  NS'OU

inhere

NNV
NEV
N3CN

and :

NM =

* N3CN*2 * NOBS * NTOBS * 12 ))

j

= 30
= 10
= NPBC + NUBC

number of nodes in finite element mesh

*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

A610... 
A620... 
A630... 
A640... 
A650... 
A650... 
A 0 7 0... 
A6SO... 
A690... 
A700... 
A710... 
A720... 
A730... 
A740... 
A750... 
A760... 
A770... 
A780... 
A790... 
ASOO... 
A310.. . 
AS20... 
A830... 
AS40... 
A850... 
A860... 
A870... 
AS80... 
A890... 
A900... 
A910... 
A920... 
A930-.. 
A940... 
A950... 
A960... 
A970... 
A980... 
A990... 
A1000.. 
A1010.. 
A1020.. 
A1030.. 
A1040.. 
A1050.. 
A1060.. 
A1070.. 
A1080.. 
A1090.. 
A1100.. 
A1110.. 
A1120.. 
A1130.. 
A1140.. 
A1150.. 
A1160.. 
A1170.. 
A1180.. 
A1190.. 
A1200..
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SUTRA MAIN PROGRAM SUTRA-VERSION 1284-20 A10.....

C| 
C| 
C| 
C| 
C|
C|
C|
C|
C|
C|
C|
C|
C|
C|

C!
C| 
C|
c
c
c
c.
c.

w

£

* * 
* *
* * 
* * 
* *
* *
* *
* *

* *
* *
* *
* *
* *

NE = number of elements in finite element mesh * * 
NOBS = number of observation nodes in mesh * * 
NTOBS = maximun number of time steps with observations * * 
NP1NCH = number of pinch nodes in finite element mesh * * 
NSOP = number of fluid mass source nodes in mesh * *
NSOU = number of energy or solute mass source nodes * *
NPBC = number of specified pressure nodes in mesh * *
NJ3C = number of specified concentration or temperature * *

nodes in mesh * *
* *
* *

Ths three arrays must be given dimensions just below. * *

* ****************************************

* *

100

110

115
1 1 AI 0

120

1 3D
1 J vj

140

150

160

*

* *
*********************** *

DIMENSION RMC043000), RV( 33000), IMVC 10000)
**************************************

INPUT OATASET 1: INPUT DATA HEADING
( SET ME=-1 FOR SOLUTE TRANSPORT, ME=+
REAO(5,100) SIMULA
FORMATC2A6)
WRITE(6,110)

*********************** *

______________________

1 FOR ENERGY TRANSPORT )

FORMAT (1H1,132(1H*)////3(1X, 132(1 H* )////)////
1
2
3
4
5
6
7
8
9
*
A
B

1

1
2

1
2

47X,' SSSS UU UJ TTTTTT RRRRR
47X,'SS S UJ UJ T TT T RR RR
47X,'SSSS UU UJ TT RRRRR
47X,' SS UU UJ TT RR R
47X,'SS SS UJ UJ TT RR RR
47X,' SSSS JUUU TT RR RR
7(/),37X,'U NITED STATES
'GEOLOGICAL SURVEY'
45X,'SUBSJRFACE FLOW AND TRANSPORT
//59X, '-VERSION 1284-2D-'///
36X,'* SATURATED-UNSATURATED FLOW

AA '/
AAAA '/

AA AA'/
AAAAAA'/
AA AA'/
AA AA'/

0

////

SIMULATION MODEL'/

AND SOLUTE OR ENERGY',
' TRANSPORT *' / / //4 ( // // 1 X ,1 32 ( 1 H* ) ) )

IF(SIMULAd). ME. 'SUTRA ') GOTO 115
IF(SIMULA(2).EQ. 'SOLUTE') GOTO 120
IF(SIMULA(2).EQ.'ENER3Y') GOTO 143
WRITE(6,116)

T M CTOCT n A T R f A O ̂    _ * _

'       DATA INPUT HALTED FOR CORRECTIONS * * * * *') 
STOP
ME = -1
WRITE(6,130)

'TE TSAMSPO'RT SIMU 
/1 32C1H*) /)

GOTO 160
ME = + 1
WRITE(6,150)
FORMAT(1H1//132(H*)///20X,'* * * * * 

*3Y TRANSPORT SIMU
/132C1H*)/)

CONTINUE

SUTRA SOLU',

A1210... 
A1220... 
A1230... 
A1240. .. 
A1250...
A1260...
A1270...
A12bO...
A1290. ..
A1300...
A1310...
A1320...
A1330...
A1340...
A1350...
A1360...
A1370... 
A1380...
A1390...
A1400...
A1410...
A1420...
A1430. ..
A1440...
A1450...
A1460.. .
A1470...
A1480...
A1490...
A1500...
A1510...
A1520...
A1530...
A1540...
A1550...
A1 560...
A1570...
A1580...
A1590...
A1 6CO. . .
A1610...
A1620...
A1 630. . .
A1640.. . 
A1650. ..
A1660. .. 
A1670...
A1680...
A1690... 
A 1 7 n n

A1720...

SUTRA ENER',
LATION *****'/

A1730...
A1740...
A1750... 
A1760. . .

/ A1770...
A1780...
A1790...
A1800.. .
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A I \ 410

170

183

200

205
1

210

21 5

216

219

220

221

225
226

INPUT OATASET 2: OUTPUT HEADING
RE4DC5/170) TITLE1/TITLE2
PORMAT(30A1/BOA1 )
WRITEC6/130) TITL=1/TITL52
FORMAT<////1X,131(lH-)//26X,8JAl//26X,30A1//lX,l31(1H-))
RcAO(5,2QO) NN/N5/N3I/NPINCH/NPBC/NU3C/NSOP/NSOU/N03S/NT03S
REAO(5x203) IUN$AT,ISSFLO,ISSTRA,IREAD/ISTORE
C ORMAT(16I5)
WRIT5(6/205)
=ORMAT(/////11Xx'S IMULATION MODE '/

'OPTION S'/)
I-USSTRA.EQ.1.ANO.ISSFLO.NE.1) THEN 

A R I T £ ( b , 21 0 )
FORMATC////11Xx'STEADY-STATE TRANSPORT ALSO REQUIRES THAT */ 

'FLOW IS AT STEADY STATE.'//11X , ' PLEASE CORRECT ISSFLO '/ 
'AND ISSTRA IN THE INPUT DATA/ AND RERUN.'//////// 
45X,'S IMU.ATION HALTED DUE TO INPUT ERROR') 

ENOPILE(6> 
STOP 

ENDIF
IFUJNSAT.EQ.-H ) <JR ITE ( 6r 21 5 ) 
IF(IJNSAT.EQ.O) WRITE(6x216) 
FORMAT(11X,'- ALLOW UMSATURATED AND 

* PROPERTIES ARE USER-PROGRAMMED 
FORMATdlX,'- ASSUME SATURATED FLOW 
IFUSSFLO.EQ. + 1.ANO.ME.EQ.-1) 
IF(ISSFLO.EQ.+1.AND.ME.£Q.+1) 
IF(ISSFLO.EQ.O) WRITEC6/221)
FORMAT(11X,'- ASSUME STEADY-STATE FLOW FIELD 

CONCENTRATION CONOITIONS')
- ASSUME STEADY-STATE FLOW FIELD 
TEMPERATURE CONDITIONS')
- ALLOW TIME-DEPENDENT FLOW FIELD') 

IFCISSTRA.EQ.+1) <JR ITE ( 6x 225) 
IF(ISSTRA.EQ.O) WRITE(6/226) 
FORMATC11X,'- ASSUME STEAOY-STATE TRANSPORT')

- ALLOW TIME-DEPENDENT TRANSPORT')
-1) WRITEC6,230) 
+1) WRITEC6/231)

SATURATED FLOW: 
IN SUBROUTINE 
ONLY')

WRITE<6,219)
WRITE(6,220)

UNSATURATED 
U N S A T')

1 'INITIAL 
FORMATC11X/

1 'INITIAL 
=ORMAT(11Xx

CONSISTENT WITH

CONSISTENT WITH

FORMATC11Xx
IF(IREAO.E3,
IFCIREAO.EQ,

230

231

240

241

245

FORMATdlXr'- WARM START - SIMULATION IS TO BE '/ 
1 'CONTINUED FROM PREVIOUSLY-STORED DATA')
FORMATd1X,'- COLD START - BE3IN NEW SIMULATION')
IF(ISTORE.EQ.+1) WRITE(6x240)
IF(ISTORE.EQ.O) WRITE(6/241)
FORMAT(11X/'- STORE RESULTS AFTER EACH TIME STEP ON UNIT-66'/ 

1 ' AS BACK-U? AND FOR USE IN A SIMULATION RE-START')
C ORMAT(11X*'- DO NOT STORE RESULTS FOR USE IN A ', 

1 'RE-START OF SIMULATION')

IF(ME.EQ.-I)
1 WRITE(6'245) NN/NE,NBI/NPINCH/NPBC/NUBC,NSOPxNSOU/NOBS/NTOSS 
FORMAT(////11Xx'S IMULATION CONTROL 'x

1 'N U M 3 E R S' in 1X/I6/5X/'NUMBER OF NODES IN FINITE-'/
2 'ELEMENT M c S H ' / 1 1 X /  I 6 / 5 X , ' ,NUM 3 ER OF ELEMENTS IN MESH'/
3 1lX/!6x5Xx'ESTIMATEO MAXIMUM FjLL BAND WIDTH FOR M£SH'//
k 11X/I6/5X,'EXACT NUM3ER O e PINCH NODES IN MESH'//
5 11X/I6/5X,'EXACT NUMBER OF NODES IN MESH AT WHICH 'r
6 'PRESSURE IS A SPECIFIED CONSTANT OR FUNCTION OF TIME'/
7 11X,I6x5X,'EXACT NUMBER OF NODES IN MESH AT WHICH 'x
8 'SALUTE CONCENTRATION IS A SPECIFIED CONSTANT OR ',

A1310, 
A1820, 
A1830, 
A1840. 
A1350. 
A1360. 
A1370. 
A1330. 
A1890, 
A19QO, 
A1910. 
A1920. 
A1930, 
A1940. 
A1950, 
A1960. 
A1970, 
A1980, 
A1990, 
A2000, 
A2010, 
A2020, 
 A2030, 
A2040, 
A2050, 
A2060. 
A2070. 
A2080. 
A2090, 
A2100, 
A2110, 
A2120, 
A2130. 
A2140, 
A2150, 
A2160, 
A2170, 
A2180, 
A2190, 
A2200, 
A2210, 
A2220, 
A2230, 
A2240, 
A2250, 
A2260, 
A2270, 
A2280, 
A2290, 
A2300, 
A2310. 
A2320 
A2330, 
A2340, 
A2350, 
A2360, 
A2370, 
A2330, 
A2390, 
A2400,
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SUTRA MAIN PROGRAM SUTRA-VERSION 1284-20 A13

9 JUNCTION OF TiMc'//iix,i6,5x,'EXACT NUMBER OF NODES AT',
* ' WHICH FLUID INFLOW OR OUTFLOW IS A SPECIFIED CONSTANT'/
A ' OR FUNCTION DF TIME'/11X,16,5X,'EX ACT NUMBER OF NODES AT',
B ' WHICH A SOURCE OR 3IMK OF SOLUTE MASS IS A SPECIFIED ',
C 'CONSTANT OR FUNCTION OF TIME'//11X,16,5X,'EX ACT NUMBER OF ',
0 'NODES AT WHICH PRESSURE AND CONCENTRATION WILL BE OBSERVED',
E /11X,16,5X,'MAXIMUM NUMBER OF TIME STEPS ON WHICH ',
F 'OBSERVATIONS WILL BE MADE')

IFCME.EQ.+1)
1 WRITE<6,255) MN,NE,N3I,NPINCH,NPBC,NUBC,NSOP,NSOU,NOBS,NTOBS 

255 FORMAT(////11X,*S IMULATION CONTROL ',
1 'M U M 3 E R S'//11X,16,5X,'NUMBER OF NODES IN FINITE-',
2 'ELEMENT MESH'/11X,16,5X,'NUMBER OF ELEMENTS IN MESH'/
3 1IX,16,5X,'ESTIMATED MAXIMUM FULL BAND WIDTH FOR MESH'//
4 11X,16,5X,'EXACT NUMBER OF PINCH NODES IN MESH'//
5 11X,16,5X,'EXACT NUMBER OF NODES IN MESH AT WHICH ',
6 'PRESSURE IS A SPECIFIED CONSTANT OR FUNCTION OF TIME'/
7 11X,16,5X,'EXACT NUMBER OF NODES IN MESH AT WHICH ',
8 'TEMPERATURE IS A SPECIFIED CONSTANT OR ',
9 'FUNCTION OF TIME'//11X,16,5X,'EX ACT NUMBER OF NODES AT',
* ' WHICH FLUID INFLOW OR OUTFLOW IS A SPECIFIED CONSTANT',
A ' OR FUNCTION DF TIME'/11X,16,5X,'EX ACT NUMBER OF NODES AT',
B ' WHICH A SOURCE OR SINK OF ENERGY IS A SPECIFIED CONSTANT',
C * OR FUNCTION DF TIME ' //11X,I6/5X,'EX ACT NUMBER OF NODES ',
D 'AT WHICH PRESSURE AND TEMPERATURE WILL BE OBSERVED'
E /11X,I6/5X,'MAXIMUM NUMBER OF TIME STEPS ON WHICH ',
F 'OBSERVATIONS WILL BE MADE')

CALCULATE DIMENSIONS FOR POINTERS

NBCN=NPBC+NU3C+1 
NSOP=NSOP+1
NSOU=NSOU+1
NPINCH=NPINCH-M
MATDIM=NN*NBI
NIN=NE*8
NOBSN=NOBS+1
NTOBSN=NTOBS+2
MAT03S=NOBSN*NT03SN
NE4=ME*4

SET UP POINTERS <=OR REAL MATRICES

KRM1=1
KRM2=KRM1+ MATDIM
KRM3=KRM2+ MATOIM
NOTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KRM3, 

MAY NEVER BE PASSED TO SUTRA. IT POINTS TO THE 
STARTING ELEMENT OF THE NEXT NEW MATRIX TO BE ADDtD. 
PRESENTLY, SPACE IS ALLOCATED FOR (2) MATRICES.

SET UP POINTERS FDR REAL VECTORS

NNV IS NUMBER OF REAL VECTORS THAT ARE NN LONG
NNV=30
NEV IS NUMBER OF REAL VECTORS THAT ARE NE LONG
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A2410.. 
A2420.. 
A2430.. 
A2440.. 
A2450.. 
A2460.. 
A2470.. 
A2480.. 
A2490.. 
A2500.. 
A2510.. 
A2520.. 
A2530.. 
A2540.. 
A2550.. 
A2560.. 
A2570.. 
A2580.. 
A2590.. 
A2600.. 
A2610.. 
A2620.. 
A2630.. 
A2640.. 
A2650.. 
A266U.. 
A2670.. 
A2680.. 
A2690.. 
A2700.. 
A2710.. 
A2720.. 
A2730.. 
A2740.. 
A2750.. 
A2760.. 
A2770.. 
A2780.. 
A2790. . 
A2800.. 
A2810.. 
A2820.. 
A2830.. 
A2840.. 
A2850.. 
A2860.. 
A2870.. 
A2S80.. 
A2390.. 
A2900.. 
A2910.. 
A2920.. 
A2930.. 
A2940.. 
a2950.. 
A2960.. 
A2970.. 
A2980. . 
A2990. . 
A3000..



<-

c

c
c
c
w

c
c
c,
c

c
c
c
c
c
c
c
c,

J s> t n, H ti  * x i 'I I r\ w w ^ « 'i -J w i r\  * T ^ rv ,j .1 w   v i ^ -/ -r i» w

NcV=10

M2 = 1
KRV<1)=1
"11=M2+1
M2=M2+ ( NNV )
DO 400 J=M1/M2

400 KRVC J)=KRV(J-1 ) «  NN
'41=M2 + 1
M2=M2+ ( NEV )
00 410 J=M1/M2

410 KRV< J)=KRV(J-1 >+ NE
M1=M2+1
M2=M2+ ( 3 )
00 420 J=M1,M2

420 KRVC J)=KRV(J-1)+ NBCN
M1=M2+1
M2=M2* ( 2 )
00 430 J=M1,M2

430 KRV(J)=KRV(J-1)* MATOBS
M2 = M2<- ( 1 )
KRV(M2)=KRV(M2-1)+NT03SN
M1=M2*1
M2=M2* ( 2 )
DO 440 J=M1/M2

440 KRVCJ)=KRVCJ-1)+ NE4
f^OTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KRV(J = 49>,

MAY NEVER BE PASSED TO SUTRA. IT POINTS TO THE
STARTING ELEMENT OF THE NEXT NEW REAL VECTOR TO BE AOOEO.
PRESENTLY, SPACc IS ALLOCATED FOR (48) VECTORS.

.....SET JP POINTERS FOR INTEGER VECTORS

KIMV1=1
KIMV2=KIMV1* NIN
KIMV3=KIMV2+ NPINCH*3
MMV4 = KIMV3+ NSOP
KIMV5=KIMV4+ NSOU
KIMV6=KIMV5+ N3CN
KIMV7=KIMV6* N3CN
KIMV3=KIMV7* NM
KIMV9=KIMV8* NOBSN
KIMV10=KIMV9* NT03SN
NOTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KIMV10,

MAY NEVER BE PASSED TO SUTRA. IT POINTS TO THE
STARTING ELEMENT OF THE NEXT NEW INTEGER VECTOR TO BE ADDED
PRESENTLY, SPACr IS ALLOCATED FOR (8) INTEGER VECTORS.

.....PASS POINTERS TO MAIN CONTROL ROUTINE, SUTRA
CALL SUTRAC RM < K RM1 ) , RM (KRM2 > ,

1 RV(KRV(1»,RV«RV(2)),RV(KRV(3»,RV(KRV(4)),RV(KRV(5)),
2 RV(KRV(6)),RV(KRV(7)),RV(KRV(8»,RV(KRV(9)),RV(KRV(10)>,
3 RV(KRV(11)),RV(KRV(12)),RV(KRV(13)),RV(KRV(14)),RV(KRV<15)),
4 RV(KRV(16)),RV(KRV(17)),RV(KRV(18)),RV(KRV(19)),RV(KRV<20)),
5 RVURV(21»,RVURV(22»,RV(KRV(23»,RV(KRV(24)>,RV(KRV<25»,
6 RVURV(26>),RV<KRV(27»,RV(KRV<28)>,RV<KRV(29)>,RV(KRV<30>>,
7 RV(KRV(31»,RV(KRVC32»,RV(KRV(33»,RV<KRV(34»,RV(KRV<35»,
8 RV(KRV(36)),RV(KRV(37)),RV(KRV(38)),RV(KRV(39»,RV(KRV<40)),

A3010...
A3020...
A3030...
A3040...
A3050...
A3060...
A3070...
A3080...
A3090...
A3100...
A3110...
A3120...
A3130...
A3140...
A3150...
A3160...
A3170...
A3180...
A3190...
A3200...
A3210...
A3220...
A3230...
A3240...
A3250...
A3260...
A3270...
A3280...
A3290...
A3300...
A3310...
A3320...
A3330...
A3340...
A3350...
A3360...
A3370...
A3380...
A3390...
A3400...
A3410...
A3420...
A3430...
A3440...
A3450...
A3460...
-A3470...
A3480...
A3490...
A3500...
A3510...
A3520...
A3530...
A3540...
A3550...
A3560...
A3570...
A3580...
A3590...
A3600...

308



SUTRA MAIN PROGRAM SUTRA-VERSION 1284-20 A10..

9 RV(KRV(41))/RV(KRV(42))/RV(KRV(43))/RV(KRV(44))/RVCKRV(45))x A3610
* RV(KRV(4o)>/RV(KRV(47)),RV(KRV(48)>/ A3620,
1 IW(KIMV1),IMV(KIMV2),IMVUIMV3),IMVUIMV4>,IMV(KIMV5>, A3630,
2 IW(KlMV6>xlMV(KIMV7),IMV(KIMV8),IMV(KIMV9> ) A3640

C A3650,
C A3660

ENOFILE(6) A3670
STOP A3680
END A3690
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r

c
c * ** 
c *** 
c * * * 
c *** 
c * * *

SUBROUTINE SUTRA - VERSION 1234-20

PURPOSE :
MAI>J CONTROL ROUTINE FOR SUTRA SIMULATION. 
ORGANIZES DATA IMPUT/ INITIALIZATION/ CALCULATIONS FOR 
EACH TIME STEP A^D ITERATION/ AND VARIOUS OUTPUTS. 
CALLS MOST OTHER SUBROUTINES.

SUBROUTINE SUTRAC PMAT/UMAT/ 
1 PITER/UIT5R/PM1/UM1/UM2/PVEL/SL/SR/
2 X/Y/THICK/VOL/?OR/CS1/:S2/CS3/SW/DSWDP/RHO/SOP/
3 QIN/UIN/QUIN/PVEC/JVEC/RCIT/RCITM1/CC/XX/YY/
4 ALMAX/ALMIN/ATAVG/VMAG/VAN3/
5 PriRMXX/PERMXY/PERMYX/PERMYY/PANGLE/
6 P3C/UBC/QPLITR/POBS/UOBS/OBSTIM/GXSI/GETA/
7 IN/IPINCH/IQSOP/IQSOU/IPBC/IUBC/INDEX/IOBS/ITOBS )
IMPLICIT DOUBLE PRECISION (A-H/O-Z)
CHARACTER*10 AOSMOD
COMMON/MODSOR/ ADSMOD
COMMON/DIMS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NPBC/NUBC/ 

1 NSOP/NSOU/NBCN
COMMON/TIME/ DELT/TSEC/TMIN/THOUR/TOAY/TWEEK/TMONTH/TYEAR/ 

1 T1AX/DELTP/DELTU/DLTPM1/DLTUM1/IT/ITMAX
COMMON/CONTRL/ GNU/UP/OTMJLT/DTMAX/ME/ISSFLO/ISSTRA/ITCYC/ 

1 NPCYC/NUCYC/NP3INT/IREAD/ISTORE/NOUMAT/IUNSAT
COMMON/PARAMS/ COMPFL/COMPMA/DRWDU/CW/CS/RHOS/DEC AY/SIGMAW/SIGMAS/ 

1 R-JOWO/URHOWO/VISCO/PRODF1/PRODS1/PRODFO/PRODSO/CHI1/CHI2
COMMON/HERAT/ RPM/RPMAX/ RUM/ RUMAX/ ITER/ITRMAX/ IPWORS/ IUWORS
COMMON/KPRINT/ KNODAL/KELMNT/KING ID/KPLOTP/KPLOTU/KVEL/KBUDG
COMMON/OBS/ N03SN/NT03SN/NOBCYC/ITCNT
DIMENSION QIN(NN)/UIM(NN)/IQSOP(NSOP)/QUIN(NN)/IQSOU(NSOU)
DIMENSION IPBCCN3CN)/PBC(NBCN)/IUBC(NBCN)/UBC(NBCN)/QPLITR(NBCN)
DIMENSION IN<NlN)/IPI^CH(NPINCH/3)
DIMENSION X(NN)/Y(NN)/THICK(NN)/SW(NN)/DSMOP(NN)/RHO(NN)/SOP(NN)/ 

1 PORCNN)/PVEL(NN)
DIMENSION PERMXX<^E)/PERMXY(NE)/PERMYX(NE)/PERMYY<NE)/PANGLE(NE)/

1 ALMAX(NE)/ALMI.^(NE)/ATAVG(NE)/VMASCNE)/VANSCNE)/
2 GXSI(NE/4)/GETA(NE/4)
OIMEMSION VOL(NN)/PMAT(NN/NBI)/PVEC(NN)/UMAT(NN/NBI)/UVEC<NN)
DIMENSION PM1(NN)/UM1(NN)/UM2(NN)/PITER(NN)/UITER<NN)/ 

1 RCIT(NN)/RCITM1(NN),CSKNN)/CS2<NM)/CS3(NN>
DIMENSION CC(NN)/INDEX<NN)/XX(NN)/YY(NN)
DIMENSION P03S(N03SN/YTOBSN)/<JOBS(NOBSN/>JTOBSN)/OBSTIM(NTOBSN)/ 

1 I03S(N03SN)/ITOBSC^T03SN)
DATA IT/0/

,.INPUT SIMULATION DATA FROM UNIT-5 (OATASETS 3 THROUGH 15B) 
CALL INDATHX/Y/THICK/POR/ALMAX/ALMIN/ATAVG/PERMXX/PERMXY/ 

1 PERMYX/PERMYY/PANGLE/SOP)

PLOT MESH (INPUT DATASET 16)
IFUPLOTP + KPLOTU.3T.O) CALL PLOT <0/ 1 /X/ Y/CC / INDEX /XX/ YY/PVEC )

INPUT FLUID MASS/ AND ENERGY OR SOLUTE MASS SOURCES
(OATASETS 17 A^D 18) 

CALL ZERO(QIN/NN/0.000) 
CALL ZERO(UIN/NN/O.ODO) 
CALL ZERO(QUIN/NN/O.ODO)

B10.....
B20. . . . .
B30.....
B40.....
350.....
360.....
370.....
380.....
B90.....
3100....
B110....
3120....
3130....
3140....
3150....
3160....
B170....
3180....
3190....
3200....
8210....
3220.../
8230....
3240....
3250....
B260....
8270....
3230....
8290....
B300....
3310....
3320....
3330....
3340....
8350....
B360....
8370....
8380....
B390....
8400....
3410....
8420....
3430....
3440....
8450....
3460....
8470....
8480....
8490....
3500....
8510....
8520....
3530....
8540....
8550....
3560....
B570-...
8580....
B590....
8600....
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IF(NSOP-1.GT.Q.OR.NSOU-1.GT.O)
1 CALL SOURCE(QINxUINxIQSOP/-QUIN/-I3SOU/IQSOPTxIQSOUT) 

C 
C.....INPUT SPECIFIED P AND U BOUNDARY CONDITIONS (DATASETS 19 AND 20)

IF(N3CN-1.GT.O) CALL BOUND ( IPBC , P3C /  IU3C x UBC , I PBCT, I UBCT) 
C
C.....SET =LAG FOR TIME-DEPENDENT SOURCES OR BOUNDARY CONDITIONS. 
C WHEN IBCT=+4x THERE ARE NO TIME-DEPENDENT SPECIFICATIONS.

lSCT=IQSOPT+iaSOUT+IPdCT+IUBCT 
C 
C.....INPUT OBSERVATION NODE DATA (DATASET 21)

IFCN03SN-1.GT.O) CALL 03SERV(OxIOBS,ITOBSxPQBSrU03S , OBSTIM/ 
1 PVECxUVECxISTO?) 

C 
C.....INPUT MESH CONNECTION DATA (DATASET 22)

CALL CONNECdN/IPINCH) 
C 
C.....CALCULATE AND CHECK BAND WIDTH

CALL BANWID(IN) 
C 
C.....CHECK THAT PINCH NODES HAVE NO SOURCES OR BOUNDARY CONDITIONS

IF(NPINCH-I.GT.O) CALL NCHECK(IPINCH,IQSOP,IQSOUrIPBC,IUBC) 
C
C.....INPUT INITIAL OR RESTART CONDITIONS AND INITIALIZE PARAMETERS 
C (READ UNIT-55 DATA)

CALL INDAT2(PVECxUVEC/PMl/UMl,UM2,CS1,CS2rCS3,SLrSR,RCIT,SW,OSWDPr 
1 PBCrlPBCrlPBCT) 

C
C.....SET STARTING TIME OF SIMULATION CLOCK 
C TSEC=TSTART

TSEC?0=TSEC
TSECUO=TSEC
TMIN=TSEC/60.DO
THOUR=TMIN/63.DO
TDAY=THOUR/24.DO
TWEEK=TDAY/7.DO
TMONTH=TDAY/30.4375DO
TYEA?=TDAY/365.25DO 

C 
C.....OUTPUT INITIAL CONDITIONS OR STARTING CONDITIONS

IFCISSTRA.NE.1) CALL PRI SOL(0, 0,OrPVECxUVECrVMAGrVANG,SW) 
C 
C. 0 ...SET SWITCHES AND PARAMETERS FOR SOLUTION WITH STEADY-STATE FLOW

IF(ISS p LO.NE.1) GOTO 1000
ML = 1

NOUMAT=0 
ISSFLO=2 
ITER=0
DLTPM1=DELTP 
DLTUM1=DELTU 
30ELP=O.ODO 
3DELJ=O.ODO 
GOTO 1100

********************** 
.....BEGIN TIME STEP *****************************
************************************************** 

1000 I T = IT + 1
ITER=0

311

B610... 
B620.. . 
3630... 
B640... 
B650. .. 
B660... 
B670... 
B680... 
B690... 
B700... 
B710... 
B720... 
B730... 
8740... 
B750... 
B760... 
B770... 
B7SO... 
B790... 
B800... 
B810... 
B820... 
B830... 
B840... 
B850... 
B860... 
B870... 
B880... 
B890... 
B900... 
B910... 
B920... 
B930... 
B940... 
B950... 
B960... 
B970... 
B980... 
B990.. . 
31000.. 
B1010.. 
B1020.. 
B1030.. 
B1040.. 
S1050.. 
B1060.. 
B1070.. 
B1080. . 
S1090.. 
B1100.. 
31110.. 
B1120.. 
B1130.. 
B1140.. 
B1150.. 
31160.. 

170.. 
31180.. 
31190.. 
31200..
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c.
c
c

c.
c

c.

c.

c.
1

c
c.
c

1

1

1
1

c.
c

c.
c

1

1

1
1

c
c 
c.
c 

1
f

ML = 0
NOUMAT=0

....SFT NOUMAT TO OBTAIN J SOLUTION 9
BEGINNING ON SECOND TIME STEP
IF THE SOLUTION IS NON-IT63ATI

1
IF(MDD(IT-1*NPCYC).NE.O.AND

.ANO.ITRMAX.EQ.1) NOUMAT
CHOOSE soiiiTinN VARIABLE ON

.

=

MOD (I
1
THIS

Y SIMPLE BAC< SUBSTITUTION
AFTER A PRESSURE SOLUTION
VE (ITRMAX=1)
T*NPCYC).NE.O.AND.IT.GT.2

TIME STEP:
ML=0 FOR ? AND U* ML=1 FOR ° ONLY* AND ML=2 FOR U ONLY.

IFCIT.EQ.1.AND.ISSFLO.NE.2)
IF(MDD(IT,NPCYC).NE.O> ML=2
IF(MODCIT,NUCYC>.NE.O) ML=1
Mill. TTPIY TTM<= S T F P S T 7 F RY

GOTO

nTMULT

IF(MOO(IT,ITCYC).EQ.3.AND.IT   GT.1

1005

EACH ITCYC TIME STEPS
) DELT=DELT*DTMULT

....SET TIME STEP SIZE TO MAXIMUM ALLOWED SIZE, DTMAX
IF(DELT.GT.DTMAX) DELT=OTMAX

335

010

020

030
040

INCREMENT SIMULATION CLOCK,
TSEC=TSEC+OELT
TMIN=TS£C/60.00
THOUR=TMIN/60.00
TDAY=THOUR/24.00
TrtEE<=TOAY/7.DO
TMONTH=TDAY/30.4375DO
TYEAR=TOAY/365.2500

S£T TIME STEP FOR P AND/OR
ON THIS TIME STEP

IFCML-1) 1010*1023*1030
OLTUM1=DELTU
DLTPM1=DELTP
GOTO 1040
DLTPM1=DELTP
GOTO 1040
OLTUM1=DELTU
CONTINUE
D£LTP=TSEC-TSECPO
OELT'J = TSEC-TSECUO
SET PROJECTION FACTORS USED

AHEAD ONE-HALF TIME STEP
B DEL P=(OELTP/OLTPM1)*3. 5000
3DELU=(DELTU/DLTUM1)*3.50DO
BOELP1=BDELP*1.0D3
BDELJ1=BDELU*1 .000

TSEC* TO END OF NEW TIME STEP
/

81
31
31
81
81
81
31
81
31
31
31
31
31
31
31
31
31
81
81
31

210
220
230
240
250
260
270
280
290
300
310
320
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340
350
360
370
380
390
400
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U * WHICHEVER ARE SOLVFO FOR

flN FIRST TTF&ATTOM TO FXTPAPDLATF

31
31
81
81
B1
31
81
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31
81
81
31
81
81
31
31
81
31
31

420
430
440
450
460
470
480
490
500
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520
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540
550
560
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580
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600
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81610...

. . . . INCREMENT CLOCK F3R WHICHEVER OF

060

370

380
090

....

100

ON THIS TIME STEP
IFCML-1) 1060*1073*1080
TSECPQ=TSEC
TSECJO=TSEC
GOTO 1090
TSECPO=TSEC
GOTO 1090
TSECJO=TSEC
CONTINUE

BEGIN ITERATION ------

ITER=ITER+1

IFCML-1) 2003*2203*2400

P AND d WILL BE SOLVED FOR

81
81
31
81
81
31
81
31
31
81
81
31
81

D 1

81
31
81

620
630
640
650
660
670
680
690
700
710
720
730
740

760

780
790
300
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C.....SHIFT AND SET VECTORS FOR TIME STEP WITH BOTH P AND J SOLUTIONS 31810
2000 DO 2025 1=1,NN 31820

PITER(I)=PVEC(I) B1830,
PVEL(I)=PVEC(I) 31840
UITER(I)=UVE:(I) B1850,
RCITM1(I)=RCIT(I) 81860

2025 RCIT(I)=RHOWOORW3U*(JITER(I)-URHOWO) 31370
DO 2050 IP=1,NPBC 31880,
I=IA3S(IPBC<IP)> 31890
3PLITR(IP)=GNU*(PBC(I?)-PITER(I)) 31900

2050 CONTINUE 31910,
IFUTER.GT.1 ) GOTO 2630 B1920
DO 2075 1 = 1,NIN 31930,
PITERCI)=BDELP1*?VEC(I)-BDELP*PM1(I) 31940,
UITER(I)=B3ELU1*UVEC(I)-B3ELU*UM1 (I) 31950
PM1(I)=PVEC<I) 31960
UM2(I)=UM1(I) 31970

2075 UM1(I)=UVEC(I) 31980
GOTO 2600 31990, 

C.....SHIFT AND SET VECTORS FOR TIME STEP WITH P SOLUTION ONLY 32000,
2200 DO 2225 1=1,NN 32010

PVEL(I)=PVEC(I) 32020
2225 PITER(I)=PVE:(I) 32030,

IFUTER.GT.1) GOTO 2630 B2040,
DO 2250 1=1,NN 32050
PITER(I)=BOELP1*PVEC(I)-BDELP*PM1(I) 32060,
UITER(I)=UVEC(I) B2070
RCITM1(I)=RCIT(I) B2080
RCIT(I)=RHOW3+DRW3U*(JITER(I)-URH3WO) B2090,

2250 PM1(I)=PVEC(I) 32100,
GOTO 2600 B2110 

C.....SHIFT AND SET VECTORS FOR TIME STEP WITH U SOLUTION ONLY 32120
2400 IFCNDUMAT.Ew.1) GOTO 2480 32130

DO 2425 1=1,NN B2140
2425 UITER<I)=UVEC(I) B2150,

IF(ITER.GT.I) GOTD 2630 B2160,
DO 2450 1=1,NN B2170
PITER(I)=PVEC<I) 321SO
PVEL(I)=PVEC(I) B2190,
UIT£R(I)=BDELU1*U\/EC(I)-BOELU*UM1 (I) 32200,

2450 RCITM1(I)=RCITCI) 32210
DO 2475 IP=1,NPBC 32220
I = IABS(IPBC(IP» B2230
3PLITR(IP)=GNJ*(PBC(IP)-PITER(I)> B2240,

2475 CONTINUE B2250,
2480 DO 2500 1=1,NN 32260

JM2(I)=UM1(I) 32270
2500 UM1CI)=UVEC(I) 32280
2600 CONTINUE B2290

C 32300
C.....INITIALIZE ARRAYS WITH VALUE OF ZERO B2310

MATOIM=NN*NBI B2320
IFCML-1) 3000,3003,3330 B2330

3000 CALL ZERO(PMAT,MATDIM,O.ODO) B2340
CALL ZERO(PVEC,NN,0.000) 32350
CALL ZERO(VOL,NN,O.OD3) 32360
IF(ML-1) 3303,3403,3330 B2370,

3300 IF(NOJMAT) 3350,3350,3375 32380
3350 CALL ZEROCUMAT,MATOIM,O.ODO) 32390
3375 CALL ZERO(UVEC,NN,0.030) 32400

313



U

C 
C
C 

C
r,

c

C
c

c
c

c 
r.

c 
c
c 
c

c

c

c

r.

c 
c
c
c
t«

c
c 
c 
c 
c 
c

3430 CONTINUE 

.....SET TIME-DEPENDENT BOUNDARY CONDITIONS/ SOURCES AND SINKS
FOR THIS TIME STEP 

IFCITER.EQ.1.AND.IBCT.NE.4) 
1 CALL BCTIME(IPaC/P3C/IU3C/U8C/QIN/UlN/QUIN/IQSOP/IQSOU/ 
2 IP3CT/IUBCT/IQSOPT/IgSOUT)

.....SET SORPTION PARAMETERS FOR THIS TIME STEP
IFCML.NE.1.ANO.ME.EQ.-1.AND.NOUMAT.EQ.O.AND. 

1 ADSMOD.NE. 'NONE ') CALL ADSORB (C S 1 /C S2 /C S 3/ SL/ SR/ UIT ER )

.....00 ELEMENTWISE CALCULATIONS IN MATRIX EQUATION FOR P AND/OR U
IF(NOUMAT.EQ.O) 

1 CALL ELEMENCML/IM/X/Y/THICK/PITER/UITER/RCIT/RCITM1 /POR/ 
2 ALMAX/ALMIN/ATAVG/PERMXX/PERMXY/PERMYX/PERMYY/PANGLE/ 
3 VMAG/VANG/VOL/?MAT/PVEC/UMAT/UVEC/GXSI/GETA/PVEL)

.....00 N3DEWIS5 CALCULATIONS IN MATRIX EQUATION FOR P AND/OR U
CALL NODALBCML/VOL/PMAT/PVEC/UMAT/UVEC/PITER/UITER/PM1/UM1,UM2/ 

1 POR/QIN/UIN/QUIN/CS1/CS2/CS3/SL/SR/SW/DSWDP/RHO/SOP)

.....SET SPECIFIED P AND U CONDITIONS IN MATRIX EQUATION FOR P AND/OR
CALL aCa(ML/PMAT/PVEC/UMAT/UV£C/IPBC/P3C/IUBC/UBC/QPLITR) 

.....SET PINCH NODE CONDITIONS IN MATRIX EQUATION FOR P AND/OR U
IFCN?INCH-1) 4200/4203/4000 

4300 CALL PINCHBCML/IPINCH/PMAT/PVEC/UMAT/UVEC) 
4230 CONTINUE

.....MATRIX EQUATION FOR P AND/OR J ARE COMPLETE/ SOLVE EQUATIONS:
WHEN KKK=0/ DECOMPOSE AND BACK-SUBSTITUTE/ 
WHEN KKK=2/ BACK-SJBSTITUTE ONLY. 

IHALFB=NBHALF-1 
IFCML-1) 5003/5003/5530 
SQL v F FOR P

5000 KKK=330000
CALL SOLVESCKKK/PMAT/PVEC/NN/IHALFB/NN/NBI) 

.....P SOLUTION NOW IN PVEu
IFCML-1) 5500/6003/5530 

.....SOLVE FOR U
5530 KKK=300000 

IFCNOUMAT) 5700/5700/5600 
5600 KKK = 2
5700 CALL SOLVEBUKK/UMAT/UVEC/NN/IHALFS/NN/NBI) 
.....U SOLUTION NOW IN UVEC
6030 CONTINUE 

.....CHEC< PROGRESS ANO CONVERGENCE OF ITERATIONS
ANJD SET STOP A^D GO FLAGS: 

ISTOP = -1 NOT CONVERGED - STOP SIMULATION 
ISTOP = 0 ITERATIONS LEFT OR CONVERGED - KEEP SIMULATING 
ISTOP = 1 LAST TIME STEP REACHED - STOP SIMULATION 
ISTO? = 2 MAXIMUM TIME REACHED - STOP SIMULATION 
IGOI =3 P ANO U :ONVERGEO/ OR NO ITERATIONS DONE 
IGOI = 1 ONLY P HAS NOT YET CONVERGED TO CRITERION 
IGOI = 2 ONLY U HAS NOT YET CONVERGED TO CRITERION 
IGOI = 3 BOTH P AND U HAVE NOT YET CONVERGED TO CRITERIA 

ISTOP=0

32410.. . 
32420. .. 
32430. ..
32440... 
B2450... 
32460... 
32470... 
32480. . . 
32490.. .
32500. .. 
32510. .. 
32520... 
B2530...
82540... 
B2550... 
32560... 
B2570... 
32580... 
82590...
82600. .. 
B2610... 
B2620... 

UB2630. ..
82640... 
B2650... 
82660...
82670... 
82680... 
82690... 
82700... 
B2710...
B2720... 
B2730... 
B2740... 
32750... 
82760. ..
82770... 
82780. .. 
82790...
82800. .. 
82810...
82820. .. 
B2830... 
82840... 
B2850. .. 
82860...
32870... 
82880... 
82890. ..
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82910... 
32920... 
82930... 
82940... 
82950... 
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82980... 
82990... 
B3000...
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IFCITRMAX-1) 7500/7500/7000
7000 RPM=3.DO

RUM=3.DO
IPWORS=0
IUWORS=0
IFCML-1) 7050/7053/7150

7350 DO 7100 1=1, NN
RP=DABS(PVEC(I)-PITER(I)>
IF(RP-RPM) 7100/7360/7060

7360 RPM=RP
IPWORS=I

7100 CONTINUE
IFCRPM.GT.RPMAX) IGOI=IGOI+1

7150 IFCML-1) 7203/7353/7230
7200 DO 7300 I=1/NN

RU = OABS(UVEC(I)-UITER(D)
IF(RU-RUM) 7300/7260/7260

7260 RUM=RU
IUWORS=I

7300 CONTINUE
IFCRJM.GT.RUMAX) IGOI=IGOI+2

7350 CONTINUE
IFCISOI.GT.O.ANO.ITER.EQ.ITRMAX) ISTOP=-1
IFCI30I.GT.O.ANO.ISTOP.EQ.O) GOTO 1100

c - - - - ----------------------------
C.....END ITERATION -----------------------
C « w «     w         w

C
7500 CONTINUE

IFCISTOP.NE.-1.AND.IT.EQ.ITMAX) ISTOP=1
IFCISTOP.NE.-1 .AND.TSEC.GE.TMAX) ISTOP=2

C
C.... .OUTPUT RESULTS FOR TIME STEP EACH NPRINT TIME STEPS

IF(IT.GT.1.AND.M03(IT/NPRINT>.NE.3.AND.ISTOP.EQ.O> GOTO 8000
C... ..PRINT P AND/OR U/ AND MAYBE Sri AND/OR V

CALL PRISOLCML/ISTOP/IGOI/PVEC/UVEC/VMAG/VANG/SW)
C. ....CALCULATE AND PRINT FLUID MASS AND/OR ENERGY OR SOLUTE MASS

IFCKBUDG.EQ.1)
1 CALL BUDGET(ML/IBCT/VOL/SW,DSWDP/RHO,SOP,QIN,PVEC,PM1/
2 P3C/QPLIT*,IPBC,IQSOP/POR/UVEC,UM1/UM2,UIN,QUIN/I3SOU/U3C
3 CS1/CS2/CS3/SL/SR)

C.....PLOT P RESULTS
IFCKPLOTP.NE.1.0R.ML.EQ.2) GOTO 7680
CALL PLOT(1 /2/X/Y/CC/INDEX/XX/YY/PVEC)

C.....PLOT U RESULTS
7680 IFCKPLOTU.NE.1.0R.ML.EQ.1) GOTO 8000

NP=3
IFCME.EQ.+1) NP=4
CALL PLOTC1/NP/X/Y/CC/INDEX/XX/YY/UVEC)

8000 CONTINUE
C
C.....MAKE OBSERVATIONS AT OBSERVATION NODES EACH NOBCYC TIME STEP

IFCNDBSN-1.GT.O) 3ALL OBSER V ( 1 /I OBS/ I TOBS /POBS/UOBS /OB STIM/
1 PVEC/UVEC/ISTOP)

C

B3010..
B3020..
B3030..
B3040..
B3050..
B3060..
B3070..
33080..
B3090..
83100..
B3110..
33120..
B3130..
B3140..
B3150..
B3160..
B3170..
B3180..
B3190..
33200..
B3210..
33220..
33230..
B3240..

- - - B3250..
- - - B3260..
- - - B3270..

33280..
33290..
B3300..
33310..
B3320..
33330..
33340..
33350..
33360..

BUDGETB3370..
B3380..
33390..

/ B3400..
33410..
33420..
B3430..
B3440..
B3450..
33460..
B3470..
B3480..
B3490..
B3500-.
B3510..

S B3520..
33530..
B3540..
B3550..

C.. ...STORE RESULTS FOR POSSIBLE RESTART OF SIMULATION EACH TIME STfP B35foO..
IFUSTORE.NE.1) GOTO 3150
CALL STOR£(PVEC,UVEC,PM1,UM1,:S1,RCIT,SW,PBC)

C
8150 IF(ISTOP.EQ.O) GOTO 1300

B3570-.
33580..
B3590..
B3600-.

315



SJBRDUTINc SUTRA - VERSION 1234-20 813

c *********************************************************
C.....ENO TIME STEP *************************************
c ******************************************************* 
c
r
V*

C.....COMPLETE OUTPUT AND TERMINATE SIMULATION
IFdSTORE.EQ.1) *I3 IT E ( 6/81 00 )

3100 FORMAT(//////11X/'*** LAST SOLUTION HAS 3EEN STORED 
1 'ON UNIT 66 ***')

:.....OJTPUT RESULTS OF OBSERVATIONS
8200 IF(ND8SN-1.GT.O) CALL OS SER V ( 2 / IOBS * ITOBS /POBS/UOBS /OBSTIM/ 

1 PVEC/UVEC/ISTOP)

3230
3235

8260
8262
8264

8266
8268

8290
3292
3294

3296
8298

.OUTPUT END OF SIMJLATION MESSAGE AND RETURN TO MAIN 
IF(ISTOP.GT.O) GOTO 8400 
IFCISOI-2) 8230/8260/3290 
WRITEC6/8235) 
C ORMAT(////////11X/'SIMULATION TERMINATED DUE TO '/

1 'NON-CONVERGENT PRESSURE'/
2 /11X/*********** ********** *** ** * f
3 *************** *********) 
RETURN
IF(ME) 8262/3262/8266 
WRITE(6/8264) 
FORMAT(////////11X/'SIMULATION TERMINATED DUE TO '/

1 'NON-CONVERGENT CONCENTRATION'/
2 /11X/'********** ********** *** ** */
3 *************** **************) 
RETURN
WRITEC6/8268) 
FORMAT(////////11X/'SIMULATION TERMINATED DUE TO '/

1 'NON-CONVERGENT TEMPERATURE'/
2 /11X/'**********
3 *************** ************ 
RETURN
IF(ME) 8292/8292/8296 
WSITEC6/8294) 
FORMAT(////////11X/'SIMULATION

1 'NON-CONVERGENT PRESSURE AND
2 /11X/'**********
3 *************** ******** ***
RETURN
WRITEC6/8298)
FORMAT(////////11X/'SIMULATION

1 'NON-CONVERGENT PRESSURE AND
2 /11X/***********
3 *************** ******** ***
RETURN

********** *** **

TERMINATED DUE TO 
CONCENTRATION'/

TERMINATED DUE TO 
TEMPERATURE'/

********** *** ** 
************)

3400 IFCISTOP.EQ.2) GOTO 8500
WRITEC6/8450) 

3450 FORMAT(////////11X/'SJTRA
1 'OF TIME STEPS'/
2 11x,******
3 *** **** ******)
RETURN

85QO W«ITE(6/8550) 
6550 FORM4T(////////11X/'SJTRA 

1 'OF TIME PERIOD'/

SIMULATION TERMINATED AT

**********

SIMULATION TERMINATED AT

**************
**************

*B3610,
*B3620,

***************83630.

 /

/OBSTIM/

FOR STOP

COMPLETION '/

********** *,

COMPLETION '/

33640,
33650,
33660,
B3670,
B3680,
33690,
B3700,
33710,
B3720,
B3730,
B3740,
B3750,
B3760
33770,
B3780,
B3790,
B3800,
B3810,
B3820
B3830,
B3840
B3850
B3860
B3870
83880
B3890
B3900
83910,
B3920
B3930
B3940
83950
B3960
B3970
B3980
B3990
B4000
B4010
B4020
B4030
34040
84050
B4060
B4070
B4080
34090
34100
B4110
B4120
B4130
B4140
B4150
B4160
B4170
B4180
84190
34200
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2 11X,******
3 *** **** *******)
RETURN 

END

B4210 
B4220 
B4230 
B4240 
B4250
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SUBROUTINE I N D A T 1 SUTRA - VERSION 12S4-2D

*** PUP Pfl ̂  F ******* r \J T\ r \J  J ^ *

*** TO INPUT /OUTPUT/ AND ORGANIZE A MAJOR PORTION OF
*** UNIT-5 INPUT DATA (DATASET 5 THROUGH DATASET 153)

SUBROUTINE INDATKX/Y/THICK/POR/ALMAX/ALMIN/ATAVG/PERMXX/PERMXY/
1 PERMYX/PERMYY/PANGLE/ SOP)
IMPLICIT DOUBLE PRECISION (A-H/C-Z)
CHARACTER*10 ADSMOO
CHARACTER*14 UTYPE(2)
CHARACTER*6 STYPE(2)
COMMON/MOOSOR/ AOSMOD
COMMON/ DIMS/ NN/NE/NIN/NBI/N3/NBHALF/NPINCH/NPBC/NUBC/

1 NSOP/NSOU/N3CN
COMMON/ TIME/ D ELT/TSEC/ TMIN/THCUR/ TD AY/TWEE K/TMONTH/T YE AR/

1 TMAX/DELTP/DELTU/DLTPM1/DLTUM1/IT/ITMAX
COMMON/ CONTRL/ GNU/UP/DTMULT/DTMAX/ME/ISSFLO/ISSTRA/ITCYC/

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
COMMON/ ITER AT/ RPM/ RPMAX/ RUM/ RUMAX/ ITER/ ITRMAX/ IPWORS/ IUWORS
COMMON/TENSOR/ GRAVX/GRAVY

C10.....
C20.....
C30.....
C40.....
C50.....
C60. ....
C70.....
C?0.....
C90.....
C100....
cue....
C120. ...
C13D....
cue....
C150....
C160. ...
C17C....
C1SO....
C190....
C200... .
C21C....

COMMON /P ARAMS/ COMPFL/COMPMA/ DRWDU/C W/C S/ RHOS /DEC AY/ SI GMAW/ S I GK AS/ C 2 20 ....

C

C
c,

c
c,

1 RHOWO/URHCWO/VISCO/PRODF1/PROOS1/PRODFO/PRODSO/CHI1/CHI2
COMMON/SATPAR/ PCENT/ SWRES / PC RES/ S SLOPE*/ S fNCPT
COMMON/ K PRINT/ K NOD AL/ K EL MNT/ K INCID/ KPLOTP/KPLOTU/KVEL/ KBUDG
DIMENSION X(NN)/Y(NN)/THICK(NN)/POR(NN)/SOP(NN)
DIMENSION PERMXX(NE)/?ERMXY(NE)/PERMYX(NE)/PERMYY(NE)/PANGL.E(NE)/

1 ALMAX(NE)/ALMIN(NE)/ATAVG(NE)
DATA UTYPEd)/' TEMPERATURES '//UTYPE (2) / 'CONCENTRATIONS' /
DATA STYPE (1)/ 'ENERGY '//STYPE (2) /'SOLUTE'/

INSTOP=0

.....INPUT DATASET 5: NUMERICAL CONTROL PARAMETERS
READ(5/50) UP/GNU

50 FORMAT(G10.0/G15.0)
WRITE(6/70) UP/GNU

7C FORMAT(////11X/'N UMERICAL CONTROL DAT A'//
1 11X/F15.5/5X/'"UPSTREAM WEIGHTING" FACTOR'/
2 11X/1?D15.4/5X/'SPECIFIED PRESSURE BOUNDARY CONDITION FACTOR')

.....INPUT DATASET 6: TEMPORAL CONTROL AND SOLUTION CYCLING DATA
RE AD (5/1 00) ITMAX/DELT/TMAX/ITCYC/CTMULT/DTMAX/NPCYC/NUCYC

100 FORMAT(I5/2G15.0/I10/G10.0/G15.C/2I5)
WRITE (6/1 20) ITMAX/DELT/TMAX/ITCYC/DTMULT/DTMAX/NPCYC/NUCYC

120 FORMAT(1H1////11X/'T EMPORAL CONTROL AND '/
1 'SOLUTION CYCLING DATA'/
2 //11X/I15/5X/'MAXIMUM ALLOWED NUMBER OF TIME STEPS'
3 /11X/1P015.4/5X/'INITIAL TIME STEP (IN SECONDS)'
4 /11X/1PD15.4/5X/'MAXIMUM ALLOWED SIMULATION TIME (IN SECONDS)'
5 //11X/I15/5X/'TIME STEP MULTIPLIER CYCLE (IN TIME STEPS)'
6 /11X/OPF15.5/5X/'MULTIPLICATION FACTOR FOR TIME STEP CHANGE'
7 V11X/1PD15.4/5X/'MAXIMUM ALLOWED TIME STEP (JN SECONDS)'
8 //11X/I15/5X/'FLOW SOLUTION CYCLE (IN TIME STEPS)'
9 /*11X/I15/5X/'TRANSPORT SOLUTION CYCLE (IN TIME STEPS)')
IF(NPCYC.GE.1.AND.NUCYC.GE.1) GCTO 140
WRITE(6/130)

130 FORMAT(//11X/'* * * * ERROR DETECTED : BOTH NPCYC AND '/
1 'KlUCYC MUST BE SET GREATER THAN OR EQUAL TO 1.')
INSTOP=INSTOP-1

C230....
C240....
C250....
C260....
C270....
C230... .
C ? 9^
C300....
C310....
C320....
C330....
C34C....
C350....
C360....
C370....
C380. ...
C 3 9 0 ....
C40C....
C410....
C420....
C430....
C44C....
C450....
C460....
C470....
C430....
C490....
C500....
C510....
C520....
C53C....
C540....
C550....
C560... .
C570....
C530....
C590....
C600....
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C,
C

C
C,

C
C,

140 IFCNPCYC.EQ.1.0R.NUCYC.EQ.1) GCTO 160
WRITEC6/15C)

150 FORMATC//11X/'* * * A ERROR DETECTED : EITHER NPCYC OR '/
1 'NUCYC MUST BE SET TO 1.')
INSTOP-INSTOP-1

160 CONTINUE
.....SET MAXIMUM ALLOWED TIME STEPS IN SIMULATION FOR

STEADY-STATE FLOW AND STEADY-STATE TRANSPORT SOLUTION MODES
IFCISSFLO.EQ.1) THEN
NPCYC=ITMAX+1
NUCYC=1
ENOIF

IFCISSTRA.EQ.1) ITMAX=1

.....INPUT DATASET 7: OUTPUT CONTROLS AND OPTIONS
READC5/170) NPRINT/KNODAL/KELMNT/KINCID/KPLOTP/KPLOTU/KVEL/K3UCG

170 FORMATC16I5)
WRITEC6/172) NPRINT

172 FORMATC////11X/'0 UTPUT CONTROLS AND
1 'OPTION S'//11X/I6/5X/'PRINT5D OUTPUT CYCLE */
2 'CIN TIME STEPS)')
IFCKNOOAL.EQ.-M) WRITEC6/174)
IFCKNCDAL.EQ.O) WRITEC6/175)

174 FORMATC/11X/'- PRINT NODE COORDINATES/ ~THICKN=SSE S AND"/
1 ' POROSITIES')

175 FORMATC/11X/'- CANCEL PRINT OF NODE COORDINATES/ THICKNESSES AND'
1 ' POROSITIES')
IFCKELMNT.EQ.-M) WRITEC6x176)
IFCKELMNT.EQ.O) WRITEC6/177)

176 FORMATC11X/'- PRINT ELEMENT PERMEABILITIES AND DISPERSIVITIES')
177 FORMATC11X/'- CANCEL PRINT OF ELEMENT PERMEABILITIES AND '/

1 'DISPERSIVITIES')
IFCKINCIO.EQ.-M) WRITEC6/1-78)
IFCKINCIO.EQ.O) WRITEC6/179)

173 FORMATC11X/'- PRINT NODE AND PINCH NODE INCIDENCES IN EACH '/
1 'ELEMENT')

179 FORMATC11X/'- CANCEL PRINT OF NODE AND PINCH NODE INCIDENCES '/
1 'IN EACH ELEMENT')
IFCKPLOTP.EQ.-t-1) WRITEC6/180)
IFCKPLOTP.EQ.O) KRITEC6/131)

180 FORMATC/11X/'- PLOT PRESSURES ON EACH TIME STEP WITH OUTPUT')
181 FORMATC/11X/'- CANCEL PLOT OF PRESSURES')

IME = 2
IFCME.EQ.-H) IME = 1
IFCKPLOTU.EQ.+1) WRITEC6/152) UTYPECIME)
IFCKPLOTU.EQ.O) WRITEC6/133) UTYPECIME)

132 FORMATC11X/'- PLOT '/A14/' ON EACH TIME STEP WITH OUTPUT')
153 FORMATC11X/'- CANCEL PLOT OF '/A14)

IFCKVEL.EQ.-M) WRITEC6/184)
IFCKVEL.EQ.O) WRITEC6/185)

134 FORMATC/11X/'- CALCULATE AND PRINT VELOCITIES AT ELEMENT '/
1 'CENTROIDS ON EACH TIME STEP WITH OUTPUT')

155 FORMATC/11X/'- CANCEL PRINT OF VELOCITIES')
IFCK3UDG.EQ.+1) WRITEC6/186) STYPECIME)
IFCKBUDG.EC.O) WRITEC6/187)

166 FORMATC/11X/'- CALCULATE AND PRINT FLUID AND '/A6/' BUDGETS '/
1 'ON EACH TIME STEP WITH OUTPUT')

187 FORMATC/11X/'- CANCEL PRINT OF BUDGETS')

.....INPUT DATASET 8: ITERATION CONTROLS

C510. . . .
C62Q. . . .
C ̂  "V* W3Ju..«.

C640. ...
C650. ...
C663. . . .
C67Q. ...
CtSO. . . .
C690. ...
C7QO....
C71C....
C72Q....
C730. ...
C74C. ...
C75C....
C760....
C770. ...
C780. ...
C790....
C8CO....
C£1Q....
CStO. . . .
C330. . ..
C540. . . .
C350. . . .

/CS60....
C370.....
CS50. . . .
CS-90....
C9CO....
C910....
C920....
C930....
C94C....
r o c p.
^7_/O....

C960....
C 3 7 C ....
C980....
C990. ...
C100C...
C1C1C...
C102C...
C103C...
C1040...
C1C5C...
C1060...
C1C7C...
C1C3C...
C1C90...
C11CO...
C111C...
C112C...
C113Q...
C1140...
C115C...
C1160...
C117C...
C113C...
C119C...
C12CC...
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READC5/190) ITRMAX/RPMAX/RUMAX C121G..
190 FORMATCI1C/2G10.0) C1Z2C..

IFdTRMAX-1) 192/192/194 C123C..
192 WRITEC6/193) C124C..
193 FORMAT(////11X/'I TERATION CONTROL DATA'/ C1250..

1 //11X/' NON-ITERATIVE SOLUTION') C126C..
GOTO 196 C127C..

194 WRITEC6/195) ITRMAX/RPMAX/RUMAX C125C..
195 FORMAT(////11X/'I TERATICN CONTROL DAT A'/ C129C..

1 //11X/I15/5X,'MAXIMUM NUMBER OF ITERATIONS PER TIME STEP'/ C130C..
2 /tlX/lPD15.4/5X/'ABSOLUTE CONVERGENCE CRITERION FOR FLOW'/ C131C..
3 ' SCLUTION'/1lX/1PD15.4/5X/'AaSOLUTE CONVERGENCE CRITERION'/ C132C..
4 ' FOR TRANSPORT SOLUTION') C133C..

196 CONTINUE C134C..
C C135C..
C.....INPUT DATASET 9: FLUID PROPERTIES C136C..

REAOC5/200) COMPFL/CW/SIGMAW/RhOWO/URHOWO/DRWOU/VISCO C137G..
C.....INPUT DATASET 10: SOLID MATRIX PROPERTIES C1330..

READ(5/200) COMPMA/CS/SIGMAS/RHOS C139C..
200 ?ORMAT(8G10.0) C1400..

IF(ME.EQ.+1) C1410..
1 WRIT EC 6/210) COMPFL/COMPMA/CK/CS/VISCO/RHOS/RHOWO/DRWDU/URHOV.O/C1420..
2 SIGMAW/SIGMAS C1430..

210 FORMAT(1H1////11X/'C ONSTANT PROPERTIES OF'/ C144C..
1 ' FLUID AND SOLID MATRIX' C1450..
2 //11X/1PD15.4/5X/'COMPRESSIBILITY OF FLUID'/I1X/1P015.4/5X/ C146C..
3 'COMPRESSIBILITY OF POR.OUS MATRIX'//11 X/1 PD1 5 .4/5X/ C1470..
4 'SPECIFIC HEAT CAPACITY OF FLUID'//11X/1PD15.4/5X/ C143C..
5 'SPECIFIC HEAT CAPACITY OF SOLID GRAIN'//13X/'FLUID VISCOSITY'/C1490..
6 ' IS CALCULATED BY SUTRA AS A FUNCTION OF TEMPERATURE IN '/ C150C..
7 'UNITS OF Ckg/(m*s)3'//11X/1PD15.4/5X/'VISCC/ CONVERSION '/ C151C..
8 'FACTOR FOR VISCOSITY UNITS/ Cdesired units} = VISCO*'/ C152C..
9 'Ckg/(m*s)3'//11X/1P015.4/5X/'OENSITY OF A SOLID GRAIN' C1530..
* //13X/'FLUID DENSITY/ RHOW/13X/'CALCULATED 5Y '/ C1540..
1 'SUTRA IN TERMS OF TEMPERATURE/ U/ AS:'/13X/'RHOW = RHOWO + '/ C1550..
2 'ORWDU*(U-URHOWO)'//11X/1P015.4/5X/'FLUIO BASE DENSITY/ RHOfcO' C1560..
3 /11X/1P015.4/5X/'COEFFICIENT OF DENSITY CHANGE WITH '/ C157C..
4 'TEMPERATURE/ DRWDU'/11X/1PD15.4/5X/'TEMPERATURE/ URHOWO/ '/ C153C..
5 'AT WHICH FLUID DENSITY IS AT BASE VALUE/ RHOWO' C159C..
6 //11X/1P015.4/5X/'THERMAL CONDUCTIVITY OF FLUID' C150C..
7 /11X/1PD15.4/5X/'THERMAL CONDUCTIVITY OF SOLID GRAIN') C1610..
IFCME.EQ.-1) C162C..

1 WRITE(6/220) COMPFL/COMPMA/VISCC/RHOS/RHOWO/DRWDU/URHOWO/SIGMAWC1630..
220 FORMAT(1H1////11X/'C ONSTANT PROPERTIES OF'/ C1640-.

1 ' FLUID AND SOLID MATRIX' C165C..
2 //11X/1PDl5.4/5X/'COMPRESSieiLITY OF FLUID'711X/1PD15.4/5X/ C1660..
3 'COMPRESSIBILITY OF POROUS MATRIX'' C1570..
4 //11X/1P015.4/5X/'FLUID VISCOSITY' C163C..
4 //11X/1P015.4/5X/'DENSITY OF A SOLID GRAIN' C169C..
5 //13X/'FLUID DENSITY/ RHOW/13X/'CALCULATED BY '/ C170C..
6 'SUTRA IN TERMS OF SOLUTE CONCENTRATION/ U/ AS:'/ C1710..
7 /13X/'RHOW « RHOWO * DRWDU*(U-URHOWO)' C172C..
8 V/11X/1PD15.4/5X/'FLUID BASE DENSITY, RHOWO' C1730..
9 /11X/1PD15.4/5X,'COEFFICIENT OF DENSITY CHANGE WITH '/ C1740..
* "SOLUTE CONCENTRATION/ DRWDU' C175C..
1 /11X/1PD15.4/5X/'SOLUTE CONCENTRATION/ URHOWO/ '/ C176C..
4 'AT WHICH FLUID DENSITY IS AT BASE VALUE/ RHOWO' C177C..
5 //11X/1PD15.4/5X/'MCLECULAR DIFFUSIVITY OF SOLUTE IN FLUID') C17SO..

C C179C..
C.....INPUT DATASET 11: ADSORPTION PARAMETERS C1SOC..
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234

P A R A M E
ISOTHERM')

T E R S'

P A R A M E T R S

').OR
')) GOTO 238

MODEL

READ(5/230) ADSMOD/CHI1/CHI2 
230 FORMAT(A10/2G1C.O)

IF<ME.EQ.+1> GOTO 248
IFUOSMOD.EQ.'NONE ') GOTC
WRITE(6/232) ADSMOD

232 FORMAT(////11X/'A DSORPTION 
1 //16X/-A10/5X,'EQUILIBRIUM SCRPTION
GOTO 236

234 WRITc(6/235)
235 FORMAT(////11X/'A DSORPTION 

1 //16X/'NON-SOR3ING SOLUTE')
236 IFUADSMOD.EQ. 'NONE ').OR.(ADSMOD.EQ.'LINEAR

1 (ADSMOD.EG.'FREUNOLICH').OR.(ADSMOD.EQ.'LANGMUIR 
WRITE(6,237)

237 FORMAT(//11X/'* * * * ERROR DETECTED : TYPE OF SORPTION
1 'IS NOT SPECIFIED CORRECTLY.'/11X/'CHECK FOR TYPE AND '/
2 'SPELLING/ AND THAT TYPE IS LEFT-JUSTIFIED IN INPUT FIELD') 
IN5TOP=INSTOP-1

238 IF(ADSMOD.EQ.'LINEAR ') WRITE(6/242) CHI1 
242 FORMAT(11X/1P015.4/5X/'LINEAR DISTRIBUTION COEFFICIENT') 

IF(ADSMOD.EQ.'FREUNOLICH') WRITE(6/244) CHI1/CHI2
244 FORMAT(11X/1PD15.4/5X/'FREUNDLICH DISTRIBUTION COEFFICIENT' 

1 /11X/1PD15.4/5X/'SECOND FREUNDLICH COEFFICIENT') 
IF(ADSMOD.EQ.'FREUNDLICH'.AND.CHI2.LE 
WRITE(6/245)

245 FORMAT(11X/'* * * * ERROR DETECTED : 
1 'MUST BE GREATER THAN ZERO') 

INSTOP=INSTOP-1 
ENDIF 

IFCADSMOD. EQ.'LANGMUIR ') WRITE(6,246) CHI1/CHI2
246 FORMAT(11X/1PD15.4/5X/'LANGMUIR DISTRIBUTION COEFFICIENT' 

1 /11X/1PD15.4/5X/'SECOND LANGMUIR COEFFICIENT')

,0~.DO) THEN

SECOND COEFFICIENT

243

250
1
2
3
4
5
3
4
5

INPUT DATASET 12: PRODUCTION OF ENERGY OR SOLUTE MASS 
READ(5/200) PRODFO/PROD SO/PROOF 1,PRODS1 
IF(ME.EQ.-I) WRITE(6/25G) PRODFO/PRODSO/PRCDF1/PROOS1 
FORMAT(////11X/'P RODUCTION AND DECAY 0 F

260

'SPECIES MAS S'//13X/'PRODUCTION RATE (+)'/13X/ 
'DECAY RATE (-)'//11X/1PD15.4,5X/'ZERO-ORDER RATE OF SOLUTE 
'MASS PRODUCTION/DECAY IN FLUID'/11X/1PD15.4/5X/ 
'ZERO-ORDER RATE OF ADSCRBATE MASS PRODUCTION/DECAY IN '/ 
'IMMOBILE PHASE'/11X/1PD15.4/5X/'FIRST-ORDER RATE OF SOLUTE 
'MASS PRODUCTION/DECAY IN FLUID'/11X/1P015 .4/5X/ 
'FIRST-ORDER RATE OF ADSORBATE MASS PRODUCTION/DECAY IN '/ 
'IMMOBILE PHASE')

IFCME.EQ.+1) WRITE(6/260) PRODFC/PRODSO
FORMAT(////11X/'P RODUCTION AND LOSS OF 

'E N E R G Y'//13X/'PRODUCTICN RATE (+)'/13X/ 
'LOSS RATE (-)'//11X/lPG15.4/5X/'ZERO-ORDER RATE OF ENERGY

272

'PRODUCTION/LOSS IN 
'ZERO-ORDER RATE OF 
'SOLID GRAINS')

SET' PARAMETER SWITCHES
IF(ME) 272/272/274
FOR SOLUTE TRANSPORT:
CS=0.000
CW=1.DCO
SIGMAS=O.ODO
GOTO 278
FOR ENERGY TRANSPORT:

FLUID'/11X/1PD15.4/5X/ 
ENERGY PRODUCTION/LOSS IN

FOR EITHER ENERGY OR SOLUTE TRANSPORT

C1S1C.
C1820.
C183C.
C1840.
C1 8 5 0.
C186C.
C187C.
C15SC.
C1690.
C190C.
C191C.
C1920.
C193C.
C194C. 

/ C1950.
C196C.
C1970.
C198C.
C1990.
C2000.
C201C.
C2020.
C203C.
C204C.
C205C.
C2Q60.
C207C.
C20SC.
C209C.
C210C.
C211C.
C212C.
C213C.
C214C.
C215C.
C216C. 

'/C217C.
C218C. 

/ C219C.
C22CO.
C2210. 

/ C222C.
C223C.
C2240.
C2250.
C226C.
C227C.
C2230.
C229C.
C23CC.
C231C.
C232C.
C2330.
C234C.
C235C.
C2360.
C237C.
C2380.
C2390.
C240C.
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274

278
C 
C.

320

ADSMOO='NONE
CHI1=O.ODO
CHI2=O.ODO
PROOF1=O.ODO
PRODS1=O.CDO
DIVIDE SIG.MA TO CANCEL MULTIPLICATION 3Y RHOW*CW

IN SUBROUTINE 5LEMEN. 
RCO=RHOWO*CW 
SIGVAW=SIGKAW/RCO 
SIGMAS=SIGyAS/RCO 
CONTINUE

INPUT OATASET 13: ORIENTATION CF COORDINATES TO GRAVITY
R5ADC5/200) 3RAVX/GRAVY
WRITEC6/32C) GRAVX/GRAVY
FORMAT(////11X/'C OORDINATE ORIENTA T I 0 N 

VECTOR',1 'TO G R A V I T Y'//13X/'CCMPONENT OF GRAVITY
2 /13Xx'IN + X DIRECTION/ GRAVX'/11X/1PD15.4,5X/
3 'GRAVX = -GRAV * D(ELEVATION)/DX'//13X/'COMPONENT OF GRAVITY
4 ' VECTOR'/13X/'IN + Y DIRECTION/ GRAVY'/11X/1PD15.4/5X/
5 'GRAVY = -GRAV * D ( ELEVATION)/DY') 

C 
C.....INPUT DATASETS 14A AND 148: NOCEWISE DATA

READC5/330) SCALX/SCALY/SCALTH/PORFAC 
330 FORMATC5X/4G10.0) 

DO 450 I=1/NN
READC5/40C) II/X(II)/Y(II)/THICK(II)/POR(II) 

400 FORMATCI5/4G10.0) 
X(II)=X(II)*SCALX 
Y(II)=Y(II)*SCALY 
THICKCII)=THICK(II)*SCALTH 
POR(II)=POR(II)*PORFAC 

C SET SPECIFIC PRESSURE STORATIVITY/ SOP.
450 SOP(II) = (1.DC-POR(II))*CCMP,MA + PCR(II)*COMPFL
460 IFUNODAL.EQ.O) WRITEC6/469) SCALX/SCALY/SCALTH/PORFAC
469 FORMAT(1H1////11X/'N 005 INFORMATIO N'//16X/

1 'PRINTOUT OF NODE COORDINATES/ THICKNESSES AND POROSITIES '/
2 'CANCELLED. '//16X/' SCALE FACTORS :'/33X/1?D15.4x5Xx'X'SCALE '
1 33X/1PD15.4,5X,'Y-SCALE'/33X/1PC15.4/5X/'THICKNESS FACTOR'/
2 33X/1PD15.4,5X/'PORCSITY FACTOR')
IFUNODAL.EQ. + 1) WRITEC6/470) C IxX (I) / Y (I) / THICK (I ) / POR ( I) / 1 = 1 / 

47C FORMAT(1H1//11X/'N ODE INFORMATIO N'//13X/
1 'NODE '/7Xx'X'/16X/'Y'/17X/'THICKNESS'/6X/'POROSITY'//
2 (11X/I6/3(3X/1?D14.5)/6X/CPF£.5)) 

C 
C.....INPUT DATASETS 15A AND 158: ELEVENTWISE DATA

REA3(5/490) PMAXFA/PMINFA/ANGFAC/ALMAXF/ALMINF/ATAVGF 
490 FORMAT(10X/6G1C.C)

IFCKELMNT.EQ.+1) WRITE(6/500) 
50C FORMAT(1H1//11X/'E LEMENT INFORMATIO N'//

1lXx'ELEMENT'/4X/'MAXlMUM'/9X/'MINIMUM'/12X, 
'ANGLE BETWEEN'/3X/' MAXIMUM'/5X/' 'MINIMUM*/5X/ 

AVERAG£'/22X/'PERMEABILITY'/4X/'PERMEABILITY'/4X/ 
'*X-DIRECTION ANO'/3X/'LONGITUDINAL'/3Xx'LONGITUDINAL'3X, 
" TRANSVERSE'/5CX/'MAXIMUM PERMEA3ILITY'/3X^'DISPER SI VITY 
3Xx'DISPERSIVITY'/3X/'DISPERSIVITY'/53X/'(IN DEGREES)'//)

DO 550 LL=1/NE
READC5/510) L/PMAX/PMINxANGLEX/ALMAX(L)/ALMIN(L)xATAVG(L) 

510 FORMATCI10/6G10.0)
PMAX^PMAX*PMAXFA

C241C.
C242C.
C243C.
C244C.
C245C.
C246C.
C247C.
C248C.
C249C.
C2500.
C251C.
C252C.
C253C.
C254C.
C255C. 

/ C2560.
C257C.
C253C. 

'/ C2590.
C260C.
C261C.
C2620.
C263C.
C2t4G.
C2650.
C266C.
C267C.
C262C.
C2690.
C2700.
C2710.
C272C.
C273C.
C274C.
C275C.
C2760.
C2770. 

/ C273C.
C279C.
C2SOC. 

NNK231C.
C2S2C.
C253C.
C234C.
C285C.
C2S60.
C2370.
C28SC.
C259C.
C2900.
C291C.
C292C.
C2930.
C2940.
C295C.
C296C.
C297C.
C29BC.
C299C.
C3000.
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PMIN=PMIN*PMINFA 
ANGLEX=ANGLEX*ANGFAC 
ALMAX(L)=ALMAX(L)*ALMAXF 
ALMIN(L)=ALMIN(L)*ALMINF 
ATAVG(L)=ATAVG(L)*ATAVGF
IF(KELMNT.EQ.-M) WRITE(6/520) L/PMAX/PMIN/ANGLEX/ 

1 ALMAX(L)/ALMIN(L)/ATAVG(L) 
520 FORMAT(11X/I7/2X/2(1PD14.5/2X)/8X/4(OPF10.3/5X))

.....ROTATE PERMEABILITY FROM MAXIMUM/MINIMUM TO X/Y DIRECTIONS
RAD IAX = 1.7453290-2*ANGLEX
SINA=OSIN(RADIAX)
COSA=DCOS(RADIAX)
SINA2=SINA*SINA
CCSA2=COSA*COSA
PERMXX(L)=PMAX*COSA2+PMIN*SINA2
?ERMYY(L)=PMAX*SINA2+PMIN*COSA2
PERMXY(L)=(PMAX-PMIN)*SINA*COSA
PERMYX(L)=PERMXY(L)
PANGLE(L)=RAOIAX 

550 CONTINUE
IFUELMNT.EQ.O)

1 WRITE(6/569) PMAXFAxPMINFA/ANGFACxALMAXF/ALMINF/ATAVGF 
569 FORMAT(////11X/'E LEMENT INFd"RMATIO N'//

1 16X/*PRINTOUT OF ELEMENT PERMEABILITIES AND DISPERSIVITIES
2 'CANCELLED.'//16X/'SCALE FACTORS :'/33X/1PD15.4/5X/'MAXIMUM
1 'PERMEABILITY FACTOR'/33X/1PD15.4/.5X/'MINIMUM PERMEABILITY
2 'FACTOR'/33X/1PD15.4/5X/'ANGLE FROM +X TO MAXIMUM DIRECTION
3 ' FACTOR'/33X/1PD15.4/5X/'KAXIMUM LONGITUDINAL DISPERSIVITY
4 ' FACTOR'/33X/1PD15.4/5X/'MINIMUM LONGITUDINAL DISPERSIVITY
5 ' FACTOR'/33X/1PD15.4/5X/'TRANSVERSE DISPERSIVITY FACTOR')

....END SIMULATION FOR CORRECTIONS TO UNIT-5 DATA IF NECESSARY
IF(INSTOP.EQ.O) GOTO 1000
WRITE(6/999) 

999 FORMAT(////////11X/'PLEASE CORRECT INPUT DATA AND RERUN.'/
1 ///22X/'S IMULATION HALTED'/
2 /22X/******************** ***********') 
ENDFIL£(6) 
STOP

1000 RETURN 
END

C3G10... 
C302C... 
C3030... 
C3040... 
C305C... 
C 3 C 5 C ... 
C3070... 
C3030... 
C309C... 
C310C... 
C311C... 
C312C... 
C313C... 
C314C... 
C315C... 
C316C... 
C317C... 
C318C... 
C3190... 
C320C... 
C321C... 
C3220... 
C323C... 
C3240... 
C3250... 
C326C... 
C327C... 
C328G... 
C329C... 
C330C... 
C331C... 
C3320... 
C333C... 
C3340... 
C3350... 
C336C... 
C337C... 
C338C... 
C339G... 
C3400... 
C3410... 
C342C... 
C3430... 
C344C...
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SUBROUTINE SUTRA - VERSION 1284-20

*** PURPOSE :
*** TO READ PLOT SET-UP DATA, AND TO PLOT THE FINITE ELEMENT
*** MESH/ THE PRESSURE SOLUTION AND/OR THE CONCENTRATION OR
*** TEMPERATURE SOLUTION ON THE PRINTED OUTPUT PAGE.

SUBROUTINE PLOT (ICALL/NP/X/Y/CC/INDEX/XX/YY/CVEC)
IMPLICIT OOU3LE PRECISION (A-H/O'Z)
COMMON/KPRINT/ KNODAL/KELMNT/KINCID/KPLOTP/KPLOTU/KVEL/KBUOG
COMMON/CONTRL/ GNJ/UP/OTMULT/DTMAX/ME/ISSFLO/ISSTRA/ITCYC/ 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
COMMON/DIMS/ NN/NE/NIN/NBI/N3/NBHALF/NPINCH/NPBC/NUBC/ 

1 NSOP/NSOU/N3CN
CHARACTER*1 PRNT(122)/SYM(17)/BLANK(60)
DOUBLE PRECISION MX(500),NY(14)
CHARACT£R*4 DIGIT(82>/VF1(6)/VF2<6>/VF3(7)
DIMENSION K(10)/N(10>
CHARACT£R*30 TITLEC1/4)
DIMENSION X(NN>/YCNN)/CC(NN>,XX<NN)/YYCNN)/INDEXCNN>/CVeCCNN)
DATA SYM/'1'/'2'/'3'/'4'/'5'/'6'/'7'/'8'/*9'/'0'/' '/'.'/'Y'/'*'/ 

1 *L"/'-'/' + '//PRNT/122*' '//BLANK/60*' '//NOS/1/
DATA OIGIT/'1'/'2'/'3'/'4'/'5'/'6-/'7'/'8*/'9'/'10'/'11'/'12'/'13 
1/'U'/'15'/'16'/'17'/'18'/'19'/'20'/'21'/'22'/'23'/'24'/'25'/'26' 
2/'27'/'28'/'29'/'30'/'31'/'32'/'33'/'34'/'35'/'36'/'37'/'38'/'39' 
2'40'/ '41'/'82'/'83'/'84'/'85'/'86'/'87'/'88'/'89'/'90'/'91' 
1'92'/'93'/'94'/'95'/'96'/'97'/'98'/'99'/'100'/'101'/'102'/'103'/

DATA TITLE/' **** NODES * *
1 ' * * * PRESSJRE/PBASE * * * '/
2 ' * * CONCENTRATION/CBASE * *'/
3 * * TEMPERATURE/TBASc * * '/
DATA VF1/'(H '/'/'/' '/'A1/F'/'1I
DATA VF2/'(1H '/'/'/' '/'A1/1'/'X,
DATA VF3/'(1HO'/'/'/' '/'A1/F'/'3

C 
C

IF(ICALL) 
C.....READ PLOT
1100
1200

1100/1130/1
SETUP DATA (DATASET 16)

REAOC5/1200) IOIREC/NLINPI/NCHAPI/NCHAPL 
FQRMATC4I5) 
PLTWID=(OBLE(NCHAPL)-13.0DO)/DBLE(NCHAPI) 
N1=NLINPI 
N2=NCHAPI 
M3=NCHAPL 
XN1=1 .DO/(2.DO*N1)

1300
1400

1500

1520

NYS = 1 
NINY=PLTWIO

IF(KPLOTP.NE.I) GOTO 1400
REAOC5/1300) PBASE
FORMATC013.0)
IFCKPLOTU.NE.1) GOTO 1500
READC5/1300) U3ASE
CONTINUE
WRITE(6/1520) IDIREC/MLINPI/NCHAPI/NCHAPL
FORMAT(////11X/'P LOT INFORMAT I 0 N'//

010... 
020... 
030... 
D40.., 
050.., 
060.., 
D70.., 
080... 
090.., 
0130., 
0110., 
0120., 
0130., 
0140., 
0150., 
0160., 
0170., 
0180., 
D190-, 
0200., 
0210., 
0220.,

'0230., 
0240.,

,0250.
,0260.
'D270.
'0230., 
0290. 
0300., 
0310. 
0320., 
0330. 
0340., 
0350. 
0360. 
0370. 
0380. 
D390. 
0400. 
0410. 
0420. 
0430. 
0440. 
D450. 
0460. 
0470. 
0430. 
0490. 
0500. 
D510. 
0520. 
0530. 
0540. 
0550. 
0560. 
D570. 
D530. 
0590. 
0600.
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1530

1540

1550
1555

1560
1565

1530
1590

1 13X/'PLOT ORIENTATION'/
2 I15/5X,'IDIREC....=-1 SMALL PLOT ACROSS PAPER/ =+1 '/
3 'LARGE PLOT ALONG PAPER'//13X/'LINE PRINTER CHARACTERISTICS'/
4 11X/I15/5X/'NUMBER OF OUTPJT '/
5 'LINES PER INCH'/11X/I15/5X/'NUMBER OF OUTPUT CHARACTERS'/
6 ' PER INCH'/11X,I15/5X,'MAXIMUM NUMBER OF OUTPUT '/
7 'CHARACTERS PER LIME')
IFUPLOTP.NE.1) GOTO 1540
WRITEC6/1530) PBASE
FORMAK//13X,'PRESSURE PLOT DAT A' / 11 X ,1 P01 5 . 4, 5X/

'PBASE....PLOTTED PRESSURE VALUE IS PRESSURE/PBASE')
IFUPLOTU.NE.1 > GOTO 1580
IF(ME) 1550/1550/1560
WRITE(6/1555) UBASE
C ORMAT(//13X/'CONCENTRATION PLOT OAT A'/11X/1P015.4/5X, 

1 'UBASE....PLOTTED CONCENTRATION VALUE IS CONCENTRATION/UBASE')
GOTO 1580
WRITEC6/1565) UBASE
FORMATC//13X/'TEMPERATURE PLOT DATA'/11X/1PD15.4/5X/

'UBASE....PLOTTED TEMPERATURE VALUE is TEMPERATURE/UBASE')
WRITEC6/1590)
FORMAT(//31X/'THE THREE DIGITS PLOTTED ARE THE ONE TO THE LEFT/'/ 

1 /31X/'AND THE TWO TO THE RIGHT OF THE DECIMAL POINT')

1600

344

345

AXIS DOWN (IOIREC=+1> 
ACROSS PAPER (IDIREC=-1)

SET LONGER PLOT 
OR

SMALLX=O.DO 
SMALLY=O.DO 
BIGX=O.DO 
BIGY=O.DO 
00 1600 I=1/NN 
IF(XCI).GT.BIGX) 3IGX=X(I) 
IFCX(I).LT.SMALLX) SMALLX=X(I) 
IF(YU).GT.BIGY) 3IGY = Y(I) 
IF(Yd).LT.SMALLY) SMALLY = Y(I) 
XRAN3E=BIGX-SMALLX 
YRAN3E=BI3Y-SMALLY

IDIREC 
IDIREC 
IOIREC 
IDIREC

NE 
EQ 
NE 
EQ

-1)
-1)
-1)
-1 )

KKKKK=-1

TENTHY=YRANGE/10.3DO
IFCXRANGE.GE.YRAN3E.AND,
IFCXRANGE.GE.YRAN3E.ANJD
IFCXRANGE.LT.YRAN3E.ANJO,
IFCXRANGE.LT.YRAN3E.AMO,
IFCKIUKK.EQ.-1) GOTO 344
XMIN=SMALLX-TENTHX
XMAX=8IGX*TENTHX
YMIN=SMALLY-TENTHY
YMAX-BIGY*TENTHY
GOTO 345
XMIN=SMALLY-TENTHY
XMAX=BIGY-«-TcMTHY
YMIN=SMALLX-TENTHX
YMAX=BIGX*TENTHX
CONTINUE
XRAN3E=XRANGE*1.2300
YRAN3E=YRANG=*1.2300
IF(KKKKK.EQ.+1) NINX=(NINY/YRANGE)*XRANGE-»-0.5000
IFCKKKKK.EQ.-1) NINX = (NINY/XRANGE)*YRANGE-»-0.53DO

INITIALIZE PLOT COORDINATES... ROT AT £ IF REQUIRED (WHEN KKKKK=-1)

0610.... 
D620.... 
D630.... 
D640.... 
D650.... 
D660. . . . 
D670. . . . 
Do30.... 
0690.... 
D700.... 
D710.... 
0720.... 
0730.... 
D740.... 
D750.... 
0760.... 
0770.... 
D780.... 
0790.... 
0800.... 
D810.... 
0820.... 
D830.... 
0840.... 
0850.... 
0860.... 
D870.... 
D880... . 
0890.... 
0900.... 
0910. ... 
0920.... 
D930.... 
D940.... 
0950... . 
0960.... 
0970.... 
0980.... 
D990.... 
D1000... 
01010... 
D1020... 
D1030... 
D1040... 
D1050... 
D1060... 
01070... 
D1080... 
D1090... 
D1100... 
D1110... 
01120... 
D1130... 
D1140... 
D1150... 
D1160... 
D1170... 
D1180. .. 
D1190. .. 
D1200. ..
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(NOTE: YY PLOTS ACROSS PAGE/ XX PLOTS ALONG PAGE)
IF CKKKKK.E3.-1) 30TO 361
DO 362 I=1/NM
XX(I)= XCI)
YYCI)= Y(I) 

362 IND£XCI)= I
GOTO 368 

361 DO 363 1=1, NN
XX(I)=+YCI)
YYCI)=+XCI)
NOTE THAT THE SIGM OF YY IS REVERSED LATER
IN OROER TO COMPLETE THE ROTATION 

363 INDEXCI)= I 
368 CONTINUE

C... ..INITIALIZE VARIABLES

11

12

NYD-NYS*NINY
IF(NXD.GE.CC.MYD-M)/2)) GOTO 
NINX=1+C(NYD-1)/C2*NXS))

GOTO 12

11

XSF=XRANGE/NXD
YSF=YRANGE/NYO
IFCKKKKK.EQ.+1)
XSF=YRANGE/NXD
YSF=XRANGE/NYO
CONTINUE
N4=NXO*N1+1
N5=NXD+1

N7=N1*NINX 
N8=N2*NYO* 
N9=N2*NINY

NC=CN3-N8-10)/2 
ND=NC+N8

VF1C3)=OIGITCND-40)
VF2C3)=OIGITCND-43)
VF3C3)=OIGITCNC)
ARRANGE EACH OATA SET
DO 93 L = 1/-NDS
NNN=<CL)
DO 33 I = 1/-NNN
8IG=XXCI)

00 23 J=I,NNN
Ir(XX(J).GT.3IG) 50 TO 15
GO TD 20 

15 BIG=XXCJ)
KK = J 

20 CONTINUE
T£MPI=YYCI)
TEMPII=XXCI)
TEMP3=INDEXCI)
YY(I)=YY(KK)
XXCI)=XXCKK)
INDE^(CI)=INOEXCKK)

IN DESCENDING VALUES OF X

D1210.
D1220.
D1230.
D1240.
01250.
D1260.
D1270.
D1280.
D1290.
D1300.
01310.
D1320.
D1330.
01340.
D1350.
D1360.
01370.
01380.
D1390.
01400.
01410.
01420.
01430..
01440.
D1450.
01460.
01470.
01430.
01490.
01500.
01510.
01520.
01530.
01540.
D1550.
01560.
D1570.
01580.
01590.
01600.
01610.
01620.
01630.
01640.
01650.
01660.
01670.
01680.
01690.
D1700.
01710.
01720.
01730.
01740.
01750.
01760.
01770.
01780.
01790.
01800.
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30
90

INDEX(KK)=TEMP3 
YY (K)O=TEMPI 
XX(KiO=TEMPII 
CONTINUE

C.....COMPJTE LABEL NUM3ERS 
DO 13J I=1xNEE

FOR X AND Y AXES

IF(NNY.LT.O) GO TD 95 
NY(I)=YSF*NNY+YMIN
IFCRKKKK.EQ.-1) NY(I)=YMIN*(I-1)*YSF 

95 IF(NNX.LT.O) GO TD 100
NX(I)=XSF*NNX+XMIN 

100 CONTINUE 
C 
C.....SET JP PLOT OF MESH

DO 105 I=1/NN 
105 CVEC(I)=I*00.010000

C
c 
c
c
c..
c.,

c.,
c ,

1 CONTINUE

PRESSURE AND

E VARIABLE TD

CONCENTRATION OR TEMPERATURE

BE PLOTTED

PLOTS

10

CCNORM=1.0DO
IF(NP.EQ.2> CCNORM=PBASE 
IF(NP.GT.2) CCNOR1=UB4SE 
DO 2 I=1xNN 
CC(I)=CVEC(INDEX(I))/CCNORM

INITIALIZE VARIABLES
Z=XMAX
WRITE (6^40)
DO 13 I=1xNOS
N(I)=1
DO 210 I=1xN4

....LOCATE X AXES
IF (I.EQ.1.0R.I 
DO 114 J = 1xN8/-N

114 PRNT(J)=SYM(15)

E3.N4) GO TO 110

.....LOCATE Y AXES
IF ((I-1)/N1*N1 

115 PRNTd ) = SYM(14)
PRNT( N8)=SYM(14)

117 IF((I-1)/N7*N7.NE 
DO 118 J=2xNR 
IF((J-1)/N9*N9.EQ

118 IF((J-1)/N9*N9.NE
GO TO 130 

110 DO 120 J = WN3
IF ((J-1)/N2*N2.EQ.J- 

120 IF ((J-1 )/N2*N2.NE.J-

.....COMPJTE LOCATION DF POINTS

N5.I-1 ) GO TO 117

1-1) GO TO 130

J-DPRNTC J)=SYM(17) 
J-1)PRNT(J)=SYM(16)

PRNT(J)=SYM(14) 
(J)=SrM(1b)

D1810.,
D1820.,
01830.,
D1840.,
D1850.,
D1860.,
D1870-,
D1880.,
01890.,
D1900.,
D1910.,
01920.,
D1930.,
D1940..
01950.,
D1960. ,
D1970.,
D1980.,
D1990.,
02000.,
02010.,
D2020.,
D2030-,
D2040.,
02050.
D2060.,
02070.,
D2080.,
02090.,
02100.,
D2110.
D2120.
02130.
D2140.
D2150.
D2160.
D2170.,
D2180.
D2190.
D2200.
D2210.
D2220.
D2230.
D2240.
D2250.
D2260.
02270.
02280.
D2290.
D2300.
D2310.
D2320.
D2330.
D2340.
D2350.
D2360.
D2370.
02380.
02390.
02400.
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130
135

137

140
140

00 153 J=1,N3S
IF mj).EQ.K(J)+1> GO TO 150
IFU.aT.1) GO TO 137
IF(XX(N(J)).LE.Z+XN1*XSF) GO TO 137
N(J)=N(J>+1
GO TO 135
IF (XX(N(J)).LE.Z+XN1*XSF.AND.XX(N(J>).GE.Z-XN1*XSF) GO TO 140
GO TO 150
M=NR+0.5DO- ((YY(N(J))-YMIN)*N2)/YSF
OELYC= (CYY(N(J))-YMIN)*N2)/YSF
M=NR+o.5oo - DELY:

REVERSE SIGN OF YY (I.E. REVERSE PLOTTING DIRECTION) IF 
GRAPH IS TO BE TRANSPOSED.... 
IFUKKKK.EQ.-1) M = 0.5DO «  OELYC

IF(M.LT.O.OR.M.GT.NR) GO TO 145
IF(CC(N(J)))142/146/147
IF(M.NE.O) PRNT<M)=SYM(16)
NUM=(-CC(N(J))+.005DO)*10.DO
GO TO 141
NJM=(CC(N(J))+0.00500)*100.00
IF (NUM.GT.999) NUM=M30(NUM/1000)
IF(NUM.LT.IOO) GO TO 143
INOX3=NUM/103
IF (*.NE.O.AND.CC(N(J)).GT.O.) PRNT (M) =S YM ( INDX3)

INDX1=MOD(NUM/10)
IF(INOXI.EQ.O) IN3X1=10
INDX2=NUM/10
IFCINOX2.EQ.3) INOX2=10
GO TD 144
INDX1=14
INDX2=14
PRNTCM-H)=SYM(INDX2)

142

147

141

143

146

144

145 N(J)=N(J)+1
IF CNCJ).EQ.KCJ)+1) GO TO 150
IF (XX(N(J)).LE.Z*XN1*XSF.ANO.XX(N(J)).GE.Z-XN1*XSF) GO TO 140 

150 CONTINUE 
C
C.....PRINT AXES/LABELS/ AND POINTS 
C IF (I-NA.EQ.O) GO TO 170 
C IF (I-NB3.EQ.O) GO TO 180

IF ((I-1)/N1*N1-(I-1» 193/163/190 
160 WRITE (6/VF1)(BLANK(J)/J=1/NO/(PRNT(J)/J=1,N8>/NX(1*(1-1)/Nl)

GO T3 200
C 170 WRITE (6/VF2)(BLANK(J)/J=1,NO/(PRNT(J),J=1,N8> 
C GO T3 200
C 130 WRITE (6/VF2) ( Bu A YK ( J) / J = 1/NO / ( PRNT ( J) / J = 1/N8) 
C GO TO 200

190 WRITE (6/VF2)(3LANK(J)/J = 1,NO/(PRNT(J)/J = 1/N8>
f

C.....COMPUTE NEW VALUE FOR Z AND INITIALIZE PRNT 
200 Z=Z-2.DO*XN1*XSF

30 210 J=1/N8 
210 PRNT(J)=SYM(11) 

C 
C.....NUMBER AND LABEL Y AXIS AND PRINT TITLE

WRITE (6/VF3)(BLAW<J)/J = 1,NC)/(NY(I)/I = 1/

02410... 
02420... 
02430... 
02440... 
02450... 
02460... 
02470... 
02480... 
02490... 
02500... 
02510... 
02520... 
02530... 
02540... 
32550... 
02560... 
02570... 
02580... 
02590... 
02600... 
D2610... 
02620... 
02630... 
02640... 
02650... 
02660... 
02670... 
02680... 
02690... 
02700... 
02710... 
D2720... 
02730... 
02740... 
02750... 
02760... 
02770... 
02780... 
02790... 
02800... 
02810... 
02820... 
02830... 
02840... 
02850... 
02860... 
02870... 
02880... 
02890... 
02900... 
02910... 
02920... 
02930... 
D2940... 
02950... 
02960... 
02970... 
02980... 
02990... 
03000...
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WRITE (6/80) (TITLEC1/NP))
C

RETURN 
C 
C.....FORMATS

40 FORMAT ('1')
so FORMAT ro',4ix,iA30>

END

03010... 
03020... 
03030... 
03040... 
03050... 
03060... 
03070... 
03080...
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SUBROUTINE U SUTRA - VERSION 1284-20

*** PURPOSE :
*** TO READ AND ORGANIZE FLUID MASS SOURCE DATA AND ENERGY OR
*** SOLJTE MASS SOURCE DATA.

SUBROUTINE SOURCE(QIN/UIN/IQSOP/QUIN/IQSOU/IQSOPT/13SOUT)
IMPLICIT DOUBLE PRECISION (A-rl/O-Z)
COMMON/DIMS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NPBC/NUBC/ 

1 NSOP/NSOU/N3CN
COMMON/CONTRL/ GNJ/UP/DTMULT/OTMAX/ME/ISSFLO/ISST*A/ITCYC/ 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
DIMENSION QIN(NN)/UIN(NN)/IQSOP(NSOP)/QUIN(NN)/IQSOU(NSOU)

FLUID SOURCE NODES 
SOLJTE MASS OR ENERGY SOURCE NODES

....NSOPI IS ACTUAL NJMBER OF 

....NSOUI IS ACTJAL NUMBER OF
NSOPI=NSOP-1
NSOUI=NSOU-1
IQSOPT=1
IQSOJT=1
NIQP=0
NIQU=0
IFCNSOPI.EQ.O) GOTO 1000
IF(ME) 50/50/150 

50 WRITEC6/100) 
100 FORMAT(1H1////11X/'F tUID SOURCE DATA'

1 ////11x/'**** NJODES AT WHICH FLUID INFLOWS OR OUTFLOWS ARE '/
2 'SPECIFIED ****'//1lX/'NODE NUMBER', 10X/
3 'FLUID INFLOWCO/OJTFLOWC-) '/5X/'SOLUTE CONCENTRATION OF*
4 /11X/' (MINUS I*DICATES'/5X,' (FLUID MASS/SECOND)'/
5 12X/'INFLOWING FLUI 0' / 1 2X/ ' T IME'V AR Y ING ' / 39X/
6 '<MASS SOLUTEMASS WATER) '/ 1 2X /' FLOW RATE OR'/12X/
7 'CONCENTRATION)'//)
GOTO 300 

150 WRITEC6/200) 
230 FORMAT(1H1////11X/'F LUIO SOURCE DATA'

1 ////11X/'**** NODES AT WHICH FLUID INFLOWS OR OUTFLOWS ARE '/
2 'SPECIFIED ****'//11X/'NODE NUM3ER'/10X/
3 'FLUID lNFLOW(+)/OJTFLOW<-)'/5X/'TEMPERATURE CDEGREES CELCIUS3
4 /11X/'(MINUS I\IDICATES'/5X/'(FLUID MASS/SECOND) ' /1 2X/
5 'OF INFLOWING FLUID '/ 1 2X/ ' T IME-VARY ING' /1 2X/ ' FLOW OR'/12X/ 
 ) 'TEMPERATURE)'//)

300

400

INPUT DATASET 17
CONTINUE
READ(5/400) IQCP/2INC/
PQRMAT(I10/2315.0)
IF(iaCP.EQ.O) GOTO 703

UIN

450

IQSOP(NIQP)=iaCP 
IFdQCP.LT.O) IQSOPT = - 
IQP=IA8S(IQCP) 
QIN(IQP)=QINC 
UIN(IQP)=UINC 
IF(I3CP.GT.O) GOTO 453 
WRITE(6/500) IQCP 
GOTO 600
IFCQI.MC.GT.O) GOTO 463 
WRITEC6/530) IQCP/QINC 
GOTO 000

E10..
E23..
E30....
E40....
ESQ....
E60....
E70....
ESQ....
E93....
E100...
E110...
E120...
E130...
E140...
E150...
E160...
E170...
E180...
E190...
E200...
E210...
E220...
E230...
E240...
E250...
E260...
E270...
E280...
E290...
E300...
E310...
E320...
E330...
E340...
E350...
E360...
E370...
E380...
E390...
E400...
E410...
E420...
E430...
E440...
E450...
E460...
E470...
E480...
E490...
E500...
E510...
E520...
E530...
E540...
E550...
E560...
E570...
E530...
E590...
E600...
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460 WRITEC6/500) IQC^/QINC/UINC
500 FORMAT(11X/I10/13X,1PE14.7,16X/1PE14.7)
600 GOTO 300
700 IF(NIQP.EQ.NSOPI) GOTO 893
....END SIMULATION IF THERE NEED 3E CORRECTIONS TO DATASET 17

WRITEC6/750) NIQP/NSOPI 
750 FORMAT(////11X/'THE NJMBER OF FLUID SOURCE NODES REAO/ '/I5/

1 * IS NOT EQUAL TO THE NUMBER SPECIFIED/ '/I5////
2 11X/'PLEASE CORRECT DATA AND RERUN'////////
3 22X/'S IMULATIDN HALTE O'/
4 22X/'_____________________________') 
ENDFILEC6) 
STOP

390 IF(iaSOPT.EQ.-l) ^RITE(6/900)
900 FORMAT(////11X/'THE SPECIFIED TIME VARIATIONS ARE '/ 

1 'JSER-PROGRAMMED IN SUBROUTINE B C T I M E .')

1000 IF(NSOUI.EQ.O) GOTO 9000
IF(ME) 1050/1050/1150 

1050 WRITEC6/1100) 
1100 FORMAT(////////11X/'S OLUTE SOURCE DATA'

1 ////11X/'**** NODES AT WHICH SOURCES OR SINKS OF SOLUTE *
2 'MASS ARE SPECIFIED ****'//11X/'NODE NUMBER'/10X/
3 'SOLUTE SOURCE(<-)/SINK(-)'/11X/'(MINUS INDICATES'/5X/
4 '(SOLUTE MASS/SECO^D)'/12X/'TIME-VARYING'/12X/
5 'SOURCE OR SINK)'//)
GOTO 1300

1150 WRITEC6/1200) 
1200 FORMAT(////////11X,'E NERSY SOURCE DATA*

1 ////11X/"**** MODES AT WHICH SOURCES OR SINKS OF ',
2 'ENERGY ARE SPECIFIED ****'//11X,'NODE NUMBER'/10X/
3 'ENERGY SOURCE(+)/SINK(-)'/11X,'(MINUS INDICATES'/5X,
4 '(ENERGY/SECOND)'/12X,'TIME-VARY ING'/12X,
5 'SOURCE OR SINK)'//)

......INPUT DATASET 18
1300 CONTINUE

READ(5/400) IQCU/aUINC
IFCI3CU.EQ.O) GOTO 17DO
NIQU=NIQU+1
IQSOU(NIQU)=IQCU
IF(IQCU.LT.O) IQSOUT=-1
IQU=IABS(IQCJ)
auiN(IQU)=QU!NC
IFU3CU.GT.O) GOTO 1450
WRITEC6/1500) IQCJ
GOTO 1600

1450 rfRITE(6/1500) IQCJ/QUINC 
1500 FORMATC11X/I10/13X/1PE14.7) 
1600 GOTO 1300
1700 IF(NIQU.EQ.NSOUI) GOTO 1890 
;.....END SIMULATION IP THERE NEED BE CORRECTIONS TO DATASET 18

IF(ME) 1740/1740/1760 
1740 WRITEC6/1750) NI3J/NSOUI 
1750 FORMAT(////11X/'THE NJMBER OF SOLUTE SOURCE NODES READ/ '/I5

1 IS NOT EQUAL TO THE NUMBER SPECIFIED/ '/I5////
2 11X,'PLEASE CORRECT DATA AND RERUN'////////
3 22X/'S IMULATION HALTE D'/
4 22x/'___.___ _____________________')

5610.. 
E620.. 
E630.. 
E640.. 
E650.. 
E660.. 
E670.. 
E680.. 
E690.. 
E700.. 
E710.. 
E720.. 
E730.. 
E740.. 
E750-. 
E760.. 
E770.. 
E780.. 
E790.. 
E300.. 
E310.. 
E820.. 
E830.. 
E840.. 
E850.. 
E360.. 
E870.. 
E880.. 
E890.. 
E900.. 
E910., 
E920-. 
E930.. 
E940.. 
E950.. 
E960.. 
E970.. 
E980.. 
E990.. 
E1000. 
E1010. 
E1020. 
E1030. 
E1040. 
E1050. 
E1060. 
E1070. 
E1080. 
E1090. 
E1100. 
E1110. 
E1120. 
E1130. 
E1140. 
E1150. 
E1160. 
E1170. 
E1180. 
E1190. 
E1200.
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ENDFILEC6)
STOP

1760 WRITEC6/1770) NIQj/NSOUI 
1770 FORM4T(////11X/'HE NJM8ER OF ENERGY SOURCE NODES READ/

1 * IS NOT EQUAL TO THE NUMBER SPECIFIED/ '/I5////
2 11X/'PLEASE CORRECT DATA A>JD RERU^'////////
3 22X/'SIMULATION HALTED'/
4 22X/'_____________________________') 
ENDFILE<6) 
STOP 

1890 IF(IQSOUT.EQ.-I) ^RIT£(6/900)

9000 RETURN 

END

15

E1210... 
E1220... 
E1230... 
E1240... 
E1250... 
E1260... 
E1270... 
E1280... 
E1290... 
E1300... 
E1310... 
E1320... 
E1330... 
E1340... 
E1350...
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SUBROUTINE B U N SUTRA - VERSION 1284-20

*** PURPOSE :
*** TO READ AND ORGANIZE SPECIFIED PRESSURE DATA
*** SPECIFIED TEMPERATURE OR CONCENTRATION DATA.

AND

SUBROUTINE BOUNDUPBC/PBC/IUBC/UBC/IPBCT/IUBCT)
IMPLICIT DOUBLE PRECISION (A-H/O'Z)
COMMON/DIMS/ NN/NE/NI^/NBI/NB/NBHALF/NPINCH/NPBC/NUBC/ 

1 NSOP/NSOU/NBCN
COMMON/CONTRL/ GNU/UP/DTMULT/OTMAX/ME/ISSFLO/ISSTRA/ITCYC/ 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
DIMENSION IPBC(N3CN)/PBC(NBCN)/IUaC(NBCN)/UBC(NBCN)

IPBCT=1 
IUBCT=1 
ISTOPP=0 
ISTOPU=0

50

100

107
108

114
115

120

150

160

130

200

205
206

1

215

IFCIPBC(IPU).LT.O) 
IF(IPBCCIPU).EQ.O) 
IFCIPSC(IPU).GT.O) 
IFCIPBC(IPU).LT.O)

WRITE(6/50)
FORMAT(1H1////11X/'B OUNDARY CONDITION S')
IF(NPBC.EQ.O) GOTO 403
WRITEC6/100)
FORMAT(//11X/'**** NODES AT WHICH PRESSURES ARE'/

' SPECIFIED ****'/) 
IF(ME) 107/137/114 
WRITE(6/108) 
FORMATCI1X/' (AS WELL AS SOLUTE CONCENTRATION OF ANY'

/16X/' FLUID INFLOW WHICH MAY OCCUR AT THE POINT'
/16X/' OF SPECIFIED PRESSURE)'//12X/'NODE'/18X/'PRESSURE'/
13X/'CONCENT RATION'//) 

GOTO 120 
WRITE(6/115) 
FORMATCI1X/' (AS WELL AS TEMPERATURE CDEGREES CELCIUS3 OF ANY'

/16X/' FLUID INFLOW WHICH MAY OCCUR AT THE POINT'
/16X/' OF SPECIFIED PRESSURE)'//12X/'NODE'/18X,
'PRESSURE'/13X/' TEMPERATURE'//)

INPUT DATASET 14
IPU=IPU+1
RE AD(5/150) IPBC(IPU)/PBC(IPU)/UBC(IPU)
FORMATU5/2G20.0)

IP3CT=-1
GOTO 180
WRITE(6/160) IPBC(IPU)/PBC(IPU)/U3C(IPU)
WRITE(6/163) IPBC(IPU) 

PORMAT(11X/I5/6X/1PD23.13/6X/1PD20.13) 
GOTO 120 
IPU=IPU-1 
IP=IOU
IF(IP.EQ.NPBC) GOTO 230 
ISTOPP=1
IFCIPBCT.NE.-1) GOTO 40.0 
IF(ME) 205/235/215 
WRITEC6/2G6) 
FORMAT(//12X/'TIME-DEPENOENT SPECIFIED PRESSURE' / 12X/'OR INFLOW '/

'CONCENTRATION INDICATED'/12X/'3Y NEGATIVE NODE NUMBER') 
GOTO 400 
WRITEC6/216)

F10... 
F20... 
F30... 
F40... 
F50... 
F60... 
F70... 
F80... 
F93... 
F100.. 
F110.. 
F120.. 
F130.. 
F140.. 
F150.. 
F160.. 
F170.. 
F180.. 
F190.. 
F200.. 
F210.. 
F220.. 
F230.. 
F240.. 
F250.. 
F260.. 
F270.. 
F280.. 
F290.. 
F300.. 
F310.. 
F320.. 
F330.. 
F340..

F360.. 
F370.. 
F380.. 
F390..
F400.. 
F410.. 
F420.. 
F430.. 
F440.. 
F450.. 
F460.. 
F470.» 
F480.. 
F490.. 
F500.. 
F510.. 
F520.. 
F530.. 
F540.. 
F550.. 
F560.. 
F570.. 
F530.. 
F590.. 
F600..
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216

400

500
1000

550
1001

1120

1150

1180

1200

1205
1206

FORMATC//11X/'TIME-DEPEND£NT SPECIFIED PRESSURE'/12X/ ' OR INFLOW '
'TEMPERATURE I NDICATED'/12X/'BY NEGATIVE NODE NUMBER') 

IFCNJBC.EQ.O) GOTO 2000

IF(ME) 500/500/55D 
WRIT5C6/1000)
FQRMATC////11X/'**** .MODES AT WHICH SOLUTE CONCENTRATIONS ARE ', 

'SPECIFIED TO BE INDEPENDENT OF LOCAL FLOWS AND FLUID SOURCES'
* ****'//12X/'MODE'/13X/'CONCENTRATION'//) 

GOTO 1120 
WRITEC6/1001) 
FORMATC////11X/'**** NODES AT WHICH TEMPERATURES ARE 'r

'SPECIFIED TO 3E INDEPENDENT OF LOCAL FLOWS AND FLUID SOURCES'
  ****'//12X,'NODE'/15X,'TEMPERATURE'//)

INPUT DATASET 20
IPU=IPU+1
READC5/150) IUBCCIPU)/UBCCIPU)
IFCIJ3C(IPU).LT.O) IU3CT=-1
IFCIJBC(IPU).EQ.O) GOTO 1180
IF(IJBCCIPU).GT.O) WRITEC6/1150)
IF(IJBCCIPU).LT.O) WRITEC6/1150)
FORMATC11X/I5/6X/1P020.13)
GOTO 1120
IPU=IPU-1
IU=IPU-IP
IF(IU.EQ.NUBC) GOTO 1200
ISTOPU-1
IFCIUBCT.NE.-1) GOTO 2000
IFCME) 1205/1205/1215
WRITEC6/1206)

TIME-DEPENDENT SPECIFIED CONCENTRATION*/12X/'IS
BY NEGATIVE NODE NUMBER')

IU3C(IPU)/UBCCIPU) 
IUBCCIPU)

1215
1216

FORMATC//12X/ 
'INDICATED

GOTO 2000
WRITEC6/1216)
FORMATC//11X/ 

'INDICATED
TIME-DEPENDENT SPECIFIED TEMPERATURE'/12X/'IS '/ 
BY NEGATIVE NODE NUMBER')

TO DATASET 19 OR 20:.....END SIMULATION IF THERE NEED BE CORRECTIONS 
2000 IFCISTOPP.EQ.O.AND.ISTOPU.EQ.O) GOTO 6000

IFCISTOPP.EQ.1) W3ITEC6/3000) IP/NPBC 
3000 FORMATC////11X,'ACTUAL NUMBER OF SPECIFIED PRESSURE NODES'/

1 ' READ/ ',I5/', IS NOT EQUAL TO NUMBER SPECIFIED IN'/
2 ' INPUT/ '/I5>
IFCME) 3500/3500/4600

3500 IFCISTOPU.EQ.1) WRITEC6/4000) IU/NUBC 
4000 FORMATC////11X/'ACTUAL NUMBER OF SPECIFIED CONCENTRATION NODES

1 ' READ/ '/I5/'/ IS NOT EQUAL TO NUMBER SPECIFIED IN'/
2 ' INPUT/ '/I5)
GOTO 4800

4600 IFCISTOPU.EQ.1) W*ITEC6/4700) IU/NUBC 
4700 FORMATC////11X/'ACTUAL NUMBER OF SPECIFIED TEMPERATURE NODES'/

1 ' READ/ */I5/'/ IS NOT EQUAL TO NUMBER SPECIFIED IN'/
2 ' INPUT/ */I5) 

4300 WRITEC6/5000) 
5000 FORMATC////11X/'PLEASE CORRECT DATA AND RERUN.'////////

1 22X/'S IMULATION HALTE D'/
2 22X/'____ . ') 
END'FILEC6) 
STOP

/F610..
F620..
F630..
F640..
F650..
F660..
F670.. 

/F630..
F690..
F700..
F710..
F720.. 

/F730..
F740..
F750..
F760..
F770..
F780..
F790..
F800..
F810..
F820..
F830..
F840..
F850..
F860..
F870..
F880..
F890..
F900..
F910..
F920..
F930..
F940..
F950..
F960..
F970..
F980..
F990..
F1000.
F1010.
F1020.
F1030.
F1040.
F1050.
F1060.
F1070.
F1080.
F1090.
F1100.
F1110.
F1120.
F1130.
F1140.
F1150.
F1160.
F1170.
F1180.
F1190.
F1200.
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C F1210
6000 IFCIPaCT.EQ.-1.OR.lUBCT.E3.-1) WRITE(6,7000) F1220
7000 FORMATC////1lX/''TrtE SPECIFIED TIME VARIATIONS ARE ' , F1230

1 'USER-PROGRAMMED IN SUBROUTINE B C T I M E .*) F1240
C F1250,
C F1260

RETURN F1270
END F1280
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r

c 
c 
c 
c 
c 
c

* * * 
* * * 
* ** 
* * *

SU3RDUT

PURPOSE 
(1) TO 
(2) TO 
(3) TO

SUTRA - VERSION 1284-20

READ AND ORGANIZE OBSERVATION NODE DATA
MAKE OBSERVATIONS ON PARTICULAR TIME STEPS
OUTPUT OBSERVATIONS AFTER COMPLETION OF SIMULATION

SUBROUTINE 03SERV(ICALL,IOBS,IT03S,POBS,U03S,08STIM,PVEC,UVEC, 
1 ISTOP)
IMPLICIT OOU3LE PRECISION (A-H,0-Z)
CHARACTER*13 UNAME(2)
CrtARACTER*10 UNOERS
COMMON/DIMS/ NN,N=,NIN,N3I,NB,NBHALF,NPINCH,NP8C,NU8C, 

1 NSOP,N$OU,N3CN
COMMON/CONTRL/ GNU, UP/DTM JLT, DTMAX,ME, ISSFLO, ISS TRA, ITCYC, 

1 NPCYC,NUCYC,NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT
COMMON/TIME/ DELT,T$EC,TMIN, THOUR,TDA Y ,TWEEK , TMONTH, T YEAR, 

1 TMAX,DELTP,DELTU,OLTPM1,DLTUM1,IT,ITMAX
COMMON/OBS/ N03SN,NT03SN,NOBCYC,ITCNT
DIMENSION IN03(16)
DIMENSION I03S<N03SN),POBSCN03SN,NT08SN),UOBSCN08SN,NTOBSN), 

1 03STIM(NT33SN),IT03S(NT08$N),PVEC<NN),UVEC<NN>
DATA UNAMEC1)/'CONCENTRATION'/,UNAME(2)/' TEMPERATURE'/, 

1 UNDERS/'________'/, 
1 ITCNT/0000/

50

60

65

BSERVATION N 0 0 E S')

70
1

WrIICH OBSERVATIONS 
****'//)

WILL BE MADE'/-

NOBS IS ACTUAL NUMBER OF OBSERVATION NODES
NT08S IS MAXIMUM NUMBER OF TIME STEPS WITH OBSERVATIONS
NOBS=N08SN-1
NT08S=NTOBSN-2
IFCICALL-1) 50,500,5000

INITIALIZATION CALL 
.INPUT DATASET 21 
CONTINUE 
JSTOP=0 
WRITE(6,60) 
FORMAT(////11X,*0 
R£AD(5,65) N08CYC 
FORMAT(HO)
WRITEC6/-70) NOBCY:
FORMATC//11X,'**** NODES AT 

' EVERY',15,' TIME STEPS 
NTOBSP=ITMAX/NOBCYC
IF(NTOBSP.GT.NTOBS) WRITE(6,83) NTOBS,NTOBSP,ITMAX 
FORMATC//11X,'- EARNING -'/11X,

1 'NUMBER OF OBSERVATION STEPS SPECIFIED ',15,
2 ', IS LESS THAN THE NUMBER POSSIBLE ',I5,','/
3 11X,'WITHIN THE MAXIMUM NUMBER OF ALLOWED TIME STEPS, ',15,'.'
4 11X,'PLEASE RECONFIRM THAT OBSERVATION COUNTS ARE CORRECT.'//) 

100 RcAO(5,150) INOB 
FORMATC16I5) 
103 = 0
DO 230 JJ=1,16 
IFCINIOB(JJ).EQ.O) GOTO 250 
108=103+1
I03S(IOB)=IN03(JJ) 
CONTINUE
IFCIOB.LT.N03S) GOTO 100 
IFCIOB.NE.N03S) J$TOP=1

30

150

200

250

G10... 
G20... 
G30... 
G40... 
G50... 
G60... 
G70..., 
G80... 
G90... 
G100... 
G110.. 
G120.. 
G130.. 
G140-. 
G150.. 
G160.. 
G170.. 
G180.. 
G190.. 
G200.. 
G210.. 
G220.. 
G230.. 
G240.. 
G250.. 
G260.. 
G270.. 
G230.. 
G290.. 
G300.. 
G310.. 
G320.. 
G330.. 
G340.. 
G350.. 
G360.. 
G370.. 
G380.. 
G390.. 
G400.. 
G410.. 
G420.. 
G430.. 
G440.. 
G450.. 
G460.. 
G470.. 
G430.. 
/G490.. 
G500.. 
G510.. 
G520.. 
G530.. 
G540.. 
G550.. 
G560.. 
G570.. 
G530.. 
G590.. 
G600..
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WRITE(6,300) CIOBSCJJ)*JJ=1*NOBS) 
300 FQRMATCC11X*16C3X*I6)))

IF(JSTOP.EQ.O) GOTO 400 
.....END SIMULATION IF CORRECTIONS ARE NECESSARY IN OATASET 21

WRITEC6*350) IOB*NOBS 
350 FORMATC////11X*'ACTUAL NUMBER OF OBSERVATION NODES'*

1 ' READ, ',15,', IS NOT EQUAL TO NJMBER SPECIFIED IN'*
2 ' INPUT* '*I5////11X*'PLEASE CORRECT DATA AND RERUN.'*
3 ////////22X*'S IMULATION HALTE D'/
4 22X* '______________________________')
STOP 

400 RETURN

.....MAKE OBSERVATIONS EACrt NOBCYC TIME STEPS 
500 CONTINUE

IFCMDDCIT*NOBCYC).NE.D.AND.IT.GT.1.AND.ISTOP.EQ.O) RETURN
IF(IT.EQ.O) RETURM
ITCNT = ITCNT<M
ITOBSCITCNT)=IT
OBSTIMCITCNT)=TSE:
00 1000 JJ=1*NOBS
I^IOBSCJJ)
POBSCJJ*ITCNT)*PVECCI)
UOBS(JJ*ITCNT)=UVEC(I) 

1000 CONTINUE
RETURN

5300

5999

6000

6001

6100
6500
7000

OUTPUT OBSERVATIONS
CONTINUE
MN = 2
IFCM5.EQ.-1) MN=1
JJ2 = 0
MLOOP=CNOBS+3)/4
DO 7000 LOOP=1*MLDOP
JJ1=JJ2+1
JJ2=JJ2+4
IF(LOOP.EQ.MLOOP) JJ2=NOBS
MR IT EC6*5999) (IOBSCJJ)*JJ=JJ1*JJ2>
FORMAT(1H1///5X*'0 BSERVATION '*

'NODE OAT A'///23X*4C:8X*'NODE '*I5*8X)) 
WRIT EC 6*6000) CUNDERS*JJ=JJ1*JJ2)
FORMATC 23X,4C:8X* A10 * 8X)) 
WRITE(6/6001) CUNAMECMN)*JJ=JJ1*JJ2)
FORMATC/1X*'TIME STEP'*4X*'TIME(SEC)'*4C:2X*'PRESSURE'*3X*A13)) 
DO 6500 ITT=1*ITCST 
WRITE(6*6100) IT03SCITT)*OBSTIMCITT)*

(POBSCJJ*ITT)*JOBSCJJ*ITT)*JJ=JJ1*JJ2) 
PORMAT(5X*I5*1X*1PD12.5*8(1X*1PD12.5)) 
CONTINUE 
CONTINUE 
RETURN

END

G610.... 
G6?0.... 
G630.... 
G640.... 
G650.... 
G660.... 
G670.... 
G680.... 
G690.... 
G700.... 
G710.... 
G720.... 
G730.... 
G740.... 
G750.... 
G760.... 
G770.... 
G780.... 
G790.... 
G800.... 
G810.... 
G820.... 
G830.... 
G840.... 
G850. ... 
G860.... 
G870.... 
G880.... 
G890.... 
G900.... 
G910.... 
G920.... 
G930.... 
0940.... 
G950.... 
G960.... 
G970.... 
G980.... 
G990.... 
G1000... 
G1010... 
G1020... 
G1030... 
G1040... 
G1050... 
G1060... 
G1070... 
G1080... 
G1090... 
G1100... 
G1110... 
G1120... 
G1130... 
G1140...

337
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SJ3ROUTINE N N SUTRA - VERSION 1234-20

*** PURPOSE :
*** TO READ /ORGANIZE/ AND
*** PINCH NODE INCIDENCES.

CHECK DATA ON NOOE INCIDENCES AND

SUBROUTINE CONNEC( IN,1 PINCH) 
IMPLICIT DOUBLE PRECISION (A-H/O'Z)
COMMON/DIMS/ NN/N = ,Nl,N,NBI,N3,NflHALF,NPlNCH,NPBC,NU8C, 

1 NSOP/NSOU/N3CN
COMMON/KPRINT/ KNODAL,KELMNT,KlNCID,KPLOTP,KPLOTU,KVEL,KBUDG 
DIMENSION IN(NIN),IPINCH(NPINCH,3) 
DIMENSION IIN(4),IEDGE(4),IK(3) 
DATA

ISTOP=0
IPIN=0
IFCKINCID.EQ.O) WRITE<6,1)
«=ORMAT(1H1////11X,'M E S H CONN

1 16X,'PRINTOUT OF NODAL INCIDENCES
2 'CONNECTIONS CANCELLED.') 
IF(KI,NCIO.EQ.-M ) dRITE(6,2) 
PORMAT<1H1////11X/'M E S H CONN

E C 
AND

T I 0
PINCH

N 0 
NODE

A T A'//

ECTION DATA'

10

1 ///11X,'**** NODAL INCIDENCES ****'///)

.INPUT DATASET 22 AND CHECK FOR ERRORS 
DO 1300 L=1,NE 
00 4 1=1/4 
IEDGE(I)sQ
READC5/10) LL/<IIN<II), 11=1/4) 
FORMATC5I6) 
PREPARE NODE INCIDENCE LIST FOR MESH/ IN. 
DO 5 11=1/4

20

25

IFCIABS(LL).EQ.L) GOTO 25
WRITE<6/20) LL
FORMAT(11X/'ELEMENT '/ I6/ ' INCIDENCE

' ORDER IN THE DATA SET') 
ISTOP=ISTOP+1 
IF(LL.GE.O) SOTO 500

DATA IS NOT IN NUMERICAL'/

READC5/30) <IEDGE(I)/I=1,4)
30 FORMATUI6)

C... ..PREPARE PINCH NODE INCIDENCE 
DO 200 K=1/4 
I=IEDGE(K) 
IF(I) 200/203,100 

100 IPIN=IPIN>1
IPINCH(IPIN,1)=I 
KK1=2*K-1

LIST FOR MESH/ IPINCH.

200

500

KKK1 =IK(KK1)
KKK2=IK(KK2)
IPINCH(IPIN/2)=IIN(KK<1)
IPINCH(IPIN/3)=IIN(KKK2)
CONTINUE

H10..,
H20.. (
H30..,
H40..,
H50..,
H60...
H70..
H80..
H90..
H100.
H110.,
H120.,
H130.
H140.
H150.
H160.,
H170.
H180.
H190.,
H200.,
H210.
H220.
H230.
H240.
H250.
H260.
H270.
H280.
H290.
H300.
H310.
H320.
H330.
H340.
H350.
H360.
H370.
H380.
H390.
H400.
H410.
H420.
H430.
H440.
H450.
H460.
H470.
H480.
H490.
H500.
H510.
H520.
H530.
H540.
H550.
H560.
H570.
H580.
H590.
H600.

338
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IF(KINCID.EQ.O) GDTO 1000 
WRITEC6/650) L/ ( IN (M) /M = M1 /M4)

650 F3RMAT(11X/'ELEMENT'/I6/5X/' NODES AT 
1 5(1H*)/4I6/1X/5(1H*)) 
IF(LL.LT.O) rfR I TEC 6/700) ( I EDGE (M) /M = 1

700 FORMAT(11X/'EOGES'/4I6)

* /6X/ 'CORNERS

4)

1000 CONTINUE
IFCIPIN.EQ.O) GOTO 5030
IFCIPIN.EQ.NPINCH-1) 30TO 1500
WRITEC6/1450) IPIN/NPINCH 

1450 FORMAT(//////11X/'ACTJAL NUMBER OF PINCH NOOES/'/I4/
1 '/ DIFFERS PROM NUMBER ALLOWED AS SPECIFIED IN INPUT/ '/I4//
2 11X/'PLEASE CORRECT INPUT DATA AND/OR DIMENSIONS AND RERUN.'
3 ////////22X/'S IMULATION HALTE D'/
4 22x/'_ ____________________________ ') 

STOP

1500 CONTINUE
IF(KINCID.EQ.O) G3TO 5000
WRITEC6/3000)

3000 FORMATC//////11X/'**** PINCH NODE CONNECTIONS 
1 'PINCH NODE'/17X/'CONNECTED NODES'///)
03 4300 I*1,IPIN

4300 WRITEC6/4500) ( IPINCHC I/NP) /NP=1 / 3) 
4500 FORMAT(11X/I6/10X/2I6)

****'//7X/

5000 RETURN 
END

H610.. 
H620.. 
H630.. 
H640-. 
H650-. 
H660-. 
H670.. 
H680-. 
H690.. 
H700-. 
H710.. 
H720-. 
H730.. 
H740.. 
H750-. 
H760.. 
H770-. 
H780.. 
H790.. 
H800.. 
H810-. 
H820.. 
H830-. 
H840.. 
H850-. 
H860.. 
H870-. 
H880.. 
H890.. 
H900-.
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c *** PURPOSE :
C *** TO CALCULATE AND CHECK 3ANO WIDTH OF FINITE ELEMENT MESH. 
C

SUBROUTINE BANWIOCIN)
IMPLICIT OOU3LE PRECISION (A-H/O'Z)
COMMON/DIMS/ NN/NE/NIN/NBI/N3/NBHALF/NPINCH/NPBC/NU3C/ 

1 NSOP/NSOU/N3CN
DIMENSION IN(NIN)

w

N3TEST=0 
NQIF=0 
11 = 0
WRITE(6/100) 

100 FORMAT<////11X/'**** MESH ANALYSIS ****'//)

C.....FINO ELEMENT WITH MAXIMUM DIFFERENCE IN NODE NUMBERS 
00 2000 L=1/NE 
11=11*1 
IcLO=IN(II) 
IEHI=IN(II) 
00 1300 1=2/4 
11=11*1
IF(I.NCII).LT.IELO) IELO = IN(II) 

1000 IFCIN(II).GT.IEHI) IEHI=IN(II) 
NOIFF=IEHI-IELO 
IF(NOIFF.GT.NOIF) THEN 
NDIF=NDIFF 
LEM=L 
ENOIF

NBL=2*NDIFF+1
IF(NBL.GT.NBI) WRITE(6/1500) L/NBL/NBI

1500 FORMAT(/13X/'ELEMENT '/I4/' HAS BANDWIDTH '/I5/ 
1 ' WHICH EXCEEDS INPUT BANDWIDTH '/I3)
IFCN3L.GT.NBI) NBTEST=NBTEST+1 

2000 CONTINUE
r 
v«

C.....CALCJLATE ACTUAL BAND WIDTH/ NB. 
N8=2*NOIF+1

WRITEC6/2500) NB/LEM/N8I 
2500 FORMAT(//13X/'ACTUAL MAXIMUM BANDWIDTH/ '/I3/

1 '/ WAS CALCULATED IN ELEMENT '/I4/13X/7(1H-)/
2 'INPUT 3ANDWIOTH IS */I3) 
IFCN3TEST.EQ.O) GOTO 3000

BANDWIDTH IS EXCEEDED 
INPUT DATA AND RERUN.' 
LATION HALT

WRITEC6/2800) NBTEST 
2300 FORMAT(//////13X/'INPJT

1 /11X/'PLcASE CORRECT
2 ////////22X/'S I H U
3 22X/'_____ 
ENDFILEC6) 
STOP

3000 WRITEC6/4000)
4030 FORMAT(////////lX/132(lH-)///42X/'E N D 

1 'FROM UNIT- 5'//132(lH-»
RETURN 
END

IN '/i4/' ELEMENTS

E D'/

0 F INPUT

113..... 
120..... 
130..... 
140.. ... 
150..... 
160..... 
170..... 
ISO..... 
190..... 
1100.... 
1110.... 
1120.... 
1130.... 
1140.... 
1150.... 
1160.... 
1170.... 
1180.... 
1190.... 
1200.... 
1210.... 
1220.... 
1230.... 
1240.... 
1250.... 
1260.... 
1270.... 
1280.... 
1290.... 
1300.... 
1310.... 
1320.... 
1330.... 
1340.... 
1350.... 
1360.... 
1370.... 
1380.... 
1390.... 
1400.... 
1410.... 
1420.... 
1430.... 
1440.... 
1450.... 
1460.... 
1470.... 
1480.... 

/I490.... 
1500.... 
1510.... 
1520.... 
1530.... 
1540.... 
1550.... 
1560.... 
1570.... 
1580.... 
1590.... 
1600....

340
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C 
C
c *** 
c *** 
c *** 
c

SUBROUTINi N H SUTRA - VERSION 1284-20

PURPOSE :
TO CHECK THAT PINCH NODES 
PRESSURES/ CONCENTRATIONS-

ARE NOT ASSIGNED 
TEMPERATURES OR

SPECIFIED 
SOURCES.

SUBROUTINE NCHECKCIPINCH/IQSOP/IQSOU/IPBC/IUBC)
IMPLICIT DOUBLE PRECISION (A-H/O-Z)
COMMON/DIMS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NPBC/NUBC/ 

1 NSOP/NSOU/NBCN
COMMON/CONTRL/ GNJ/UP/DTMULT/DTMAX/ME/ISSFLO/ISSTRA/ITCYC/ 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
DIMENSION JQ°X(30)/JQJX(33)/JPX<30>/JUX<30)
DIMENSION IPINCH(NPIN:H/3)/IQSOP(NSOP)/lQSOU(NSOU)/ 

1 lPBC<NSCN)/IUBC<Na:N)

IQPX=0
IQUX=0
IPX = 3
IUX = 3
NPIN=NPINCH-1
NSOPI=NSOP-1
NSOUI=NSOU-1
DO 1000 I=1/NPIN
IPIN=IPINCH(I,1> 

.....MATCH PINCH NODES WITH FLUID SOURCE NODES
IF(NSOPI.EQ.O) GOTO 200
DO 130 IQPM/NSOP
IF(IPIN-IABS(IQSOP(IQP»> 100/50/100 

50 IQPX=IQPX+1
JQPX(IQPX)=IPIN 

100 CONTINUE
200 IFCNSOUI.EQ.3) GOTO 400 

.....MATCH PINCH NODES WITH ENERGY OR SOLUTE MASS SOURCE NODES
DO 330 IQU=1/NSOU
IFCIPIN-IABSCIQSOUUQJ))) 300,250,300 

250 IQUX=IQUX+1
JQUX(IQUX)=IPIN 

300 CONTINUE
400 IF(NPBC.EQ.O) GOTO 633 
.....MATCH PINCH NODES WITH SPECIFIED PRESSURE NODES

DO 530 IP=1/NPBC
IFCIPIN-IABSCIPBCCIP))) 500/450/500 

450 IPX=IPX+1
JPX(IPX)=IPIN 

500 CONTINUE
600 IF(NUBC.EQ.O) GOTO 1030
.....MATCH PINCH NODES WITH SPECIFIED TEMPERATURE OR 

CONCENTRATION NODES
DO 730 IU=1/NUBC
IUP=IU+NPBC
IF(IPIN-IABSCIUBCCIUD))) 700/&50/700 

650 IUX=IUX+1
J U X (IU X ) = IPINJ 

700 CONTINUE 
1000 CONTINUE

J1 0. . 
J20. . 
J30.. 
J40.. 
J50.. 
J60. . 
J70.. 
J30 . . 
J90.. 
J100. 
J110. 
J120. 
J130. 
J140. 
J150. 
J160. 
J170. 
J180. 
J190. 
J200. 
J210. 
J220. 
J230. 
J240. 
J250. 
J260. 
J270. 
J280. 
J290. 
J300. 
J310. 
J320. 
J330. 
J340. 
J350. 
J360. 
J370. 
J380. 
J390. 
J400. 
J410. 
J420. 
J430.

END SIMULATION IF CORRECTIONS TO JNIT-5 DATA ARE REQUIRED 
IF(IQPX.EQ.O) GOTO 1330 
dRITE(6/1250) (JQPX(I)xI=1/IQ?X)

J450. 
J460. 
J470. 
J480. 
J490. 
J500. 
J510. 
J520. 
J530. 
J540. 
J550. 
J560. 
J570. 
J530. 
J590. 
JoOO.

341
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1250

1251

1 500

1350

1355

1400

1450

U51

FORMAK/////11 X, 'THE FOLLOWING NODES MAY NOT 3E SPECIFIED AS'/
' FLUID SOURCE NODES : ' / 1 5X/2 (20I6/)) 

WRIT5C6/1251) 
FORMAT(/11X/'PLEASE REDISTRIBUTE SOURCES OR CHANGE THESE PINCH'/

' NOOES TO NORMAL CORNER MESH NODES AND THEN RERUN.') 
IF(I3UX.EQ.O> GOTO 1400
IFCME.E3.-1) rfRITE<6/1350) (JQUX(I>/1=1/IQUX ) 
FORMATC/////1IX/'THE FOLLOWING NODES MAY NOT 3E SPECIFIED AS'/

' SOLUTE SOURCE NODES : '/15X/2(20I6/)) 
IFCME.EQ.+1) *IRITE<6/1355) (JQUX(I) , 1=1/IQUX) 
FORMAT(/////11X,'THE FOLLOWING NODES MAY NOT 3E SPECIFIED AS'/

' ENERGY SOURCE NOOES : '/15X/ 2 (20I6/)) 
WRITEC6/1251) 
IF(IPX.EQ.O) GOTO 1500 
WRITEC6/1450) (JPX(I)/I=1/IPX) 
FORMAT(/////11X,'THE FOLLOWING NOOES MAY NOT 3E INPUT AS'/

PRESSURE NODES //15X/2<20I6/))

OR'/ 
AND'/

1500
1600

1650

1651

1660

1670

1671

1680
1700
1750

' SPECIFIED 
WRITEC6/1451) 
FORMAT(/11X/'PLEASE REMOVE SPECIFIED PRESSURE RESTRICTION

' CHANGE THESE PINCH NODES TO NORMAL CORNER MESH NODES
' THEN RERUN.') 

IF(ME) 1600/1600/1660 
IF(IJX.EQ.O) GOTO 1680 
WRITEC6/1650) (JUX(I)/I=1/IUX) 
FORMAT(/////11X/'THE FOLLOWING NODES MAY NOT BE INPUT AS'/

' SPECIFIED CONCENTRATION NODES : '//15X/2(20I6/)) 
WRITEC6/1651) 
FORMAT(/11X/'PLEASE REMOVE SPECIFIED CONCENTRATION RESTRICTION '/

'OR CHANGE THESE PINCH NODES TO NORMAL CORNER NODES AND'/
' THEN RERUN.') 

GOTO 1680
IF(IJX.EQ.O) GOTO 1680 
WRITEC6/1670) (JUX(I)/1=1/IUX) 
FORMAT(/////11X/'THE FOLLOWING NODES MAY NOT BE INPUT AS'/

' SPECIFIED TEMPERATURE NOOES : '//15X/2(20I6/)) 
WRITE<6/1671) 
FORMAT(/11X/'PLEASE REMOVE SPECIFIED TEMPERATURE RESTRICTION OR'/

' CHANGE THESE PINCH NODES TO NORMAL CORNER NODES AND'/ 
! ' THEN RERUN.')

IFCI3X+IPX+IUX) 1800/1800/1700
WRITEC6/1750)
FORMAT(////////11X/'S IMULATION HALTE D'/

1300

ENDFILEC6) 
STOP

RETURN 
END

J610....
J620.. ..
Jo30....
J640.
J650....
J660....
J670....
J630....
J69Q....
J700....
J710....
J720....
J730....
J740....
J750....
J760....
J770....
J780....
J790....
J800....
J810....
J820....
J830....
J840....
J850....
J860....
J370....
J880....
J890....
J900....
J910....
J920....
J930....
J940....
J950....
J960....
J970....
J980....
J990....
J1000...
J1010...
J1020...
J1030...
J1040...
J1050...
J1060...
J1070...
J1080...
J1090...
J1100...

342
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C
C
c ***
c ***
c ***
c ***

SUBROUTINE SUTRA - VERSION 1284-2D

PURPOSE :
TO READ INITIAL CONDITIONS FROM UNIT-55/ AND TO 
INITIALIZE DATA FOR EITHER WARM OR COLD START OF 
THE SIMULATION.

SUBROUTINE I>4DAT2(PVE:,UVEC,PM1,UM1,UM2,CS1,CS2/CS3/SL/SR/RCIT/ 
1 SW/DSWDP/P3C/IPBC/IPBCT) 
IMPLICIT DOUBLE PRECISION (A--«,0-Z>
COMMON/DIMS/ NN, NE / NI >J/N3I / N3/NSHALF , NPI NCH, NPBC,NUBC, 

1 NSOP,NSOU,N3CN
COMMON/CONTRL/ GNU,UP,DTMJLT,DTMAX,ME,ISSFLO,ISSTRA,ITCYC, 

1 NPCYC,NUCYC,NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT
COMMON/TIME/ DELT, TSEC , TMIN, TrIOUR, TO AY , T WEEK/- T MONTH/ T Y E AR , 

1 T^AX,DELTP,DELTU,DLTPM1,DLTUM1,IT,ITMAX
COMMON/PARAMS/ CO^PFL,COMPMA,DRWOU,CW,CS,RHOS,DECAY/SIGMAW/SIGMAS/ 

1 RHOWO/URHOWO/VISCO/PRODF1,PRODS1,PRODFQ,PRODSO,CHIUCHI2
DIMENSION PVEC(NN)/UVEC(NN)^PM1(NN)^UM1(NN)^UM2(NN)/SL(NN),SR(NN)/

1 CS1<NN),CS2(NN),CS3(NN),RCIT(NN>*SW(N<4),DS*DP(NN),
2 P3C(NBCN)/IPBC(NBC^)

500
510

IF(IREAD) 503,500,620
INPUT INITIAL CONDITIONS FOR WARM
READ(55,510) TSTART,DELTP,DELTU
FORMATC4G20.10)
READ(55,510)
READ(55,510)

(PM1(I),I=1,NN) 
(UM1(I),1=1,NN) 
(CS1(I),I=1,NN) 
(RCIT(I),I=1,NN) 
(SW(I),I=1,NN) 
(PBC(IPU),IPU=1,NBCN) 

ZERO(CS2,NN,O.ODO) 
ZERO(CS3,NN,0.003) 
ZERO(SL,NN,O.ODO) 
ZERO(SR,MN,O.ODO) 
ZERO(DStfDP,NN,0.300)

START (UNIT-55 DATA)

READC55/510) 
READC55/510) 
READC55/510) 
READC55/510) 
READC55/510) 
READC55/510) 
CALL
CALL 
CALL 
CALL 
CALL

550

620

00 550 1=1,NN 
UM2(I)=UM1(I) 
GOTO 1000

;OLD START (UNIT-55 DATA)

SETTING 3DELP=BDELU=1.D-16 
SUBROUTINE SUTRA.

630
t

700

INPUT INITIAL CONDITIONS FOR
READC55/510) TSTART
READC55/510) (PVEC(I)/I=1/NN)
READC55/510) CJVE:(I),I=1,NN)
START-UP HIT* NO PROJECTIONS BY
IN PROJECTION FORMULAE FOJND IN
D£LT==DELT*1.D16
DELTJ=DELT*1.016
INITIALIZE SPECIFIED TIME-VARYING PRESSURES TO INITIAL
VALUES FOR START-JP CALCULATION OF INFLOWS OR OUTFLOWS
(SET 3PLITR=0)
IF(IPBCT) 680/740/740
DO 730 IP = 1/NIP3C
I=IP3CCIP)
IF(I) 700/70D/730
PdCCIP)=PVEC(-I)

PRESSURE

K1 0.
K20.
K30.
K40.
K50.
K60.
K70.
K80.,
K90.,
K100
K110
K120
K130,
K140
K150
K160
K170
K180
K190
K?00
K210
K220
K230
K240
K250
K260,
K270,
K280
K290,
K300
K310,
K320
K330
K340,
K350,
K360,
K370
K380
K390,
K400.
K410
K420
K430
K440,

K460
K470
K480
K490
K500
K510
K520
K530
K540
K550,
K560.
K570,
K530
K59G,
KoCO

343
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CONTINUE
INITIALIZE P/ U, AND CONSISTENT DENSITY
00 300 I=1/NN
PM1(I)=PV=C(I)
UM1<I)=UV6C(I)
UM2(I)=UVEC(I)

SW(I)

730

740

300 CONTINUE
C. ....INITIALIZE SATURATION/ 

CALL ZERO(SW/NN,1.000) 
CALL ZERO(OSHDP,NNJ/O.ODO> 
IFUJNSAT.NE.1) GOTO 990 
IUNSAT=3 
00 900 1=1,NN

900 Ir(PVECCI).LT.O) CALL UNSAT ( S W ( I) /DS»<OP( I) / RELK/ PVEC ( I > > 
990 CONTINUE

CALL ZEROCCS1/NN/CS)
ZERO(CS2/NN/0.003) 
ZERO(CS3/NN/0.000> 
ZEROCSL/NN,0.000) 

000)

CALL 
CALL
CALL 
CALL ZERO(SR/NN,O

1000 CONTINUE

SET STARTING 
TSEC=TSTART

RETURN
END

TIME OF SIMULATION CLOCK/ TSEC

K610.... 
K620.... 
Ko30.... 
K640.... 
K650.... 
K66G.... 
K670.... 
K680.... 
K690.... 
K700.... 
K710.... 
K720.... 
K730.... 
K740.... 
K750.... 
K760.... 
K770.... 
K780.... 
K790.... 
K800.... 
K810.... 
K320.... 
K830.... 
K840.... 
K850.... 
KS60.... 
K370.... 
K830.... 
K890....

344
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SUBROUTINE SUTRA - VERSION 1284-20

*** PURPOSE :
*** TO PRINT PRESSURE AND TEMPERATURE OR CONCENTRATION
*** SOLJTIONS AND TO OUTPUT INFORMATION ON TIME STEP/ ITERATIONS/
*** SATURATIONS/ AND FLUID VELOCITIES.

SUBROUTINE PRISOL(ML/ISTOP/IGOI/PVEC/UVEC/VMAG/VANG/SW)
IMPLICIT DOUBLE PRECISION (A-H/O-Z)
COMMON/DIMS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NPBC/NUBC/ 

1 NSOP/NSOU/NBCN
COMMON/CONTRL/ GNJ/UP/OTMULT/DTMAX/ME/ISSFLO/ISSTRA/ITCYC/ 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
COMMOM/TIME/ DELT/TSE3/TMIN/T-IOUR/TDAY/TWEEK/TMONTH/TYEAR/ 

1 TMAX/DELTP/DELTU/DLTPM1/DLTUM1/IT/ITMAX
COMMON/ITERAT/ RP^/RP^AX/RUM/RUMAX/ITER/ITRMAX/IPWORS/IUWORS
COMMON/KPRINT/ KCOORD/KELINF/KINCIO/KPLOTP/KPLOTU/KVEL/K3UDG
DIMENSION PVEC(NN)/UVEC(NN)/V1AG(NE)/VANG(NE)/SW(NN)

...OUTPUT MAJOR HEADINGS FOR CURRENT TIME STEP
IFCIT.GT.O.OR.ISSFLO.EQ.2.0R.ISSTRA.EQ.1) GOTO 100 
WRITE(6/60)

60 FORMATC1H1////11X/'! NJ I T I A L CONDITION S'/ 
1 /11X,'______________________________')
IF(IREAD.EQ.-I) WRITEC6/65)

65 FORMAT(//11X/'INITIAL CONDITIONS RETRIEVED FROM STORAGE 
1 'ON UNIT 55.') 
GOTO 500

100 IFCI30I.NE.O.AND.ISTOP.EQ.O) ^RITE(6/15u) ITER/IT 
150 FORM4TC////////11X,'ITERATION '/I3/' SOLUTION FOR

IF(ISTOP.EQ.-I) WRITE(6/250) IT/ITER 
250 FORMAT(1H1//11X/'SOLUTION FOR TIME STEP '/I4/ 

1 ' NOT CONVERGED AFTER ',I3/' ITERATIONS.')

TIME STEP 14)

I4/

ITER
2) WRITE(6,355) ITER

IF(ISTOP.GE.O) WRITE(6/350) IT 
350 FORMAT(1H1//11X/'RESULTS =OR TIME STEP 

1 11X/'______ ... ___ ___ ....')
IF(ITRMAX.EQ.I) G5TO 500
IF(ISTOP.GE.D.ANO.IT.ST.O) WRITE(6/355)
IF(IT.EQ.O.AND.ISTOP.3E.O.AND.ISSFLO.EQ 

355 FORMAT(11X/'(AFTER ',I3/' ITERATIONS) :')
WRITE(6/450) RPM/IPHORS/RUM/IUWORS 

450 FORMAT(//11X/'MAXIMUM P CHANGE FROM PREVIOUS ITERATION '/
1 1 P D14.5/' AT NODE '/I5/11X/'MAXIMJM U CHANGE FROM PREVIOUS '/
2 'ITERATION '/1PD14.5/' AT NODE '/I5)

500 IF(IT.EQ.O.ANJD.ISSFLO.EQ.2) GOTO 680
iF(ISSTRA.Ew.l) GOTO 800
HRITE(6/55Q) DELT/TSEC/TMIN/THOUR/TDAY/TrfEEK/ 

1 TMONTH/TYEAR 
550 FORMAT(///11X/'TIME INCREMENT :'/T27/1P015 . 4/' SECONDS'//11X,

1 'ELAPSED TIME :'/T27/1PD15 . 4/ ' SECONDS'//T27/1PD15.4/' MINUTES
2 /T27/1PD15.4/' HOURS'/T27/1PD15.4/' DAYS'/T27/1PD15.4/' WEEKS'
3 T27/1PD15.4/' MONKS' / T27/1 PD1 5 . 4 / ' YEARS')

OUTPUT PRESSURES FOR TRANSIENT FLOW SOLUTION (AND POSSIBLY/
SATURATION! AND VELOCITY) 

IF(ML.EQ.2.AMD.ISTOP.GE.O) GOTO 700

L10.. 
L20..
L30..
L40..
L50..
L60..
L70..
L80..
L90..
L100.
L110.
L120.
L130.
L140.
L150.
L160.
L170.
L180.
L190.
L200.
L210.
L220.
L230.
L240.
L250.
L260.
L270.
L280.
L290.
L300.
L310.
L320.
L330.
L340.
L350.
L360.
L370.
L380.
L390.
L400.
L410.
L420.
L430.
L440.
L450.
L460.
L470.
L430.
L490.
L500.
L510.
L520.
L530. 
'L540. 
/L550.
L560.
L570.
L580.
L590.
LoDO.
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IF(ISSPLO.GT.O) GOTO 700 
WRITEC6/65C) (I/PVECCI)/1=1/NN)

U R E'//5X/6('NODE'/17X)/650 FORMATC///11X/'? R E S S 
1 (7X/6C1X/I4/1X/1PD15.S))) 
IF(IUNSAT.NE.O) WRIT£(6/651) (I/SW(I)/1=1/NN)

651 FORMATC///11X/'S A T U R A 
1 (7X/6C1X/I4/1X/1PD15.8)))
IFUVEL.EQ.1.AND.IT.GT.O) WRITE(
IFUVEL.5Q.1.AND.IT.GT.O) KRITE( 

655 FORMAT(///11X/'F L U I D

T I 0 N'//8X/6('NODE'/17X)/

6/655) (L/VMAG(L)/L=1/NE) 
6/656) (L/VANG(L)/L=1/NE) 
V E L 0 C I T Y'//

A T 
S)))

I 0 N'//8X,

1 11X/'M AGNITUDE AT CENTROID OF ELEMENT',
2 5X/6('ELEMENT'/14X)/(7X/6(1X/I4/1X/1PD15.3))) 

656 FORMAT(///11X/'F LUID V E L 0 C I '
1 11X/'A N G L E IN DEGREES FROM +X-AXIS TO FLOW
2 'AT CENTROID OF ELEMENT'//
3 5X/6('ELEMENT'/14X)/(7X/6(1X/I4/1X/1PD15.3)))
GOTO 700 

C
C.....OUTPUT PRESSURES FOR STEADY-STATE FLOW SOLUTION 

630 WRITEC6/690) (I/PVEC(I)/1=1/NN) 
690 FORMAT(///11X/'S TEADY-STATE

1 ' S U R E'//8X/6('NODE'/17X)/(7X/6(1X/I4/1X/1 
IFCIUNSAT.NE.Q) WRITEC6/651) CI/SWCI),1=1/NN) 
GOTO 1000 

C
C.....OUTPUT CONCENTRATIONS OR TEMPERATURES FOR 
C TRANSIENT TRANSPORT SOLUTION

700 IFCML.EQ.1.AND.ISTOP.GE.O) GOTO 1000
IF(ME) 720/720/730

720 WRIT5C6/725) (I/UVEC(I)/1=1/NN) 
725 FORMAT(///11X/'C 0 N C E N T R 

1 6('KODE'/17X)/(7X/6(1X/I4/1X/1PD15
GOTO 900

730 WRITEC6/735) (I/UVEC(I)/1=1/NN) 
735 FORMAT(///11X/'T E M P E R A T 

1 (7X/6C1X/I4/1X/F15.9)))
GOTO 900 

C
C.....OUTPUT CONCENTRATIONS OR TEMPERATURES 
C STEADY-STATE TRANSPORT SOLUTION 

800 IF(ME) 820/820/830 
320 WRITEC6/S25) ( I/UVEC(I)/1 = 1/NN) 
625 FORMAT(///11X/'S TEADY-STATE

1 'ENTRATIO N'//3X/6('NODE'/17X)/
2 C7X/6C1X/I4,1X,1PD15.3))>

GOTO 900
830 WRITEC6/335) <I/UVEC<I)/1=1,NN) 
835 FORMAT(///11X/'S TEADY-STATE

1 ' E R A T U R E'//3X/6('NODE'/17X)/
2 C7X/6C1X/I4/1X/F15.9))) 

C
C.....OUTPUT VELOCITIES FOR STEADY-STATE FLOW SOLUTION 

900 IFCISSFLO.NE.2.0R.IT.NE.1.0R.KVEL.NE.1) GOTO 10.00 
WRITEC 6/925) (L,VMAGCL),L=1,NE) 
WRITEC 6/950) (L/VANG(L)/L=1/NE) 

925 FORMAT(///11X/'S TEADY-STATE
1 'FLUID VELOCIT Y'//
2 11X/'M AGNITUDE AT CENTROID OF ELEMENT
3 5X/6('ELEMENT'/14X)/(7X/6<1X/14/1X/1PD15.8))) 

950 FORMAT(///11X/'S TEADY-STATE

Y'//

DIRECTION

P R E 
PD15.8)))

U R 5'//3X/6('NODE'/1

FOR

CON

TEMP

//

L610..
L62C..
L63C..
L640..
L650..
L660..
L670..
L650..
L690..
L700..
L710..
L720..
L730.. 

'/ L74C..
L750..
L760..
L770..
L780..
L790..
L800.. 

S'/LSIO..
L520..
LS30..
L340..
L350..
L360..
L370..
L330..
L390..
L900..
L910..
L920..
L933..
L940.. 

7X)/L950..
L960..
L970..
L930..
L990..
L1COC.
L1010.
L102C. 

C'/ L103C.
L1C4C.
L105C.
L1060.
L107C.
L108C.
L109C.
L110C.
L1110.
L1120.
L1130.
L1140.
L1150.
L116C.
L1170.
L1130.
L1190.
L120C.
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1 'FLUID VELOCIT Y'// L1210
2 11X,'A N S L E IM DEGREES FROM +X-AXIS TO FLOW DIRECTION '/ L1220
3 'AT CENTRDID OF ELEMENT'// L1230
4 5X/6('ELEMENT',14X>/<7X/6<1X,I4,1X,1PD15.8))> L1240

C L1250
1000 RETURN L1260

C L1270
END L1280
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c SUBROUTINE ZERO SUTRA - VERSION' 1234-20 MIO..
C M20..
C *** PURPOSE : M30.. 
C *** TO FILL AN ARRAY WITH A CONSTANT VALUE. M40..
C M50..

SUBROUTINE ZERO(A,IADIM/FILL> M60..
IMPLICIT DOUBLE PRECISION <A--1,0-Z> M70..
DIMENSION A(IADIM) M80..

C M90.. 
C.....FILL ARRAy A dITH VALUE IN VARIABLE 'FILL* M100.

00 13 Is1,IA3IM M110.
10 A (I)-FILL M120.

C M130.
C M140.

RETURN M150.
END M160.
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SUBROUTINE I M SUTRA - VERSION 1284-20 N10.....

c 
c
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c * * * 
c *** 
c

SUBROUTINE M SUTRA - VERSION 1284-20

PURPOSE : 
JSER-PROGRAMMED SUBROUTINE WHICH ALLOWS THE JSER TO SPECIFY:
(1) TIME-DEPENDENT SPECIFIED PRESSURES AND TIME-DEPENDENT

CONCENTRATIONS OR TEMPERATURES OF INFLOWS AT THESE POINTS
(2) TIME-DEPENDEWT SPECIFIED CONCENTRATIONS OR TEMPERATURES
(3) TIME-DEPENDENT FLUID SOURCES AND CONCENTRATIONS 

OR TEMPERATURES OF INFLOWS AT THESE POINTS
(4) TIME-DEPENDENT ENERGY OR SOLUTE MASS SOURCES

SUBROUTINE BCTIME(IPBC,PBC,IUBC,U3C,3IN,UIN,QUIN,IQSOP,IQSOU,
IPBCT,IUBCT,IQSOPT,IQSOUT) 

IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
COMMON/DIMS/ NN,NE,NIN,NBI,NB,N6HALF,NPINCH,NPBC,NUBC,

NSOP,NSOU,N3CN 
COMMON/TIME/ DELT,TSEC,TMIN,T:HOUR,TDAY,TWEEK,TMONTH,TYEAR,

T>1AX,DELTP,DELTU,DLTPM1,DLTUM1,IT,ITMAX 
DIMENSION IPBC(NBCN),PBC(NBCN),IUBC(NBCN),UBC(NBCN),

QIN(NN),UIN(NN),QUIN(NN),I3SOP(NSOP),IQSOU(NSOU)

DEFINITION OF REQUIRED VARIABLES

NN = EXACT NUMBER OF NODES IN MESH 
NPBC = EXACT NUMBER OF SPECIFIED PRESSURE NODES 
NUBC = EXACT NUMBER Or SPECIFIED CONCENTRATION 

OR TEMPERATURE NODES

IT = NUMBER OF CURRENT TIME STEP
                                 !

TSEC = TIME AT END OF CURRENT TIME STEP IN SECONDS 
TMIN = TIME AT END OF CURRENT TIME STEP IN MINUTES 
THOUR = TIME AT END OF CURRENT TIME STEP IN HOURS 
TOAY = TIME AT END OF CURRENT TIME STEP IN DAYS 
TWEE* = TIME AT END OF CURRENT TIME STEP IN WEEKS 
TMONTH = TIME AT END OF CURRENT TIME STEP IN MONTHS 
TYEAR = TIME AT END OF CURRENT TIME STEP IN YEARS

PBC(IP) = SPECIFIED PRESSURE VALUE AT IP(TH) SPECIFIED
PRESSURE NODE

USC(IP) = SPECIFIED CONCENTRATION OR TEMPERATURE VALUE OF ANY 
INFLOW OCCURRING AT IP(TH) SPECIFIED PRESSURE NODE 

IPBC(IP) = ACTUAL NODE NUMBER OF IP(TH) SPECIFIED PRESSURE NODE 
CWHEN NODE NUMBER I-IPBCCIP) IS NEGATIVE (I<0), 
VALUES MUST BE SPECIFIED FOR PBC AND U3C.D

UBC(IUP) = SPECIFIED CONCENTRATION OR TEMPERATURE VALUE AT
IUCTH) SPECIFIED CONCENTRATION OR TEMPERATURE NODE 
(WHERE IUP=IU+NPBC)

lUBC(IUP) = ACTUAL NODE NUMBER OF IU(TH) SPECIFIED CONCENTRATION 
OR TEMPERATURE" NODE (WHERE IUP = IU + NPBC> 
CWHEN NODE NUMBER i=iu3C(iu) is NEGATIVE ci<o>*
A VALJE MJST 3E SPECIFIED FOR UBC.3

IQSOP(IQP) = NODE NUMBER OF IQP(TH) FLUID SOURCE NODE.
CWHEM NODE NJM3ER I=IQSOP(IQP) IS NEGATIVE (I<0)/ 
VALUES MJST 3E SPECIFIED FOR QIN AND UIN.D 

QIN(-I) = SPECIFIED FLUID SOURCE VALUE AT NODE (~I) 
UIN(-I) = SPECIFIED CONCENTRATION OR TEMPERATJRE VALJE OF ANY 

IN C LOW OCCURRING AT FLUID SOURCE NODE (-1)

N10.. 
N20.. 
N30.. 
N40. . 
N50.. 
N60.. 
N70.. 
N80.. 
N90.. 
N1QO. 
N110. 
N120. 
N130. 
N140. 
N150. 
N160. 
N170. 
N180. 
N190. 
N200. 
N210. 
N220. 
N230. 
N240. 
N250. 
N260. 
N270. 
N280. 
N290. 
N300. 
N310. 
N320. 
N330. 
N340. 
N350. 
N360. 
N370. 
N380. 
N390. 
N400. 
N410. 
N420. 
N430. 
N440. 
N450. 
N460. 
N470. 
N4SO. 
N490. 
N500. 
N510. 
N520. 
N530. 
N540. 
N550. 
N560. 
N570. 
N580. 
N590. 
N600.
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IJSOU(IQU) = NODE NUM3ER 3F IQU(TH) ENERGY OR
SOLUTE MftSS SOURCE NODE
CWHEM NOOE NJMBER I = IQSOU(IQU) IS NEGATIVE (K0)x
A VALUE MUST BE SPECIFIED FOR QUIN.3

QUIN(-I) = SPECIFIED ENERGY OR SOLUTE MASS SOURCE VALUE
AT NOOE (-1)

I....NSOPI IS ACTUAL NJMBER OF FLUID SOURCE NODES
NSOPI=NSOP-1

.....NSOUI IS ACTUAL NJMBER OF ENERGY OR SOLUTE MASS SOURCE NODES
NSOUI=NSOU-1

IF(IPaCT) 50x240x240

.....SECTION (1): SET TIME-DEPENDENT SPECIFIED PRESSURES OR
CONCENTRATIONS (TEMPERATURES) OF INFLOWS AT SPECIFIED
PRESSURE NODES

50 CONTINUE
00 200 IP=1xNP3C
I=IPBC(IP)
IFCI) 100/200/200

100 CONTINUE
NOTE : A FLOW AND TRANSPORT SOLUTION MUST OCCUR FOR ANY

TIME STEP IN WHICH P3CC ) CHANGES.
pacciP) = <( »
uaccip) = (( )>

200 CONTINUE

240 IFCIUBCT) 253x440/440

.....SECTION (2): SET TIME-DEPENDENT SPECIFIED
CONCENTRATIONS (TEMPERATURES)

250 CONTINUE
DO 430 IU=1xNUBC
IJP=IU+NP3C
I=IUBC(IUP)
IF(I) 300x400x400

300 CONTINUE
NOTE : A TRANSPORT SOLUTION MUST OCCUR FOR ANY TIME STEP

, . N610. . . .
N620. . . .
N630....
N640....
N650. . . .
N660....
N670.. ..

, . N630....
N690. . . .
N700... .
N710....
N720....
N730....
N740.. ..
N750....
N760....
N770....
N780....
N790....
N800... .
N810. ...

  - N820. . . .
  - N830.. ..

N840... .
N850....
N860....
N870.. ..
N880....
N890. . ..
N900.. ..
N910....
N920.. . .
N930....
N940....
N950.. . .
N960.. ..
N970... .

  - N990....
N1000...
N1010...
N1020. ..
N1030...
N1340...
N1050...
N1060...

  - N1070...
  - N1080. ..

N1090. ..
N1100...
N1110...
N1120...
N1130...
N1140...
N1150...
N1160.. .
N1170...
N1180...

IN WHICH UBCC ) CHANGES. IN AODITIONx IF FLUID PROPERTIES N1190...
ARE SENSITIVE TO 'j' TMEN A FLOW SOLUTION MUST OCCUR AS WELN1200. ..
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c
c
c
c
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c
c.
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c

c
c
c
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c
c
c,
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c
c
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c
c
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400

440

450

500

600

640

650

730

800

340

uac(iuP) = (( ))
CONTINUE

IFCI3SOPT) 450,640,640

.SECTION (3): SET TIME-DEPENDENT FLUID SOURCES/SINKS,
OR CONCENTRATIONS (TEMPERATURES) OF SOURCE FLUID

CONTINUE
DO 6DO IQP=1,NSOPI
I=IQSOP(IQP>
IF(I) 500,600,600
CONTINUE
NOTE : A FLOW AND TRANSPORT SOLUTION MUST OCCUR FOR ANY

TIME STEP IN WHICH QIN( > CHANGES.
QIN(-I) = (( ))
NOTE : A TRANSPORT SOLUTION MUST OCCUR FOR ANY

TIME STEP IN WHICH UIN( > CHANGES.
UIN(-I) = (( ))
CONTINUE

IFCI3SOUT) 650,843,840

 SECTION <4): SET TIME-DEPENDENT SOURCES/SINKS
OF SOLUTE MASS OR ENERGY

CONTINUE
DO 300 IQU=1,NSOUI
I=IQSOU(Iu)U)
IF(I> 700,800,800
CONTINUE
NOTE : A TRANS°ORT SOLUTION MUST OCCUR FOR ANY

TIME STEP IN WHICH QUINC ) CHANGES.
ajlN(-I) = (( ))
CONTINUE

CONTINUE

N1210...
N1220...

  - - N1230...
  - - N1240...

N1250...
N1260...
N1270...
N1280...
N1290...
N1300...
N1310...

  - - N1320... 
  - - N1330...

N1340...
N1350...
N1360...
N1370...
N1380...
N1390...
N1400...
N1410...
N1420...
N1430...
N1440...
N1450...
N1460...
N1470...
N1480...

- - - N1490...
- - - N1500...

N1510...
N1520...
N1530...
N1540...
N1550...
N1560...
N1570...

- - - N1580...
- - - N1590...

N1600...
N1610...
N1620...
N1630...
N1640...
N1650...
N1660...
N1670...
N1680...
N1690...
N1700...
N1710...

- - - N1720...
- - - N1730...

N1740...
N1750...
N1 760. .,
N1770...
N1780...
N1790...
N1800...
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RETURN 
END

N1810 
N1820 
N1830

352



SUBROUTINE SORB SUTRA - VERSION 1284-20 010....

C
C
c ***
z ***
c ***

SUBROUTINE SUTRA - VERSION 1284-20

PURPOSE :
TO CALCULATE VALJES OF EQUILIBRIUM SORPTION PARAMETERS FOR 
LINEAR/ FREUNDLICH, AND LANGMUIR MODELS.

SUBROUTINE ADsoRB(Csi/cs2/cs3/SL/SR/u>
IMPLICIT DOUBLE PRECISION <A-H,0-Z> 
CHARACTER*10 ADSMOD 
COMMON/MODSOR/ AOSMOD
COMMON/DIMS/ NN,NE/NIM/NBI/N3,NBHALF/NPINCH,NPBC/NUBC/ 

NSOP/NSOU/NBCN

010.
020.
030.
040.
050.
060.
070.
080.
090.
0100
0110
0120

COMMON/P ARAMS/ COMPFL,COM?MA,DRWD'J,CW,CS*RHOS,DECAY,SIG MA W/SIGMAS,0130
RHOWO,URHDrfO,VISCO,PROOF1,PRODS1,PRODFO*PRODSO,CHI1,CHl2 

DIMENSION CS1(NN)/CS2(NN)sCS3(NN>sSL(NN>sSR(NN)sU(NN)

NOTE THAT THE CONCENTRATION OF ADSORBATE, CSCI), IS GIVEN BY 
CSCI) = SL(I)*U(I) * SRCI)

') GOTO 450

250

450

500

700

NO SDRPTION
IFCADSMOD.NE.'NONE
00 250 1=1,NN
CS1(I)=O.DO
CS2CI)=O.DO
CS3(I)=O.DO
SL(I)=O.DO
SR(I)=O.DO
CONTINUE
GOTO 2000

LINEAR SORPTION MODEL
IFCADSMOD.NE.'LINEAR ') GOTO 700
DO 530 1=1,NN
CS1CI)=CHI1*RrtOWD
CS2CI)=O.DO
CS3CI)=O.DO
SL(I)=CHI1*Rr»OWO
SR(I)=O.DO
CONTINUE
30TO 2000

720

730
740

750

FREUNDLICH SORPTION MODEL
IF(AOSMOD.NE.'FREJNOLICH')
CriCH=CHI1/CH!2
DCHI2=1.DO/CHI2
RH2=RHOWO**OCHI2
CHI2F=((1.DO-CHI2)/CHI2)
CH12=CHI1**OCHI2
DO 750 I=1/NN
IFCUCI)) 720/720/730
UCH=1.000
GOTO 740
UCH=J(I)**CHI2F
RU=RH2*UCH
CS1(I)=CHCH*RU
CS2(I)=O.DO
CS3(I)=0.00
SL(I)=CH12*RU
SR(I)=O.DO
CONTINUE

GOTO 950

0140 
0150 
0160 
0170 
0180 
0190 
0200 
0210 
0220 
0230 
0240 
0250 
0260 
0270 
0280 
0290 
0300 
0310 
0320 
0330 
0340 
0350 
0360 
0370 
0380 
0390 
0400 
0410 
0420 
0430 
0440 
0450 
0460 
0470 
0480 
0490 
0500 
0510 
0520 
0530 
0540 
0550 
0560 
0570 
0580 
0590 
OoOO

  . .

  . .

  . .

  . .

  . .
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GOTO 2000 
C
C.....LANG1UIR SORPTION MODEL 

950 IFUDSMOD.NE.'LANSMUIR
DO 1000 1=1,NN
OD=1.DO+CHI2*SHOWO*U(I>
CS1(I)=(CMI1*RHOWO)/(OD*DD)
CS2(I)=O.DO
CS3(I)=0.00
SL(I)=CS1(I)
SR(I)=CS1(I) 

1300 CONTINUE

) GOTO 2000

2300 RETURN 
END

0610.... 
Oo20.... 
0630.... 
0640.... 
0650.... 
0660.... 
0670.... 
0630.... 
0690.... 
0700.... 
0710.... 
0720.... 
0730.... 
0740.... 
0750....
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SUBROUTINE SUTRA - VERSION 1284-20 P10.....

C
C
c ***
c ***
c ***
c ***
c ***
c ***

SUBROUTINE M N SUTRA - VERSION 1284-20

***

PURPOSE :
TO CONTROL AND CARRY OUT ALL CALCULATIONS FOR EACH ELEMENT BY 
OBTAINING ELEMENT INFORMATION FROM THE BASIS FUNCTION ROUTINE/ 
CARRYING OUT GAUSSIAN INTEGRATION OF FINITE ELEMENT INTEGRALS/ 
AND SENDING RESULTS OF ELEMENT INTEGRATIONS TO GLOBAL ASSEMBLY 
ROUTINE. ALSO CALCULATES VELOCITY AT EACH ELEMENT CENTROIO FOR 
PRINTED OUTPUT.

SUBROUTINE ELEMENCML/IN/X/Y/THICK/PITER/UITER/RCIT/RCITM1/POR/ 
1 ALMAX/ALMIN/ATAVG/PERMXX/PERMXY/PERMYX/PERMYY/PAN3LE/
2 VMAG/VANG/VOL/PMAT/PVE:/UMAT/UVEC/GXSI/GETA/PVED 
IMPLICIT DOUBLE PRECISION (A-H/O-Z) 
COMMON/01MS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NPBC/NUBC/

NSOP/NSOU/N3CN 
COMMON/TENSOR/ GRAVX/3RAVY

P10..
P20.
P30.,
P40.,
P50.,
P60.,
P70.,
P80.,
P90.,
P100,
P110,
P120,
P130
P140,
P150,
P160,
P170,

COMMON/PARAMS/ COMPFL/COMPMA/DRWDU/CW/CS/RHOS/DECAY/SIGMAW/SIGMAS/P180

100

R-IOWO/URH3WO/VISCO/PRODF1,PRODS1/PRODFO/PRODSO/CHI1/CHI2 
COMMON/TIME/ DELT/TSEC/ TMIN/ THOUR/TOAY/ TrfEEK/ TMONTH/ T YEAR/

TMAX/DELTP/DELTU/DLTPM1/DLTUM1/IT/ITMAX 
COMMON/CONTRL/ GNJ/UP/DTMULT/DTMAX/ME/ISSFLO/ISSTRA/ITCYC/

NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
COMMON/K PR I NT/ KNODAL/KELMNT/KlNCID/KPLOTP/KPLOTU/KVELxKBUDG 
DIMENSION IN(NlN)/X(NNJ)/Y(NN)/THlCK(NN)rPITER(NN)r

UITER(NN),RCIT(NN)rRCITM1(NN)rPOR(NN)/PVEL(NN) 
DIMENSION PERMXX(,ME)/PERMXY(NE)rPERMYX(NE)rPERMYY(NE)/PANGLE(NE)r

ALMAX(NE)rALMlN(NE)rATAVG(NE)rVMAG(NE)/VANG(NE)r
GXSI(NEr4)rGETA(NE/4)

DIMENSION VOL(NN)rPMAT(NNrNBI)rPV£C<NN)rUMAT(NNrNBI)rUVEC(NN) 
DIMENSION 3FLOWE(4r4)rDFLOWE(4)rBTRANE(4r4)/DTRANE(4r4)rVOLE(4) 
DIMENSION F(4r4)ri«4r4)rDET(4)rtJFDXG(4r4)rDFDYG(4r4)r

DWDXG(4s4)sDWDYG(4s4> 
DIMENSION SWG(4),RHOG(4)/VISC3(4)rPORG<4)/VXG(4)/VYG(4)/

RELKG(4)*.RGXG(4)rR3YG(4)/V3MAG(4)/'THICKG(4) 
DIMENSION RXXG(4)rRXY3(4),RYXG(4),RYYG(4> 
DIMEMSION BXXG(4)/BXY3(4)/BYX3(4)/BYYG(4)r

EXG(4),EY3(4)
DIMENSION GXLOC(4)/GYLOC(4) 
DATA GLOC/0.577350269189626DO/ 
DATA INTIM/0//ISTOP/0//GXLOC/-1.DOr1.DOr1.DOr-1.DO/r

GYLOC/-1.DO/-1.DOr1.DOr1.DO/

DECI-DE WHETHER TO CALCULATE CENTROID VELOCITIES ON THIS CALL 
IVP«MT=0
IF(MOD(IT,NPRINT).EQ.3.AND.ML.NE.2.AND.IT.NE.3) IVPRNT=1 
IFCIT.EQ.1) IVPRMT=1 
K V P R >4 T = IV P R N T + K V E L

ON FIRST TIME STEP/ PREPARE 3RAVITY VECTOR COMPONENTS/
GXSI AND 3ETA/ FOR CONSISTENT VELOCITIES/
AMD CHECK ELEMENT SHAPES 

IFCIMTIM) 100/100/2003

OBTAIN THE INVERSE JACOBIAN 
IN EACH ELEMENT

LOOP THROUGH ALL ELEMENTS TO 
AT EACH OF THE FOUR NODES 

DO 1330 L=1/ME 
DO 500 !L=1/4 
XLOC=GXLOC(IL) 
YLOC=GYLOC(IL)
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CALL BASIS2CCOCO/L/XLCC/YLCC/IN/X,Y/F(1/IL)/U(1/IL)/DET(IL)/
1 OFDXG(1,IL)/DFDYG(1/IL)/DWDXG(1/IL)/DUDYG(1/IL)/
2 PITER/UITER/PVEL/POR/THlCK/THlCKGaD/VXC'ClD/VYGdL)/-
3 SWGCIL)/RHCG(IL>/VI$CGCIL)/PORG(IL>/VGMAG(IL)/RELKG(IL)/
4 PERMXX/PERMXY/PERMYX/PERMYY/CJ11/CJ12/CJ21/CJ22/
5 GXSI/GETA/RCIT,RCITM1,RGXGCIL)/RGYG(IL))

GXSI(L/IL)=CJ11*GRAVX+CJ12* GRAVY
GETA(L/IL)=CJ21*GRAVX+CJ22*GRAVY

C.... .CHECK FOR NEGATIVE- OR ZERO-AREA ERRORS IN ELEMENT SHAPES
IrCOETCID) 2CO/20C/500

200 ISTOP=ISTOP+1
WRITE (6/400) IN«L-1)*4 + IL)/L/DET(IL>

400 FORMAT(11X/'THE DETERMINANT OF THE JAC03IAN AT GAUSS POINT ',
1 ' IN ELEMENT ',14,' IS NEGATIVE OR ZERO/ '/1PE15.7)

500 CONTINUE
1000 CONTINUE

C
IFCISTCP.EC.O) GOTO 2000
WRITEC6/1500)

1500 FORMATC//////11X/'SOME ELEMENTS HAVE INCORRECT GEOMETRY.'
1 //11X/'PLEASE CHECK THE NODE COORDINATES AND '/
2 'INCIDENCE LIST/ MAKE CORRECTIONS/ AND THEN RERUN. '////////
3 11X/'S IMULATION HALTE D'/
4 11X/' .. ___________ . _______ J__*>
ENDFILEC6)
STOP

C
C.....LOOP THROUGH ALL ELEMENTS TO CARRY OUT SPATIAL INTEGRATION
C OF FLUX TERMS IN P AND/CR U EQUATIONS
2000 IF(IUNSAT.NE.O) IUNSAT=2
C-- --------------------------------
C ----_ ............... --------------
C ------- -.---.----..---.---.-------

DO 9999 L=1/NE
XIX=-1.DO
YIY=-1.DO
KG = 0

C... ..OBTAIN BASIS FUNCTION AND RELATED INFORMATION AT EACH OF
C FOUR GAUSS POINTS IN THE ELEMENT

DO 22CO IYL=1/2
DO 2100 IXL=1/2
KG=KG+1
XLOC=XIX*GLOC
YLOC=YIY*GLOC

CALL 3ASIS2(0001/L/XLOC/YLOC/IN/X/Y/F(1/KG)/W(1/KG)/OET(KG)/
1 DFDXG(1/KG)/DFOYG(1/KG)/DWDXG(1/KG)/DWDYG(1/KG)/
2 PITER/UITER/PVEL/POR/THICK/THICKG(KG)/VXG(KG)/VYG(KG>,
3 SWG(KG)/RHOG(KG)/VISCG(KG)/PORG(KG)/VGMdG(KG)/RELKG(KG)/
4 PERMXX/PERMXY/PERMYX/PERHYY/CJ11/CJ12/CJ21/CJ22/
5 GXSI/GETA/RCIT/RCITM1/RGXG(KG)/RGYG(KG)>

2100 XIX=-XIX
2200 YlYs-YIY

C
C.... .CALCULATE VELOCITY AT ELEMENT CENTROID WHEN REQUIRED

IFCKVPRNT-2) 3000/2300/3000
2300 AXSUM=O.ODO

AYSUM=O.ODO
DO 2400 KG=1/4
AXSUM=AXSUM+VXG(KG)

2400 AYSUM=AYSUM*VYG(KG)
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VMA5(L)=DSQRT(AXSUM*AXSUM+AYSUM*AYSUM)/4.0DO 
IF(AXSUM) 2500/2700/2800 

2500 AYX=AYSUM/AXSUM
VAN3(L)=DATAN(AYX)/1.745329D-2 
IF(AYSUM.LT.O.ODD) GDTO 2600 
VAN5(L)=VAN3(L>+180.3DO 
GOTD 3000 

2600 VANG(L)=VAN3(L)-180.3DO
GOTD 3000 

2700 VAN5(L)=90.0DO
IFCAYSUM.LT.0.003) VANG(L)=-90.300 
GOTD 3000 

2800 AYX=AYSUM/AXSUM
VAN3(L)=DATAN(AYX)/1.745329D-2 

C
C.....INCLUDE MESH THICKNESS IN NUMERICAL INTEGRATION 
3000 DO 3300 KG=1,4 
3300 DET(KG)=THICKGUG)*DET(KG) 

C 
C.....CALCULATE PARAMETERS FOR FLUID MASS BALANCE AT GAUSS POINTS

IFCML-1) 3400/3430/6100 
3400 SWTEST=O.DO

00 4000 KG=1/4 
SWT£ST=SWTEST+S^G(K3) 
ROMG=RHOGCKG)*RELKG(KG)/VISCG(KG) 
RXXG(KG)=PERMXX(L)*ROMG 
RXYGUG)=P=RMXY(L)*ROMG 
RYXG(KG)=PERMYX(L)*ROMG 
RYYG(KG)=PERMYY(L)*ROMG 

4000 CONTINUE 
C
C.....INTEGRATE FLUID MASS 3ALANCE IN AN UNSATURATED ELEMENT 
C USING ASYMMETRIC WEIGHTING FUNCTIONS 

IFCUP.LE.1.00-6) GOTD 5200 
IFCSWTEST-3.999DO) 4200/5200/5200 

4200 00 5000 1=1/4 
DF=O.DO 
VO=O.DO 
DO 4400 KG=1/4
VD = VO + F(I/KG)*DETUG) 

4400 DF=DF+((RXXG(K3)*RSXG(KG)+RXYG(KG)*RGYG(KG))
1 *DWDXG(I/KG)
2 + (RYXG(K3)*R3XGUG)+RYYG(KG)*RGYG(KG>)
3 *DWDYG(I/KG))*DET(K3) 

DO 4800 J=1/4 
BF=O.DO
DD 4600 K3=1/4 

4600 3F = BF+((RXXG«G)*DFDX5(J/KG) + RXYG(KG)*DFDYG(J/KG))*DWDXG(
2  KRYXG(K3)*OrDXG(J/K3)+RYYG(KG)*OFDYG(J/KG))*DwDYG(I
3 *DET(KG) 

<»330 BFLOWECI/J)=BF
VOLE(I)=VO 

5330 DFLDWE(I)=DF 
GOTD 6203

C.....INTE3RATE FLUID MASS BALANCE IN A SATURATED OR 
C ELEMENT USING SYMMETRIC WEIGHTING FUNCTIONS 
5200 DO 5000 1=1/4

DF=3.DO
VO=O.DO
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00 5400 KG=1/4

54JO

5600

5800

6000
5200

6100

6300

6600

«RXXG(K3)*R3XGUG)+RXYG(KG)*RGYG(KG>)*DFOXG(I/KG>
2 * (RYXGCKG)*R5XG(K3)+RYYGUG)*RGYG(KG)>*DFOYGCI'KG> )
3 OETCKG) 

00 5800 J = 1/4 
BF=O.DO
00 5600 KG=1,4
3F = BF-K(RXXGUG>*DFDX3(J,<G>+RXYG(KG)*OFOYG(J,KG>)*DFDXG(I,KG> 

* (RYXG(K3)*OFDXG(JsK3)+RYYGUG)*OFOYG(J'KG))*DFDYG(IsKG))
*OET(KG) 

BFLOWE(I,J)=BF 
VOLE(I)=VO 
DFLOWE(I)=3F 

CONTINUE
IFCML-1) 6100x9000,6100 
IFC^OUMAT.EQ.1 ) GOTO 9000

CALCULATE PARAMETERS FOR ENERGY BALANCE OR SOLUTE MASS BALANCE
AT GAUSS POINTS 

00 7000 KG=1x4 
ESWG=PORG(KG>*SMG(K3) 
RHOCWG=RHOG(KG)*CW 
ESRCG=ESWG*RHOCKG 
IF(VGMAGCKG)) 6300/-6300/-6600 
EXG(KG)=0.000 
EYG(KG)=0.000 
DXXG=O.ODO 
DXYG=O.ODO 
DYXG=O.ODO 
OYYG=O.ODO 
GOTO 6900
EX3(KG)=ESRCG*VXG(KG) 
EYG(KG)=ESRCG*VYG(KG)

MEDIA 
ALMAX/ALMIN/ AND ATAVG

0700
6300

CVYG(KG) /VXG <KG»

IN FLOW DIRECTION/- ALEFF

DISP5RSIVITY MODEL FOR ANISOTROPI, 
WITH PRINCIPAL 01 SP ERSI V ITI E S : 

VAMGG=1. 57079632700
IF(VXG(KG)*VXG(ICG).ST.O.DO) 
VKANGG=VAN3G-P ANGLE (L) 
DCO=DCOS(V<ANGG> 
DSI-DSINCVKANGG) 

EFFE:TIVE LONSITUDINA. DISPERSIVITY
ALEFF=:0.000
IF(ALMAX(L)*ALMIN<D) 6300/6800x6700
AL=FF=ALMAX(L)*ALMIN(L)/(ALMIN(L)*OCO*DCO*ALMAX(L)*DSI*DSI)
DL3=ALEFF*VGMAG<KG)
DT3 = ATAVG(L)*VGMAG«G>

V2GMIa1.DO/CVGMAG(KS)*VGMAG(KG» 
V2ILTG=V2GMI*(OuG-OTG> 
VX2G=^XG(KG)*VX3(KG) 
VY2G=VYG(K3)*VY3(KG) 

DISPERSION TENSOR
DXXGsV2GMI*(OLG*VX2S+DTG*VY2G> 
DYYG=V2GMI*(DTG*VX23*OL3*VY2G) 
DXYG=V2ILTG*VXG(KG)*VYG(KG) 
DYX3=OXYG

P1310. 
P1820. 
P1830. 
P1840. 
P1850. 
P1860. 
P1870. 
P1880. 
P1890. 
P1900. 
P1910. 
P1920. 
P1930. 
P1940. 
P1950. 
P1960. 
P1970. 
P1980. 
P1990. 
P2000. 
P2010. 
P2020. 
P2030. 
P2040. 
P2050. 
P2060. 
P2070. 
P2080. 
P2090. 
P2100. 
P2110. 
P2120. 
P2130. 
P2140. 
P2150. 
P2160. 
P2170. 
P2180. 
P2190. 
P2200. 
P2210. 
P2220. 
P2230. 
P2240. 
P2250. 
P2260. 
P2270. 
P2280. 
P2290. 
P2300. 
P2310. 
P2320. 
P2330. 
P2340. 
P2350. 
P2360. 
P2370. 
P2380. 
P2390. 
P2400.

358



SUBROUTINE 6 L E M E N SUTRA - VERSION 1284-20 P10.....

6900

7000

7500
1

8000
9000

IN-PARALLEL CONDUCTIVITIES ( DIFFUSI V ITIES ) FORMULA
ESE = ESRCG*SIGMAW<»> C1.DO-PORGCKG»*RHOCWG*SIGMAS 

ADD DIFFUSION AND DISPERSION TERMS TO TOTAL DISPERSION TENSOR
BXXG(KG)=ESRCGOXXG + ESE
BXYG(KG)=ESRCG*3XYG
BYXG(KG)=ESRCG*DYXG
BYYG(KG)=ESRCG*DYYG+ESE

INTEGRATE SOLUTE MASS BALANCE OR ENERGY BALANCE
USING SYMMETRIC WEIGHTING FUNCTIONS FOR DISPERSION TERM AND 
USING EITHER SYMMETRIC OR ASYMMETRIC WEIGHTING FUNCTIONS 
FOR ADVECTION TERM 

DO 8000 1=1,4 
DO 8000 J=1,4 
BT=O.DO 
DT=O.DO
00 7500 KG=1,4 
aT=BT+((3XXG«G)*DFDXGCJ/KG>+BXYG(KG>*DFDYG( J,KG> > *DFDXG ( I

+CBYXGCK3)*DrDXGCJ*KG>+BYYGUG)*DFDYGCJ*KG)>*DFDYGCI,KG>
*OETUG> 

DT=DT+(EXG<KG>*DFDXGCJ,KG>+EYGCKG>*DFDYGCJ,KG)>
*WCI,KG)*DETUG> 

BTRANE(I,J)=BT 
DTRANE(I,J)=DT 

CONTINUE

9999

SEND RESULTS OF INTEGRATIONS FOR THIS ELEMENT TO
GLOBAL ASSEMBLY ROJTINE 

CALL GIOBAN (L^ML, VOLE, BFLOWE,DFLOWE, 3TR ANE,DTRANE,

RETURN 
END
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SUBROUTINE SUTRA - VERSION 12S4-2D

*** PURPOSE :
*** TO CALCULATE VALUES OF BASIS AND WEIGHTING FUNCTIONS AND THEIR
*** DERIVATIVES* TRANSFORMATION MATRICES BETWEEN LOCAL AND GLOBAL
*** COORDINATES AND PARAMETER VALUES AT A SPECIFIED POINT IN A
*** QUADRILATERAL FINITE ELEMENT.

SUBROUTINE 3 AS IS2 C 1C ALL/L/XLOC/YLOC/-IN/X, Y/F, W/DET,
1 DFDXG/DFDYG/DWDXG/DWDYG/PITER/UITER,PVEL,POR,THICK/THICKG/
2 VXG/VYG/SrfG/RHOG/VISCG/PORG/VGMAG/RELKG/-
3 PERKXX/-PERKXY/PERMYX/PERMYY/CJ11/-CJ12/CJ21/CJ22/-
4 GXSI/-GETA/RCIT/RCITM1/RGXG,RGYG)

IMPLICIT DOUBLE PRECISION (A-H/C-Z)
COMMON/01MS/ NN/NE/NIN/NBI/N'B/NEHALF/NPINCH/NPBC/NUBC, 

1 NSOP/NSOU/NBCN
COMMON/CONTRL/ GNU/UP/DTMULT/DTMAX/ME, ISSFLO, I SSTRA/ ITC YC/ 

1 NPCYC/NUCYONPRINT/IREAO/ISTGRE/NOUMATxIUNSAT
COMMON/SATPAR/ PCENT,SWRESxPCRES/SSLOPE/SINCPT
COMMON/PARAMS/ COMPFL/-COMPMA/-DRWOU/-CW/-CS/ RHOS/DECA Y, SIGMAW/ SIGVAS, 

1 RHOWO/-URHOWO/-VISCO/-PRODF1xPRODS1/-PRODFO/PRODSO^CHI1/CHI2
COMMON/TENSOR/ GRAVX/-GRAVY
DOUBLE PRECISION XLOC/YLOC
DIMENSION IN(NIN),X(NN),YCNN>/UITER(NNT,PITERCNN>,PVcL<NN>, 

1 POR(NN>/PERMXX<NE),?ERMXY<NE),PERMYX(NE>/PERMYY<NE>/THICK<NN>
DIMENSION GXSI(NE/4),GETA(NE,4>/RCIT<NN)/RCITM1<NN>
DIMENSION F(4)/W(4J/DFDXG(4)xDFCYG(4)/OWDXG(4)xDWDYG(4)
DIMENSION FXC4),FYC4>,AFXC4>,AFYC4>,

1 DFDXL(4>/-DFDYLC4)/DWDXL(4)/-DWDYL(4)/.
2 XDW(4)/YD«(4)/XIIX(4)^YIIY(4)
DATA XIIX/-1.00,M.CO,-M.DC,-1.DO/, 

1 YIIY/-1.00^-1.00/+1.00/+1.00/

,AT THIS LOCATION IN LOCAL COORDINATES/- CXLOC/YLOOx 
CALCULATE SYMMETRIC WEIGHTING FUNCTIONS/ FCI)/ 
SPACE DERIVATIVES/ DFDXGCI) AND DFDYG(I)/ AND 
DETERMINANT OF JACOBIAN, DET.

XF1=1.DO-XLOC 
XF2=1.DO+XLOC 
YF1=1.DO-YLOC 
YF2=1.DO*YLOC

....CALCULATE BASIS FUNCTION/- F.
FXC1)=XF1
FX(2)=XF2
FX(3)=XF2
FXC4)=XF1
FYC1)=YF1
FY(2)=YF1
FY(3)=YF2
FYU)=YF2
DO 10 1=1/4 

10 F(I)=0.250DO*FX(I)*FY(I)

...CALCULATE DERIVATIVES WITH RESPECT TO LOCAL COORDINATES
DO 20 I = 1/-4
DFDXL(I)=XIIX(I)*0.250DO*FY(I) 

20 DFDYL(I)=YIIY(I)*0.250DO*FX(I)
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100

 CALCULATE ELEMENTS OF JACOSIAN MATRIX/ CJ. 
CJ11=O.DO 
CJ12*O.DO 
CJ21=0.00 
CJ22=O.DO 
DO 100 IL*1/4 
II=(L-1)*4*IL 
I=IN(II)
CJ11=CJ11*DFDXL(IL)*X(I) 
CJ12=CJ12+DFDXL(IL)*Y(I) 
CJ21=CJ21+OFOYL(IL)*X(I) 
CJ22=CJ22*OFOYL(IL)*Y(I)

 CALCULATE DETERMINANT OF 
DET=CJ11*CJ22-CJ21*CJ12

JACOBIAN MATRIX.

RETURN TO ELEMEN WITH JACOBIAN MATRIX ON FIRST TIME STEP, 
IF(ICALL.EQ.O) RETURN

 CALCULATE ELEMENTS 
ODET*1.DO/DET 
CIJ11=+OOET*CJ22 
CIJ12=-ODET*CJ12 
CIJ21=-ODET*CJ21 
CIJ22=+ODET*CJ11

OF INVERSE JACOSIAN MATRIX/ CIJ.

200

.CALCULATE DERIVATIVES WITH RESPECT TO GLOBAL COORDINATES 
00 200 1=1/4
DFDXG(I)=CIJ11*DFDXL(I)*CIJ12*CFDYL(I) 
DFDYG(I)=CU21*DFOXL(I)+CIJ22*CFDYL(I)

 CALCULATE CONSISTENT COMPONENTS OF (RHO*GRAV> TERM IN LOCAL
COORDINATES AT THIS LOCATION/ (XLOC/YLOC) 

RGXLsQ.DO 
RGYL=O.DO 
RGXLK1=0.00 
RGYLM1=O.DO 
DO 300 IL=1/4

800

ADFDXL = DABS(DFDXL(ID)
ADFDYL=DABS(DFDYL(IL»
RGXL=RGXL*RCIT(I)*GXSI(L/IL)*ADFDXL
RGYL=RGYL*RCITCI)*GETA(L/IL)*ADFDYL
RGXLM1=RGXLM1+RCITM1(I)*GXSI(L/IL)*ADFDXL
RGYLM1=RGYLMH-RCITM1U)*GETACL,II>*ADFDYL
CONTINUE

OF (RHO*GRAV> TERM TO

RGXGM1=CIJ11*RGXLM1*CIJ12*RGYLM1 
RGYGM1=CIJ21*RGXLM1+CU22*RGYLM1

CALCULATE PARAMETER VALUES AT THIS LOCATION/ (XLOC/YLOC)

PIT5RG=O.DO 
UITERG=O.DO

C.....TRANSFORM CONSISTENT COMPONENTS 
C GLOBAL COORDINATES

RGXG=CIJ11*RGXL+CIJ12*RGYL

C610. 
C620. 
C630. 
C64C. 
Q650. 
G660. 
0670.

C69C.... 
0700.... 
0710.... 
0720.... 
C73C.... 
0740.... 
C75C.... 
0760.... 
0770....

0790.... 
0800.... 
C310.... 
0520.... 
C630. ... 
0540.... 
0550.... 
CS60.... 
C870....
^P M f\\««Ow. .    

0390....
0900....
0910....
0920....
0930....
C94C
0950..
Q96C ..
0970..
0930..
C990..
G1COC.
Q 1 C 1 C
01020...
C103C...
C104C...
C105C...
0106C...
01C7C...
01080...
C109C...
01100...
C111C...
Q1120...
C113C...
C114C...
C115C...
01160...
C117C...
C11SC...
51190...
C12CC...
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SUBROUTINE B A SUTRA - VERSION 1284-2D Q10.....

1780

ASYMMETRIC FUNCTIONS SIMPLIFY WHEN UP=0.0
IFCUP.GT.1.0D-6.AND.NDUMAT.E3.0) GOTO 1790
00 1730 1=1/4
W(I)=FCI>
DWDX3(I)=DFDXG(I>
DWOY3(I)=DFDYG(I>
CONTINUE
RETURN WHEN ONLY SYMMETRIC WEIGHTING FUNCTIONS ARE USED
RETURN

1790

CALCJLATE *LUID VELOCITIES WITH RESPECT 
VXL/ VYL/ AND VLMAG/ AT THIS LOCATION/ 

VXL=CIJ11*VXG+CIJ21*VYG 
VYL=CIJ12*VXG+CIJ22*VYG 
VLMAG=DSQRT<VXL*VXL+VYL*VYL)

TO LOCAL COORDINATES/ 
(XLOC/YLOC).

AA=O.ODO 
B3-O.ODO
IF(VLMAG) 1900/1900/1300 

1800 AA=UP*VXL/VLMAG 
BB=UP*VYL/VLMAG

1900

2000

XIXI=.750DO*AA*XF1*XF2
YIYI=.75000*BS*YF1*YF2
DO 2000 1=1/4
AFX<I)=.5000*FX(I)+XIIX(I)*XIXI
AFY(I)=.50DO*FY(I)+YIIY(I)*YIYI

3300

CALCJLATE ASYMMETRIC 
00 3000 1=1/4 
W(I)=AFX<I)*AFYCI)

WEIG-1TIN3 FUNCTION/ W

4000

5000

TrtAAX=0.50DO-1.50DO*AA*XL3C 
THBBY=0.5000-1.50DO*BB*YLOC 
00 4300 1=1/4 
XDW(I)=XIIX(I)*THAAX 
YOW(I)=YIIY(I)*TH3BY

CALCJLATE DERIVATIVES WITH RESPECT TO LOCAL COORDINATES.
DO 5300 1=1/4
DWDXL(I)=XDW(I>*AFY(I)
OWDYL(I)=YDW(I)*AFX(I)

.....CALCULATE DERIVATIVES WITH RESPECT TO GLOBAL COORDINATES
DO 6300 1=1/4
D^DXG(I)=CU11*DWDXL(I)+CIJ12*DWDYL(I> 

6000 DrtDY3(I>=CU21*DWOXL(I>+CIJ22*DWDYL(I>

RETURN 
END

Q1810. 
Q1820. 
Q1830. 
Q1840. 
Q1850. 
Q1860. 
Q1370. 
Q1880. 
Q1890. 
Q1900. 
Q1910. 
Q1920. 
Q1930. 
Q1940. 
Q1950. 
Q1960. 
Q1970. 
Q1980. 
Q1990. 
G2000. 
Q2010. 
Q2020. 
Q2030. 
Q2040. 
Q2050. 
Q2060. 
Q2070. 
Q2080. 
Q2090. 
Q2100. 
Q2110. 
Q2120. 
Q2130. 
Q2140. 
Q2150. 
Q2160. 
02170. 
Q2180. 
Q2190. 
Q2200. 
Q2210. 
Q2220. 
Q2230. 
Q2240. 
Q2250. 
Q2260. 
Q2270. 
Q2280. 
Q2290. 
Q2300. 
Q2310. 
32320.
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Su3iOJTINc SUTRA - VISION R 1 0
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c
c
c
c
c<
c,
c
c
c
c
c

SUBROUTINE U N S A T SUTRA - VERSION 1

*** PURPOSE  
*** USER-PROGRAMMED SUBROUTINE GIVING:
*** (1) SATURATION AS A FUNCTION OF PRESSURE ( SW(PRES) >
*** (2) DERIVATIVE OF SATURATION WITH RESPECT TO PRESSURE
*** AS A FUNCTION OF EITHER PRESSURE OR SATURATION
*** ( DSWOP(PRES)/ OR DSWOP(SW) )
*** (3) RELATIVE PERMEABILITY AS A FUNCTION OF EITHER
*** PRESSURE OR SATURATION ( REL(PRES) OR RELK(SW) )
* * *
*** CODE BETWEEN DAS^D LINES MUST 3E REPLACED TO GIVE THE
*** PARTICULAR UNSATuRATED RELATIONSHIPS DESIRED.

SUBROUTINE UNSAT(SW/DSWOP/RELK/PRES)
IMPLICIT OOU3LE PRECISION (A-H/O-Z)
COMMON/CONTRL/ GN J/UP/OTMULT/OTMAX/ME/ ISSFLO/ I SSTR A, I TCYC/

1 NPCYC/NUCYC/NPRINT/IREAO/ISTORE/NOUMAT/IUNSAT

THREE PARAMETERS FOR JNSATURATED FLOW RELATIONSHIPS OF
VAN GENUCHTEN(1980)

RESIDUAL SATURATION/ SWRES/ GIVEN IN UNITS CL**0]
PARAMETER/ AA/ GIVEN IN INVERSE PRESSURE UNITS Cm*(s**2)
PARAMETER/ VN/ GIVEN IN UNITS CL**03

DATA SWRES/0.30aO// AA/5.00-5// VN/2.0DO/

****************************************************************
****************************************************************
.....SECTION (1):

SW VS. PRES (VALUE CALCULATED ON EACH CALL TO UNSAT)
CODING MUST GIVE tt VA.UE TO SATURATION/ SW.

THREE PARAMETER MODEL OF VAN 3ENUCHTEN (1 980)
SWRM1=1 .DO-SWRES
AAPVN=1.DO+(AA*(-PRES))**VN
VNF=(VN-1 .DO)/VN
AAPV'NN = AAPVN**VNF
S W = SWRES+SWRM1/AAPVNN

284-20 R10.....
p pn
p zn

R60... ..
R70.....
RSO.....
R90
R100. . . .
R110....
R120....
R130....
R140....
R150....
R160....
R170....
R180....
R190....

- - --R200....
R210....
R220....
R230....

/kg] R240....
R250....
R260....

- -  R270.... 
R280....
R290....
R300....
R310....
R320....
R330....

*******R350....
R360....
R370....
R380....
R390....

- - - R400.... 
R410-...
R420....
R430. ...
R440....
R450. ...
R460....

************
******

IF(IJNSAT-Z) 600/1200/1800
*********
***
.....SECTION (2):

OSWOP VS. PRES/ OR OSWOP VS. SW (CALCULATED ONLY WHEN IUNSAT=1)

R500. 
R510. 
R520. 
R530. 
R540. 
R550. 
R560.

R590. 
R600.
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C SUBROUTINE U M S A T SUTRA - VERSION 1284-20 R10.....

C CODING MUST SIVE A VALUE TO DERIVATIVE OF SATURATION WITH R610....
C RESPECT TO PRESSURE/ DSwDP. R620....
C R630....

600 CONTINUE R640....
c - --.--.-.-.--.-.------._........... R650....

DNUM = AA*(VN-1.DO)*SWRM1*(AA*(-PRES»**(VN-1.DO) R660.. ..
DNOM=AAPVN*AAPVNN R670....
0 S A D P = DNUM/DNOM R680....

C------.. ...... ..................... R690....
GOTO 1800 R700....

0....
. U        

C R730....
C R740....
C R750....
C R760....
C R770....
C R780....

C.....SECTION (3): R810.... 
C RELK VS. P, OR RELK VS. SW (CALCULATED ONLY WHEN IUNSAT=2) R820.... 
C CODING MUST GIVE A VAt_UE TO RELATIVE PERMEABILITY/ RELK. R830.... 
C R840.... 
1200 CONTINUE R850.... 

c . .................................. R860....
C GENERAL RELATIVE PERMEABILITY MODEL FROM VAN GENUCHTEN(1980) R870....

SWSTAR=(SW-SWRES)/SWRM1 R830....
RELK = DS3RTCS.JSTAR)* R890....

1 (1.DO-C1.DO-SWSTAR**(1.DO/VNF))**(VNF))**2.DO R900....
C-- .....-.----.---..------..-.------ R910....

C R920....

1300 RETURN

END

R950.... 
R960.... 
R970.... 
R930.... 
R990.... 
R1000... 
R1010... 
R1020... 
R1030...

365



SUBROUTINE SuTRA - VERSION 1284-2D S10

c SUBROUTINE GLOBAL SUTRA - VERSION 1284-20
c
c *** PURPOSE :
C *** TO ASSEMBLE RESULTS OF ELEMENTWISE INTEGRATIONS INTO 
C *** A GLOBAL BANDED MATRIX AND GLOBAL VECTOR FOR BOTH 
C *** FLOW AND TRANSPORT EQUATIONS. 
C

SUBROUTINE GL03AN(L/ML/VOLE/BFLOWE/OFLOWE/BTRANE/DTRANE/ 
1 IN/VOL/PMAT/PVEC/UMAT/UVEC)
IMPLICIT DOU3LE PRECISION (A-H/O-Z)
COMMON/DIMS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NP3C/NUBC/ 

1 NSOP/NSOU/N3CN
COMMON/CONTRL/ GNU/UP/DTMJLT/OTMAX/ME/ISSFLO/ISSTRA/ITCYC/ 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
DIMENSION 8FLOWE(4/4)/OFLOW£(4)/BTRANE(4/4)/DTRANE(4/4)/VOLE(4)
DIMENSION VOL(NN)/PMATCNN/NBI)/PVEC(NN)/UMAT(NN/NBI)/UV£C(NN)
DIMENSION IN(NIN) 

C
N1=(L-1)*4*1

C.....AOO RESULTS OF INTEGRATIONS OVER ELEMENT L TO GLOBAL 
C P-MATRIX AND P-VECTOR

IFCML-1) 50/50/-150 
50 IE=0

DO 130 II=N1/N4
IE=IE+1

VOL(IB)=VOL(IB)*VOL£(IE) 
PVEC(IB)=PVEC(IB)*DFLOWE(IE)

DO 100 JJ=N1/N4 
JE=JE+1
ja=IN(JJ)-IB*N3HALF 

100 PMAT(IB/JB)=PMAT(I3/J3)+BFLOWE(IE/JE)
IFCML-1) 150/300/150 

C
C.....ADD RESULTS OF INTEGRATIONS OVER ELEMENT L TO GLOBAL 
C U-MATRIX

150 IFCNOUMAT.EQ.1) GOTO 300

DO 230 II-N1/N4

C.....POSITION FOR ADDITION TO U-VECTOR 
C UVEC(IB)=UVEC(IB>+ <( ))

DO 230 JJ=N1/N4 
Jc=JE+1

200 JMAT(IB/JB)=UMAT(I3/J3)*DTRANE(IE/JE)*3TRANE(IE/JE) 

300 CONTINUE

RcTURN
END

S10...
S20...
S30...
S40...
S50...
S60...
S70...
S80...
S90...
S100..
S110..
S120..
S130..
S140..
S150..
S160..
S170..
S180..
S190..
S200..
S210..
S220..
S230..
S240..
S250..,
S260..
S270..,
S280..
S290..
S300..,
S310..,
S320..
S330..
S340..
S350..,
S360..,
S370..
S380..
S390..,
5400..
S410..,
S420..
S430..
S440..,
S450..
S460..
S470..
S430..
S490..,
S500..,
S510..,
S520...
S530...
S540..,
S550..,
S560..
S570..,
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SUBROUTINE SUTRA - VERSION 1284-2D T10

SUBROUTINE N 0 A L SUTRA - VERSION 1284-2D

*** PURPOSE :
*** (1) TO CARRY OUT ALL CELLWISE CALCULATIONS AND TO ADO CELLWISE
*** TERMS TO THE GL03AL 3ANOED MATRIX AND GLOBAL VECTOR FOR
*** BOTH FLOW AND TRANSPORT EQUATIONS.
*** (2) TO ADD FLUID SOURCE AND SOLUTE MASS OR ENERGY SOURCE TERMS
*** TO THE MATRIX EQJATIONS.

SUBROUTINE NODALB(ML/VOL/PMAT/PVEC/UMAT,UVEC/PITER/UITER/PM1/UM1/ 
1 UM2/POR/QIN/UIN/QUIN/CS1/CS2/CS3/SL/SR/SW/DSWDP/RMO/SOP)
IMPLICIT DOUBLE PRECISION (A--I/0-Z)
COMMON/DIMS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NPBC/NU3C* 

1 NSOP/NSOU/NBCN
COMMON/TIME/ DELT/TSEC/TMIN,THOUR/TDAY*TWEEK/TMONTH/TYEAR/ 

1 TMAX/DELTP/DELTU/DLTPM1/DLTUM1/IT/ITMAX
COMMON/PARAMS/ COMPFL/COMPMA/DRWDU/CW/CS/RHOS/DECAY,SIGMAW/SIGMAS 

1 RHOWO/URHOWO/VISCO/PRODF1/PRODS1/PRODFO/PRDDSO/CHI1/CHI2
COMMON/SATPAR/ PCENT/SWRES/PCRES/SSLOPE/SINCPT
COMMON/CONTRL/ GNJ/UP/DTMULT/DTMAX/ME/ISSFLO/ISSTRA/ITCYC/ 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
DIMENSION VOL<NN)/PMAT(NN/NdI>/PVEC(NN)/UMAT(NN/NBI>/UVEC(NN>
DIMENSION PITER(NN),UITER(NN)/PM1(NN),UM1(NN),UM2(NN>/

1 POR(NN)/QIN(NN)/UIN(NN),QUIN(NN>/CS1(NN)/CS2(NN),CS3(NN>/
2 SL(NN>/SR(NN>/SW(NN>/RNOCNN>,DSWDP(NN),SOP(NN)

IFCIUNSAT.NE.O)

50

100
110
120

150
200

220

DO NOT UPDATE NODAL PARAMETERS ON A TIME STEP WHEN ONLY U IS
SOLVED FOR BY BAC< SUBSTITUTION (IE: WHEN NOUMAT=1)
IF(NOUMAT) 53/50/200
SET JNSATURATED FLOW PARAMETERS AT NODES/ SW(I) AND DSWDP(I)
DO 120 I=1/NM
IFCIUNSAT-1) 120/100/120
IF(PITERd)) 110/120/120
CALL UNSAT(SW(I)/DSWDP(I)/RELK/PITER(I»
CONTINUE
SET FLUID DENSITY AT NODES/ RHO(I)
RHO = F (UITER(D)
DO 150 I=1/NN
RHO(I)=RHOWO+DRWDJ*(UITER(I)-URHOWO>
CONTINUE

DO 1300 I=1/NN 
SWRHDN=SWCI)*RHO(I)

IF(ML-1) 220/220/230

CALCJLATE CELLWISE TERMS FOR P EQUATION
FOR STEADY-STATc FLOW/ ISSFLO=2; FOR TRANSIENT FLOW/ ISSFLO=0
AFLN=(1-ISSFLO/2>*

CSWRHON*SOP(I)*POR(I)*RHO(I)*DSWDP(I))*VOL(I)/DELTP 
CFLN=POR(I)*SW(I)*DRWDU*VOL(I) 
DUDT=(1-ISSFLO/2)*(UM1(I)-UM2(I))/DLTUM1 
CFLN=CFLN*DUDT
ADD CELLWISE TERMS AND FLUID SOURCES OR FLUXES TO P EQUATION 
PMAT(I/NBHAL p ) = PMAT(I/N3HALF) * AFLN 
PVEC(I) = PVEC(I) - CFLN * AFLN*PM1(I) *
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IFCML-1) 230/1000/230
r
w

C.....CALCULATE CELLWISE TERMS FOR J-EQUATION 
230 EPRS=(1.DO-PDRCI))*RHOS

= <1-ISSTRA)*CPOR(I)*SWRHON*CW«-EPRS*CS1(I»*VOL(I)/DELTU 
= PORU>*SWRHOM*PR3DF1*VOL(I> 

3SV=EPRS*PR03S1*VOL(I) 
GSLTRN=GSV*SL(I> 
3SRTRN=GSV*SR(I)
ETRN=(=>OR(I)*SWRHON*PROOFO«-EPRS*PRODSO)*VOL(I) 

C.....CALCJLATE SOURCES OF SOLUTE OR ENERGY CONTAINED IN 
C SOURCES OF FLUID (ZERO CONTRIBUTION FOR OUTFLOWING FLUID) 

QUR=0.000 
QJL=0.000
IF(giNCI)) 360/360/343 

340 QUL=-CW*QIN(I)
QJR=-QUL*UIN(I)

C.....AOD CELLWISE TERMS/ SOURCES OF SOLUTE OR ENERGY IN FLUID INFLOWS/ 
C AND PURE SOURCES OR FLUXES OF SOLUTE OR ENERGY TO U-EQUATION 

360 IF(NOUMAT) 370/370/380
370 UMAT(I/NBHALF) = UMAT (I/NBHALF) «  ATRN - GTRN - GSLTRN - QUL 
380 UVECCI) = UVEC(I) * ATRN*UM1(I) * ETRN.* GSRTRN * QUR * QUIN(I) 

C
1000 CONTINUE 

C
RETURN 
END
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SUBROUTINE B B SUTRA - VERSION 1284-2D

c ***
c *** 
c *** 
c *** 
c

PURPOSE :
TO IMPLEMENT SPECIFIED PRESSJRE AND SPECIFIED TEMPERATURE OR 
CONCENTRATION CONDITIONS BY MODIFYING THE GLOBAL FLOW AND 
TRANSPORT MATRIX EQUATIONS.

SUBROUTINE BCB (ML,PMAT, PVEC ,UMAT,UVEC,IPBC,PBC, IU3C,'JBC,QPLITR)
IMPLICIT DOU3LE PRECISION (A-H,0-Z)
COMMON/DIMS/ NN,NE,NIN,NBI,N3,NBHALF,NPINCH,NPBC,NU3C,

NSOP,NSOU,NBCN 
COMMON/TIME/ DELT,TSEC,TMIN,TrtOUR,TDAY,TWEEK,TMONTH,TYEAR,

T^1AX,OELTP,DELTU,OLTPM1,DLTUM1,IT,ITMAX 
COMMON/PARAMS/ COMPFL,COMPMA,DRWDU,CW,CS,RHOS,DECAY,SIGMAW,SI3MAS

RHOWO,JRHOWO/VISCO,PROOF1,PRODS1,PRODFO,PRODSO,CHI1,CHI2 
COMMON/CONTRL/ GNJ,UP,DTMULT,DTMAX,ME,ISSFLO,ISSTRA,ITCYC,

N?CYC,NUCYC,NPRINT,IREAO,ISTORE,NOUMAT,IUNSAT 
DIMENSION PMATCNN,N8I),PVEC(NN),UMAT(NN,NBI),UVECCNN),

IPaC(NBCN),PBC(NaCN),IUBC(NBCN),U3C(NBCN),3PLITR(NBCN>

100

IFCNP3C.EQ.O) GOTO 1050 
SPECIFIED P BOUNDARY CONDITIONS 
DO 1000 IP=1,NPBC 
I=IABS(IPBC(IP>)

IFCML-1) 100/-100/200
MODIFY EQUATION FOR P BY ADDING FLUID SOURCE AT SPECIFIED

PRESSURE NODE 
GINL=-GNU 
GINR=GNU*PBC(IP)
PMAT(I,NBHALF)=PMAT(I,NBHALF)-GINL 
PVEC(I)=PVEC(I)-»-GINR

200

340

360
370
380

1000

IFCML-1) 200,1000,200
MODIFY EQUATION FOR U BY ADDING

AT SPECIFIED PRESSJRE NODE 
GUR=3.0DO 
GUL=O.ODO
IF(QPLITRCIP)) 363,360,340 
GUL=-CW*QPLITR(IP) 
GUR=-5UL*UBC(IP) 
IF(NOUMAT) 370,370,383 
UMAT(I,NBHALF)=UMAT(I,NBHALF)-GUL 
UVEC(I)=UVEC(I)*5JR 
CONTINUE

U SOURCE WHEN FLUID FLOWS IN

1050 IFCML-1) 1100,3003,1130
SPECIFIED U BOUNDARY CONDITIONS

MODIFY U EQUATION AT SPECIFIED U NODE 
1100 IF(NJBC.EQ.O) GOTO 3030

DO 2300 IU=1,NUBC
IUP=IU+NP3C
I = IA3S(IU3C(IUP»
IF(NOUMAT) 1230,1200,2000 

1200 DO 1500 J6=1,N3 
1500 JMAT(I,JB)=0.3DO

UMAT(I,NBHALF)=1.300 
2030 UV6C(I)=UBC(IUP)

TO READ: U = UBC
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3000 CONTINUE

RETURN 
END
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SUBROUTINE N H SUTRA - VERSION 1284-

*** PURPOSE :
*** TO IMPLEMENT PINCH NODE CONDITIONS BY MODIFYING THE
*** GLOBAL FLOW AND TRANSPORT MATRIX EQUATIONS.

SUBROUTINE PINCHB(ML*IPINCH,PMAT,PVEC*UMAT,UVEC) 
IMPLICIT DOUBLE PRECISION (A-rt,0-Z)
COMMON/DIMS/ NNsNEsNlNsNBIsNBsNBHALFsNPINCHsNPBC'NUBCs 

1 NSOPsNSOUsNBCN
COMMON/CONTRL/ GNJ/UP,DTMULT,DTMAX,ME,ISSFLO*ISSTRA,ITCYC, 

1 NPCYC,NUCYC,NPRINT,IREAD,ISTORE/NOUMAT,IUNSAT
DIMENSION IPINCH(NPIN:H,3),PMAT(NN,NBI),PVEC(NN), 

1 UMAT(NN,N3I),UVEC(NN)

NPIN IS ACTUAL NUMBER OF PINCH NODES IN MESH 
NPIN=NPINCH-1 
DO 1DOO IPIN=1/NPIN
,SET NUMBERS OF PINCH NODE AND NEIGHBOR NODES 
I=IPINCH(IPIN,1> 
ICOR1=IPINCH(IPIN,2) 
ICOR2=IPINCHCIPIN,3) 
JC1=ICOR1-I+N3HALF 
JC2=ICOR2-I+NBHALF

IF(ML-1) 50^50^253 
.....ADJUST P EQUATION FOR PINCH NODE CONDITIONS

50 DO 100 JB=1,NB 
100 PMAT(I/JB)=O.ODO

PVEC(I)=O.ODO
PMAT(I^NBHALF)=1.0000
PMAT(I,JC1)=-0.50DO
PMAT(I^JC2)=-0.50DO
IF(ML-1) 250^1000^250

.....ADJUST U EQUATION FOR PINCH NODE CONDITIONS 
250 IF(NOUMAT) 300,303,500 
300 DO 400 JB=1,NB 
400 UMAT(I,JB)=O.ODO

JMAT(I,NBHAL p >=1.0000
UMAT(I,JC1)=-0.50DO
UMAT(I,JC2)=-0.50DO 

500 UVEC(I)=O.ODO

1000 CONTINUE

RETURN 
END
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SUBROUTINE 3 SUTRA - VERSION 1284-20

***
***
***
***
***

PURPOSE :
TO SOLVE THE MATRIX EQUATION BY:
(1) DECOMPOSING THE MATRIX
(2) MODI-YING T^ RIGHT-HAND SIDE
(3) BACK-SUBSTITUTING FOR THE SOLUTION

SUBROUTINE SOLVE3CKKK/C/R/NNP/IHALFB/MAXNP/MAXBW) 
IMPLICIT DOUBLE PRECISION (A-H/O-Z) 
DIMENSION C(MAXNP/MAX3W)/R(MAXNP) 
IHBP=IHALFB+1

DECOMPOSE MATRIX C BY BANDED GAUSSIAN ELIMINATION FOR
NON-SYMMETRIC MATRIX 

IFCKKK-1) 5/5/50
NU=NNJP-IHALFB
DO 20 NI=1/NU
PIVOTI=1.DO/C(NI/IHBP)
NJ=NI+1

NK=NI*IHALFB
00 10 NL=NJ/NK
IB=I3-1
A=-C<NL/IB)*»IVOTI
C(NL/I3)-A
J3=I3+1
KB=IB+IHALFB

0010 MB=JB/KB
NB=L3*MB

I n r f Mt \to\-~ \J Lvi'iL/nu/'*
20 CONTINUE 

NR=NJ*1 
NU=NNP-1

DO 43 NI-NR/NU
= 1.DO/CCCNI/IHBP»

00 30 NL=NJ,NK
IB=I3-1
A=-C(NL/IB)*PIVOTI
C(NL/IB)=A
JB=I3*1
KB=I3*IHALFB
LB=IHBP-IB
DO 33 MB=J3/«B

30
40

44

C(NL/MB)=C(NL/MB)+A*C(NI/NB)
CONTINUE
IFCKKK-1) 50/44/50
RETURN

C.....JPDATE RIGHT-HAND SIDE VECTOR/ R 
50 NU=NNP+1

iaAND=2*lHALFB*1 
00 73 NI=2/IH3P 
IB=IH3P-NI*1
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60
70

SUMO. 000
DO 60 JB=IB,IHALFB
SJM=SUM«-C<NI/JB)**(NJ>
NJ=NJ+1
R(NI)=R(NI)«-SUM
18 = 1

80
90

DO 90 NI=NL,NNP
NJ=NI-IHBP+1
SUM=O.DO
DO 83 JB=IB,lHALFd
SJM=SJM+C(NI,JB)*R(NJ>
NJ=NJ+1
R(NI)=R(NI)+SUM

C.....BACK SOLVE
R(NNP)=R(NNP)/C(NNP,HBP)
DO 110 IB=2,IHBP
NI=NU-IB
NJ = NI
MB=IHALFB+IB
SUM=O.DO
DO 100 J3=NL/MB

100
110

120
130

SUM=SUM*C(NI/JB)*R(NJ)
R(NI)=(R(Nl)-SUM)/C(NI,IHaP)
MB-I3AND
DO 130 IB=NL^NNP
NI=NJ-IB
NJ = NI
SUM=3.DO
DO 120 JB=NL^M3

SJM=SUM*C(NI/ J3)*R(NJ) 
R(NI)=(R(NI)-SUM)/C(NI,IHBP>

RETURN 
END
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SJBROUTINE SUTRA - VERSION 1284-20

*** PURPOSE :
*** TO CALCULATE ANO OUTPUT FLUID MASS AND SOLUTE MASS OR

'*** ENERGY BUDGETS.

SUBROUTINE
1 P3C/QPLITR/IP3C/IQSOP/POR/U.VEC/UM1/UM2/UIN/QUIN/I3SOU/U3C/
2 CS1/CS2/CS3/SL/SRJ
IMPLICIT OQU3LE PRECISION . (A--1,0-Z>
CHARACTER*10 ADSMOO
COMMON/MOOSOR/ ADSMOO . ^
COMMON /DIMS/ NN/NE/NlN/NBI/NB/NaHALF/NPINCH/NPBC/NUBC/ 

1 NSOP/NSOU/N3CN
COMMON/ TIME/ OELT/TSEC/TMIN/T-10UR/TDAY/THEEK/TMONTH/TYEAR, 

1 TMAX/DELTP/DELTU/DLTPM1/DLTUM1/IT/ITMAX
COMMON /PARAMS/ C OMPFL / COMPM A /OR WO J/Crf /CS / RHOS/ DEC AY/ SIGMA W/S IGMA S/ 

1 R-IOWO/URH3rtO/VISCO/PRODF1/PROOSl/PRODFO/PR30SO/CHI1/CHl2
COMMON/CONTRL/ GNU/ UP/ OTMULT/DTMAX/ME/ IS SFLO/ I SSTRA/ ITC YC, 

1 NPCYC/NUCYC/NPRINT/IREAD/ISTORE/NOUMAT/IUNSAT
CHARACTER*13 UNAMEC2)
DIMEMSION QIN(NN)/UIN(NN)/IQSDP(NSOP)/QUIN(NN),IQSOU(NSOU)
DIM EMS ION IPBC(NBCN)/ JBC(NBCN) ,QPLITR(N8CN)/P6C(N3CN)
DIME MS I ON POR(NN>,VOL(NN),PVE:CNN),UVECCNN)/SW(NN),OSWOPCNN),

1 RHO(NN)/SOP(NN)/PM1(NN)/UM1(NN)/UM2(NN)/
2 CS1(NN)/CS2(NN)/CS3(NN)/SL(NN)/SR(NN) 
OATA UNAME(1)/'CONCENTRATJON'//UNAME(2)/* TEMPERATURE '/

0) IUNSAT=1 
MN=1

MN=2
IFCIUNSAT.NE
IFCME.EQ.-1)
WRITEC6/10) 

10 FORMATC1H1) 
...SET UNSATURATEO FLOW PARAMETSRSy

IFCIJNSATM) 40/23^40 ' 
20 DO 33 I=1/NN

IFCPVECCI))' 25/27/27 
25 CALL UNSAT(S*CI)/DSWDPCI>/RELK/PVECCI»

GOTO 30 
27 SW(I)=1.000

OSWDP(I)=0.000 ; 
30 CONTINUE

SW(I) ANO OSWOP(I)

40
50

STUTDT=O 
QINT3T=0 
00

CALCULATE CO^PONEMTS OF FLUIO MASS BUDGET 
IFCML-1) 50/50/1030 
CONTINUE 
STPTDT=0.00 

.DO 
00 

133 I=1/NN
= STPTOT*(1-ISSFLO/2)*RHO(I)*VOL(D*

(SW(I)*SOP(I)*POR(I)*OSWOP(I»*(PV£C(I)-PM1 (I))/OELTP 
STUTOT=STUTOT*(1-ISSFLO/2)*PORCI)*SW(I)*ORWOU*VOL(I>*

(JM1 (I)-UM2(I»/OLTUM1 
3INTOT=QlNTOTfQIN(I) 

130 CONTINUE

QPLTOT=O.DO
00 230 IP=1/NP3C

1
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200

I=IABS(IPBC(IP)>
QPLITR(IP)=GNJ*(PaC(IP)-PVEC(I)) 
QPLTOT=QPLTOT+QPLITR(IP> 
CONTINUE

C.....OUTPUT FLUID MASS BUDSET
WRITE(6/300) IT/STPTOT/STUTOT/UNAME(MN)/QINTOT/QPLTOT

LUIO MASS BUDGET AFTER TIME'/ 
' STEP ',15,', IN (MASS/SECOND)'///11X,1PD15.7/5X/ 
'RATE OF CHANGE IN TOTAL STORED FLUID DUE TO PRESSURE CHANGE'/ 
*/ INCREASE( + >/DECREASE(-)'//11X/1PD1 5.7/5X/

300 FORMAT(//11X/'F
1
2
3

325

350
t

450
500

600

650

700

800
1000

2 'RATE OF CHANGE IN TOTAL STORED FLUID DUE TO '/A13/' CHANGE'/
3 '/ INCREASE(O/DECREASE(-)'/
3 /11X/1PD15.7/5X/'TOTAL OF FLUID SOURCES AND SINKS/ '/
4 'NET INFLOW(+)/NET OUTFLOW(-)'/11X/1PD15.7/5X/
5 'TOTAL OF FLUID FLOWS AT PDINTS OF SPECIFIED PRESSURE/ '/
6 'NET INFLOW(O/NET OUTFLOW(-)')

IFCIBCT.EQ.4) GOTO 633
NSOPI=NSOP-1
INEG:T=O
00 533 IQP=1/NSOPI
I=IQSOP(IQP)
IF(I) 325/500/500
INEG:T=INEGCT«-I
IF(INEGCT.EQ.I) WRITE(6/350)
FORMAT(///22X/'TIME-DEPENDENT FLUID SOURCES OR SINKS'//22x/

' NODE'/5X/'INFLOW(«O/OUTFLOW(-)'/37X/' (MASS/SECOND)'//) 
WRITE(6/450) -I/QIN(-I) 
FORMAT(22X/I5/10X/1PD15.7) 
CONTINUE

IF(NPBC.EQ.O) GOT3 800
WRITE(6/650)
FORMAT(///22X/'FLJID SOURCES OR SINKS DUE TO SPECIFIED PRESSURES'/ 

//22X/' NODE'/5X/'INFLOW(«O/OUTFLOW(-)'/37X/' (MASS/SECOND)'/) 
DO 700 IP=1/NPBC 
I=IA3S(IPBC(IP)) 
WRITE(6/450) I/QPLITR(IP) 
CONTINUE

CALCULATE COMPONENTS OF ENERGY OR SOLUTE MASS BUDGET
IF(ML-1) 1003/4503/1030
CONTINUE
FLDTDT=0.00
SLDTDT=O.DO
P1FTOT=0.00
P1STDT=0.00
POFTOT=O.DO
POSTOT=0.00

QIUTOT=O.DO 
.SET ADSORPTION PARAMETERS
IF(ME.EQ.-1.ANO.A3SM03.NE.'NOME 

1 CALL ADSORB(CS1/CS2/CS3/SL/SR/UVEC)
DO 1300 I=1/^N
ESRV=POR(I)*SW(I)*RHO(I)*VOL(I)
EPRSv = d .oo- C) ^R(I))*R^o5*vOL(^)
DUDT=(1-ISSTRA)*(JVcC(I)-JM1<I))/DELTJ
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SLDTDT=SLDTOT+EPRSV*CS1(!)*OUOT X1210...
P1FTDT=P1FTOT4PSRV*PRODF1 X1220...
P1STDT = P1STOT + EPRSV*PSODS1*(SKI)*UVEC(I)+SR<I» X1230...
PGFTOT=POFTOT+ESRV*PRDDFO X1240...
POSTDT=POSTOT+EPRSV*PRODSO X1250...
QQUTDT=QQUTOT*3UIM(I) X1260...
IF(QIN(I» 1200/1200*1250 X1270...

1200 QIUTOT = QIUTOT + QIN(I)*;w*UVECU) X1280...
GOTO 1300 X1290...

1250 3IUTDT=QIUTOT+3IN(I)*CW*UIN(I) X1300...
1300 CONTINUE X1310...

C X1320...
3PUTOT=0.00 X1330...
00 1500 IP=1/NPBC X1340...
IF(QPLITRCIP)) 1400/1400/1450 X1350...

1400 I=IA3S(IP8C(IP)) X1360...
QPUTOT=QPUTOT+QPLITR(IP)*CW*UVEC(I) X1370...
GOTO 1500 X1380...

1450 QPUTOT=QPUTOT+QPLITR(IP)*CW*U3C(IP) X1390...
1500 CONTINUE X1400...

C X1410...
IF(ME) 1550/1550/1615 X1420...

C X1430...
C.....OUTPUT SOLUTE MASS BUDGET X1440...
1550 WRITEC6/1600) IT/FLOTOT/SLDTOT/P1FTOT/P1STOT/POFTOT/POSTOT, X1450...

1 UIUTOT/QPUTOT/3QUTDT X1460...
1600 FORMAT(//11X/'S OLUTE BUDGET AFTER TIME STEP '/I5/X1470 . . .

1 '/ IN (SOLUTE MASS/SECOND)'///11X/1P015.7/5X/'NET RATE OF ', X1480...
2 'INCREASE(O/DECREASE<-) OF SOLUTE*/1 1X/1 PD15. 7/5X/ X1490...
3 'NET RATE OF INCREASE<+)/DECREASEC-> OF ADSORBATE'/^1X/1PD15.7/X1500. . .
4 5X/'NET FIRST-ORDER PRODUCTION<+)/DECAY<-) OF SOLUTEV11X/ X1510...
5 1PD15.7/5X/'NET FIRST-ORDER PRODUCTION(+)/DECAY(-) OF '/ X1520...
6 'ADSOR8ATE'/11X/1PD15.7/5X/'NET ZERO-ORDER PRODUCTION^)/'/ X1530...
7 'OECAY(-) OF SOLUTE'/11X/1?D15.7/5X/'NET ZERO-ORDER '/ X1540...
8 'PRODUCTION(+)/DECAY<-) OF AOSORBATE'/11X/1P015.7/5X/ X1550...
9 'NET GAINC+)/L3SSC-> OF SOLUTE THROUGH FLUID SOURCES AND SINKS'X1560...
* /11X/1PD15.7/5X/'NET GAIN<+>/LOSS(-) DF SOLUTE THROUGH '/ X1570...
1 'INFLOWS OR OUTFLOWS AT POINTS OF SPECIFIED PRESSURE* X1580...
2 /11X/1PD15.7/5X/'NET GAIN(*)/LOSS(-) OF SOLUTE THROUGH '/ X1590...
3 'SOLUTE SOURCES AND SINKS') X1600...
GOTO 1645 X1610...

C X1620...
C.....OUTPUT ENERGY BUDGET X1630...
1615 WRITEC6/1635) IT/FLOTDT,SLDTOT/POFTOT/POSTOT/3IUTOT/QPUTOT/dQUTOT X1640...
1635 FORMAT(//11X/'E NERGY BUDGET AFTER TIME STEP ' /15,X1650...

1 '/ IN (ENERGY/SECOND)'///11X/1PD15.7,5X/'NET RATE OF '/ X1660...
2 'INCREASE(+)/DECREASE(-) OF ENERGY IN FLUID'/11X/1PD15.7/5X/ X1670...
3 'NJET RATE OF INCREASE (*)/DECREASE (-) OF ENERGY IN SOLID GRAINS'X1 680. ..
4 /11X/1?D15.7/5X,'NET ZERO-ORDER PRODUCTIONS) /LOS S (-) OF ', X1690...
5 'ENERGY IN FLUID*/11X/1PD15.7/5X/'NET ZERO-ORDER '/ X1700...
6 'PRODUCTION(+)/LOSSC-> OF ENERGY IN SOLID GRAINS' X1710...
7 /11X/1PD15.7/5X/'NET GAIN(*)/LOSS(-) DF ENERGY THROUGH FLUID '/X1720...
8 'SOURCES AND SINKS'/11X/1?D15.7/5X/'NET GAINC*)/LOSS(-) OF ', X1730...
9 'ENERGY THROUGH INFLOWS OR OUTFLOWS AT POINTS OF SPECIFIED '/ X1740...
* 'PRESSURE'/11X,1PD15.7,5X/'NET GAIN(»/LOSS(-) OF ENERGY ', X1750...
1 'THROUGH ENERGY SOURCES ANO SINKS') X1760...

C X1770...
1645 NSOPI=NSOP-1 X1780...

IF(NSOPI.EQ.O) GOTO 2000 X1790...
IF(ME) 1649/1649/1659 X1300...
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SUBROUTINE BUDGE SUTRA - VERSION 1284-2D X10.....

1649
1650

1659
1660

1680

1700

1750
1800
1900

2000

2090
2100

2150
2160

2190

2200

2250
2300
2400

3400

3450
3455

3460

WRITE(6,1650)
FORMATC///22X,'SOLUTE SOURCES OR SINKS AT FLUID SOURCES AND '/

'SINKSV/22X,' NODE * , 8X,' SOURCE ( + >/ SINK (-)'/32X,
'(SOLUTE 1ASS/SEC9.MO)'/) 

GOTO 1680 
WRITE(6s1660) 
FORMAT(///22X,'ENERGY SOURCES OR SINKS AT FLUID SOURCES AND '/

'SINKS'//22X,' NODE',8X/'SOURCEC*)/SINK(-)'/37X,
'(ENERGY/SECOND)'/) 

DO 1900 IQP=1,NSOPI 
I=IA3SUQSOP(I3P» 
IFCGINCD) 1703,1700/1750 
QJ=QIN(I)*CW*UVEC(I) 
GOTO 1800
QU=QIN(I)*CW*UIN(I) 
WRITE(6x450) I,QU 
CONTINUE

IF(NPBC.EQ.O) GOTO 4530
IF(ME) 2090/2090,2150
WRITE(6s2100>
FORMAT(///22X,'SOLUTE SOURCES OR SINKS DUE TO FLUID INFLOWS OR '

'OUTFLOWS AT POINTS OF SPECIFIED PRESSURE'//22X,' NODE'/8X,
' SOURCE (« ) /SI NK(-)'/32X,'( SOLUTE MASS/SECOND) '/) 

GOTO 2190 
WRITE(6,2160> 
FORMAT(///22X,'ENERGY SOURCES OR SINKS DUE TO FLUID INFLOWS OR *

'OUTFLOWS AT POINTS OF SPECIFIED PRESSURE'//22X/' NOOE',8X/
' SOURC E CO/ S INK C-)'/37X,'( ENERGY /SECOND)'/) 

DO 2400 IP=1/NPBC 
I=IABS(IPBC(IP)) 
IF(QPLlTRdP)) 2230,2200/2250 
QPU=a?LITR(IP)*CW*UVEC(I) 
GOTO 2300
QPU=QPLITR(IP)*CW*UBCCIP) 
WRITEC6/450) IsQPJ 
CONTINUE

IFCI3CT.EQ.4) GOTO 4530
MSOUI=NSOU-1
INEGCT=0
DO 3500 I3U=1/NSOJI
i=iasou(iQU)
IF(I) 3400/3500^3500
INEG:T=INE5CT*1
IF(ME) 3450/3450/3460
IFUNEGCT.EQ.1) WR ITE ( 6/ 3455 )
FORMAT(///22X/'TI^E-D£PEN3ENT SOLUTE SOURCES AND SINKSV/22X/

' N03E'/1DX/'GA!N(f)/LOSS(-)'/30X/' (SOLUTE MASS/SECOND)'//) 
GOTO 3475
IFCINEGCT.EQ.1) WRITE(6/3465) 
C ORM4T(///22X/'TI>1E-D£?£NDENT ENERGY SOURCES AND SINKS'//22X/

3475

3490
3530

' NOOE'/13X/'GAIN(*)/LDSS(-) 
CONTINUE
WRITE(6/3490) -I/3UIN(-I) 
FQRMAT(22X/I5/10X,1PD15.7) 
CONTIMUE

/35X/' (ENERGY/SECOND)'//)

4500 CONTINUE

X1810. 
X1820. 
X1830. 
X1B40. 
X1350. 
X1860. 
X1B70. 
X1380. 
X1890. 
X1900. 
X1910. 
X1920. 
X1930. 
X1940. 
X1950. 
X1960. 
X1970. 
X1980. 
X1990. 
X2000. 
X2010. 
X2020. 
X2030. 
X2040. 
X2050. 
X2060. 
X2070. 
X2080. 
X2090. 
X2100. 
X2110. 
X2120. 
X2130. 
X2140. 
X2150. 
X2160. 
X2170. 
X2180. 
X2190. 
X2200. 
X2210. 
X2220. 
X2230. 
X2240. 
X2250. 
X2260. 
X2270. 
X2280. 
X2290. 
X2309. 
X2310. 
X2320. 
X2330. 
X2340. 
X2350. 
X2360. 
X2370. 
X2380. 
X2390. 
X2400.
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X2410,.
RETURN X2420,. 
END X2430..
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SUBROUTINE SUTRA - VERSION 1284-2D Y10.....

SUBROUTINE

*** PURPOSE :
*** TO STORE RESULTS
*** THE SIMULATION.

SUTRA - VERSION 128^-20

THAT MAY LATER BE JSEO TO RE-START

SUBROUTINE STORE(PVEC/UVEC/PM1/UM1/CS1/RCIT,SW/P3C)
IMPLICIT OOU3LE PRECISION (A-H/O-Z)
COMMON /DIMS/ NN/NE/NIN/NBI/NB/NBHALF/NPINCH/NPBC/NUBC/ 

1 NSOPxNSOU/NBCN
COMMON /TIME/ DELT/TSEC/TMIN,T-IOUR/TDAY / TWEEK /TMONTH, T Y EAR/ 

1 TMAX/DELT 3 /DELTU/DLTPM1/OLTUM1/IT/ITMAX
OIMEMSION PV5C(NN)/UVEC(NN),PM1(NN)/UM1(NN)/CS1(NN)/RCIT(NN)/

100

REWIND UNIT-66 FOR WRITING RESULTS OF CURRENT TIME STEP 
REWINO(66)

STORE TIME INFORMATION
wRiTE(6o/ioo) TSE:/OELTP/DELTJ
FORM4T(4020.10)

STORE SOLUTION
WRITEC66/110)
WRITE(66/110)
WRITE(66/110)
WRITE(66/110)
WRITE(66/110)
WRITEC66/110)
WRITEC66/110)
WRITEC66/110)

(PVEC(I)xI=1/NN) 
(UVEC(I)/I=1/NN) 
(PM1(I)/I=1/NN) 
(UM1 (I)/I=1/NN) 
CCS1(I)/I=1/NN) 
(RCIT(I)/I=1/NN) 
(SW(I) /I=1/NN) 
(P3C(IP)/IP=1/N3CN)

110 FORMAT(4(1PD20.13))

ENDFILE(66)

RETURN 
END

Y10.. 
Y20.. 
Y30.. 
Y40. . 
Y50.. 
Y60.. 
Y70.. 
Y80.. 
Y90.. 
Y100. 
Y110. 
Y120. 
Y130. 
Y14Q. 
Y150. 
Y160. 
Y170. 
Y180. 
Y190. 
Y200. 
Y210. 
Y220. 
Y230. 
Y240. 
Y250. 
Y260. 
Y270. 
Y230. 
Y290. 
Y300. 
Y310. 
Y320. 
Y330. 
Y340. 
Y350. 
Y360. 
Y370.

379

(p.



Appendix C:

Data File Listing for

Radial Energy Transport

Example
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UNIT-5

SJTRA 5NERSY TRA 
STF any

NS°ORT
BflflTAI Fl Hu UTTH f N F B C, Y T B A W <;

 »  *   *  »  »  -ft-  *  *  EXAMPLE SUN FOR

132
00000

0.
225
225

0.
0.

NOME
0.
0.

NODE
1
2
3
4
5
6
7
3
9

13
11
12
13
14
15
16
17
13
19
20
21
22
23
24
25
c6
27
i3
29
30
31
32
33
34
35
36
37
33
39
4,0

41
4,2

<+3

65 7
+01 000

3000

0 2
+ 1 +1

1.3030+32
4.021+33

0 0
01

0000 4182
0300 840

3000 0.
OODO -9.

001.00
0.3000
0.0000
2.5000
2.5000
5.1523
5.1520
7.9654
7.9654

10.9493
10.9498
14.1153
14.1158
17.4,743
1 7.4,743
21.3370
21 .3370
24.3164
24,. 3164
23.8257
28.6257
33.0739
33.0789
37.5907
37.5907
42.3763
42.3763
47.454,1
47 .«*5«* 1
52.3402
52.8402
53.5538
53.5538
64,. 6150
64.6150
71 .1)447
71 .0447
77.3655
77.8655
85.1012
85.1012
92.77o9
^2.7769

100.9194

0 OQ

.030 0.

.D30 3.

OODO 0.
3000

010.30
0.0030
1.0030
0.0030
1 .0000
0.0030
1.0000
0.0300
1.0030
0.0330
1.C030
0.0000
1 .0000
O.OOuO
1.0000
0.0000
1 .0000
0.0030
1.0000
0.0030
1.0030
0.0030
1 .0000
O.DQ30
1.0030
U.OD03
1 .0000
3.3030
1.0000
0.0330
1 . OOuO
0.0000
1.0030
0.0000
1.0030
0.0030
1 .0000
0.0000
1 .0000
0.0000
1.0000
-.0000
1.0000
0.0000

SUTRA DOCUMENTATION
2 2

1.29o+25
00 1

6DOO 1UOO
5DOO 2650

0000 0.

1 .0000
0.000
0.000
15.703
15.703
32.371
32.371
50.048
50.043
68.800
08.800
38.692
88.692
109.794
109.794
132.179
132.179
155.926
155.926
181 .117
161.117
207.840
207.340
236.18-9
236. 1o9
2o6.261
2o6.2o1
293.1o3
293.163
332.004
332.004
367.904
367.904
405.987
4C5.937
446.387
446.387
469.243
439.243
534.706
53-. 7^6
582.934
582.934
634.095

00 4

99999
01

.000 0.

.000

OODO

0.2000
1.000
1.000
1 .000
1.000
1 .000
1 .000
1.000
1 .000
1 .000
1 .000
1 .000
1 .000
1 .000
1 .000
1 .000
1 .000
1.000
1.000
1 .000
1 .000
1 .000
1 .300
1 .300
1 .000
1.003
1 .000
1.300
1 .000
1.000
1 .000
1.000
1 .000
1 .000
1 .000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1 .000

»1 INPUT DATA HEADING 
"ORT - SOLUTION CHECK .........
- SECTION 6.3/ PAGE 186 +++++++++
222 03 CONTROL NUMBERS

*4 MOOE OPTIONS
«5 NUMERICAL CONTROL

1.0 1.296+25 999 01
»7 OUTPUT OPTIONS

»8 ITERATION CONTROLS
OuOO O.OODO 1.000 #9 FLUID

»10 SOLIO
»11 ADSORPTION DATA 

#12 PRODUCTION 
»13 GRAVITY 

HM4A NODEWISE SCALES 
*14B NOOEWISE OATA
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<»4
45
46
47
43
49
50
51
52
53
54
55
56
57
58
59
63
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
32
83
34
35
86
37
38
89
90
91
92
93
94
95
96
97
98
99

100
101

100.9194
109.5571
109.5571
118.7202
118.7202
126.4405
128.4405
133.7520
133.7520
149.6907
149.6907
161.2946
161.2946
173.6042
173.60^.2
186.6625
186.6625
200.5150
200.5150
215.2099
215.2099
230.7986
230.7936
247.3354
247.3354
264.3778
264.8778
283.4872
283.4872
303.2283
303.2283
324.1701
32411701
346.3856
346.3856
369.9521
369.9521
394.9519
394.9519
419.1538
419.1538
443.3557
443.3557
467.5576
467.5576
491.7595
491.7595
515.9614
515.9614
540.1633
540.1633
564.3652
564.3652
583.5671
538.5671
612.7690
612.7690
636.9709

1.0000
3.0000
1.0000
0.0030
1.0000
0.0030
1.0000
0.0000
1.0000
0.0000
1.0000
0.0000
1.0000
O.OOJO
1.0000
O.OOJO
1.0000
0.0000
1.0000
0.0000
1.0030
0.0000
1.0000
0.0000
1.0030
0.0030
1.0000
3.0000
1.0330
0.0000
1.0030
0.0030
1.0000
0.0030
1.0000
0.0030
1.0000
0.0000
1.0030
0.0330
1.0000
0.0000
1.003C
O.OOJO
1.0000
0.0000
1.0000
3.0030
1.0000
0.0000
1.0030
3.0000
1.0000
3.0000
1.0030
0.0030
1.0000
0.0000

634.095
683.367
683.367
745.940
745.940
807.015
807.015
871.804
871.804
940.533
940.533
1013.443
1013.443
1090.786
1090.786
1172.834
1172.834
1259.872
1259.872
1352.203
1352.203
1450.149
1450.149
1554.052
1554.052
1664.275
1664.275
1781.201
1781.201
1905.238
1905.238
2036.819
2036.819
2176.403
2176.403
2324.476
2324.476
2481.554
2461.554
2633.619
2633.619
2785.684
2735.634
2937.749
2937.749
3039.813
3089.813
3241.378
3241.873
3393.943
3393.943
35^.6.008
3546.008
3698.073
3698.073
3850.138
3850.133
4002.203

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.300
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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132 o36. 
103 661. 
1J4 o61. 
105 635. 
136 685. 
107 709. 
103 709. 
1J9 733. 
110 733. 
111 757. 
112 757. 
113 732. 
114 732. 
115 306. 
116 606. 
117 330. 
118 330. 
119 354. 
120 35<,. 
121 378. 
122 <J78. 
123 903. 
T24 903. 
125 927. 
126 927. 
127 951. 
128 951. 
129 975. 
130 975. 
131 999.
132 999.
EMENT

1
2
3
4
5
6
7
3
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25
26

9709 1. 
1730 J. 
1730 1. 
3749 0. 
3749 1. 
5768 0. 
57o8 1. 
7737 0. 
7787 1. 
9306 u. 
9806 1. 
1825 0. 
1825 1 . 
3344 0. 
3844 1. 
5363 0. 
5863 1. 
7882 0. 
7882 1. 
9901 0. 
9901 1. 
1920 0. 
1920 1. 
3940 0. 
3940 1. 
5959 0. 
5959 1. 
7979 J. 
7979 1. 
9998 0.
9998 1.

1 .02-11
1.00E+00
1 .OOE+00
1. OOE+00
1.00E+00
1 .OOE+00
1. OOE+00
1.COE+03
1.03E+30
1. OOE+00
1 .OOE+33
1. OOE+00
1 .OOE+00
1. OOE+00
1 .OOE+00
1. OOE+00
1.00E+03
1 .OOE+DO
1. OOE+00
1 .OOE+00
1 .OOE+00
1. OOE+00
1. OOE+00
1. OOE+00
1 .OOE+00
1. OOE+00
1 .03E+00

0030 4002 
OOJO 4154 
OODO *154 
0030 4306 
0300 4306 
0000 4458 
0000 4453 
0000 4610 
0330 4610 
OC30 4762 
003C 47o2 
0030 4914 
0000 4914 
0030 5066 
0030 5066 
0000 5218 
0000 5218 
0000 5370 
0000 5370 
OOUO 5522 
0000 5522 
0030 5674 
0030 5674 
3000 5326 
0030 5826 
0000 5979 
0030 5979 
0030 6131 
0030 6131 
0000 6283
0030 6283

1.02-11
1. OOE+00
1. OOE+00
1.005+00
1. OOE+00
1.00E+OC
1 .OOE+00
1 .OOE+00
1. OOE+00
1 .OOE+00
1. OOE+00
1 .OOE+00
1 .OOE+00
1. OOE+00
1. OOE+00
1 .OOE+00
1 .OOE+00
1 .OOE+00
1 .OOE+00
1 .OOE + 00
1 .OOE+00
1. OOE+00
1 .OOE + 00
1 .OOE+00
1 .OOE+00
1. OOE+00
1 .OOE+00

.203 1.000 

.269 1.000 

.269 1.000 

.333 1.000 

.333 1.000 

.398 1.000 

.393 1.000 

.4o3 1.000 

.463 1.000 

.523 1.000 

.528 1.000 

.593 1.000 

.593 1.000 

.653 1.000 

.658 1.000 

.723 1.000 

.723 1.000 

.783 1.000 

.738 1.000 

.853 1.000 

.853 1.000 

.918 1.000 

.913 1.000 

.983 1.000 

.983 1.000 

.049 1.000 

.049 1.000 

.113 1.000 

.113 1.000 

.173 1.030

.173 1.030
3.0DO

1. OOE+00
1. OOE+00
1 .OOE+00
1. OOE + 00
1 .OOE + 00
1. OOE+00
1. OOE+00
1. OOE + 00
1 .OOE+00
1 .03E+00
1. OOE+00
1 .OOE+00
1 .OOE+00
1 .OOE+00
1.00E+03
1 .OOE + 00
1. OOE+00
1. OOE+00
1. OOE+00
1. OOE+00
1. OOE+00
1 .OOE + 00
1. OOE+00
1 .OOE+00
1. OOE+00
1. OOE+00.

10.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

10.0
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1 .00
1.00
1.00
1.00
1.00
1 .00
1 .00
1.00
1.00
1 .00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.0
1.000
1 .000
1 .000
1.000
1.000
1.000
1.000
1.000
1.000
1 .000
1.000
1 .000
1.000
1 .000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1 .000

»15A SCAL
*15B
ELEMENT-

WISE
DATA
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132
131

27 
23 
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
4o
47
46
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

1
2

1 .OOEOO 
1. OOEOO 
1. OOEOO 
1 .OOEOO
1. OOEOO
1. OOEOO
1. OOEOO
1. OOEOO
1. OOEOO
1 .OOEOO
1. OOEOO
1 .OOEOO
1. OOEOO
1 .OOEOO
1. OOEOO
1. OOEOO
1 .OOEOO
1. OOEOO
1 .OOEOO
1 .OOEOO
1 .OOEOO
1. OOEOO
1 .OGEOO
1 .OOEOO
1. OOEOO
1. OOEOO
1. OOEOO
1. OOEOO
1. OOEOO
1.00SOO
1. OOEOO
1 .OOEOO
1. OOEOO
1 .OOEOO
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UNIT-55

3.0U00030000D+30 
00 + 36

30 + 3o 
00*06 
00 + 36 
OD + Oo 
00 + 30
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OD + Oo
00+36
00 + 36
jO+3o
00 + 06
00+06
03 + 3o
00 + 06
00 + 06
00 + 06
00 + 05
00 + 05
OD + 35
00 + 35
00 + 05
00+05
00 + 05
OD + 35
00 + 05
GD + 05
GD + 35
00 + 05
00+05

0.000-30
0.000-00
0.000-00
0.000-00
0.000-30
O.OOD-00
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0.000-00
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00 + 06 
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Appendix D: 

Output Listing for 

Radial Energy Transport 

Example
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