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FACUL TAO DE INGENIERIA U. N.A. M. 
DIVISION DE EDUCACION CONTINUA 

A LOS ASISTENTES A LOS CURSOS 

las autoridades de la Facultad de Ingeniería, por conducto del jefe de la 

División de Educación Continua, otorgan una constancia de asistencia a 

quienes cumplan con los requisitos establecidos para cada curso. 

El control de asistencia se llevará a cabo a través de la persone que le entregó 

las notas. Las inasistencias aerán computadas por las autoridades de la 

División, con el fin de entregarle constancia solamente a los alumnos que 

tengan un mínimo de 80% de asistencias. 

Pedimos a .!.~~rita~ recoger su constancia el día de la clausura. Estas se 
\ ~~~~l~d:o~ 1 ' ñ d . 1 DECFI .h ! _( retendrán por el par o o~ile un a o, pasa o este t1empo a no se ara. 
1 \;1/I<:T~~ .,~,, ! 1 

responsable de es¡¡rcumWf~~ ü 

S • Id i ~~~~'Lr>lill~~~-9~ . 1 .~~~-~r-ÁJJMJ'TII "d e recom1en a¡J"l ~y ~~~Jas1sten~ea palt clp~r:,_~ct vem~nte con sus 1 esa .Y •. 
1 ;:'-~J..Y..:.o J.LIPJ'l \;1 dlú I1IIP111' ·, 1 '"~' •~tr~,..· \~ ;-n 

experiencias; pueslos:Cursoafqu~ofrece 1.il 'oivláión;.:-atán';,planeados para que: 
1 ~~ ~~,,_ .-~-~~j,·~-,¡~UtlrllJil1191,. ~~;;;'i....~. . \;~ 

los profesores expongan una 1tesls, 1~1ero ·sobre toilo)ij para.'qUe]llc_oordmen las. 
. . 1 111 lib JI 111~?1!, Ir:' """'''• ·. . ~ ~ql4!ñl~),~,o~ . op1n1ones de todos.los lnteresados.~.constltuyendo·verdaderoalaeminar~oa. 

¿ ... :.=JVUa~=T.S J:l·~- u~~~~ ~{~~ 
. . E _f¡ 1 ~~- ~ .. ~_-,_~nlnJr:~Ñii_flVl~ttm . 

Es muy lmportante.que_todos .. los aslstentesr-llenen y entregue~ su ho¡a de 
• • • • 1 1' l~:d~,~~ 1 1-1. f1¡ I!IIL11.;1,G.u:illlif.ll ;t~IJI1ll.tit\ ~ 1 mscr1pc1on a IRICIOL' e curso;j 1n ormac on que serv~ra:Jpara ntegrar un 
. . 1 /=:?<.. 1 F"- l'h.lll![~_c...o--

dlreCtOriO de asistentes, q!l&·se.entregará_oportunamente. 

Con el objeto de mejorar los aervicios que la División de Educación Continua 

ofrece, al final del curso "deberán entregar la evaluación a través de un 

cuestionario diseñado para emitir juicios anónimos. 

Se recomienda llenar dicha evaluación conforme los profesores impartan sus 

clases, a efecto de no llenar en la última sesión las evaluaciones y con esto 

sean más fehacientes sus apreciaciones. 

Atentamente 

División de Educación Continua. 

Palacio de Minería Calle de Tacuba 5 Primer piso Deleg. Cuauhtémoc 06000 México, D.F. APDO. Postal M·2285 
Telélonos: 512-8955 512·5121 521-7335 521-1987 Fax 51D-0673 521-4020 AL 26 
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C-9 
GUÍA DE LOCALIZACIÓN 
l. ACCESO 

2. BffiLIOTECA HISTÓRICA 

3. LffiREIÚA UNAM 

4. CENTRO DE INFORMACIÓN Y DOCUMENTACIÓN 
"JNG. BRUNO MASCANZONI" 

5. PROGRAMA DE APOYO A LA TITULACIÓN 

6. OFICINAS GENERALES 

7. ENTREGA DE MATERIAL Y CONTROL DE ASISTENCIA 

8. SALA DE DESCANSO 

SANITARIOS 

* AULAS 

DMSIÓN DE EDUCACIÓN CONTINUA , 
FACULTAD DE INGENIERIA U.N.AM. 

CURSOS ABIERTOS 

• 



DIA 

LUNES 2 

MARTES3 

MIERCOLES 4 

JUEVES S 

VIERNES 6 

Vll CURSO INTERNACIONAL DE CONTAMINACION DE ACUIFEROS 

MODULO 3.- MODELOS MATEMATICOS EN GEOHIDROLOGIA 
Y CONTAMINACION DE ACUIFEROS 

2 AL 6 DE OCTUBRE DE 1995 

HORA TEMA PROFESOR 

9:00 A 11:00 GENERALIDADES SOBRE ING. RUBEN CHAVEZ GUILLEN 
MODELOS MATEMATICOS 

11:00 A 14:00 INTRODUCCION A LAS ING. FEDERICO MEIXUEIRO 
MICROCOMPUTADORAS 

16:00 A 17:30 CONTINUACION ING. FEDERICO MEIXUEIRO 

17:30 A 19:00 MODELO DEL FLUJO ING. DA VID GLEZ. POSADAS 
"PLASM" 

9:00 A 14:00 MODELO DEL FLUJO ING. DA VID GLEZ. POSADAS 
"PLASM" 
(CONTINUACION) 

16:00 A 19:00 MODELOS GEOFISICOS EN ING. ALFON'SO ALVAREZ 
CONT AMINACION MANILLA 

9:00 A 14:00 MODELOS DE M. EN C. FERNANDO LARA 
16:00 A 19:00 TRANSPORTE 

9:00 A 14:00 MODELO DE FLUJO ING. GUILLERMO HERNANDEZ 

16:00 A 19:00 "MODFLOW" ING. RODRIGO MEDINA 

9:00 A 14:00 MODELOS EN ING. JUAN M. LESSER ILLADES 
GEOHIDROLOGIA 

16:00 A 19:00 MESA REDONDA 



1. ¿Le agradó su es1ancia en la División de Educación Continua? 

SI NO 

Si indica que "NO" diga porqué: 

2. Medio a través del cual se enteró del curso: 

Periódico Excélsior 

Periódic<lo.La Jornada 

Folleto anual 

Folleto del curso 

Gaceta UNAM 

Revistas técnicas 

Otro medio (Indique cuál) 

3. ¿Qué cambios sugeriria al curso para mejorar1o? 

4. ¿Recomendaria el curso a otra(s) persona(s)? 

SI NO 

5.¿Qué cursos sugiere que impar1a la División de Educación Continua? 

6. Otras siÍgerencias: 
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~~·.xi.. nn DIVISION DE EDUCACION CONTINUA 

.. ,.,, i bL1 FACUL TAO DE INGENIERIA, UNAM 
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CURSO: Mód ." 111: Moí:Jelos Matemáticos en Geohidrologia y-~contaminación' de Acuiferos 
FECHA: del 2 al 6 de octubre de 1995. 
EVALUACIÓN DEL PERSONAL DOCENTE 

· (ESCALA DE EVALUACIÓN: 1 A 10) 1\ T O S 

CONFERENCISTA 
,, ;¡ 

L.C·~-~~, ',,·:En!. DOMINIO l)S_O 9É.~X.UD~~ ' ... 
a~ • DEL TEMA AUDIOVISUALES 1 

lna Rubén cu Guillén 

lnn Fen.,ri.-n .. o;v .. oirn . 
lna. David González Posadas 

lna. Alfonso Alvarez Manilla 

M.C. Fernando Lar a 

lna. Guillermo Hernández 

lnQ. RodrÍCIO Medina 

lna. Juan Manuel Les ser lllades 
!.~QDDtO nr: i·~CDf t J: ·¡;, ;·~ ~~flC~-~ ~ 

Gé -
:·e:- iit . , -~~4,{' ton ~-~ .~('IJ!¡: 

-· 
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CONCEPTO CALIF. 

ORGANIZACIÓN Y DESARROLLO DEL CURSO 

GRADO DE PROFUNDIDAD DEL CURSO 

ACTUALIZACIÓN DEL CURSO 

APLICACIÓN PRACTICA DEL CURSO 
'· 

EVALUACIÓN DEL CURSO .. 
CONCEPTO CALIF. 

CUMPLIMIENTO CE LOS OBJETIVOS DEL CURSO 

CONTINUIDAD EN LOS TEMAS' 

CALIDAD DEL MATERIAL DIDÁCTICO UTILIZADO 

Eva[ua«iór¡,!otal del_:~':lrl!.O .. ..J . ¡¡_:.-:' <:e ,1.:. ,f , , ... 
': ~\ b':J-;"' ,.11::.::; ~,;:o:.:~::; 

COMUNICACIÓN PUNTUALIDAD .. "'. -

CON EL ASISTENTE 

' ,. ' .:~;;: 0. ,\ d, 
' 

" . ' 

~ ft : ~- _j 

, .. 

' .. 
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Promedio ---

Promedio ____ _ 

Continúa ... 2 
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l. El Método de Diferencias Finitas 
El Método consiste en una aproximación de derivadas parciales por expresiones 

algebraicas envolviendo los valores de la variable dependiente en un limitado número de 
puntos seleccionados. 

Como resultado de la aproximación, la ecuación diferencial parcial que describe el 
problema es reemplazada por un número finito de ecuaciones algebraicas, escritas en 
términos de los valores de la variable dependiente en puntos seleccionados. Las 
ecuaciones son lineales si las ecuaciones diferenciales parciales son también lineales. 

El valor de los puntos seleccionados se convierten en las incógnitas, en vez de la 
distribución espacial continua de la variable dependiente. El sistema de ecuaciones 
algebraicas debe ser resuelto y puede envolver un número largo de operaciones 
aritméticas. 

Antiguamente todos estos cálculos eran realizados manualmente, o por el uso de 
dispositivos mecánicós. En la actualidad, con el advenimiento de las computadoras 
electrónicas las operaciones son ejecutadas por medio de un programa de cómputo. 

1.1. Flujo Estable 

Para mostrar este método vamos a considerar el caso de flujo bi-dimensional de 
un fluido en un acuífero homogéneo, isotrópico confinado, sin fuentes o sumideros. Para 
este caso, el flujo es descrito por la ecuación de Laplace: 

i!h i!h -o 
ac' +o/' - . (1.1.1) 

Esta ecuación debe ser satisfecha en todos los puntos dentro del dominio R del 
acuífero considerado. En la frontera de R el nivel del agua, h, debe satisfacer ciertas 
condiciones de frontera. Vamos a asumir que las condiciones de frontera son: 

enS1: h=f, 
(1.1.2) 

enS1 : 
i)h 

Q.=-TiJn=O ( 1.1.3) 

donde S 1 y S2 son partes complementarias de la frontera, las cuales juntas forman la 
frontera total de la región R. En la primera la altura del nivel es prescrito y en la segunda 
la frontera es impermeable. 

Una retícula de cuadrados es trazada sobre la región R (figura 1.1). El valor de la 
variable h en un punto nodal de la retícula, o nodo, es expresada como h¡J, donde i 
indica la posición de una linea vertical de la retícula (la columna), y j la línea horizontal 
de la retícula ( el renglón). 

En general, la aproximación de la primera derivada con respecto a x de una 
función F(x.y). es dada por: 

~1 ,, 



oF F(x+dr,y)-F(x,y) _,.____:. __ :..:...:._ _ __:__:..:...:._ 

Ox dr 
(1.1.4) 

esta se dice que es la aproximación de diferencia finita hacia adelallle de la derivada 
parcial. 

La diferencia finita hacia atrás es obtenida de la forma siguiente: 

F(x,y)- F(x- óx,y) _, 
Ox. dr 
oF 

(1.1.5) 

Existen pequeñas diferencias entre las dos aproximaciones. La diferencia finita 
ce111ral es a menudo más exacta: 

(1.2.6) 

La segunda derivada es la derivada de la primera derivada; y si utilizarnos una 
aproximación de diferencia finita central, obtendremos: 

if F F(x+ dr,y)- 2F(x,y) +F(x- óx,y) 

ax' "' (dr)' 
(1.1.7) 

F,.,,, - 2F,,, + F,.~,, 
= 

(dr)' 
La fórmula se ilustra en la figura 1.2, donde la función mostrada tiene segunda 

derivada positiva, por el incremento de la pendiente en la dirección x. 
La aplicación de (l. l. 7) a las derivadas parciales el (l. 1.1) nos da la 

aproximación del operador de Laplace. Si por razones de simplicidad se asumen 
intervalos iguales en las direcciones de x e y: 

dh + dh "'h,,j-l +h,,,., +h,_,,, +h,.,,, -4h,,¡ 
ax' 01' ll' 

(1.1.8) 

como la parte izquierda de la ecuación se reduce a cero según lo indica la ecuación 
diferencial básica (1.1.1), se puede hacer la aproximación requiriendo que: 

h,,¡ = t(h,,,_, +h,,j+l +h,_,,, +h,.,.J (1.1.9) 

Los nodos en la frontera requieren atención especial para acomodar las 
condiciones de frontera. Una posible condición de frontera es 11! condición de Dirichlet 
(1.1.2), la cual establece que el nivel del agua subterránea sea el especificado a lo largo 
d~parte de la frontera. En este caso ésta se prescribe a priori y ya no es una incógnita. 

En un nodo de una frontera impermeable, a lo largo de la cual una condición de 
jrolllera de Neumann (1.1.3) es aplicada, el nivel es una incógnita y la ecuación para ese 
nodo debe reflejar la condición de no flujo en la frontera. 
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Para un nodo en una frontera venical esto puede ser expresado por la condición de 
que h¡.JJ=h¡+JJ· La sustitución en el algoritmo general nos da: 

h,_, = ¡(2/t,.¡., +hi-l.j +h,.,J (1.1.10) 

Un ejemplo simple de una región rectangular es mostrada en la figura 1.3. A lo 
largo del límite superior el nivel se especifica como 100. En la esquina inferior izquierda 
es especificado el nivel cero. La estimación inicial para los nodos con valor desconocido 
se considera con el valor promedio de 50. 

En la primera parte de la figura se muestran las condiciones iniciales. Estas no 
satisfacen la ecuación (1.1.9). Son corregidas aplicando la aproximación en una siguiente 
iteraci6n del programa, y el resultado se muestra en la parte central de la figura. 
Tampoco se satisface la ecuación (1.1.9). 

Después de un número dado de iteraciones, en cada una de las cuales todos los 
valores son actualizados, la solución correcta es obtenida y representada en la parte 
derecha de la figura. 

El método descrito es denominado de relajaci6n. porque en cada paso los errores 
son relajados. En terminología matemática el método de relajación es también conocido 
como el método de Gauss-Seidel. 

Como un ejemplo, el programa BV9-l puede ser utilizado para resolver el 
problema ilustrado en la figura 1.4. En esa figura las condiciones de frontera son un nivel 
prescrito de h = 1, a lo largo de las fronteras superior y derecha y un nivel dado de h = 
O, en la esquina inferior izquierda. 

El programa inicia preguntando el número de lineas en las direcciones x e y; aquí 
el número 6 debe ser dado. A continuación el programa pregunta las coordenadas x de las 
líneas verticales; ese debe responder O, 1, 2, 4, 8, 16, sucesivamente. Para las 
coordenadas en y, la respuesta debe ser la misma secuencia. A continuación las 
condiciones de frontera deben ser dadas. Para el caso de la figura 1.4 existen 12 nodos 
que especificar; por ejemplo, parai=l,j=l: h=O, parai=6,j=6: h=l, etc. 

Los datos de salida para 36 iteraciones para los nodos en la frontera impermeable 
son: 
h = 0.000, 0.363, 0.530, 0.686, 0.839, 1.000. 

1.2. Flujo no estable. 

La ecuación diferencial parcial básica para flujo no "estable en un acuífero 
homogéneo e isotrópico, con la posibilidad de suministro de agua por infiltración, puede 
ser escrita como: 

3 
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(l. 2.1) 

donde 1 es una función fuente, representando la infiltración (negativa para 
evapotranspiración). T es la transmisividad y S es el almacenamiento. La formulación 
completa requiere especificar condiciones de frontera e iniciales como en el caso de flujo 
estable. En parte de la frontera el nivel es dado y en el resto es impermeable, esto es, 

en S1: h= j, 

oh 
en S,: Q. = -T-= O on 
Las condiciones iniciales son: 

1 = 0: h = h0 

donde, ho es una función conocida, especificada a través de todo el dominio R. 

(1.2.2) 

(1.2.3) 

(1.2.4) 

La derivada en el tiempo es aproximada por una diferencia finita hacia adelante, 
porque el problema es predecir los valores futuros de los niveles a partir de los valores 
iniciales. Por lo tanto, se introduce la aproximación: 

iJt h',,, -h,~, 
-= a- M 

(1.2.5) 

donde delta r es la magnitud del paso de tiempo y h' es el valor del nivel al final 
del paso de tiempo. 

l. 2. l. Método explícito. 

La opción de aproximación más simple de las derivadas espaciales es asumir que 
en (1.1.8) todos los valores de niveles se consideran en el inicio del tiempo. Después de 
la sustitución de varias aproximaciones en (1.2.1) se obtiene 

h' ,,1 = h,~1 + IM 1 S+ a{h,~ 1., + h,0, 1., - 2h,~J + ¡J.N,_1 + 11,~1 • 1 - 2h,~,) 
donde las constantes se definen por: 

a= TM t[s(~)') 

fJ= TMt[S(t.y)'] 

(1.2.6) 

(1.2. 7) 

(1.2.8) 

, La ecuación (l. 2. 6) expresa el nuevo valor del nivel en términos de valores 
iniciales en ese nodo y en sus vecinos inmediatos. Como todos estos valores son 
conocidos el proceso es llamado explicito. 
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El programa BV9-2 se puede usar considerando el ejemplo de una región cuadrada 
de dimensiones lOO m. por 100 m., teniendo una transmisividad T = lO m/d, un 
almacenamiento S = 0.4 y una infiltración de 0.001 m/d. Para este caso el programa 
propone un paso de tiempo de un día. 

Una posible malla para el problema se muestra en la parte izquierda de la figura 
1.5. El orden en el cual los datos deben ser introducidos es: 100, 10, 100, 10, O, 0.001, 
10, 0.4, 1, 100. El resultado para el nivel en el centro como función del tiempo se 
muestra en la parte derecha de la figura. 

1.2.2. Método implícito. 

Como una aproximación alternativa, podemos tomar la derivada espacial al final 
del paso de tiempo, a la mitad del paso de tiempo, o en general, en algún punto 
intermedio: 

h,_, = lih,~, +(1-&)h',_, (1.2.9) 

donde & es un parámetro de interpolación de valor entre O y l. Cuando & = O el 
valor de h¡J equivale al valor al final del paso del tiempo, h'ij· En ese caso la 
aproximación de la ecuación básica (1.2.1) es: 

h',_, = h,~, +!M 1 S+ a(h',_1_1 +h',.,_1 -2h',J + ¡i,_h',_,_, +h',_,., :-2h',J (1.2. 10) 

Esta es la ecuación para el método completamente implícito. El uso del método 
iterativo de Gauss-Seidel, sugiere que se puede utilizar para formular la ecuación en la 
forma: 

(1.2.11) 

El proceso iterativo definido por el algoritmo (1.2.11) produce un número de 
cálculos por paso de tiempo mayores comparados con el método explícito. Sin embargo, 
esto es balanceado por el hecho de que el proceso es estable para todos los tamaños del 
paso de tiempo. Así, éstos pueden ser más largos cuando el proceso se hace más lento. 

El programa BV9-3 realiza los cálculos para el método completamente implícito. 
Para resolver el problema ilustrado en la figura 9.5, los datos de entrada deben ser: 100, 
10, lOO, lO, O, 0.001, 10, 0.4, 1, 10, 20, 1.5, si el número de iteraciones en cada paso 
de tiempo es 20 y el factor de relajación es 1.5. 

Si en lugar de tomar & = O, se toma & = l/2, resultará una formulación más 
exacta conocida como el Esquema Crank-Nicholson, éstll es muy exacta e 
inc;ondicionalmente estable. El método completamente implícito tiene la importante 
ventaja de que también puede ser usado para estudiar problemas de flujo estable. 
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1.3 Convergencia y Estabilidad 

l. 3 .1 Convergencia 

La condición de convergencia es difícil de verificar, ya que esta condición 
establece que la solución de la ecuación numérica se aproxima a la solución con ecuación 
diferencial parcial original si todos los intervalos finitos tienden a cero. Esto puede ser 
demostrado en forma general en algunos casos simples, como los problemas en una 
dimensión, para los cuales la solución numérica puede ser expresada en forma cerrada. 
En muchas aplicaciones en la práctica de ingeniería, es imposible probar la convergencia 
en forma rigurosa. De allí que es usualmente considerado suficiente si el procedimiento 
numérico ha sido verificado con respecto a una variedad de soluciones analíticas. 

1.3.2 Estabilidad 

U na condición necesaria para la convergencia es que los errores, por ejemplo los 
debidos al redondeo, no se incrementen con en tiempo. Esta es la llamada la condición de 
estabilidad. Es una condición tan importante que implica ciertas restricciones al tamaño 
del paso de tiempo en un proceso explícito. 

El primer caso a considerar es el método explícito para problemas de flujo 
inestable descrito en (1.2.6), 

h',,, =h.~, + 1!:11 1 S+ a{h,~l¡ +h.~ l.¡ - 2h,~J + ti.N,-1 + h,~,.¡ - 2h,~J 
donde las a y P se definen por: 

a= T!:ii![S(dr)'] 

P= T~tlrj{~y)'] 

(1.3.1) 

(1.3.2) 

(1.3.3) 

Como el sistema de ecuaciones es lineal, es suficiente investigar la propagación de 
la distribución del error, considerado como la desviación de la solución particular h = O 
de la ecuación homogénea (con 1 = 0). Para acentuar el efecto se asume que en cieno 
tiempo los errores son: 

h,~I.J =h,~I.J = h,o,_¡ = h,o¡+J =- &, h,o, = & 

de (1.3.1), h',,1 =(1-4a-4p)&. (1.3.4) 

Para que los errores no crezcan, este resultado debe ser menor que s, y mayor que 
-&. De otra manera cada error será mayor que el previo y crecerá_ sin límite en el tiempo. 
Con (1.3.2) y (1.3.3) esÍo conduce a la siguiente condición pára el valor del paso de 
tiempo .11 

1 S (~x)'(~y)' 
0<!:11<-- ' ,. 

2 T(~x) +(~y) 
(1.3.5) 
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El proceso implicito presentado en la sección l. 2 es incondicionalmente estable, Jo 
cual significa que para todos los valores (positivos) del paso de tiempo, los errores se 
disiparán con el tiempo. Esto puede ser demostrado probando que la amplitud de 
cualquier componente de una serie de Fourier decrecerá con el tiempo. El caso Más 
simple es el del equivalente en una dimensión de la ecuación ( 1.2.10), en ausencia de 
infiltración, 

h' - h0 a{h' +h' 2h' ) 1,) - 1,¡ + 1-I,J !+l.J - 1,) (1.3.6) 

Ahora considérese un componente del error, el cual puede ser descrito por 

h0 =A exp(iwx ), h' = B exp(iwx) (1.3. 7) 

donde llJ es la frecuencia de esta componente de la representación en series de Fourier del 
error, A es su amplitud inicial, y 8 es su amplitud después del paso de tiempo. 
Substituyendo (1.3.7) en (1.3.6) nos da 

~ = 1+2a(l-cos(wdx)]. (1.3.8) 

Este cociente es siempre mayor que 1, para todos los valores de la frecuencia llJ o 
de la dimensión de tiempo a, sin dimensiones. De aquí podemos concluir que el proceso 
es siempre estable. 

El criterio de estabilidad (1.3.5) ha sido incorporado en el programa BV9-2, 
donde es usado para sugerir al usuario un valor para el paso de tiempo. En el programa 
BV9-3, es usado para sugerir un valor para el primer paso de tiempo . 
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2. El Método de Elemento Finito 
2.1. Flujo estable. 

Considérese flujo estable de agua subterránea en el acuífero de transmisividad T, 
mostrado en la figura 2.1. El acuífero es freático, con flujo desde el acuífero inferior, 
éste con un nivel conocido. La ecuación diferencial básica puede ser escrita como: 

iJ ( ih) iJ ( ih) h-h' iJx T iJx + iJy T iJy +1--c-=0 (2.1.1) 

donde 1 es la infiltración, h es el nivel en el acuífero, h' es el nivel del acuífero 
inferior conocido, e es la resistencia del material separando los dos acuíferos. El último 
término representa el flujo de infiltración hacia el acuífero. La transmisividad del 
acuífero superior es T=kb, donde k es conductividad y b es el espesor de la capa de 
agua. 

La ecuación debe satisfacerse en una región R en el plano x-y. Las condiciones de 
frontera especificadas son 

en S,: h = f, 
(2.1.2) 

en S2 : (2.1.3) 

En el método de elemento finito la R, en la cual se da el flujo, es subdividida en 
un gran número de pequeños elementos, en los que el nivel de agua subterránea es 
aproximado por alguna función simple. La forma más simple de subdividir la región es 
mediante el uso de elementos triangulares (Figura 2.2). 

Las formas más simples de aproximar las variaciones de nivel dentro de un 
elemento triangular es asumiendo que el nivel varía linealmente en cada elemento (Figura 
2.3). La superficie generada definida por los valores nodales, es una superficie continua; 
las pendientes son discontinuas a través de las fronteras de los elementos. El nivel del 
agua subterránea en· ·un punto dentro de un elemento es definido por una interpolación 
lineal entre los valores en los puntos de la malla o nodos. .-

Formalmente, el nivel piezométrico h a través de la región puede ser expresado 
por 

• 
h= :LN.(x,y)h, (2.1.4) 

r=l 
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donde h¡ es el nivel del nodo i y N¡ es una función base definida por 

N, = 1, si j = i, N, =O, si j ~ i (2.1.5) 

con interpolación lineal dentro de cada elemento. U na función base típica es 
mostrada en la figura (2.4). 

La función de interpolación también puede ser usada para el nivel conocido en el 
acuífero inferior y se puede escribir como: 

• 
h'= ¿N,(.r,y)~· (2.1.6) 

1=1 

En general, la aproximación (2.1.4) no satisfará exactamente la ecuación 
diferencial parcial (2.1.1). Esta condición es relajada requiriendo que la ecuación 
diferencial se satisfaga sólo en el promedio, usando un número de funciones de peso, 
igual al número de incógnitas. Este es llamado el método de residuos pesados. 

Lo más convenienie es usar las funciones base también como funciones de peso, 
éste es el Métodos de Galerldn. Lo anterior conduce a las siguientes condiciones: 

! {[ !( T = )+ ;(r: )+/- h~h']N, }d.rdy =O (2.1.7) 

(i eC) 

que deben ser satisfechas para cada valor de i, para el cual h¡ es desconocida. La integral 
en (2.1. 7) puede ser separada en dos partes: 

2.1.8) 

' sustituyendo (2.1.8) en (2.1.7), junto con (2.1.4) y (2.1.6), nos da: 

J1 +J,+J,=O (ieC) (2.1.9) 

donde, 1 ¡, 12 y 13 son tres integrales definidas por: 
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(2.1.10) 

(2.1.11) 

(2.1.12) 

La sumatoria en la segunda y tercera integrales, debe ser ejecutada sobre todos los 
valores de) desde 1 hasta n, donde n es el número de nodos. La ecuación (2.1.9) es la 
ecuación básica del método de elementos finitos. Cada una de las integrales va a ser 
evaluada separadamente. 

2.1.1. La primera integral. 

La primera integral, expresada por (2.1.10), puede ser transformada en una 
integral de línea a lo largo de la frontera S de la región R por el Teorema de la 
Divergencia (o Teorema de Gauss). Esto nos da 

(2.1.3) 

Los valores de i son restringidos a los números de nodo donde el nivel es 
desconocido, los valores de i para los puntos en los segmentos de frontera S 1 son 
excluidos. Así, la integral en la parte derecha de la ecuación se restringe a valores 
localizados en la frontera S 2· 

El valor de la función de suministro a lo largo de un elemento de frontera es qkfJ 
y la longitud de tal parte de la frontera es Lk· A lo largo de dos segmentos de línea el 
valor promedio de N¡ es V2 y la integral será la suma de dos valores, uno en la izquierda 
y otro en la derecha: del nodo i. Esta suma será denotada por Q¡. Físicamente esto 
significa que el agua total suministtada a lo largo de un elemento, de frontera es atribuida 
a los dos nodos en sus extremos. Por lo tanto: 

(2.1.14) 

JO 
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(2.1.15) 

2.1.2. La segunda integral. 

La segunda integral puede ser definida formalmente como: 

(2.1.16) 

donde la sumatoria del lado derecho es sobre los elementos Rp incluidos en el dominio R, 
donde 

(2.1.17) 

para evaluar esta integral, se toma en cuenta que las contribuciones a esta integral solo 
existen si el elemento Rp contiene ambos nodos i y j. Si uno u otro nodo no pertenece e 
este elemento la función base se hace cero y de esta manera no hay contribución a la 
integral. Así nos podemos restringir a elementos que contengliR a ambos nodos. 

Como las funciones base son lineales podemos escribir: 

(2.1.18) 

donde los coeficientes p¡, PJ· etc., son constantes. Si los tres nodos Rp son denominados 
por}, k y 1 (donde i puede ser cualquiera de ellos), entonces") debe ser 1 en el nodo}, y 
O en los nodos k y /, por lo tanto: · 

p
1
x

1 
+q

1
y

1 
+r

1 
= 1, p,x. +q,y. +r

1 
=O, p

1
x1 +q1y1 +r1 =O 

este es un sistema de ecuaciones simultáneas con tres incógnitas. la solución a este 
sistema es: 

donde 

d1 = x.y, - x,y., d• = x1y1 - x1y1, d, = x,y. - x.y, 

D = x,b, + x.b. + x1b1 

La cantidad D es el determinante del sistema de ecuaciones. 
integral (2.1.17) las cantidades necesarias son: 

2.1.19) 

(2.1.20) 

Para la evaluación de la 
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Si asumimos que la transmisividad Tes constante, Tp a través del elemento Rp, entonces 
obtenemos: 

~ = T,A, {b,b, +c,cJ 1 D2 

donde Ap es el área del elemento Rp, cuya fórmula alternativa es Ap = ~ 1 D 1 
La expresión formal para los coeficientes Pij es: 

~ = 2~;1 {b,b1 +c,cJ 

sustituyendo (2.1.21) en (2.1.16) da, para la segunda integral: 

J, =-L ~ h, (i EC) 

donde los coeficientes Pij son definidos por (2.1.21). 

2.1.3. La Tercera Integral. 

(2.1.21) 

(2.1.22) 

La tercera integral definida por (2.1.12), puede ser considerada en dos partes. La 
primera es la integral de la infiltración /, 

J,_, = f {IN, }dx ~ (i E C)(2.1.23) 
R 

La integral sobre un elemento Rp, expresa el promedio del producto 1 pN¡ en ese 
elemento, multiplicada por el área del elemento. Como lp es constante, el promedio de 
N¡ es 1/3, y el área del elemento triangular es !-71 D 1 la primera parte de la tercera 
integral es: 

J,_,=I,IDI/6 (iER,) (2.1.24) 

Físicamente significa que la infiltración del elemento ~IpiDI, es distribuida en 
los tres nodos del elemento triangular. Se puede también escribir: 

J3_1 = {2 (¡ EC) (2.1.25) 
donde Q¡ ahora representa la parte de la infiltración atribuible al nodo i. Para los 
elementos para los cuales el elemento i pertenece tenemos: 

Q, = I,IDI/6.· (¡ ER,) (2.1.26) 

La segunda parte de la tercera integral es: 

J3_ 2 =-J{.!¿N,N,(h1 -h'J}dx~ (iEC) 
• e ' 

(2.1.27) 

para el elemento Rp, separando los factores constantes tenemos: 

12 
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(2.1.28) 

N,(x,y) = p,x+q,y+r,, N,(x,y) = p
1
x+q

1
y +r

1 

Estas integrales toman la forma más simple si el origen de las coordenadas 
coincide con el centroide del elemento, y si esto se asume no se pierde generalidad. En 
este caso el momento de área de primer orden se elimina: 

(2.1.29) 
R, R, 

El momento de segundo orden puede ser expresado como: 

f y' dx dy ={y~+ Yi +y¡ }IDI/24 = tiDIZ,., (2.1.30) 

R, 

Usando (2.1.19), (2.1.29) y (2.1.30), la integral (2.1.28) puede ser escrita como: 

donde 

R,, = {b,b,Z.,. +c,c,Z,. +(b,c, +b,c,)z,. +d,djt{21DicJ 
esto completa la tercera integral. 

(2.1.31) 

(2.1.32) 

Con (2.1.14), (2.1.22), (2.1.24) y (2.1.31), la formula (2.1.9) se convierte en: 

(2.1.33) 
J 

2.2 Flujo estable en ·un Acuífero Confmado. 

2.2.1. Un Programa Simple. 

Para mostrar el método de solución y un programa simple considerando el caso de flujo 
estable en un acuífero completamente confinado. Para tal caso, la ecuación diferencial 
básica (2. l. 1) se puede simplificar tomando 1 = O y e = ac. La ecuación resultante es: 

13 
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~(r::)+ ~(r~)=o (2.2.1) 

Para este caso el sistema de ecuaciones (2.1.33) se reduce a: 

(2.2.2) 

donde de acuerdo a (2.1.21), los coeficientes Pij son sumatorias sobre todos los 
elementos, cada uno de los cuales hace contribuciones de la forma: 

P,1 = 2~l {b,b1 +c,cJ (2.2.3) 

El programa BV 10-1 es posible utilizarlo para resolver primeramente un problema 
simple, como el ilustrado en la figura 2.5. El problema consiste se flujo uniforme de 
izquierda a derecha. Las dimensiones horizontal y vertical de los elementos son iguales a 
l. El nivel del lado izquierdo es de 10, mientras el del derecho es O. La transmisividad es 
1 en todos los elementos. El número de iteraciones es de 50, y el factor de relajación es 
de 1.5; el orden en que los datos deben ser introducido es: 
6,4,50, 1.5, 
0,0, Y, 10,0, 1, Y, 10,1 ,O,N,O, 1,1 ,N,0,2,0, Y,0,2, 1, Y,O, 
1,2,3,1,2,3,4,1,3,4,5,1,4,5,6,1 
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Figura 2.1. Acuífero freático semiconfinado 

Figura 2.2. Dominio R dividido en elementos triangulares 

r 

.• 

~--------------------------------x 

Figura 2.3. interpolación lineal del nivel dentro de los elementos 
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Figura 2.4. Una función típica 
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Figura 2.5; Problema elemental 
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3. EL MODELO COMPUTARIZADO DE 
TRANSPORTE DE SOLUTOS 

Y DISPERSIÓN EN 
DOS DIMENSIONES 

de L. F. Konikow y J.D.Bredehoeft 

Introducción 

El modelo calcula los cambios transitorios en la concentración de un soluto no reactivo el 
agua subterránea fluyendo. El programa de computadora resuelve dos ecuaciones 
diferenciales parciales de segundo orden. Una ecuación es la de flujo de agua subterráneas 
que describe la distribución de niveles piezométricos en el acuifero. La segunda ecuación es 
la de transporte de solutos que describe la concentración química en el sistema. Acoplando 
la ecuación de flujo con la de transporte de solutos, el modelo puede ser aplicado a 
problemas tanto de estado estacionario como de flujo transitorio. 

Los cambios de concentración que ocurren en un sistema dinámico de agua subterránea se 
deben principalmente a cuatro procesos distintos: 
1) transporte advectivo , en el cual los químicos disueltos se mueven con el flujo de agua 
subterránea; 
2) Dispersión hidrodinámica, en el cual difusión molecular y iónica y variaciones a pequeña 
escala en la velocidad de flujo a 'través del medio poroso causa que las trayectorias de 
moléculas disueltas y iones diveljan o se desprendan de la dirección promedio del flujo de 
agua subterránea; 
3) Fuentes o sumideros, donde el agua de una composición dada se introducida a agua de 
una composición diferente; 
4) Reacciones, en las que una cantidad de una especie química disuelta en particular sea 
adicionada o substraída del agua subterránea debido a reacciones químicas o fisicas en el 
agua o entre el agua y los materiales sólidos del acuifero. 

El modelo asume: 
1) Que no ocurren reacciones que afecten las concentraciones que afecten las especies de 
interés y 
2) Que los gradientes de densidad de fluido, viscosidad, y temperatura no afectan la 
velocidad de distribuGión 
El acuífero puede ser 
1) heterogéneo y 
2) anisotrópico. -

! 



--

Fundamentos Teóricos 

Ecuación de Flujo 

La ecuación que describe el flujo transitorio bi dimensional de un fluido compresible y 
homogéneo a través de un acuífero no homogéneo anisotrópico puede ser escrito en 
notación canesiana tensorial como: 

_.!_(r .!!!__) = s éh + w (3.1) 
ac, "ac1 a 
donde 

T¡J es el tensor de transrnisividad, L2!T; 
h es el nivel piezométrico, L; . 
S es en coeficiente de almacenamiento, adimensional; 
t es el tiempo, T; 
W=W(x,y,z,) es el caudal volumétrico por unidad de área 

de signo positivo para salida y negativo para flujo de entrada 
Xi, Xj son las coordenadas canesianas, L; 

la expresión para velocidad de filtración del agua subterránea puede ser derivada de la ley de 
Darcy: 

K,, éh 
V=----
' s ac, 

donde 
V¡ 
Kij 
E 

es la velocidad de filtración en la dirécción de x¡, UT; 
es el tensor de la conductividad hidráulica, UT; 
es la porosidad efectiva del acuífero, adimensional 

(3.2) 
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Ecuación de Transporte 

La ecuación para describir el transpone bi dimensional y la dispersión de una especie 
química disuelta y no reactiva puede ser escrita como: 

é(Cb) o ( K) o C'W --=- bD- --(bCV)--· i J·= 12 a a.- •a.- a.- , , , , 
• 1 • e 

(3.3) 

donde 
C es la concentración de la especie química disuelta, MJL3 
Di) es el coeficiente de dispersión hidrodinámica, L21T 
b es el espesor saturado del acuífero, L 
C' es la concentración del soluto en la fuente o sumidero, MJL3 

En la parte derecha de· la ecuación: 
El primer término represente los cambios de concentración por dispersión hidrodinámica; 
El segundo termino describe el efecto del transpone advectivo; 
El tercer término represente una fuente o sumidero de fluido. 

Coeficiente de Dispersión. 

El coeficiente de dispersión puede ser relacionado con la velocidad del flujo del agua la 
naturaleza del acuífero usando la ecuación de Scheidegger: 

(3.4) 

Para un acuífero isotrópico el tensor de dispersividad puede ser definido en términos de dos 
constantes; la dispersividad longitudinal aL y la dispersividad transversal ar estas se 
relacionan con los coeficientes de dispersión por: 

DL =aL lVI 
D, = a,¡v¡ (3.5) 

Expandiendo la ecuación de Scheidegger sustituyendo las identidades y eliminando términos 
de coeficiente cero, los componentes del coeficiente de dispersión para flujo bi dimensional 
en ún acuífero isotróp~co se pueden establecer explícitamente como: 

.· 
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D = D (V.)' +D (vJ' 
"" L JVI' T JVJ' 

D =D (V.)' +D (vJ' 
"' r ¡v¡' " ¡v¡' (3.6) 

( ) v.vy 
D.,= D"" = De -D7 w 
Métodos Numéricos 

Ecuación de Flujo. 

La ecuación de flujo puede ser aproximada con la salvedad de que los ejes de coordenadas 
se alineen con las direcciones del tensor de transrnisividad por la siguiente ecuación de 
diferencias finitas: 

T [h,_,_, .• -h..,.•] + T [h,.~., .• -h..,.•] + T [h,_,_, .• -h..,.•] + T [h,,,., .• -h,,J.•] 
a[o-y,,,¡ (.1x)' a[<+Y,.,j (.1x)' w[•.,-Y,j (.1y)' w[•.J•Y,J (.1y)' 

= s[h .. ,.• -h,.,,._, ]+ qw<,,,1 K, [H -h, l 
(M) .1x.1y m s(I,J) J,k . 

(3.7) 
donde i,j,k son los índices de las dimensiones en x,y, y el tiempo, y qw es recarga. 

Después de que la distribución de niveles ha sido calculada, para un paso de tiempo, la 
velocidad para el flujo de agua subterránea puede ser calculada en cada nodo usando un 
esquema de diferencias finitas explícitas. por ejemplo para la velocidad en la dirección x: 

(3.8) 

: 
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Ecuación de Transporte 

Método de Características 

La ecuación de transporte puede ser escrita, considerando espesor saturado como variable y 
expandiendo el término de transporte advectivo, como sigue: 

( ) 
c(s ar + w- .s a,)- e· w 

K=..!_~ bD a:: -Va::+ a a 
a bilx ''& ·o.r &b ' } ' 

(3.9) 

Esta ecuación es la resuelta en el programa de computadora. por conveniencia es escrito 
como: 

K= ..!_~(bD . a::)- V a::- -V a:: +F 
a bac "& ·o.r •o.r ' } 

(3.1 O) 

La derivada material de ··la concentración, que asume la razón de cambio observada 
moviéndose con las partículas es: 

dC K Kdx Kdy 
-=-+--+--
dt a- t7x dt ay dt 
Para las componentes x y y tenemos las velocidades como: 

dx =V 
dt • 

dy =V 
dt , 

si sustituimos en la ecuación (3.11) las (3.10), (3 .12) y (3.13): 

dC =.!_~(bD K)+F 
dt b a, • & 1 

la solución del sistema de ecuaciones (3.11-13) puede ser dada como: 

x ~ x(l); y~ y(t); c~C(tJ 

y son llamadas las curvas características de la ecuación. de transporte. 

(3.11) 

(3.12) 

(3.13) 

(3 .14) 

(3 .15) 
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Seguimiento de partículas. 

El método de características consiste en poner partículas o puntos en cada celda de la malla 
de elementos finitos formándolos en una distribución uniforme en el área de interés. La 
concentración inicial asignada a cada punto es la concentración asociada con el nodo de la 
celda conteniendo los puntos. 

cada paso de tiempo cada punto es movido una distancia proporcional a la longitud del 
incremento de tiempo y la velocidad ella localidad del punto (fig. 3.1 ). La nueva posición el 
calculada siguiendo las formas de las ecuaciones (3.12) y (3.13): 

X p.k = X p.k-l + OX P = X p.k-1 + tJ.tV 
1 

j 
x r(,.t)·Y{,J) 

(3. 16) 

(3.17) 

donde 
p es el número índice para identificación del punto; y 
8x y cy. son las distancias que se movió en las direcciones x y y. 

Después que todos los puntos se han movido la concentración en cada nodo es tomada 
como el promedio de las concentraciones de todos los puntos localizados dentro del área de 
esa celda; esta concentración promedio es denotada como C;j,k*. Los puntos en 

movimiento simulan el transporte por advección porque la concentración en cada nodo 
cambia con cada paso de tiempo conforme diferentes puntos, teniendo diferentes 
concentraciones, entran y salen del área de esa celda. 

La aproximación por diferencias finitas de la ecuación de transporte es expresada como: 

( ) 
e (s óh +W -eib)-cw 

O. 5tJ.t _!_ bD a::::'(t-1) + (t-1) ól' ól' tJ.C =--
•. ,.• b a, '' iJx

1 
e 

O. StJ.t 
+-­

b ( ) 
c .. (s óh +W- eib)-cw 

a h a:::.. ól' ól' - D -- +-__;_ ____ _¿_ __ 

"- " !l... c.a:, u.x 1 & 

La nueva concentración al final del incremento de tiempo k es calculada como: 

c .. , .• =c .. , .•. + tJ.c .. , .• 

(3 .18) 

(3 .19) 
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MODEL OF SOLUTE TRANSPORT IN GROUND WATER 

/ 

EXPLICACIÓN 
• Posición inicial de la partícula 
O Nueva posición de la partícula 
-+ línea y dirección de flujo 

trayectoria calculada de la 
partícula 

Figura 3. l. Vista parcial de una 
hipotética malla de diferencias 
finitas mostrando la relación 
entre el campo de flujo y el 
movimiento de puntos 

x-
• i-1.j-1 • • i.j-1 i·1.j-1 

.i -1. i i 

y 

l 

• • 

• i+1,j+1 

• 

Figura 3.2. Vista parcial de una 
hipotética malla de diferencias 
finitas mostrando áreas sobre 
las cuales la interpolación 
bilineal es usada para calcular 
la velocidad en un punto. 
Nótese que cada área de 
influencia e igual a 1/2 del área 
de una celda 

r 

• 

... • 

• 

• 
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MODEL OF SOLUTE TRANSPORT IN GROUND WATER 

( START } 
l 
t 

\EAD GEOLOGifi/ HYDROLOGIC.& 
CHEMICAL 

INPUT 
DATA 

+ 
GENERATE UNIFORM COMPUTE HYDRAULIC 

DISTRIBUTION OF GRADIENTS FOR 
TRACER PARTICLES ONE TIME STEP 
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COMPUTE DISPERSION 1 COMPUTE 
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Figura 3.3 Diagrama de ·flujo simplificado ilustrando las principales 
etapas en el procedimiento de cálculo 



4. MÉTODOS DE SOLUCIÓN DE 
ECUACIONES LINEALES 

4.1 Métodos Directos de Resolución de Sistemas de Ecuaciones Lineales 

.· 

Un muy bien conocido método directo para solución de sistemas de ecuaciones 
lineales de la forma 

L {P(I,J) X F(J)} = G(l) (!=l... N) 
es el método de eliminación Gaussiana. En este método la primera ecuación es usada para 
expresar la primera variable en términos de todas las otras variables, entonces la primera 
variable es eliminada de todas las ecuaciones subsecuentes. Queda un sistema de N-I 
ecuaciones con N-I variables; el proceso puede ser repetido hasta que solo una ecuación con 
una variable quede. Esta ecuación puede ser facilmente resuelta y entonces las ecuaciones 
previas pueden ser resueltas en una serie de sustituciones hacia atrás. 

4.2 Métodos Iterativos de Resolución de Sistemas de Ecuaciones Lineales 

En esta sección se presenta el método iterativo de Gauss-Seidel, con el énfasis 
puesto en la ejecución en una computadora pequeña. La teoría del Método puede ser 
encontrada en libros de texto de análisis numérico. El sistema de ecuaciones lineales será 
escrito como: 

L {P(l,J) X F(J)} = G{l) (l=l ... N) (4.2.1) 

donde la sumatoria debe ser ejecutáda desde J= 1 a J=N. 

En el método de Gauss-Seidel una solución inicial estimada es continuamente 
actualizada corrigiendo la /-ésima ecuación modificat~do la variable /. La estimación inicial 
puede ser arbitraria, por ejemplo, F(l) = O para todos los valores desconocidos de F(l). En 
forma alternativa, se puede hacer alguna estimación razonable para las incógnitas. En 
general la ecuación. (4.2.1) no será satisfecha por la solución estimada. La variable F(l) será 
corregida por una cantidad DF(I), de mido que la ecuación 1 sea satisfecha. Si la solución 
estimada es representada por FA(/), esto significa que 

L {P(l,J) X FA(J)} -r·P(l,!) X DF(l) = G(l) 
La corrección de la incógnita DF(I) puede ser despejada de la ecuaci~n 

DF(-1) =[G(l)- 2:{P(l,J) xFA(J)}VP(l,!) (4.2.2) 

El algoritmo Gauss-Seidel consiste en la ejecuc;ión repetida de la ecuación ( 4:2.2) para todos 
los valores de L Puede ser demostrado que el proceso converge si la matriz es positiva 
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definida. La convergencia es razonablemente rápida si la diagonal principal de la matriz es 
dominante. 

El algoritmo de Gauss-Seidel puede ser ejecutado por la siguientes proposiciones en 
lenguaje de prografT\ación BASIC: 

1000 FOR K=1 TO NI 
1010 FOR 1=1 TO N 
1020 A=G(I) :FOR J=1 TON: A=A-P(I,J)*F(J):NEXT J 
1030 F(I)=F(I)+A/P(!,I) :NEXT I:NEXT K 

El número de iteraciones es NI, el cual a menudo es asignado con la magnitud del 
número de ecuaciones N. Algunas veces el número de iteraciones necesario puede ser 
mayor, especialmente si la diagonal principal no es dominante. Entonces un método 
diferente puede ser más eficiente. 

Una variante del algoritmo de Gauss-Seidel es el método de Jacobi, en el cual todas 
las correcciones son calculadas primero, y entonces todos los valores de F(l) son 
actualizados en un paso. Esto puede ser ejecutado por las siguientes líneas: 

1000 FOR K=1 TO N 
1010 FOR !=1 TO N 
1020 A(I)=G(I) :FOR J=1 TO N:A(I)=A(l)-P(I,J)*F(J) :NEXT J,I 
1030 FOR I=l TO N:F(l)=F(I)+A(l)/P(I,I) :NEXT I:NEXT K 

Este procediÍÍliento requiere un mayor tiempo de cálculo y usa más memoria a causa 
de que el vector de incrementos tiene que ser almacenado. La convergencia es más lenta. Es 
por esto que el método de Gauss-Seidel sea usualmente preferido excepto por propósitos 
especiales. 
La experiencia práctica con el método de Gauss-Seidel ha demostrado que la convergencia 
puede ser mejorada multiplicando la corrección en cada paso por un factor algo mayor que 
l. Esto significa que en cada paso el error no se hace igual a cero, sino que por un impulso 
extra se hace que cambie de signo. en anticipación a futuras correcciones. El factor, llamado 
factor de sobre-relajación debe ser menor que 2 y, aJ menos, igual a l. El algoritmo ahora 
es el siguiente: 

1000 FOR Kal TO NI 
1010 FOR I=l TO N 
1020 A=G(I) :FOR.J=1 TON: A=A-P(I,J)*F(J) :NEXT J 
1030 F(I)=F(l)+~*A/P(l,l):NEXT I:NEXT K 

: 
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4.3 Método Implícito de dirección Alternante (A DI). 

Consideremos la ecuación en dos dimensiones transitoria para un acuífero confinado: 

ifh ifh S óh 
--+--=--
&2 o.l r él' 

(4.3.1) 

Para el caso especial .1x' = Lly = a, la aproximación de diferencias finitas completamente 
implícita es: 

Sa 2 h' . -h0 

h' +h'. +h' +h' -4h' = •. , '·' (4 3 2) ,_,_, ,.,., 1.1-1 •• ,., 1.1 T llt · · 

Porúendo la incógnitas del lado izquierdo ·de la ecuación y los valores conocidos a la 
derecha: 

h, h' h' h' -4 .,a ' - a '·' . ( '"' z} s. z h0 

+ + + + --- -----
1-1.) ••1.1 1,¡-1 1.1•1 Ttlt '·i- T llt (4.3.3) 

La base del método Implícito de dirección Alternante (ADI) es obtener una matriz de 
coeficientes tridiagonal escribiendo alternativamente las ecuaciones de diferencias finitas 
primero implícitamente a lo largo de las columnas y explícitamente a lo largo de los 
renglones y entonces viceversa. Las ecuaciones que resultan son: 

h, 4 a h' h' - .,a '·1 h0 1 ° (S ') '"''h" + - --- + ------ - 1 ,_,_, Tllt 1"1 l.,.,- T llt ,_,_, .• ~., (4.3.4) 

h' + -4 -~ h' +h' - -:=!!.__...!.:L.- h0 - h0 
( 

'"'') C'2h0 
1-l.j Tllt I.J l•l.J- T llt •.J•l •. ,-1 

(4.3.4) 

i 
' 
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SIMULACION COMPUTACIONAL DE FLUJO EN MEDIOS POROSOS SATURADOS 

Rodrigo Hedina Bañuelos 

Introducción: 

El análisis del comportamiento observado de un acuifero, y la predicción 

de su evolución futura, son objetivos importantes que se pretende alcanzar 

mediante una serie de estudios multidisciplinarlos que permiten simular el 

movimiento del agua en medios porosos. 

La implementación de un modelo numérico de simulación requiere de 

información proveniente de diversas disciplinas. Los resultados 

proporcionados por estudios geológicos, geofísicos, hidrogeoquimicos, 
' 

hidráulicos, climatológicos, etc. constituyen los archivos de datos que 

caracterizan al acuífero estudiado. 

La metodología que se emplea en el proceso de modelación numérica, 

consiste en obtener una solución aproximada de la ecuación diferencial que 

gobierna el movimiento del agua en un medio poroso saturado. La región de 

simulación se define de acuerdo a la geometría del sistema acuífero 

estudiado, y se le imponen condiciones de frontera justificables por la 

geología y la hidráulica subterránea. Adicionalmente, para la solución 

transitoria se cequiere de condiciones iniciales (observadas o deducidas) 

para el tiempo de inicio de la simulación. 

Una vez que se dispone de los archivos de datos, el algoritmo numérico de 

solución de la ecuación de flujo, condiciones iniciales y de frontera 

especlf lcados, se procede a ejecutar las simulaciones de ca 1 i brac Ión de 1 

sistema, enfocadas a reproducir el comportamiento observado. La 

incertidumbre en los valores asignados a los parámetros hidráulicos y a la 

recarga del sistema, entre otros factores, pueden conducir a una 

discrepancia entre los niveles piezométricos observados y los simulados. 

La calibración del modelo consiste en modificar los archivos de datos 

propuestos originalmente, hasta obtener un funcionamiento del sistema que 

sea similar al observado históricamente. 

., 



Las simulaciones predictivas se realizan utilizando los archivos de datos 

calibrados y permiten prever el comportamiento que el sistema acuífero 

adoptará en el futuro al ser sometido a diversas políticas de explotación. 

Las configuraciones de niveles piezométrlcos obtcnld¡¡s mcdl¡¡ntc 

simulaciones predictivas, son determinantes en la toma de decisiones para 

el manejo racional de los recursos hidráulicos y para el dlscíio de las 

estructuras requeridas. 

En los subcapitulos siguientes se presentan algunos aspectos importantes 

del proceso de simulación numérica, entre estos la deducción de la 

ecuación diferencial que describe el movimiento del agua en medios 

porosos, algunos comentar los acerca de los problemas con valores a la 

frontera, un ejemplo del procedimiento de solución analítica de un 

problema con valores a la frontera, y finalmente un artículo referente a 

la simulación numérica del acuífero de San Luls Potosi que !lustra 

concretamente la metodología expuesta. 
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DEDUCCION DE LA ECUACION DIFERENCIAL DE FLUJO EN MEDIOS POROSOS 

La deducción de la ecuación de flujo para un medio poroso saturado se 

puede realizar mediante un balance de materia en un volumen de control: 

pv, 

pv, 

d pv,- ;¡zlpvz) 

y 
pv, 

d 
pv, - dy (pv 1 ) 

d 
_.:.....~;o.pv, - a,: (pv,) 

Según la ecuación de continuidad (Ley de Conservación de la Materia), las 

entradas (E) menos las salidas (S) en un sistema, son Iguales al cambio de 

volumen almacenado dentro del mismo (6V). 

E-5=6V 

La masa por unidad de tiempo a través de una cara del volumen de 

control se puede expresar como pvA 

donde: p = Densidad del fluido [ 
v = Descarga específica [ L 

T 

) 

) 

Las entradas menos las salidas en la dirección x serán: 

pvx 6y 6z -
8(pvx) 

ax 

--

6x ] 6y 6z 
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Análogamente: 

en la dirección y: 

pvy dx dz - [ pvy + 

en la dirección z: 

pvz dx dy - ] llx lly 

Las entradas menos las salidas en el volumen de control serán: 

E - S = 
[ 

a (pvx) + 

ax 

a(pvy) 

ay 
+ 

a(pvz) 

az 
] llx lly llz 

--

Dividiendo entre el volumen dx dy llz, se obtiene el cambio en el 

almacenamiento por unidad de volumen del sistema: 

dV = 
[ 

a(pvx) 

ax 
+ 

a(pvy) 

ay 

+ a(pvz) ] 

az 
( 1 ) 

Para un sistema en estado estacionarlo la variación del volumen almacenado 

con respecto al tiempo (llv) es Igual a cero: 

liV = O 

Suponiendo densidad del fluido constante: 

[ 
.!!:::! + avy + avz ] = 0 

ax ay az 
( 2) 

Sustituyendo la .. ecuaclón de Darcy: 

V = - K en cada componente 
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a 
ax 

( 3) 

Suponiendo que el material es lsotróplco (Kx = Ky = Kzl y homogéneo (K = 
cte l. 

= o ( 4) 

Esta ecuación es conocida como la Ecuación de Laplace y es de eran 

utilidad en hldrogeología. La solución de esta ecuación describe el valor 

de la carga hldrlullca en estado estacionarlo en cualquier punto en una 

reglón tridimensional. 

Flujo transitorio en medio saturado. 

La ley de conservación de masa requiere que la masa que se almacena por 

unidad de tiempo por unidad de volumen dentro del valumen de control, sea 

igual a la variación con respecto al tiempo de la densidad p del fluido 

que se encuentra dentro de los poros del material limitado por el volumen 

de control 

[ a(pvx) + a(pvy) 
+ 

a(pvzl ] = 
a(pn) 

ax ay az at 
(S l 

donde n es la porosidad del material. 

Desarrollando el lado derecho de la ecuación. 

[ a(pvx) a(pvy) a(pvz) 
]= n 

ap an 
+ + + p 

ax ay az at at 
(6) 

n ap es la masa producida por la expansión del aeua por unidad 
at : 

de tiempo cuando cambia su densidad. 

p an es la masa producida por la compactación del medio poroso 
at 

S 



--
por unidad de tiempo cuando cambia su porosidad. 

Se puede demostrar que el cambio en p y el cambio en n se producen al 

variar la carga hidráulica h, y que el volumen de agua producido por los 2 

mecanismos cuando la carga hidráulica h disminuye una unidad, es Ss 

(coeficiente de almacenamiento específico [L- 1
]) 

Ss = pg(a+n/3) 

a = compresibilidad de la matriz sólida 

13 = compresibilidad del fluido 

El cambio de masa de fluido almacenado por unidad de tiempo es: 

t.V = p Ss ah 
at 

La ecuación (6) se puede expresar como: 

a(pvxl 

ax 
a(pvy) 

ay 

a(pvz) 

az 
= P Ss ah 

at 

( 7) 

( 8) 

( 9) 

Desarrollando los términos del lado Izquierdo por medio de la regla de la 

cadena, y considerando que 
ap 

vx ax· 

avx 
los términos p ax son mucho mayores que los 

y sustituyendo la Ley de Darcy, se obtiene: 

Considerando medio 1s6tropo: Kx = Ky = Kz 

+-. 
a/ 

+-. 
a/ 

6 

= 

= 

ss ah 

K at 

S 

r at 

.. 

S ah 
S 

at 
( 1 o) 

( 11 ) 

( 12) 
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Esta ecuación se conoce como la ecuación de difusión. La solución 

h(x, y, z, t) describe el valor de la carga hidráulica en cualquier punto 

(x,y,z) de la región para cualquier tiempo t. 

Problemas con valores a la frontera 

Un problema de valores a la frontera es un modelo matemático 

La técnica de análisis de un problema de valores a la frontera es un 

proceso de 4 pasos: 

1) Examen del problema fislco 
2) Planteamiento del problema físico en términos de un problema 

matemático equivalente 
3) Solución del problema matemático con técnicas matemáticas 
4) Interpretación de los resultados matemáticos en términos del problema 

físico. 

Los problemas· de flujo en medios porosos dan lugar a un problema 

matemático de.ia forma de problema con valores a la frontera. 

Para definir completamente un problema transitorio de valores a la 

frontera en flujo subterráneo se necesita conocer: 

1) El tamaño y forma de la reglón de flujo (geometría del sistema) 
2) La ecuación de flujo dentro de la reglón 
3) Las condiciones de frontera alrededor de la reglón 
4) Las condiciones lnlclales en la reglón 
5) La distribución espacial de los parámetros hldrogeológicos que 

controlan el flujo 
6) Un método matemático de solución 

·Si el problema con valores a la frontera es para estado estacionario, no 

se requiere conocer las condiciones Iniciales del sistema. 

Los métodos de solución para un problema con valores a la frontera pueden 

ser clasificados en 5 enfoques:. 

1 ) Solución por,. inspección 
2) Solución por técnicas gráficas (redes de flujo) 
3) Solución por modelos analógicos (circuitos eléc~rlcos) 
4) Solución por técnicas matemáticas analíticas 
5),- Solución por técnicas matemáticas numéricas (modelos computacionales) 
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Ejemplo de una solución analítica a un problema de valores a la frontera 

Considere el problema de flujo subterráneo mostrado en las figuras: 

y 

A 
/////////////// 

B y = YL 
k = K 

h ho 1 h ht = = .E 
y = o X o ////////////// e 

X = O X = XL 

La ecuación de flujo en dos dlmenslones para flujo en zona saturada y 

estado estacionarlo es: 

+ = o (1) 

La expresión matemática de las condiciones de frontera es: 

ah o o y = yL (2) 
ay = en y = y 

h = hO en X = o (3) 

h = ht en X = XL ( 4) 

Se obtendrá h (x.yl usando la técnica de separación de variables: 

Se supone en el método de separación de variables que la solución es un 

producto de la forma: 

h(x.y) = X(x) Y(y) (S l 

La ecuación (1) se expresa ahora como: 

+ X = o ' - - - (6) 
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Dividiendo entre X Y se obtiene: 

= 1 
y - - - (7) 

El lado Izquierdo es Independiente de y. El lado derecho, a pesar de su 

apariencia, debe ser Independiente de y, debido a que es igual al lado 

izquierdo. Análogamente, el lado derecho es independiente de x, y 

también el lado izquierdo. 51 los dos términos de la ecuación son 

independientes de x y y, cada término debe ser igual a una constante. 

entonces: 

G y 1 
y = G - - - (8) 

La constante G puede ser positiva, negativa o cero. Los 3 casos conducen 

a una solución t lpo producto. Pero sólo el caso G = O dá 1 ugar a una 

solución que llene significado físico para este problema. Por lo tanto: 
• 

= o y 1 
y = o - - - (9) 

Estas son ecuaciones diferenciales ordinarias cuyas soluciones son bien 

conocidas: 

X=Ax+B y Y = Cy + D -- - (10) 

La solución producto (5) es: 

h (x,y) = (Ax + BJ(Cy + Dl ---(11) 

Los coeficientes A, 8, C y D se evaluan mediante: las condiciones de 

frontera. Diferenciando (11) con respecto a y se obtiene: 

= (Ax + BJC ---(12) 
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La condición de frontera (2) lmpllca que C = O. La ecuación (11) queda 

como: 

h(x,y) = (Ax + BlD = Ex + F 

De acuerdo a las condiciones de frontera (3) y (4); 

F = ho y E = -(ho - h1)/xL. La solución es entonces: 

h(x,y) = ho -(ho- h1l x 
XL 

---(13) 

( 14) 

Se aprecia claramente que la ecuaCión (14) satisface las condiciones de 

frontera (3) y (4). La derivada con· respecto a y es lgual a cero 

satisfaciendo la condición (2). La segunda derivada de h(x,yl con 

respecto a· x también es lgual a cero. Por lo tanto la solución ( 14) 

satisface la ecuaclón·de flujo (1) . 

. -·.-
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EVALUATION OF HYDROTHEIDIAL SOURCES THAT SUSTAIN AN 
OVEREXPLOITED AQUIFrn AT SAN LUIS POTOSI, HEXICO. 

I. HERRERA, R. MEDINA, L. CHARGOY & J. CARRIU.O 
Instituto de Geofisica, UNAH, Hexlco Clty 

Apdo. Postal 22-582, 14000 Hexlco, D.F., Hexlco 

ABSTRACT. A numerlcal model ls lmplemented for the aqulfer of the Clty of San 
Luis Potosi, which takes lnto account the contrlbutlon of an underlylng 
thermal source. Prevlously, lt was thought to be overexplolted. By means of 
the numerical model, it ls shown that thls ls not the case, because there 1s a 
contrlbution from the underlylng ttermal source. Since the properties of the 
thermal source are not known, the procedure used to lncorporate them is to 
adjust the values of the vertical hydraullc conduct1v1ty between the thermal 
source and the aqulfer untll the actual piezometric levels in the aquifer were 
reproduced. For this case study, such a procedure has produced useful results. 

INTRODUCTIOH 

The Valley of San Luis Potosi, ls located in the high plateau of the Republic 
of Hexlco (Fig. 1) and it lles In the semi-arid reglan. The water demand of the 
City of San Luis Potosí, capital of the state of the same name, for 
agricultura!, urban and industrial uses, has been steadily increasing. Most of 
the water supplied to the clty is from underground sources, because due to the 
reduced ralnfall, the surface water contrlbutlon ls small (only 8 Yo). 

There is concern wlth respect to the future evolutlon of the aqulfer, because 
In the Jast few years the observed speed of drawdown has reached the rate of 

- 1 1.3 m year . However, lf the hydraullc balance of the aquifer is carried out 
' taking into account only what ls known about the aquifer, the predicted rate 

of drawdown is even larger. On the basls of thermal, chemlcal and hydraulic 
evldences, in a prevlous study: Instituto de Geoflsica, UNAM (1988), lt was 
establisbed that the differences between the observed and the predicted rate 
of drawdow is due, to water supplled by deeper geologlcal formatlons with 
thermal act1vity. 

Takíng loto account these facts, 1t was declded to implement a numer1cal model 
of the aqulfer to lmprove the understandlng of lts -behavlor, speclally wl th 
respect to the deep thermal sources, and to predlct the system behavlor under 
dlfferent explo1tat1on pol1c1es for the next twenty years. 
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__ Figure 1: Location map of San Luis Potosi Basin 

HYDROGEOLOGIC KODEL 

_Pn the basis of the available geological, geophysical, piezometric u 
hydrochemical informatlon, the proposed hydrogeological model of the syste 
includes a "shallow aqulfer" of reduced yield and poor quallty water. ThU 
aqulfer overlles a "clay formation" which ln turn confines a deeper aquifer¡ 
Most of the water ls produced at thls "deep aqulfer", whlch has thermi 
activity [Flg.2). Below it, lay the "thermal sources". 
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In this flgure, lt can be observed, that the system of regional flow ls 
important for aquifer performance, producing a vertical component of hot 
water. For a detalled geological descriptlon of the system, the reader 1s 
referred to the prevlous study: Instituto de Geoflslca, UNAM (1988). 

HODELLING OF "DIE SYSTEM 

For the lmplementatlon of the numerical model, a conceptual model of lts 
behavior was defined, suitable differential equatlons were adopted, a computer 
program was selected and 1ts calibration was carrled out uslng the avallable 
lnformatlon. The piezometric levels produced by the program, were lnterpolated 
uslng the package SIJRFER: Golden Software, Inc., (1989) to obtaln a more 
convenient graphlcal representatlon. .-

The e once p tu a 1 IIIOde 1 . 

The llllltS of the area included in the model, are shown in Flg. 3 and were 
based on geological conslderations. 
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Figure ~ Grid used in the numerical simulation 

The San Higuellto range at the west and the San Pedro range at the east,' 
constitute natural boundaries because they present conditlons of no flow, and 
at sorne places constant head (Fig. 4). 
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Figure 4: Area covered by the clay formatlon 

The northern and southern llmlts were selected on the basls of the plezometrlc 
lnformatlon that was ava!lable and they were taken as impermeable, because 
there is evldence that the flow there, is negllgible. The shallow aquifer, 
located on the upper part of the system, functions as a unlt lndependent of 
the deep aqu!fer, because the clay .layer that separates them ls senslbly 
lmpervlous. Taklng into account that most of the water ls produced at the deep 
aquifer, the purpose of the model ls the predlctlon of lts behavlor 
excluslvely, leavlng aslde the shallow aqulfer. 

The Basic Equation 

The governlng equatlon.used was: 

...2.(Kx8h) ax ax + - Ky- + - Kz- = S -a( Bh) a( Bh) Bh 
ay ay az az s at ( 1) 

where / Ss = speclflc coefflclent of storage [L-1 1 

K = Hydraullc conductlvl ty [LT-11 

h = Hydraullc head [Ll 

t = Time !TI 
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However, the analysis of the flow was maioly two-dimensional, because only two 
horizontal layers were incorporated in the model. 

The computer code MODFL0\1: McDonald & Harbaugh, ( 1984), was used in all 
calculations. This model applies the cells method which yields finite 
differences approximations. 

The deep aquifer can be satisfactorlly modelled using a 2x2 Km grid and 
applying finite difference schemes on them, as illustrated In Flg. 4. Layer ¡ 
includes the best known part of the system, where the value of the hydraullc 
properties are known or at least can be estimated. Layer II was introduced to 
model the deeper, less known geological formations which supply the thermai 
water. The flow and interaction betweeo layers I and II, is due to the 
differences of hydraullc head between tllem. In layer I I. 1t was assumed a 
constant hydraullc head that remained greater than the head of !ayer I, 
throughout the runs. This induces a vertical component of flow whose magnitude 
can be adjusted varying the ratio of the hydraulic conductivity (Kzl to the 
thickness of the !ayer where the flow takes place .. 

An upper boundary condi tlon of no flow was considered in !ayer I, which 
corresponds to the clay layer whose hydraullc conductivity is neglected. In 
the horizontal llmlts of the aquifer, eitller constant head or no flow boundary 
conditions were considered, as indicated in Fig. 4. 

CALIBRATION 

In the period January 19g7- July 1989, heads were measured monthly In 
observatlon wells·dlstributed throughout the reglen that was modelled. At the 
same time, the pumping rate was measured in some cases and estimated by 
1nd1rect means in others. 

In additlon, the piezometric ·head distribution corresponding to 1960, ls 
available and there are estimates of the hlstorlcal evolutlon o! the pumplng 
rates. 

The hydraullc propertles of the known part of the aqulfer were obtalned by 
means o! pumplng tests and al so some pumping tests avallable !rom p-'Sev lous 
studies were interpreted. Transmlssivity varies between 1x10 and 
Sx10-4m2s-1

• The callbratlon for layer I, started wlth these values and then 
were modi!led on the · basis of the results o! the calibratlon. The propertles 
o! !ayer II were adjusted untii the behavlor o! the system was reproduced ln a 
satlsfactory manner. 

In splte of the additional plezometrlc lnformation that was avallable, the · 
calibration was based on the perlod 1987 - 1989, Whlch covers 30 months only. 
This was due to the better quallty of the data for that perlod. Once the 

··. results of the callbration were obtalned, the data of less quallty that were 
available for the period 1960- 1988, were·used to verify it. 

In the evaluatlon of the storage coefflcients of the reglen modelled, 10 
values that were determlned by pumping tests were lncorporated. The extenslon 
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of the conflnlng clay !ayer was determlned by means of the analysis of the 
prevalllng geologlcal conditions (lnferred from well logs) and geophysical 
surveys. The values of the storage coefflclents that were used for the cells 
that behave as conflned, are between 2x10- 4 and 7x10-3

• In the case of cells 
that perform as unconflned, values between 0.02 and 0.15, were used. 

The lnitlal runs, using the estlmated values of S and T, led to the 
distribution of the plezometric heads shown in Fig. S. 
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Figure S: Contour map of predlcted plezometrlc heads, wlthout thermal sources 
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In thls flgure the predlcted drawdowns devlate drastlcally from those 
observed, the greatest devlatlons occurrlng ln the area where the thermal 
manlfestatlons have been .observed (Flg. 6). 
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The general conclusion drawn from these results, 
behavior cannot be predlcted satlsfactorlly using the 
T, when only horizontal flow is modelled. The yleld 
much larger than the ene obtained in such model. 

--

was that the observed 
observed values of S and 
of the actual system is 

The discrepancy between the observed and predlcted heads, can be reduced in 
ene of the followlng manners: 

a.- Increaslng the storage coefflclent of the aquifer, considering itas 
unconflned in all the reglan modelled. 

b.- lncorporatlng addltlonal sources of water In the cells, where 
requlred. 

The first optlon ls unreallstlc, slnce lt contradlcts geologic evidence 
directly supplled by well logs and must be discarded, in splte of the fact 
that it was used in a prevlous study: Nledzlelsky, (1990). 

On the other hand, the lncluslon of addltional sources in the model is fully 
justifled by the hydrochemlcal and thermal evidences: Cardona (1990), 
Carrillo-Rivera (1992). They represent the vertical component of the regional 
system of flow that has been observed In the thermal area of the Valley of San 
Luis Potosi (Flg. 6). Therefore, thls was the optlon that was adopted in the 
model. I t was incorporated by means of an addi tlonal !ayer (!ayer I I) whose 
properties were adjusted In the callbratlon of the model, assuming the 
piezometric head of that !ayer is constant. 

Since the hydrauilc properties of the maln aqulfer (!ayer Il are the best 
known, In the callbratlon, emphasls was placed In determlnlng the propertles 
of the thermal sources. A flrst guess of the values of the hydraullc 
conductlvlty In the vertical dlrectlon (Kzl between layers I and II, based on 
the temperatures and well dlscharges measured In the fleld, was used in the 
lnltlal slmulatlans, and then they were adjusted until the actual piezametrlc 
distributians in the thermal area were reproduced. The stopplng criterlan for 
the calibratlon pracess was that the actual heads shauld be predicted wlth an 
error of less than ene meter ln the thermal zane, as shown ln flg. 7. 

Uslng the callbrated model, a global mass balance of the reglan was carrled 
out. The results obtalned are llsted ln Table l. 

Table 1: Kass Balance of the Aquifer 

Concept .· 
Aqulfer storage 
Lateral recharge (cold water) 
Upward supply (hot water) 
Tata). well extractlon 

Q(m3s·l l 
0.34 
0.36 
l. 90 
2.60 

13 

' 14 
73 
100 

The dlstrlbutlon of the supply, shaws clearly that the mast lmportant 
cantrlbutlon comes from the vertlcal flow whlch orlglnates in the regional 
system and exhlblts thermal anomalles. 
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Figure 7: Contour map of predlcted plezometrlc heads, after callbratlon 

Long perlad veriflcatlon 

As was already mentloned, the lnformatlon avallable for the perlod !960 • 
1988, was used to test the results of the calibration. Thus, after the 
cal1brat1o~ was completed, a run coverlng that perlod was carrled out. 

Taklng the known lnltial condltlons for 1960 and est1mat1ng the evolutlon oí 
the rate of pumplng In the perlod, the plezomettlc heads were predlcted, usl~ 
the callbrated model. The results of the slmulatlon after 29 years, had · 
dlfferences of less than 3 meters between the observed and computed heads, In 
the thermal area. Thls lndlcates, speclally taklng lnto account the low 
quall ty of the lnformatlon avallable for the perlod, that the parameters that 
were obtalned In the callbratlon, are acceptable to make predlctlons of the 
behavlor of the system, wlthln a moderate range of accuracy. 
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TESTING DIFFERDiT PUMPING POLICIES 

The analysis of a wlde range of exploltatlon pollcies of the system is 
necessary, to quantlfy the potential of the thermal sources, as a water supply 
for the city of San Luis Potosi. 

Predlctlons of the behavlor of the system for a perlod of 21 years (1989 -
2010), undcr dlfferent exploltatlon po1lcles were carrled out. The optlons 
considered were: 

r. o- Keeplng the present extractlon rate fixed durlng the whole perlod. 
!. 1- lncreasing the rate of extraction S Yo every S years. 
!. 2- lncreasing the rate of extractlon 10 r. every S years. 
!. 3- Jncreasing the rate of extractlon 20 Yo every S years. 

IJ. 1- lncreaslng the rate of extractlon in the thermal are a excluslvely 
(13 cells) SY. every S years. 

1!.2- lncreaslng the rate of extraction in the thermal are a exclusively 
(13 cells) 10Y. every 5 years. 

1!. 3- lncreaslng the rate of extractlon In the thermal are a excluslvely 
(13 cells) 20Y. every 5 years. 

11.4- lncreaslng the rate of extractlon in the thermal are a excluslvely 
(13 cells) 40Y. every 5 years. 

In Table 2 the resul ts obtained for the dlfferent pollcies that were tested 
are shown. For each pollcy the total volume extracted during the period of 21 
years ls glven and then the percentages which orlginate in the thermal 
sources, lhe storage of the aquifer and the neighboring regions is indicated. 
Finally, In the last column lhe total volume of drawdown produced during the 
whole per lod in the modelled reglen, is given in mllllons of cubic meters. 
These resul ts are al so illustrated in graphical form, in Flg. 8.· Clearly, to 
ensure a drawdown as iow as posslble, locatlng the addltlonal demand in the 
lhermal reglen is the best option. 

Table 2: Predlctions fo~ the pe~lod 1989 - 2010 unde~ dlffe~ent pollcles 

Pollcy 

l. O 

1.1 
1.2 
!.3 

I l. 1 
I l. 2 
I!. 3 
I l. 4 

Total Pumped 
Volume 

(m 3x106
) 

1698 

Of Thermal 
Origin 

(Yo) 
81 

From Aquifer 
Storage 

('lo) 

3 

From the 
Boundary 

( r.) 

16 

Drawdown 
Volwne 

(m
3 x106

) 

3440 

When lncrements In pumping are 
5 

unlformly dlstrlbuted 
14 1915 81 

21S3 76 
2702 77 

When all 
1866 
2069 
2184 
2946 

increments 
83 
81 
82 
82 

7 
ll' 

of pumping are 
4 
S 
6 
8 

1 1 

17 
12 

talten from thermal 
13 
14 
12 
10 

6000 
8800 

16000 

are a 
4800 
6400 
7600 

13600 
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Figure 8: Comparison of simulated policies 

CONCLUSIONS · · 

A numerical model that takes into account the contribution of thermal sources 
was developed, and using it, different operation policies have been tested, 
for the aquifer of the Clty of San Luis Potosi. 

Inl tially, 1 t was in tended to implement a model without thermal sources .. ~· 
However, it turned out to be impossible to achieve a model capable of 
predictlng the observed behavior, when only horizontal flow was modelled. Thls 
pointed out the need of incorporatlng thermal sources in the model, in order 
to explaln the vertical flux coming from deeper geologlcal formatlons, whose 
hydraulic propertles are unknown. This vertical supply was lncorporated in the 
model, introducing a !ayer of constant hydraullc head in the lower aquifer. 

Since the propertles of such !ayer were unknown, 1t was necessary to derive 
them durlng the callbratlon process. The main parameter that was adjusted was 
the vertical hydraullc conductivity that exists between layers I and I I. At, 
the same 'time, the hydraulic properties, T and 5, of the aquifer and the 
boundary conditlons were also adjusted. The fact that an addltlonal parameter 
was introduced in the callbration, made this ptocess more complicated than ls 
usual for this klnd of applications. However, this form of proceeding_ ls 
similar to what 1s usually done when applying modelling techniques In the 
horizontal plane, for whlch 1t is standard to el1m1nate nelghborlng regloru 
wi th lnsuff lclent hydrologlcal lnformatlon by lmposlng sul table boundary 
condl tions. In many cases, the supply comlng from such regions ls quite 
slgnlflcant for the behavlor of the part of the aqulfer whlch ls modelled. 
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The results of the callbratlon were satlsfactorlly verlfled by reproduclng the 
observed behavlor ln a longer perlod (1960-1988) of exploltatlon of the 
aquifer, for whlch lncomplete hydrometrlc lnformatlon was avallable. The 
results of thls study lndlcate that the procedure used here, to study a deep 
geologlcal formatlon for whlch no lnformatlon ls avallable, may be useful more 
generally. In part lcular, In the case study he re reported, In splte of the 
lnsufflclent knowledge of the deep formatlon, lt was posslble to make 
recommendatlons for the pollcles to be followed In the productlon of the 
aquifer. These recommendatlons are better founded than lf the lack of 
lnformatlon about the thermal sources, had lnhlblted the development of such 
model. 

The dlstrlbut ion of plezometrlc heads predlcted on the assumptlon that the 
present rate of pumplng ls contlnued through the whole perlad, 1989 - 2010 
(Flg. 9 optlon l. O) lndlcates that the present extractlon can be contlnued 
wlthout produclng exceedlngly large drawdowns. 
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Figure 9: Con tour map of predlcted plezometrlc heads (1989 pumplng rate) 
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Figure 8, clearly 11lustrates the fact that if the pumplng rate is to be 
increased, the most convenient optlon from the point of view of keeping the. 
drawdowns as small as possible, is lo concentrate the demand in the thermal · 
area. However, if such policy is adopted, the supply would contain a greater 
volume of thermal water, which would deteriorate its quality. Thus, in such 
case, 1t would be important to monitor the dissolved ions and the water 
temperature. lf this is done, 1 t should be recornmended that the informal ion 
gathered In this manner, be used to improve the numerical model and lo test 
the assumptions on which it is based. 
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Updating notes 

December 1990, many of the programmes have been 
and improved. The latest corrections were made in June 
following are notes on features that have been added or 
the programs after the manual was printed . 

1. DOS Versions 

The GW programs now work under oos.J, DOS.4 and the new DOS.S. 
In the r'evised DEFCNF utility that can also be called by SETUP, you 
have to tell the program what DOS version you are using. If you 
were working with DOSJ.X and upgraded your system to DOS.SO do not 
forget to run SETUP to tell the GW program that the DOS has been 
changed. 

2. Set Up and Super VGA Drivers 

You can set up the GW program in your computar by typing SETUP 
or as mentioned in the manual by typing DEFCNF. Two high 
resolution VGA drivers were added. You can use the 800 x 600 
resolution only if your computer is equipped with a VGA card that 
is based on Tseng Laboratories chips, and if you have a super VGA 
r..1lor monitor. The higher reso}.ution of 1024 x 756 may or may no.t 
·-·.Jrk even if you have the right super VGA card and monitor. More 
details on these two new drivers appear on the screen during the 
setup procedure. 

J . Text Editor 

A text editor CAVE is included in the GW Software. It was 
written by Dr. Robert B.K .. Dewar, a professor of Computer Science 
at New York University, who kindly allowed the UN to use the Text 
Editor in the GW software. 

The DAVE Text Editor is very easy to use. Once you have 
correct~y installed the GW Software in your computer, type DAVE 
[file name], and the first screen appears. To learn the Editor 
function, type ALT-H, and the help menu appears. 

GW6 (well· logs) program is set up to cal! the DAVE Editor 
automatically for preparing a new well lag file or to edit an 
existing one. To save a file press ALT-Fl. there is, however, one 
deficiency in this Text Editor. It does not allow lines lonqer 
than 80 characters. This may ñot be enough for all the comments 
that one may have in a well lag. To overcome it, replace the DAVE 
editor by another editor which can work within the GW6 program such 
as Norton editor, QEDIT etc ... Modify the file GW6.GEN in the GW 
directory and in the data directory accordingly. Another way to 
salve this problem is to use DAVE editor as it is and later edit 



the file created by the GW6 proqram with another text editor/word 
processor, and add the additional comments •. With DAVE Editor you 
can increase the comments line to 150 characters by typing DAVE/L 
[file name]. 

4. Sample Files 

Sample data files are included with the GW Software. Data 
files for GW2, GWJ, GW5, GW6 and GWll are found in a subdirectory 
GWD. It is on diskette No. 4 of the 5 1/4" l. 2MB diskettes, on 
diskette No.B of the 5 1/4 11 360MB diskettes and on diskette No.6 of 
the 3 1/2" 720MB diskettes. 

The data files for GW2 - hydrochemistry is Vietnam and Nepal; 
the data file for GWJ - pumping test is named India, that for GW5 -
hydrographs is Sample. You call the data files for GW6 
hydrographs by *.lth. The data.files for GWll- mapping appear on 
the screen automatically. ' 

The data files for the modeling programs GW7, GWB, GW9 and 
GWlO are always in separated subdirectories GW7D, GWBD, GW9D and 
GWlOD. 

5. Monographic fHerculesl Users 

In GW6 on the graphic screen for digitizing the cross section 
line with the mouse, the text message en how to use the mouse is 
garbled. Instead of the text you will see horizontal dotted lines 
in the upper part of the monitor. The garbled text is as follows: 

TO DIGITIZE CROSS SECTION: 
1. Move cursor to the first point, 
2. Press left button, 
J. Move cursor to the last point, 
4. Press left button. 

Esc=Exit 

You can digitize the line on the screen. The dots will not 
appear in the printed cross section. 

6. If your computar uses diskettes of another format than you 
received, and you do not have the means to copy the GW software to 
your format, please return the diskettes and indicate what format 
you need, and we will send it to you. 

-
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2. Disclaimer 

The United Nations Depanment of'Ib=hmrat Co-operation for Development assumes no responsibility an, 
shall have no liability, aJnsequential or otlu:rwise, of any kiDd arising from !he use oflhis program material. 

The programmers have used their best laiDwledge and judgment in making !he programs. Ally suggestions 
for program improvement and/or aJrreaitlll shall be gratefully apprc:c:iated. · 

3. List of Programs 

The Grouud '\\\tter Software package (Pan One: Data Baseand Utilities) consists ofthe following programs: 

GWJ. Hydrazúi¡: Conduaivizy 

GJn GIT1UIId Water ChDnimy 
GWJ. Pumping :n:m 
GW4. Well Hydrauli&s lllld Well CoMnlaion 
GM. Water Levd Dmi1 BIISe lllld Hydror¡aplu 
GW6. Welll..ogs lllld Lilho/ogit:al 011SN«titms 

GWJJ. Graphics 

The majar features of eac:h programare brielly desaibed below. 

This is a utility program aJnsisting of !he foUowiDg aJmponents: 

• Conversions 
• Calculations from grain sizes using empirica! formulas (Hazen. USBR, Slichter, Kozeny, Zlmarin, 

'Il:17.3ghi) 
• Average values in layered media (horizontal and vertical now) 
• Permeameter tests (aJnstant head, falling head, no discharge) 
• Pumping tests (steady state) 
• 'lllbles 

GW2. Ground Water Chemimy 

This is a data base program. with several retrieval (applitations) options anda repon printing tapability. The. 
following options are :IVailable: 

• Select input for data base 
• Input data -
• ·Editdata 
• Browse 
• Delete 
• Stiff diagram (screen display and printout) 
• Piper dlagram (screen display, printout, plot) 
• Wllcox diagram (screen display, printout, plot) 
• Reponing 
• ASCII file for reponing 
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GW3. Pumping Tests 

This is a dala base program, wilh dm analysls and presenlation c:apabilities (screen graphics, printout). Il is. 
made up of lhe following componeau: 

/ 

• Define uniiS 
• Dala input and editing, etc. 
• 'Il:st analysis (Jacob, !beis, Hammh, reaJVery, dns -us; screen graphics, printing, plotting) 

GW4. We/l Hydraulics arul Well Cmsmu:tion 

This is a utility program wilh lhe following major componen !S: 

• Define UDiiS 
• Well functions (slaDdard "Theis"well function, leaky weU function, Bessel functions, error Cuuction) 
• Pump tesiS (step drawdown test wilh st:alnd and nlh power weU loss, orifice weir, flowing well discbarge, 

etc.) 
• Well construaion (rt:almmended wdl diametet, opúmum saeen length, etc.) 

GWS. Wt~Ur Level DDIIz Bue and Hydrograplu 

This is a dala base program whic:h crelleS a water leve! dala base, displays resuiiS OD lhe screen, print or ploiS 
a hydrograpb.. The user conuols wba1 is 10 be edited, input, displayed, or printed (deplh to water versus 
absolute water leve! elevation, wbole hydrograpb or only a selected time i.aterval, individual dala connected 
by a line or left as sc:attered poi.ats, cu:.). 

!be program has lhe following componentS: 
• Define UDitS 
• Dala input, editing, deleting, etc. 
• Dala analysis (display, print, plot) 
• Working time i.aterlal 
• Change dcplh for altitude and via: w:rsa 
• Select connec:ting i.atenoal in days, llours, minut~ 

GW6. Well Logs and LiJJwiDgiazl Crtm·sectiDns 

Tbis is a dala base program wbic:h is used 10 create a drilling dala base; update and edil it; create, display, 
print or plot weU consuuction and litllologicallog; display, print or plot tilhological cross sections iD any 
direction and lenglh as sclected by t11.e user. The user i.apuiS and ediiS dala usi.ag hisJher favorite word 
processor from i.nside lhe program. The program has abont 30 buüt·i.a ülhologieal symbols, but tbe user c:an 
create almost any additional symboL 'Ibis manual otrers guidelines for creating additional symbols. 

Tbis program has lhe following componcniS: 
• Edit dala 
• WeUiog 
• Select files 
• Newfile 
• Delete a file 
• Cross sections (calculation, display, prilll, plot) 
• Edit general dala 
• Produce a 1able wilh dala summaiJ · 
• Percentage of permeable vers:us impermeable layen 
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GWll. Graphia 

1bis is a utility program whic:h is used by GW6 (Lilhology) 10 acate maps wilh wells, bounc1aries, river 
roads, eu:. It is made of lhe followiDg compouc:au: 
• Create or edit a coordinate system 
• Display, print or plot a graphics content 
• Add !in es, points, ten, and contows to lhe coordinate sysWD 
• Create con1our liDes 

In this package, lhe conlouring portian of lhe program canno1 be used. 

4. Program Files 

' • ..-.. • -····- • • :. ' • ;, -· ·; ~.::--.... ...... > ..... ----·'1':'~· ·. -.• ·..: ..... _._.,., ... ._, ......... -~ •. 
.. Tó I'1Dl thinoftware package :,0U must ~~illñaar:r:G\_\"bnmrldng from the root 

·•. · dlrei:tory (thaUs \GW). Eac:h.ot the ~]a!Jclidésis.coliipl¡Sedorat Jea.St tour mes: 

.··.\· oneiwi~~Io~~IS_CJ'!;'f'~~~~~--!i~~?~~"~~.!Jld. 
·.-... ·. -. ~---:~~~-:~.:~~~.-::~-~-\.~~-7-~::~~~~~?;;.í.-. ·:/ .. ·.~~:~;_:~~~ .. -:~:-~- ·~ ~~-7.~-~~~¿q:~·-~:;~~!~~--:~.:. 

The following files mus1 be copied from distributilm dlskates to lhe \OW directory on lhe hard disk. 

GW.EXE 
GWAl.EXE 
GWBl.EXE 
UN.MST 
UN.CMN 
UN.WND 
DEFCNF.EXE 
DVIRXUO.EXE (driver for 9-pin printer), 
DVU.Q180.EXE (driver for 24-pin printer). 
DVISCR.EXE 
DVUiPGLF.EXE (driver for Hewlett-Paclr;anl compauble plotter) 
CGADRV, EGADRV, VGADRV, ATtDRV. WYSE.DRY, HGc.DRV 
GWl.EXE, UNl.WND, UNl.CMN, UNl.MST 
OW2.EXE, UN2. WND, UN2.CMN, UN2.MST 
GWJ.EXE, UN3.WND, UNJ.CMN, UN3.MST 
GW4.EXE, UN4.WND, UN4.CMN, UN4.MST 
GWS.EXE, UNS.WND, UNS.CMN, UNS.MST 
GW6.EXE, UN6. WND, UN6.CMN, UN6.MS'l; GW6.DI.:I; GW6CF.EXE, OW6.STM, 
DIGXSCEXE 
GWll.EXE, UNll.WND, UNU.CMN. UNU.MST 
PLTCSY .EXE, PLn.IN.EXE, PLTPTS.EXE. Pl..l"l'XtEXE, PLTortEXE 

The main program, GVI.EXE, which ties all oflheolhen logelher, requires lhe files GVI.EXE, GWAl.EXE, 
and GWBl.EXE 10 run, plus 1he files UN.MSI: UN.CMN, UN.WND 10 establish communications wüh the 
user. "MST" stands for •menu suuaure•, "CMN'ilands for "communication•, "WND" stands for "windows•. 

In arder 10 display graphics on lhe screen one of lhe screen graphics drivers (one of lhe files wilh a .DRV 
c:xteosion, such as CGADRV) musl be present in !he \GW directory. The screen driver exec:utable file, 
DVISCR.EXE. program must a1s0 be presenL Il)'OU wisb 10 saw space on your hard disk, you can remove 
aUof lhe .DRV files from !he GW direaory =:epllhe one tltal )'OU need for your compu1er. 

Also, lo print any of prinlouts one of lhe two printer drivers must be copied 10 lhe \GW direaory. 
DVIRX120.EXE (for 9-pin EPSON-compatiblc printer), DVU..QlSO.EXE (for 24-pin EPSON<.ampatiblc 
prinler). 1b plot_graphics on a Hewlett-Pacltard compatible plotter, lhe exec:utable file DVJHPGLF.E..XE is 
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üsed. Il plots direaly to the plotter or ae:ues an ASCII file. Such an ASCII file CID be edited and/or used 
la1er on when a plotter becomes available. 

Prior lO running !he program you must aeatea IXlnliguration file, CONFIG.CFG. You CID crea te this file in 
either of two ways: 
(1) Execule the file DEFCNEEXE by typing DEFCNF, and provide answers to three prompts: (a) Screen 

dtiver, (b) Printer driver, (e) Color moni10r (Y/N). 

(l) Use a te:rt proa:ssor or the DOS "COPY CON CONFIG.CFG" IXlmmand, and create the file CON· 
FIG.CFG. The fint Une of this file IXlntains the name of the screen graphics driver you Will use; the 
seccnd Une IXlntains the name of !he printer driver you will use; and the third Une IXlDIBins a Y or N, 
depending on whether your IXlmputer has a IXllor monitor. The CONFIG.CFG file may look as follows: 

EGA.DRV 
DYn.Q180.EXE 
y 

CAUTION: If you attempt 10 run !he program GW without first creating a CONFIG.CFG file in the GW 
direaory, you will be prompted by the program to answer three questions andas a resull a CONFIG.CFG 
file will be crealed, but !he program will terminate ~bnormally and the computer will hang. Yo u Will ha ve to 
reboot !he system. 

All files in the GW software package oa:upy abool3 MB of hard disk space. However, eath ofthe six programs 
plus the seventh. graphic:s, CID run imlependently. For that you need only tour program-dependent mes 
(GWx.EXE, UNx.MST, UNx.CMN, UNx. WND), plus DVISCR.EXEand one ofscreen drivers, one ofprimer 
driVers, and a plotter driver. Only the GW6 program (Well Logs and Lithol9gy) needs also the files GW6.D LT 
and GW6.5TM for !he program lO run comaly. 

For more instruaions on individual program llllldllles dtetk thapters 1 through 7 of this manuaL 

S. Hardware Requirements 

The GW programs are written for personaiiXltiiPJiters running under the PC-DOS or MS-DOS operating 
system. This seaion describes !he hardware ra¡uiremcnts for running the programs. 

Mallwruztiad Co-plf1t%:mlr. Although you CID rnn anyofthe programs without a math a>-processor, so me of 
programs will rnn very slowly il the system is not equipped with a to-processor. For ClCIIIlple, the pumping 
tests program (GW3) may take about one hourto process a pumping test with 99 test points (time-drawdown 
pairs) using the Hantosh leaky method il a a>-processoris not used. By comparison, the same test completes 
in severa! minutes with a co-proc:essor. Likewise, !he GW6 (Lithology) program involves enensive calcula­
tion in rasterizing drawings for screen display or priniOUL Writing the textual part of a graphits screen can 
also be vety slow unless a a>-proc:essor is instaUed. 

( -,_,_:;·:,·;' .M.ube~Ucal~p~ustrimgiyn:commended. . ,. - ) 

• 

M1!11111ry &qujmnDrL Some of programs ra¡uire all available memo¡y accessed by DOS Version 3 or 4. The 
cxecutable files (those with enension of .EXE. sw:h as GWt.EXE) are distributed in compressed form; the 
minimum memory required for running eath program is normally equal to the actual size of its exeanable . 
file. However, the screen driver demands aa additionall40 KB of memory, and the primer driver about the 
same. Both drivers share !he same memory spac:e. and are never engaged at the same time. If yo u run this ; 
program through !he GW sheU, an additionall6 KB of memory is used in keeping !he uatk of all modules. 

With the exception of the GWl and GW4 modules, whith do not have presently graphits routines, the 
programs are very memory-intensive. 11 is almost mandatory that these programs run from a computer 
equipped ',Vilh 640 KB oC RAM (random access memory). 
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The followiDg instruc:tions should n0J111211y be Clbll:nal: 
(a) Run the program OW in a oompwerwith at Jast 640 KB memo¡y. 

(b) Remove all memo¡y-resident programs. 

(e:) Modifyyour CONFIO.sYS fileand redm:eBuffersand Fües toasmaDnwnber. The maximum number 
of open files (by DOS and the progr.un) is 10 (for the OW6 program). Buflels oould be S. Remember 
that each file and buffer uses about SilO ~ 1bc 'shonage" of several kilobytes of memory may be 
critica! in running the GW6 propam. 

Hanl di.rJ:. Although a11 programs except GW6 can be ran from a 1loppy c1lsk, it ls highly reccmmeuded that 
all programs be installed ou a bard disk. Some ofprograms write some saau:h files to disk, and erase them 
Jater. The capacity of a floppy (e:xcept high density J.S.in 1.4MB drive, or S.2S.in 1.2MB drive) may not be 
sufñcient to hold this additional informatiou. One megabyte free space on hul1 disk is normally sufficient to 
hold saatch and output files. 

Mou.s& The programs GW2, GWJ, GWS, GW6, and GWJJ have graphics routines which may be enhanced 
by using the mouse. The programs have been tested witha Microsoft Mouse, a~gitec:h Mouse, anda Oenius 
Mouse. The mouse is very useful in zooming die Plper ttil.inear diagram (GW2), and in zootning the 
üthologicallogand/or cross section in GW6.1ts primarylmportance is in seleeting a üthologicaJ cross section 
Une directly from the map of weUs in QW6. Howcver, all program can ran without the mouse, so its use is 
optional, although suongly recommended. • 

Y"UÚD Display Allapur. The foUowing video adapten are supponed by the programs: oolor graphics adapter 
(COA), oolor enhanced graphics adapter (EOA), Hm:ules, a special SOA for AT&.T 6300 or Oüvetti 
oomputers, VOA, the high-resolution WYSE adapter. 1b ran the programs with a Hercules graphics adapter 
you must have the oommand 'HOC fuU'In your AIJI"OEXEC.BATfile, oryoushould ezccute that oommand 
prior to running the QW software. Note: the WYSE driver is not oompletely txlrrec:t in the tDiXed alpha­
nwneric and graphics mode. Also, the COA display cardona oolor monitor will produce black and white 
graphs. 1bis is e:rplained by the f.aa that to llave the raolution of 620000 COA mocle 1 is used which is 
two-txllor mOde, that is black and wblte. 

The programs wiiJ. ran without vicleo display adapten. but you will not be able to see auy graphics display on 
the sc:reeu. Nevenheless, you wiiJ. be able to process most of the lnfotmation and print it (pumping tests, 
bydrographs, etc.). Each program first Jooks for a file CONFIO.Q'"O in the \GW direao¡y. Tbis is tlle file 
which oontains the lnformation on the type olviden adapter you have seleaed to work with. 

Prinler. Programs GW2, GWJ, QWS, GW6, GWll can c1irea their nutput to a printer. 9-pin and 24-pin 
EPSON-txlmpatible printers are supponecl. Withsome other printers it was noted that there was double line 
spacing due to the printer and program both issuing a caniage return and Une feed. U yo u have a primer 
which is not EPSON-cómpauble, try to eliminate printer-gener:ated Une .feed II possible by setting a switch 
on your printer. 

Plolll:l! Each graph can be either displayal, ptinled or plottecl. Only tlle Hewlett-Packard plotters using the 
HPGL (Hewleu-Packard Or:aphical Language) or etlllllating it, are supponecl. The output is directed to 
COMJ serial pon, which sbould be oonfigured with DOS oommand MODE as follows: 

MODE COMI:9600.N.&.l 

Uyou sometime e:rperience dropouts in data, you might reduce tlle baud r:ate (instead of9600 try 2400) and 
try sending tlle data again. You may alsO try the mode oommand as 

MODE COMJ:9600.N,7,1 
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6. SoftWare Requirements 

DOS 2.11 o¡ higher is required. In your CONFIG.5YS file lhere must be a Une "DEVICE=ANSLSYS". The 
devic:e (file) affeas cwsor movement. erases specific areas oC lhe sc:reen and seu !he graphics mode. 

U lhere is a CONFIG.5YS file on your disk or diskette, whic:h is read during booting !he system, yo u must 
modify it by adding lhe abave Une "DEVICE=ANSLSYS", provided your ANSLSYS file is in root directory. 
U it is in a subdireaory, for CDIIIple lhe DOS subdirec:tory, modlfy !he Une by establisbing tbe palh, such as: 

DEVICE=\DOSIANSLSYS 

UCONFIG.SYS does not ezist on your disk, acate a new one. The modilication and/or creation can be done , 
using tbe COPY CON routine in tbe followingway (COPY CON is a standard DOS routine which is used to 
acate small files by typing liDes direaly from !he kcyboard): 

a) FtrSt check wbelher yoa have !he file CONFJG.SYS on your DOS disk direaory by typing DIR. U 
CONFIG.SYS does c:dst, view its coateats by typing TYPE CONF1G.sYS (and RETURN). Write down 
lhe contents of the CONFIG.SYS file or memorize its contents. Use the DOS routine COPY CON 10 
rewrite !he CONFIG.SYS lile by typing: 

COPYCONCONF1G~ ~ 

Retype all existing liDes in your CONFIG.SYS file and add tbe following: 

DEVICE=ANSLSYS 

followed by REnJRN. You willterminate this file by typing eilher Cul Z(whic:h means End-of-File) or by 
pressing F6 (whic:h means lhe same), followed by RE"IURN. 

b) U !he CONFIG.SYS file does not ezist, acate one by typing: 
COPY CON CONFIG~ ~ 

and en1er onJy one line ofteu: DEVICE=ANSLSYS, followed by RETURN, F6 and RETIJRN. Al the end, • 
your CONFIG.5YS lile wil1 most probably look like this: 

Fn.ES=LO 
BUFFERS=LO 
DEVICE=ANSLSYS 
DEVICE=MOUSE.SYS 

or simply DEVICE=ANSI.SYS 

You Clll view !he contents oflhe file by typing TYPE CONFlG.sYS. 

As mentioned earlier, lhe GW software needs lhe "conllgaration• file, CONFIG.CFG, 10 idenlify lhe video 
adap1er, type of printer, and wbelher you are using a color or monoc:hrome monitor. 

Add !he subdireaory \GW 10 !he DOS PATH command in your AITI'OEXECJIIJ lile. ibis line may ~d as " 
follaws: 

PATB=C:\;C:\DOS;C:\UIU;C:\GW;C:\NORTON 

7. Units 

Most of the programs offeryoa a c:hoic:e ofunits for dis.tance, time, pumping rates, and ~missi~ty. When 
you select a unit, you are ezpcaec1 ro use lhe same uml throughout lhe program. unless directly ms1ruc1ed 
by !he program 10 dlfferently. Eac:h of caregories of units has a provision for user-defined units. This makes 
!he program more flexible. However, you will be promp1ed for two additional parame1ers, should yo u decide 
10 use your own units: (1) unil aotalion, (2) scaling factor, which is lhc convcrsion from your unit 10 1he 
program's buill·in defaull units, which are metric. 
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The ptogram has severa.! built·in units for cacll caregory. Fo! e:zample, iJae ciJstaDcc Cll1 be input as mcrers 
and/or. feeL Nr¡ othcr c:b.oia: requircs a coiM:I'Siml. U )'011 selcct inc:b.es as lile basic input unit, you must 
pi'OYide the scaling factor of 0.0254, whic:b. is tlle namber of melelS per inc:b.. The conversions from somr 
other popular units are given hcre below. 

'liansmissivity: 

Pumping ratc: 

1 feet2/day 
1 m2JSec: 
1~ 
1 m31br 
1 P/SeC 
1 cml/SeC 

The program built·in UDits are the foUowing: 
distance: m, feet 
time: da]., hr' mill 
pumping c:apacity: m 1day, gpm 
tra.nsmissivity: m2tday, gpdlft 

8. General Hints 

.. OJI931098 m2/day 
a 86400 m2/day 
= 86.4 mlfday 
"'24m3/dz¡ 
.. 2446.78 ml/day 
= o.D864 ml/day 

(a) F'trst of all bac:k up programs. This is to say that bcfore you install the programs, make bac:k-up copies 
of all the programs on the distribution disketteS. 

(b) Bac:k up data files. It is highly rea:lmmcnded that)'Oll keep a bac:k-up copy ofyourdata liles. Data bases 
for programs suc:b. as GW2, GW3, GWS, and GW6 espedally need to be bac:ked up. 

(e) A1l programs have a full-screcn user interface. Normally, the bonom two liDes are reserved for messages 
and instruetions to you. A1l programs aredesigncd to be user-friendly; that is there is enough insuuction 
on the screen to guide you without too muc:b. nccd for a manual. I..ikewise, most of the progratns are 
tr.IIISparent to you; that is, you are iJiformcd what tlle-program is doingat any givCD momenL In all but 
the GWI program, there is a list of options on the right side of the screcn. Eac:h option is activated by 
pressing a single key. The program branc:b.es toa subroutine dcpending on lile key you press. 

(d) Restare control with A1l' -FlO key sequena:. U, wbile you are romting any of the programs, the screen 
appears corrupted, or some messages are printcd at !he very bottom of lile screen below the message 
Jine, simultaneously press the All' and FIOkeys. In most cases the screen will return to the correct form. 
This works only when !he program is waiting for:yonr inpuL U !he program is rwming and computa !ion 
is iD progress. :you will have to wait until it stops. 

(e) Use the ESC key to bac:k up. The ESC key is normally ased to bac:k one step, or to clear the current 
window and retum to the previous window. Thc C'I'RL-F3 key sequena: normally dcletes all characters 
after the cursor (to thc end of field). Thc Page Up 81111 Page Down lceys are used iD the normal way, the 
same as Home and Ead. In some programs Ctrf a-moves the cursor to the fint line iD the data file, · 
and Clrt Eod moves the cttrsor to the bottom Une. 

(f) You may delete any files in your subdiiectories wbic:b. have the form FORIX, where x is any number. 
Yo u mayview the contcnts ofthese files, siDa: thcyare ASCD files, burthe contcnts wiii be meaninglcss 
to you. (These files are gcncrated by a routillc wbic:b. programmcrs used to follow the performance of 
progratns, but wbich has not yet becn rcmoval from the CXIde.) Thc same applies to fil~ GRAF.AGR, 
which is a graphic:s saatch file, and somc other scntc:b. files. 

(g) U, after staning a program, yo u see so me charaaers at !he saeen bottom, suc:b. as (2J or any combination 
of letters and numbcrs with [, you must have forgoncn to add the Jinc DEVICE=ANSLSYS into your 
CONFIG.sYS file. Or, thc file ANSLSYS was not propcrly loc:atcd. U.it resides iD !he DOS subdircctory, 
the command should be DEVICE=IDOS\ANSLSYS. · 

UN/DTCD, Water Reoources Brancb USER'S MANUAL 
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(b) All ASCD (or DOS) files can be viewed with lile rouline SHOW ,lile use ofwbicb was made possible by 
kind permission of SIIIIIDÚt IDiormatloll S71tcm IDc. 

(1) lt is advisable to ha ve a mcmory mapping utllity (lile) installed on your oomputer to tell yo u how much 
memory is available for user progrlllm. 1bis is espcc:ially imponant when runni.Dg lile GW6 program. 
whicb rcquires almost 590 KB of mcmory when used willl a saeen and/or a printer driver. One sucb 
utility is MAPMEM ("map mcmoryj by'lbrboPower Software. 

(J) You must acate lile dirt:aory GW din:IClly from lile root dircctory. If this is done on lile bard disk 
panition wbicb is in lile same time the boot drive, lllere is a!rcady COMMAND.COM file in the root 
<lircctory. Howcver, ifyou decide lO installllle software in 0:\GW <lircc:tory, and D drivc is not lile boot 
drive, you must oopy COMMAND.COM into thc root direaory of the D drive. 

(k) It is reoommended tbat you kccp your dala files and/or =un pies scparate from lile \GW dircctory. For 
CICIDiple, ifyou are working willl a lithological data base for a district called "DISTRIIT , yo u are advised 
lO crcate a subdirectory DIS1RIC1; acate your data files in or oopy them into that directory. Before 
nmning lile GW6 program.log in to lile directory DISTRicr (yo u must a1so bave lile GW6.GEN file 
in that dircc:tory; see Cllapter 6), and type GW or GW6. 

(J) Check for Non·ASCD cbaracters in data files. The final hint is probably lile most imponanL In sorne 
programs you may use your Cavoritc u:::a editor to acate ASCD files. wbicb are lhan input into the 
program. For c:zample, this is an option in GW3 (pumping tests), GWS (hydrographs), and GW6 
(lithology). However, so me u:::a editors, sudl as WordStar, do notautomatically produce an ASCD file, 
whetheryou use a Nondocament or Document o!'tiOIL You may notice somc strangc characters (above 
ASCD code 128), wbich you must rcmove by edilin g thc file or by oonverti.ng lb e file to an ASCll file. Th 
check whether sllcb charaaerS are prescnt, use lile utility SHOW .supplied willl this package. The 
oommand 1s ·suow mCDIIIIIe". In the case ofWordStar,you must printllle lile, selecting forthe primer 
ASCD, and renaming lile WordStar..acated ASen. WS file to something that is meaningful to yo11. For 
funher cxplanation see Cllapter 6, Section 6..5.1. • 

1 •. 

Repon Problems to Autbors 

The programmers auempted to provide you with lile fuU oontrol over program terminatiotL Ideally lile 
program shollld always warnor inform you lhatsomethingwent wrong. Muc:h lcss ideal is wben the oomputer 
hangs and you bave to reset iL This may bappen!!! some instances wbic:h lile programmers wcrc not aware 
oC. Any suc:h case should be broughtto our altellliotieitherdirectly, orvia UNIDTCD, \\llter Resowces Branch, 
NewYork. 

lbe most problems were aperienced in lile pmnping test program. GW3. The Hantusb, and sometimes the 
lbeis method will cause lile program to aborL This will bappen in rarc oa:asions wben lllerc is either 
underflow or overflow (too 1arge or too small czponcnt, negative logarithm, etc.). You are advised to check 
pumping test raw data and elimina te suspicious data, such as lluctuations of level, or zcro decline of leve. 
near the end of tesL Cbances are that even sucb. a test will providc useflll rcslllts using lile Theis ancl/or 
Hantush method. 

9. Graphics Routines 

The foUowing grapbics roulincs are available in lllis version of lile Ground 'Muer Software package: 
GWZ. OwnistJ7 Pipcrand W'alcm.~grams . 
GWJ. Puntping Tau Sacen display of lliW data; data fitting willl Jaoob, Theis, Hantush, recovery 

melllods. Rushton & Siugh dug wcll matching mcthod 
GWS. Hydrograplu 
GW6. LilholoD 
GWIJ.Graphia 

\\llter levcl graphs 
Wclllog, map of wells, lllllological cross scctions 
Coordina te system, saperimposcd boundarics, rivers, roads and other lines; points 
such as wells; text; contours (notused in this package). 
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. . 
Eadl of the graphics screcus allows the zoomiD¡ a delaílllSÚig a mousc. Zoomillg caD be repeated sever:- · 
timesj 

10. Summary 

GWI. 

GW2 

GW3 
GW4 

GW5 

GW6 

GWI.l 

'lb use this Ground v.\w- Software padelge 10 liS grealeSI potentlal you Deed au MS·DOS compatible 
computer with 640 KBytes of memory, a fiu:d disk with at least 10 mepbyles of s10rage capacity, a 
high-resolution monitor (monochrome or color), a video display adapw- card, ami a mouse. 

1be followi.ag table shows the memory requiremems Cor individual program moclllks. In order to conserve 
cllsk space, eac:b EXE me is cllstnbu!ed in a compresscd fonn. However the minimnm memory requirement 
is controlled by its normal or unc:omp1 ed si& 

Memoryln KB 
Cooprocessor Disk Actual Compres. 

235 1S2 Not reqllired Floppylbard 
292 208 Rec:ommended Floppylbard 
m 314 Recommendecl Hardrec'd 

298 222 Not req1lired Floppylbard 
400 281 Highly Rl:'d Hardrec'd 
447 m Highly rec'd HardliWid.. 
230 156 High1y Rl:'d Hard rec'd 

Abbreviations: "Compres• - compressed, "rec'd" - ICCOmmended 
"req'd" - required, "11131111. •- mandatory 

Video 

Not required 

R=lmmended 
Highly rec'd 

Not required .. Highly rec'd 

Higbly rec'd 
Highly-rec'd 

11. Future Improvements 

1be improvements will be in tv10 direaioDS: (a) bardware/sOflwa (b) program UDiwlsality á.nd additional 
ro u liDes. 

In the first group come various additional saeen drift:n (notably super VGA); prinw-driven (notably a laser 
driver); plus various foniS 10 mate printout more auractiw and usable. More plo!W" drivers could be 
included. 

1be chemical program. GW2, may bave more retrieval routines, suc:b as bar diagrams ploned direaly onto 
the map; the data base may include c:oordinates, land surface elevations, ami some olber well consuuaion 
parameterS. whic:b will m.ate contouring of random data posslble; and a contouring routine (gridding from 
random data) may be added. 

'tbc pumping test may indude correclions for part1a1 peneuation, improved bandliag of Hantush andlor 
1bejs method in the case of une¡rpected input..J'rograms could also detec:t the presente of a recll.arge or 
impermeable bouadary during pumping test, etc. Espccia11y in pumping test program, GW3, improvemenu 
are needed. 

The well hydraullcs and consuuction progralD, GW4, may add the design of grave! pack on the basis of aquifer 
grain-size analysis. Cost of pumping and euergy teqllirements oould make !he program more versa lile. The 
step-draWdOwn test should be vis.lble on the 5CreCll. 

1be hydrographs·program. GWS, needs a bener control over printout, suc:h as tille of dr.lwing in different 
fonu and sizes, formatlarger thaD A4, etc. 

UNIDTCD, Water Re:s<Nr= Br:tnd! 
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Welllogs IXluld be malle user-4efillal as far as lllcir IXlDtent is CXloccrued. Likewise, lilllolo gical symbols CXluid 
be edital on lile sc:reen.. 

Plotter output, which was added at lile 1ast moment, is not yet fully testee!. You are advised toread additional 
IXlmments on lile plotter 11511. These will be foUIId at lile end of tllis lnuoduction. 

12. Running the GW Program 

lb start this software, you should log 10 a directory in which you keep your data files (GW'l., GW3, GWS, · 
GW6). For GWl and GW4, which are the utility programs, it is not importan! in which direaory you may be. ' 
You may log to the \GW directory as weU. 

~ GW. After few SCCXlDds the screen as shOWII in Fig. A will be displayed. 1bis is the progmn's Main Lo go, 
with the software package tiUe, United Nalions, and aulllors. 

Ultrn:D HATIOHS 
DEPAHT11EKI OF TEODIICAL co-GPERAT IOH FOR DEUELOP11EKI 

DIUISIOH OF HATURAL RESOURCES AMD EHERGY 
WATER RESOURCES BRAHat 

Written by: J.Karanja~, Ph.D. CGeology a ClYil Engineering) 
D.Braticevic, Ph.D. Cttathea~atics a Computar Sciences) 

} 
Any key to continua. ·; 

·de :e (.¡;:Z":g ~-,:::e·: ~s: '% -·~~~ltnr'""""'':'~::-.:::::.~-~~~~::~~~ 

Press any key 10 see thc sCCXlod saecn. Fig. B, whicb is thc IXlpyrighl no1ice 31111 inslrw:tions on whom 10 
oontact ifyou havc problems or nced assistalltc willlthe software. 

• Press any kcy. The program CXlmeS 10 1he Main Program .setection Menu, Fig. C. From hcre the program 
branches 10 ene of 6 working modules or the graphics uulity. . 

TTNIT'\Tt""'n War.-.. o-... ··---·"----· 
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13. Additional Comments 

The plotter output ls not yet fllllytcstecl. Al.most every graphics saeen can be eilher directly ploned 10 1he 
COMl (serial) pon, oran ASCilplOl file can be crea1ed for laler editing. The following should be observed: 

. Use A3 {ISO) or B {ANSI) fomlat ofpaper. {Some programs may be plotted lo A4 orA formal) bu1 yo u 
must edil the ASCilpll file by adding the HPGL command R090 alter thc initial twa HPG L commands, 
IN;DF;.) 

. Modify, ifyou wisb, lhe pen sekaion numbers. When viewing the ASCilpll file you will no1ice the HPGL 
command SP 1, SP 2, or like. Thls is interpreted by the plotter as Select Pen. -

. WeU logs can be plotted ot!ly iD lhc default sizc, that is the A4 format (21 an borizontal by 29 cm vertical; 
or 8.5 by 11 in eh). 

. Ot!ly graphical characters will be plottecl. Thus, some lcttering that may appear on the scrcen, will not be 
plotted if the characters are from me ASen alphanumeric seL 

Yo u will have to press the key R every time the plótter changcs the pen. There will be a message displayed: 

Writc rault errorwritlng deotce COMl 
Abon, Retry, Ignore, Fall? 

.. 
Answcr with R and wait un ti! anolher halL This will be fixed in the second release. 

For your reference, the HPGL SWIIIaid commands most afien used in this program package are: 
IN .. a command to initialize plottc:r 
DF .. a command to return the plouer toa prcdefined (default) state 
PA .. sets absolute plotting 
PU .. raises the pen 
PD .. Iowcrs the pcn 
R090 .. rota tes the coordina te system 90 degrces.- · 

UNIOTCD, Water Rcsourc:es Brancb 
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1.1. General 

: ! 

This is primarily a utility program for calc:ulatingpermcabilityvalues (hydraa.lic coDductivity) from graiD-size 
analysis (graill-size distributioD c:um:s) uc1 for converting permeabilityvalues trom ODe system of units to 
anolher, etc. 

Sincc lherc are DO graphics routines in this progiam. a video adaptcr is DO! rcquired. A mathematical 
co-processor is DOt rcquircd.. 1b run this program. you must llave copicd !he following files to the \GW 
directOI]~ GWl.EXE, UNl.CMN, UNLMS't UNl.WND. You may Jog to any subdirectory, provided you 
have a palh to !he GW directory in yoiD' AUTOEXEc.BAT file (see !he lntroductioD). Altemativcly, you 
may run this program by ryping GWl and REIURN. Thc total disk spacc occnpied by !he four rcquired files 
is 247,884 bytes. The mcmory rcquircmcnt for !he GWl.EXE program is 23.5 KB; !he program comes in a 
comprc:ssed versioD occupying 155,476 byla-

1.2. Program Overview 

The GWl program consists o!6 pans (seeFirr Ll): 
• Conversions 
• calculatioD from grain sizes 
• Average values in Jaycrcd media 
• Permc:unetcr tests 
• Permeability from pumping tests 
• lllbles 

IWIItCII--*TD~ 
l. PIIIIIAitLm ceanq4ftGICI- CIJI«<IatGIII 

--·-c..a ..... ,_ ,._ ..... ··-
........ --·- •• 1 ........... .. r ...,..._... ........ _.. 
r .... _,0_ 

S.l.rt •• IU. 111lt.ll t1P ... DGIM ..-.. alll ..,_ DITD. a:c ........ ~ ....... 

,;;: 

··• Fig.l.l 

UN/DTCD, Water Reoouree:s BranCb USER'S MANUAL 



16 

1.3. Conver5ions 

lbc finl pan convcns pcrmcability wlucs (l!ydiDiil: conductivity) from onc systcm of wúts 10 anotl 
systcm. Thcoptions are: US gpdlfiz, Imp gpdlftZ,IIIIday,cm4. PrcssESC 10 tcrminalc this pan ofthc program. 
Place thc cursor on thc lop linc (Convcrsions) 31111 pte:ss REnJRN {ENTER). lbe window titled FROM 
appcars otrcring !he choice of wúts 10 conven froDL Sclea a unit using cursor up and down keys. Press 
RE1URN. lbe righl pan of !he window titled TO, as showD in Flg.l.2, is displayed otrering you !he choice 
of UD.its lO conven to. Selea a UD.it and press REIURN. Thc cursor sball come 10 Input clara. "JYpc a wlue 
and you will see !he convened rcsuJL In this CI3IIIJilc, 11100 US gpdlftz is equaJ to 40.74140 m/day . 

-·-c. ......... ,_ ...... _ .......,_._, . ..._.. ..... -._ ........ , .. _ .... _,._ .... .,......,.... ... ., ........ ...... -._. .... -

1.4. Calculation From Grain Size 

··-
.. ....,......, . ................ ----..-. 

... ._ ..• _._ 

The second pan c:alculates thc permeability cocfficieat (bydraaUc conductivity) usi.ag one of six awilable 
empiric formulas: 

HAZEN ZAMARlN 
CREAGER, JUSTIN, HINDS (U.S.B.R. formula) KOZENY 
SUCHTER TERZAGHI 

E:lcb calculation requircs some or aii ofthe foUowinginput par.uneters: (a) etrective grain diameter (dto or 
dzo), or !he total grain-stz.e distribution; (b) tcmper.mue of wau:r in aquifer fonnation (due to viscosity 
dependence on tcmperature); (e) empiric:al coeffidcnrwbich distinguisbes bctween smooth and cleao sand 
on one sidc and angular and cJaycy sand on !he othcr sidc; (d) total porosity ot sand. When in doubt as to 
wbat to accepl for fonnation water lemperature, type 10. (The correaions are probably nol imponant; the 
empiric:al formulas prodaceonlyaconcctorderofmagaitudeconsidt:riugthewayinwhichform.ationsamples 
are usuaUy collected.) • 

You run this portian ofthe program by moving the caaor onc linc dlJI?m to Calcalatlons rrom gnln slze and 
pressing REnJRN. You will be given 6 options~Jea onc with cursor kcys (up/down) and press RETURN. 

lb e BAZEN formula applies to sands and gravels with etreclive graiD dlameter between 0.1 and 3.0 mm and 
unifonnity coefficient d6ofdto Jess tban S. lb selea the empirical coefficient which takes care of grain 
unifonnity, sorting, and cJeanness, have in mind tbat typical wlues are as follows: 

· 0.4- 0.8 for clayey and nonunüorm sand 
0.8 - 1.2 for clean and unüorm sand 

. lbe more unüorm sand, thc higher lhe coefficienL An czample is shown in Fig. 1.3. 

UNJDTCD, Water Rcsou""'" Brancll USER'S MANUAL 
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The U.S.B.R. formula (due to Creager, JU!'in "-lid Hi.:Ids) requires lhe d20 as lhe effective gr.¡iD diamcrer (iD 
mm), wilhour any correaions (temperatu. "• empiric:. oefficieot). 

The SUchter formula appUcs to sands aud gravels wilh effective grain diameter between 0.1 aud 3.0 mm and 
uniformity coefficieot ~dto Icss lhau S. 1be formula requires lhe knowledge of total sand porosity, and 
lhere is aiso a correaion for formation water temperaturc. Wilh lhe Slichter formula, lhe ;¡orosity (total) 
must be typc:d as a fraction of 1.0, tempera= in OC, and dto in mm (saeen diameter of 10% of lhe total 
sample relaiDed on lhe sc:reen ). 

The Zamarin formula requires lhe input oflhe whole grain-,;ize curve iD lhe foUowing nnges: 

less than 0.01 mm (288.60) O.SG-1.00 mm (1.38) 
0.01-0.0S mm ( 40.25) 1.oo-2.00 mm (0.69) 
0.05-0.10 mm ( 13.80) 2.00-3.00 mm (0.27) 
0.10-0.15 mm ( &.OS) J.QG-5.00 iñia (0.25) 
0.1>-U25 mm ( 6.07) s.oo-1.00 mm (0.17) 
~.50mm ( 2.76) 7.0G-IO.O mm (0.11) 

• 

Each fraction of sample analysis (typed as, e.g., 0.12 ü 12% ofthe wbole sample taUs witbin the iDterval) is 
multiplied by a correspondlng weigbting factor which assigns a greater importance to finer lhailto coarser 
fractions. Thcse taaors are shown iD lhe above table iD brackcts. 1be effective diametcr is obtaiDed as one · · 
over lhe sum oflhe prOducts ofweigbting tactors aud fraaions ofeach iDtervai. The temperature correaion 
is aiso Inuoduced In lhe same way as iD lhe Slidner formula. . · 

The Kazeay formula req uircs lhe foUowiDg Input: total porosity as a fraaion of one, effective diameter ( d to) 
in mm. aud lhe formation water temperature. · 

' 

The TerzaghJ f'ormula, which applies mostly to coarse-gralned sand 3lld gr.¡vel, nceds lhe input values of dto. .. 
porosity as a fraction of one, aud temperature. There is aiso a corrcaion coefficient which takes into ac.coum 
two categorics of sand grains: smoolh aud angular. 

1.5. Average Values In Layered Media 

This section of the program calculates au avcage permeability coef!icient for borizontaUy stratilled temin. 
The tlow may be eilher paraUel or perpendiclllar to tbc Iayers of differcnt permeabil.itics. 

UN/DTCD, Water Resoura:s Brand! 
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layer 1 Kt. Hi K¡ aJid H¡ are bydraulic: canduc:tivitie 
=::...::~---------:.:!!.:::!--~---and tllic:knesses of individuallayers, re-
layer 2 K2. Hz speaively 
~la-y~~3------------------~~H3------>~---

From tbe cantinuity-of-fiow cansideration, tbe specific fiow tbrough eacb layer is equal to: 
q¡=KtHJi q2=Kzlki cp .. KJH:Ji 

wbere i is tbc gradicnt of now. The total now thnlugll alllayers is equaltu 
q = q¡ + q2 + q3 + - + qa or q "' (K¡H¡ + K2H2 + KzH3 + - KaHa) 

The same total fiow can be e:rpressed iD terms of an naage byilraulic: cauductivity, K.. •• as 
q = KavHi 

wbcre H is tbe sum of all individual thicknesses (Ht+H2+HJ+-+H,). Equating tbe twO cxpressions thc 
followiDg is obtained: 

Kav = (K¡H¡ +K2lh+K3H3+-+KaHa)I(H¡+H2+H3+-+Ha) 

ThcGW1 program promptsfor(a) tbe numberoflayeu,(b) bydraulic:cauductivityofeac:b layer, (e:) thiclaless 
of eac:b iDdividuallayer. 

(2) F1ow perpemijmlgr tD 1tzyen 

layer 1 Kt.Ht 
layer2 

layer 3 

In a simüar way one obtaius !be followiDg ezpresslou fói lbe awrage hydraulic: cand uc:tivi ty wben !be flow is 
perpendic:ular to tbe stratific:ation: 

Kav = (Ht+fu+Hl+-+Ha)I(HuKt +H2/K2 + lbiK3 +-+Ha/Ka) 

The input is prompted for from tbe saeen iD tbesameway as iD tbefiow parallelto stratific:atiou. An example 
is sbowu iD Fig. 1.4. 

·:;rr~ ;:;.~; ~ >~ ;, :l :; .: ''@U$ r p..: 

"--•- , __ . S~ 

~ l. ,_.ILin CMoiiiiAIIOICI - -- I.!IIIS 

uaur ..,,. 

-·- ~ D,fc! -.u,.., 
c.a .. a.·u- ,,. ..... •• -...__. 11M ... ••• ..,..... 

•= -- l e. :a sz.s 
.._..., .. t.-u z 3.1 '·' . 
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1.6. Perineameter Tests 

Permeameten are used ror laboratory determinations of permeabWty from sma11 samples of permeable 
materials. Severa! types baYe beeD dewloped, such as CODSWit-head, falling-head, and nondiscbar;mg 
permeameten. 'Ibe fiDl sabmenu thal appean when you selea 'Pemteamrter tests' from !he main menu 
prompts for !he system ofunits; !he oplions are American W1i1S (US gallon, foot, seCXInd) and metric units 
( cm3 ,cm: ,sec ). 'Ibe ncu window promplS for !he type of permea.meter. 'Ibree types can be handled by the 
program: (a) constan! head, (b) fallinghead. (e) nondisrhargiug pent!'"'meter. 

'Ibe consraru-huzd permetllf~D6 is used 10 measure permeabilities of consolida!ed or unconsolidated forma- ,, 
tions under low heads. 'Ibe parameten needed for calculation are !he following: Vis !he fiow vol wne in time 
t, L is !he length of sample. A ls !he horizontal area of sample, b is !he water leve! difference betwee:¡ two 
cylinders. You are promp!ed to input all these values in units you have seleaed twO windows before. 

In thefalling-head~waterisadded 10 !he tallcohunn,fiaws Upwatd through !he mediwn cylinder 
and is colleaed as overtlow. Both consolida!ed and unconsolida!ed samples can be tested in this manner. 'Ibe 
permeability CX!Cf!icient is c:akulated from !he following parameters: dc.lhe sample cylinder diameter; d,, the 
water tube diameter; L, !he vertical Jength of samplc; t, !he time in wbich water leve! drops in !he taU water.,: 
tube from initial bo to end value h. One czample is· shown below and in Ag. 1.5. : 

Sample cylinuer diameter = 4.8 (cm) 
Water tube diameter = L3 (cm) 

Verticallength ofsample = 13 [cm) 
lnitial water head = 11.3 (cm) 

Water head at end oftest = 7.3 [cm) 
Thst duration = 127 [cm) 

PERMEABILITY = 0.01994 {cm/See) 

.. 

- 17.2 {m/day) . ' 
'Ibe third type of permeameter, lhe nondisduzrging pmneamtra, is used for measuring permeability of " 
unconsolidated formations undervery low head...'the parameters to define !he permeability coefficient are 
!he following: A, lhe area ofsupply and disdlarge reservoirs; L, lhe totallength of !he 'U" tube; a, !he area 
of !he sample in !he 'U" tulle; t, ~ time at which. ~~ differenc:e of levels between supply and discharging 
rescrvoirs bealmes equaliO b, startlllg from some wtial head difference bo at t=O. 

···.-..-,·~···-··....,._.,, •w_, .... ,-~)"''~-' , ~~--:::======·z .. _;¡¡.-.-:-_;;¡ ... _,-.•=--::::· .¡::.r ... ·.··.":'~.--... ~~--.:." .. -:-'?J.~r- r~::.:??·.·.·-:-.' .. ':~-: .......... ,·::_ ........ ." .. ' .. ·.::.::~:.·.·.'.:·::~.-.' ..... :~.·.·c.· .. .::.'.·,·.'. -_: -: ... :-... : ......... ~.-..... ::;.,,;..,.,..,:._..__.;,_..,_.;;:...:;.....,.._,...,,;.,....; ~~- ... .. .. ----~· .... ... -·- ............ - ..... .... . ..... ... . .. . 
't 
!í 
-~ wvtrtCD ~ IMID SID"' C 

1. nJIIUIILin CALCJ~.AIIGM - c:ciWI:II'ICIIB 

._,_ JML_,_ .. . 
C.laa&au- '"'! ........ _,_, 
Pw ~ ..... UIIVI DIIIA 
......... "--U ...., .. .,., ......... ---. ..... . ... 
ld.l- .... ~.1_..... 1.3 .... 

·"'-'\leal ~al ...... • 7., , ... 
KI'I'LIM 10 DO:I latt.lal ._._. ._.. • 11.3 , ... 

............... u~ ........ 7.3 , ... 
t-. ...... ,_ • LZ.7 1-.1 

PDIID81Lm • 8.81994 (~-.al 
17.Z IW ..... l 

UNIDTCD, Wa1cr Rc:sour= Bnlncb 

; 



~~ ,, 
\ 

211 

l. 7. Permeability from Pumping Tests 

In this seaion the permeability c:oefficient is calcalarcd fnlm pumping tests in steady radial flow to a well, 
under both IXlnfined and water table IXlnditions. The fll:st window that appears wben you select 'Pumping 
tests" is selcaed fnlm the main menu, prompts :you to select pumping me units. Fm: options are built into 
the program: (a) gpm., (b) gpd, (e) JJsec, (d) itlllday, (e) ml/hr. Thescamd window prompts you to select the 
type of aquifer, 1Xln1ined or UDCXlnfined (water table). 

H you select "1Xln1ined aquifer" , you are czpeaed to sapply the following data: 

(a) pumping rate, (b) aquifer thitkness, (e) disvnra= to fbst oh!erwlion well, (d) distance to second 
observation well, (e) beadin fbstobservation ftll,(f) headin seCXllldobservation well Honlyone observa !ion 
well is used during the pumping test, the distance ID the lim obsclvatinn we11 beCXlmes the pumped well 
dlameter. 

The c:oefficient of penneability K is calc:Diarcd fnlm the "equilibrium" or Thiem formula. 

In the case of "un1Xln1ined" or water-table aquifer, the informatlon supplled is the same e:a:ept there is no 
prompt for aquifer thitkness, wllidl clocs not appear in the equation for pumping rate or penneability. An 
t:13111ple is sbown in Fig. 1.6. 

l. ,...._.IJ.Jft ~~~- ,._ CDIIYDSJ- ""' .............. , ..... _ .. --- ... _ ............. 
C..JGIIIata-.............. _ uavr MtA 
Pw ...,.. ' ............ zs liiV_, ,_, ....... 
1_..1_ ·- --TODOI , .. , .. 

QM. -·· •• 1 
5 u.s 

........ z a H.? 

ounur DUA 1. 3.J.i; ,., ..... 
LlaM [la"_, 

; Fig.I.6 
"<· 
-t:~· .. .,.:·q·:-v-<.t-·-;.:~:·~~~····kx·iZ ... , .. ::;: .. ··t -·-==p.}. ···b· _ .. a: "X , ( zt ¡_t.) 

1.8. Thbles 

Severa! tables are inc:luded in the GWl programforyourreference. Theselec1ionwindow for the tablcslooks 
as follows: 

SELECT TABLE 

Avmtge vGÚII!.f ofpt:mllllbiliJy 
Avmtge VGÚII!.f of k llllli K 
RepresmiJJlive VIÚul!f of k llllli K 
UniUfar lmgth, ana andflow rau 
CDnllt!nion/tu:IIJt7 
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2.1. General 

This is a utility program that allows you to aeate, mauage, and display or print repons for a ground water.· 
qualitydata base. 

The program requires about 300,000 bytes of memory. A video display adapter is req uired (see lntroduction) · ;_ 
for viewing !he Piper and Wücm diagrams. The StiJf diagram printing program.uses oDly ASCD characten' ·· 
and can be used With IIIIY dot matm: or daisy-wheel printer. The Piper and Wilcox graphics programs require 
a dot matrix printer With graphics capabilities. Plotter is optional for plotting Piper and Wllcox diagrams. A 
mathematicaJ co-proc:essor is not absOlutely necessary, but itspeedS up the!"iting ofte:aual pan on graphics 
sc:reens. A mouse is not required, but is usefDl for moming in on details in !he Piper diagram. 

In arder to run !he GW2 program you must copy !he foUoWing mes to !he \GW directory: GW2EXE; 
UN2CMN, UN2.MS'I; UN2.WND. 1be emcatable program. GW2..EXE, comes in• a compressed-form, 
oa:upying about 213,000 bytes. Asan option you maycopy TABLE.EXE plus siz TAJli..Exmes {X is 1.2,3,4,5,6) 
to any subdi;-eaory in wbich you wish to kcep your chemical data base. (TABLE.EXE is independent from 
!he GW2 program.) 

You can swt !he GW2 program either by typing GW2 at !he DOS prompt, or by selecting GW2 from the 
main menu of !he GW program. 

The foUowing keys have speQal funaions: 

The F2 function key erases !he data field completely 

The F3 function key erases !he data field from current cursor position to the end of the field 

The AI.:l'·FlO key, pressed simultaneously, "fii" !he sc:reen iC 11 appears corrupt 

PgDo ("Page down') and PgUp ("Page up'), display on !he saeen one page down or up, respectively, 
provided !he data base has more Iban 14 samples 

The HOME key positions !he cwsor to !he top of !he screen 
The END key positions !he cutsOr to !he bottom of !he cuncnt saeen 

The C'I'RL+ HOME key sequence brings up sample number one . 
The CTRL+END key sequenc:e brings up the last sample in !he data base 

2.2. Creating Ground Water Quality Data Base 

The aeation ofa ground water quality data base is !he most importan! portian ofthis program. The program 
startS With an Opening Saeen (Fig. 2.1) promptingyou to type the name ofa Chemistry Data F"lle. Here, yo u 
are given tWo alternatives. 

UNIDTCD, Water Resour= BranCII nc:roo•c:- , • ..... ' • ' 
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(1) lf thls is the first time a Chemi•uy Dala File is beiDg aeated, Le. ifSildl a file bad not becn creaaed be! ore 
and does not exist on the disk, there will be a mcssage displaJal. a1 the bottom of the screen, alter the 
name of the file is typed: 
Tbls me does not a1st. 
Pras e to crate new me orEa&: to edt. .. ' 

(2) lf the file e:lists on the disk, the program displa}'s two liDes iclentifyillg the f.le ( Project and Organiza­
tion), and the CIUSOr moves to the second line (Projea:). Yoa may modlfy the tiUe of the projea and 
then press RETURN. The ausor then moves to the third 1ine (Orpnization:) wbil:h can also be ediled. 
Wb.en yo u press RETURN, the screen displays anothc:r windowwith the total number of samples in the 
dala baseshown at thetopofthescreen (Nillllba'ofsamples =),andlists thefiist 14samples (sequential 
number and identiflcation), as shOWtL in Fig. 2.2. . · 

0~t~¿M~'» ....................................................................... ~~-·:~~-'~ 
'\ ...vDTCD - GROIRIJ) WATER SOniiAIIE llersl011 1. 88 ~l 
\Í Z. c:JIOIRIJ) WATER Qalllstll'l D 1 h-r 1989 :j 
~ :~ 

{ c-ical Data Base Cantant llualler al -~- = 18 FUICCTIOHS : . ¡¡ 
Ita SMPLE IDEKUFICATIOM S=Soiec:t Input \1 

1 Z8 l'HUC 'lE ¡.,¡._t Data e~ 

Z Z1 l'HUC 'lE E=E4lt D.a1:a ''' 
3 ZZ PHIJC 'lE ~......._ D.a1:a ~J 
4 Z3 PHIJC 'lE D=Delete ·;< 
S Z4 l'HUC 'lE T=StlfF dlasr. ,;{ 
6 ZS l'HUC 'lE P.Plper dlasr. ;; 

: E 5i EEEf:*:S· ··~ 
18 47 IWIOI :J 
11 48 HAHOI X=Exlt :ii 
1Z 49 HAHOI ;j 
13 58 IWIOI - ::; 
14 51 HAMO 1 :¡ 

j 
~. n. ;, ;. ;¡ J 

) ,, .q::•' ··'.-}. .. ~¡% :¡::: ,l . ._,.,.,._·~::.-;:::.:: . ..:1 
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2.3. Procedure to Create a New Data File (Data Base) 

.. 
Alter you en ter !he name ofthe new me and press !he C key to acate !he me, you are prompted to fill in 

· !he "Project" and "OrpnimtloD" fields. 

The screen then dlsplays !he c:lloice of co!IStituents (parameters) that may be entered into !he ground water 
chemistry data base (Fig. 2.3). The table is divided iniO three collliiiDS. The fbst cotumn, catioDS, conta.ins ca, 
Mg, Na, K, Fe, and MlL.The secood cohmm, anions, cootaiDs HCOJ. C03, S04, C, NOJ, P04. F. and B. The 
third column, others, coota.ins SiOz. TOS, Hardness, Alkalinity, Cooductivity, pH. A total of 20 parameters 
can be entered into !he data base. ~ '. ' ;;; 

Sin ce oot all ofthese coostituents andlor parametetsare ana1yzed andlor coUeaed in a U 'pro¡eas, !he program 
cnables yo u to selea !he parameters yo u wish toen ter into !he dal2. . i1e. Yo u may select parameters by moving 
!he cursor and pressing Ywlleneveryou wish 10 adda parameter to !he data base lisL Pressing any other key 
will skip !he current line. The data base will cootaiD intemally au 20 fields, regardless of tbc seleaioo you 
make. 1bis means that !he data base can be updated with oewsamples by changing !he cootcots, i.e. by adding 

• 
oew parameters 10 !he data base. This setection is programmed to make input of data casier, that ts, to aUow 
you to input only !he data wllil:h have some positiYc!value. 

Alter you select !he data parameters yo u are gM:n two optioos: (1) you can reselea !he parameters by typing 
"S". (2) you can begin to input data input by typing T. Tbe fbst option returos you to the bcginning of the 
parameter selection proa:dure describcd aboYe. The second option auaws you to en ter your actual data from 
field notes or labora10ry tonos iniO !he computerizcd data base. Alter you type T, !he scrcen dlsplays the 
foUowing (Fig. 24): Sample No appears in !he upper right comer, !he ldentilication fietd in !he secood line, 

..... 
"' - ••• 1 

_ .. ,. .. 
1 
2 .......... '-: . 
• • ... ... 
• ... --• ... c.....·., • 
• •• • - ... 

_·.· 

~;~ 
~--

1 -· • -· .. • •• u -· 12 
.... -·· ....... lllc.t.l~ ..,_ ICI'&all ... 

•• ~,. ........ .., .. u 

Fig. 2.4 
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Collowed by the list oC par.¡meten tbat you baveselfaCd 'Ibe progruú:nters the sample number Cor you, 
staningwith thenumber 1 CoralleWdata base. 'lllllaasorJDDVeStotheseco.nd line-Identlllcadon,and the 
Collowing message appears at lhe bottom o!lhes:na: "EaUr '' pie H•dDcadoa'. The sample identifica.,. 
tion can be up to 46 dwaaezs long. Il is 1ISt:d bJ lhe program ODiy 10 identify a sample. You may type thev 
number,laboralory sample IOIIIlber,locallty,llliiB, depth o! a 'IM:I1, date o! sampling, etc. NJ.y combination 
oC ASen dwacters is permilted. After the idt:ntlfic!áon is enteml, lhe cursor moves 10 the firsl oC the 
selected parame1ers (normally 11 wiii be Ca). '1)pe lhewlaes, one by 011e, using the back arrow key to erase 
enors. Alter the lasl parameter is input (nonnallypHwlue), the saeen dlsplays Sample N° 2, and the cursor 
moves to the ncw identificaáon ficld. (AJJy enor can be CXIrreaed later in EDIT mode.) 

Once you havc entcred the inir:ial data foryour data base, the remaining pmccdures are identical to those for 
already created data bases; thcse are described below. 

2.4. Available Program Functions 

As mentioned above, it the data lile had becn creaJCd befare and C1ists on the disk (dircctory), the Project 
and Organization which are associated with the lile wiii be shown antomatically. Alter you press the 
RE11JRN twice, the totaJ nnmber o! samples ammincc! in the data lile wiii be shown in the right cornero! 
the firsl Une, and the identificalion o! the first 14 sampies is displayed sequentially. 

The right portian ofthe screen displays the list o! available functions. The following funaions can be selected 
(see Fig.2.2): . 

S - sclect input 
1 - input data 
E -edlt 
B -browse 
D -de!ete 
T - Stifr dlagram 
p - Piper dlagram 
w - wncox dlagram 
R -Reponfng 
A -ASClllile 

The role oC the 'S" - select input function was czplained beCare. Likewise the 'I"- input data function was 
used 10 stan creating a ncw data lile. The T funaion can be used In an ezisting lile to CXIntinue with tbe input 
oC ncw samples. For example, it an ezisting data lile contains already 20 samples, by pressing 'I' the Sample 
NO 21 wiil be displayed In the first line and the caaor wiii be at the Identification field. The parameter fields 
shall be blank waiting !or you to input data. 

The "E" - edit function allows you to make wncaions and modlfications to be made in data files. Befare 
pressing the E key , first movc the cursor to the sample nnmber tbat you wanl to ediL The screen tooks as 
shown in Fig. 2.5. The sample number is displaycd, its identification shown and data values reproduced as 

- . .. .... - _L-• • • • W...lf .... -1 .. -ft -• ... -• ... d .• 

• ... .... -· .. . 
• .. . .. ...... ... .. 
• ... ... .. . • •• • -· ... 
• -· L .. ... L 

u -· ... .. .. ..__ .......... ____ 
M ._,,._,_..... .. 
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input into !he data base. A1Jy parameter can be c:lwlged by pressislg REI'URN a.ad moving down !he data 
a.aalysis form. The previoas value can be erased eilher by usiDg DEL kcy or !he F2 a.ad F3 function keys. 

The "B" - browse functioa permits yo u to vicw !he CXIDteats of !he data base. Pressing !he up/down arrow keys 
displays one sample ata lime eilher taward !he begimling oread of !he data base.l..ikcwise, HOME aad END 
keys display !he fbst or 1ast sample in !he data base, respcaMiy. Browsing is showu in Fig. 26. 

z. --a-tnRI D ..... 1989 

O..i 
1 ... - 1110ra ....... ,. 7 

l 
z l.._lllcatl• : +1 IMNOI 
3 
4 C.• JZ-1 1'111 • 245. 
S .... u. a --· •. z 
• .... 39 • ~·v· •• 7 .... ••• .... 7.& 
a -· as. 
9 -· z.. 

lB Cl• ... 
u -· ••• lZ 
l3 
l4 

u.. .. ,.,._ .......... 'tD--- a. ........ ,. t.l-..__,&.1 t;o .. - u.,.,..., ..... --•·: ... to -·t 
2 ¡ " 

The "T"-STIFF dlagram keystarts one o!reuieval programs.lhat ofdisplayiagtprinting !he STIFF diagram. 
The STIFF dlagram is shown in Fig. 2 7. Before you press the kt:y "T" yo u mast place'tbe cursor on the line 
wilh !he sample for which !he STIFF dlagram is required. The STIFF dlagram plllCeSSing will be explained 
la ter. 
The "P" - PIPER dlagram tcy is ased 10 Yiew oa !he screen. or 10 plot on !he printeriplolter, !he PIPER • 
dlagram. The PIPER dlagram prooessing wiJl be cxplained later. 

The "W"- wn.cox dlagram kt:y is used ro viewor 10 prinllplotlhe wn.cox dlagram. The wn.cox 
dlagram proa:ssing wiU be cxplained la ter. 

The "R" kcy is used to activate !he reponing subroutine. 
The • A • key is used to malee a a1py of lhe dala base in ASen fonnaL Such a file may lhen be used as input 
file to olher retrieval programs, or it may be edited by a t=t prooessor . 

. '·:~~.:.::::~::.::t:::-.2~-~-:~~-~:::-~-~·~· ·::l·O::·''"::lu·'::!'· :S[!':l'J...-L::~ .·!!· :=::::-o;:x:¡¡x;:•:¡¡ .. ~E' :¡;o ::• ::-s "C=::=!•:=:•:::,:;::•::;• :::•""'*::::::•-::::•!:: .. ' -¡¡;-::;.;z:• .: " .. co; '.'(:8;"!2.:::z.:r:l~:''"~-':":~-....... ~z:..=¿·.~·- ...... ~-:.; 
~ -~ ~ 
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S. Applicatión Programs 

STIFFDiqllm.Namedattcr H.A.Stiff,Jr. (STIFF.IU.,k,l9Sl. TM~ofCJJemiaúWtll8 Antllysis 
by means of Paztmu, J.Ptrrot., T«h.pt. JS.) lile gro:¡: grapbical mctbocl plots tour majar c:ations (Ca, Mg, 
Na+ K. Fe) on the leftside, and fourmajor81ÚDDS(HC03+C0:3.S04, C.N03) on theriglltside. The origiDal 
STIFF plotconnec:ts the poillts on the diagram 81111 prodiiiZS a pattcm wllic:ll, when compared to another 
analysis, c:ao be useful iD malállg comparisoDS of'llllm. 'Ibis program presents a modified STIFF diagram 
iD whic:h the length or eac:h llne defines the colll:l'!!mricm of a paniatlar c::ation and anion. Concenuations 
on lile diagram are ezpressed iD equivalents per lllillion (millieq1Ü'ValeDlS per litu). One cample is shown 
iD Fig. 2. 7. Silla: iron and Diuates are normally p.t m iD ilmgnifir:am amcenuations, most natural waters 
c:ao be represented as solutions of thr= majar c:aJilms (c:aldnm, magnesium, sodium with or without 
potassium) and three majar anions (bic:arbonate plas arb01181C, snlfate, dlloride). U any or these is missillg, 
the program dedares such analysis as illcomplete. 

Alter a sample is highlighted (seleaed) from lile llst of an samples iD a data base, and the key T pressed, 
you will have severa! options where 10 direa lile OUiplll- 10 saeeu ("D" for display), 10 prillter ("P" for 
prillter), and to an output disk file \W" forwrite) Cor later editlng andlor prillting. 

Provided that theanalysis is complete (at least Ca,Mg.NaorK,HC03orC03, SO.c, Cl present with nonzero 
positive values) and the analysis is balanced (lile SIIDI of anions matc!Jes lile sum or cations within S%, or 
within anyother IOIIerancespecified byyou), theOIIlplll.COmposedoftv.'O pans. will be generated. The first 
pan is a graphic:al presentation or lile analysis iD lile fDnn of lile II!Ddified STIFF diagram. The second pan 
contaills all imponant parameters and/Or constitv.c:DtS, su.ch as total dissolved solids (1DS), type or water 
( defined by the domiDant c:ation and domiDant altilm), an majar c:atioas and 8Dions ( ezpressed iD ppm 8Dd 
epm), and other parameters ifavailable (hardness, dectrkal conduaivity, pH, alkalinity, etc.). The program 
also c:alculates and prillts theSAR value (sodiumadsorptlonratio). · · 

U an analysis is illcomplete, lile program displays lile message "Aua~Jsi.s lacamplete" and shows the constit­
uents whic:h are missillg or zero. Nothillg else willlle clisplayed iD the case of an illcomplete. analysis. 

,· 

lf an analysis is oot balanced, which iD the contea ofthis program tlte8DS that the SIIDIS or anions and cations 
=pressed iD epm dlffer by more than S% (or auythiDg ~fied by you), lile message "CATIONS AND 
ANIONS DO NOTBAIA.NCE" 1s displayed, follovied byllleSIIDIS ofc:ations andauions and percentage error. 
The error ls ezpressed as twice lile absolute dlfleretu:e al c:ations and 8Dions dlvided by the sur of cations 
and auions, all iD equivalents per milllon, multfpllcd by 100. The dlagram will oot be shown, but the rest of 
illfonnatiOD ( CODStituents, typo O( water, SAR, etc.) 'llfill'bO printed 8Dd/Dr displayed. 

PIPER Di.agram. Named after A.M.Piper (PIPER.,A.M.. 19S3. "A Graphic ProuduTe in the G~ochem~al 
/ntepmaliDn o{Wtll8 ÁIIIZo/rit. • US.GcoLSun. GnluNt IHu6 Note 12.), lile trWnear dlagram (see Fig. 2.8) 
presents graphic:ally a group of aua1yses on lile samc plot. The tea that eq~laills lile suuaure _of the PIPER 
diagram is taken from \\lil10n ("GtrJUIIIiwtll81lutlura Em"'arion", McGnzw.Hill, 1970). 

"Piper (1953) deve!Dped afann ofiM trilinurdiagrrlm whidJ il•ef!tt:tiw roal üu~analysü dalDfMaiDclllstudy 
wilh respea ID s~ of 1M di#alvctt CCIISIIiualls in~ ~in 1M r:hDiru:lzr of a 1WitD' ar i1 ¡x=a 
lhtough an """"- and rdDwl ~ problmrl.. Far!M P1PE1I. ttílinelrdi ¿ 11114 ~u tnau4 mb$1111JliaJJy ar 
though i.t contaiM<l time cazion C01111i1um11 (M& NtJ, lllld Ca) a lhra anian ~ (a S04, and HC03)-

7ñe P1PER triJinur diaffrzm CD111bina time dürinct fW4s o{ piDfrilrr. """ rtiiJnguJar jWib at 1M lawa-Jqt and 1owcr righl. 
rup«tiwly, andan iNelwnürg~ jWd..AiltlftefiGdJ haw =la rmding in 100 ptiiD. In 1M rriangu/117' jidd 
at w lowftr /eft.IM p~tct:Zllll¿umczingvoJu.aofrllll thlaetllitltlpu¡~~ (Ca,Mg,Na) 1ft p/DIUd ara single poiN acrorrling 
ID co1M1Uicnal triJinur cOordinllu:J. 1M dfte IIIJion gr011p1 (HC03, S04, O) ate p/DIUd liúwiu in 1M rriangu/117' jidd 01 
tM lowftr ri¿/u. 'TIIIu, ,.., poÜI# Clft tiJil tÜilgtrllft. 11M in ttldJ o{ IJ. ,.., rtiiJnguJar M)lb. ÜJdii:IJU tiJil 1'tllzlm COIIC17111rZ1Ü»u 

ofiM UVD'lll dWolwd cOtUiituDJ#of alfDIIIIIl-- 17JecmttrlltÜilmDIId·•hllptdfidduuudiD lirDw lheowrail~ 
duzrfll:u:r of lhe f?'OIUldWGU:t' by a rhitrt :Mp-poiN p/lltli7l& 'lllilidt u at 1M inuniCiiao ofrrzp projccud from 1M plorrinp 
of ciJlÍOIU and animu. 1M ptWio11 of lhil ploaing indicttla d. rrillziwl compasidon of a lfOIIIIIlwau:r in temu of lhe 
CD~ion-llllion po;n thiJl corrapondiD lhe {0111' vcnica oflhe jiáL 77oe dfte rrilüwttr ploflinp willlirDw lhe asttWzl chmúclll 
duzrfll:u:r of a f?'OIUJdiOCZUfr acconiing ID 1M rrlllliw =-= · n of irs ~ buz nor acrording ro lhe absolul~ 
CDN:QIII'fZliolu·. 

When you press the op• kcy, the message Eater dnawiag ldeatlflcadon appears on tbe sc:reen. l}'pe an 
identifying tille for the Piper ploL The identificatlon wiD be centered on the 80-column wide pap~r (s~ndard 
A4 formát, width 210 mm). One may type e.g. PIPER TRILINEAR PLO'l; orthe nameofthe pro¡ea, dismct, 
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etc. Alter tbe plot is identilied, you are prompled to sdea water sample analyses to be plotted on the PIPER ~' 
diagram. This is one of major advanl3gcs of tbe program - you are able to sdea analyses to be shown on a , 
PIPER ploL Thus, you may create a ratber large dala base, and reuieve on one PlPER plol only samples '· 
tbal belong 10 the same projea, orthesamean:a, or tbat were takcná:t a certain date. You may use !he cursor ' · 
keys. or CIRL+HOME (to mow: !he pointer to !he beginning ofthe file), or CI'RL+END (lo move the 
poin::r 10 lhe end of lhe file), or PgDn (PgUp) keys. When you have seleaed a sample to be plotted prcss 
"P", move lhe cursor 10 another sample, ~ repealthe operation ofsample selcction. When tlle lasl sample 
is selected, prcss "X" tostan !he ploL 
After prcssiug tbe "X" key, you will have four optfons: (1) to prinl !he graph (press P), (2) to view lhe graph 
on !he screen (prcss O), (3) to send !he graph ditectly lO lhe plouer lhrough COMl serial pon (prcss H), ( 4) 
to cre:ue :m ASCII plot file 10 be used on another plotter or iD anotller application (prcss A). Nonnally you 

. will wan11o see !he graph firsL Press D. After !he graph is shown you may enlarge sorne detail by zooming a 
rectangle. For this you will need a mouse. Read the message on !he righl side of !he screen.Jt you selecl P to 
prinl !he graph, provided lhal thereis paperiD printerand prinlerisswitched on,a 13bleidentifyingallsamples 
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10 be ploned wil1 be prinled fim. lbe programmas deddect 10 couaat aU smaU Dlllllbers and ldentificauons 
10 one,clwac:ler onJy. 'Ibis is for thc sake oflCI'J•bility ofthe plot iD !he case ofmany samples with similar .,_ 
chcmical CODlCDL However, this llmilS thc nlllllber of samples tha1 CID be shOWD OD onc P IPER diagram 10,¡,, 

-,i 

59 (numbers 1 through 9, capitalleners A lllrollgb Z. smaU lettctS a through z). Yet, il is believcd lhal one"'" 
PIPER diagramsllou!d no1contaill more tlwl,say,20 lo30samplesforthediagram 10 be conc:lusivc. Befare 
and aflcr thc fiis1 table idcnlifying samples is prillled. the progtalll pauses giviDg you the chance 10 replace 
or realign the papcr. Samples are localed on thef'iperdlagram in theccnrcroftherespcctive clwacter (lener, 
number). 

You may plo1 the graph on a ploner using or emnlating !he Hewlen-Padcird Graphical Language (HPGL) ·. 
You mus1 have configured your COMl serial pon acconling lo insuuctions in your plotters' manual, or 
following thc instructions in I.ar:roductioa. lbc p1Dt shaU DOl display thc tahle. Only thc graphical screen shall 
be reproduced in thc ploL 

W'úmr Dillgrrun. A diagram for use in studying thesuitabilityof gnnmd water for inigation purposes, named 
alter WDcolt (W'úmr, L.~ 1955. 'Ckusifi¡:a.riDnllllll Usuflni¡rllilm Water,' U.S. /Jqlt.. of Agr. CirruJDr 969), is 
based on the sodium adsorption ratio (SAR) and conductivity of warcr ezpressed in micromhostcm a1 2S 
dcgrees Centigrade. lbe SAR value is defined by 

SAR = {Na/(O.Sll(Ca+Mg)J}O.S 

High contenl of e:u:hangeable sodium is highly 1Uidesirahle for agric:ll.lturc, and Ukewise is thc high total 
dissolvcd soüds content, ezpresscd as conduaivity ofwarcr. Allc:ample of the WDCOlt diagram is shown in 
Fig. 2.9. 

lbe processing ofthe WDCOlt diagram is ve¡ysimilar to !he nnnineusccl in crcallng the Piper diagram. Attcr 
selecllng the function W (for W'tlCOlt), you havc 10 c:hoosc which samples 10 ~ude in the diagram. lbis is 

A Fig. 2.9 

.. , .... ¿. c_,,,,J, .. ' J.:.·gf- ''• -·:·y ; 5 ,,J~,,~, ~-~":>-"'''',Y,',;:-•: 
,,, :;~ ... ---~ 

done, as insU'DCied on thc bonom Jinc of thc screaa. by moving !he cmsor up and dowD and pressing lhe kcy 
P for each samplc 10 be inc:luded. lbc program aa:b instandy wbcthcr both SAR and conductivity are 
nonzero positive values. If either of the IWO is missing andlor zcro, thcre 'YiJI be a message 

Not enough data ror WUeos dlagram 
Pras 1111)' key to condnue -

In efihcr case, conllnuc with the seJectioÍI ofothersamples. Atterseleaing the laslsample press X to process 
the W"t!COll diagram. lbe res1 of the proces•ing is vay similar t0 the Pipcr diagram subrouline. 
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2.6. Reporting 

With the "R" key you C3ll print a repon on your c:hemical dala base. When you type R, a window entilled 
'Select Output Items' pops dOWII. sbowing all output items tbaure c:unenUy included into tbe data base. As 
sbown in tbe ezample from Nepal. Fig. 2.10, tbere is a totaJ of2D i1ans CWTeDUy in the data base. In addition 

. C8IIUGI IMTD Qll:llllmlt D -1!I8S -a- ··- O.tpo,t 
,_ . ._ ,_ 

"" S u.n.u .. eu ... , -.u ... ,ti 
z s.r ..... eu ... a S...IID. SAII 
3 -··· , .. tlllll-1 -.u ... u.to.u .. 
1 Catppel ,.. Suple ••• S C:..lepel Cat.t- -.u ... 
6 llg(ppel -·- Cdppel 
7 .... , ..... - llg(ppel 
B lla[ppel --· 9 llalepel -.u ... :-.' 

18 IICII3[ ...... IICII3Inal 
u IICII3[-l SIIMinal 
!Z Sl)4[ ...... CUppel 
u SD4[epel -.u ... 
11 TDSippel - u.. - .... ta -·- •• ·-· tNm - RaiJIII ta .......... lt letal :r..en lll<lth 

In u.. ....-. -- "" -aectton. BB -·--'·~}:~ . ...,}!~~'?::'".:::· :t···-~ ····~\fs·: z ... :z: •;·:;;- ' ,_,,,,, . ú' -~·~m;?"f'~'~t:-:::g:z.- §~(n ;eo~: } .¿;~p::;,-'"=-·', :-:·':·<:¡;;,::-:;;:->~ ' :*--·-·'(>'·'•'-'-"~---0'(>' 
:.::.:.:..~:~-:.,-:........._.-,,,, 

10 majar eations and anions, wbicb were manually input in ppm, tbe program ealculated epm values of c:;¡tions 
and anions, tbe SAR value, and sums of eations and anions in epm. In some otber cases, l.bere may be more 
input parameters, e.g. conduaivity, :alkalinity, boron, manganese, eu:. • 

Table 2.1. Ezample of Reporting · 

Seq. 
No. 

1 

2 

3 

4 

S 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Identifieation 

267-sEMARI 

268-SARAHAWA 

269-ASNIYA 

270-0~ 

271-CHIVPURWA 

272-BAIDULI 

273-CHAVNAR TO 
274-S.P.OFFICE 

275-DHARMANAGA 

27&-BEI..AHIYA 

277-DUMRAHA 

278-AMUWA 

279-PACHHEDAWA 

280-SONBRASA 

C-Cations 
A-Anions 
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Ca Mg Na 

26 22 39 

20 33 17 

35 31 56 
30 21 12 

38 Z1 
26 37 61 

26 8 59 

80 6 7 

20 Z1 34 

30 23 25 

26 23 32 

23 30 

16 28 22 

24 33 

HC03 504 a c. A. 

Z16 6 S 4.80 4.79 

2S8 9 .3 4.45 4.50 

374 23 S 6.73 6.75 

216 6 3 3.75 3.75 

212 4 S 4.12 3.70 

278 S 84 6.99 7.03 

265 S S 4.52 4.59 

270 13 4 . 4.79 4.81 

Z18 2 4 4.70 4.71· 

264 2 4 4.48 4.48 

270 4 2 4.58 456 
188 2 4 3.61 3.~4 

234 6 4 4.06 4.07 

180 S S 3.91 3.20 

TDS pH SAR 

206 8.30 1..36 

226 8.20 0.54 

398 8.30 1.66 

280 8.10 0.41 

242 8.10 

200 8.40 1.80 

360 8.20 2.60 

340 8.20 0.20 

248 8.30 1.17 

260 8.10 0.84 

240 8.00 1.10 

280 8.00 

210 7.90 0.77 

210 8.00 
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&di df the parametm to be reponed, ezcludiDI the Sample ideutificninn, basa defaull column widtli: A11 
cations and anions in ppm are 6 dlar.laers wide (mdading blanks berw u twO p113111etm) and all cations 
and anions in epmare 7 charaam wide. The 'IDSisalso6c:lwaaerswide (withsepaming blau.ks), theSA! 
and pH values are eac:ll 7 charaaea wide. You may decide ou (1) aweut of repon. (Z) width of repon, e:.. 
uumber and place ofvenic:al.liucs to separ.ue ~ 
Eac:h venicallineoa:upies 2c:llaracters (oue f'orliue, oue f'orblaut), theSequeutial tlliiDber (1.2.3-) oa:upies 
S c:llaracters, and Sample ideutificatiou 14 channen by defauJL 1bis may be allered as prompted by the 
program. 'Dible 2.1 is an cample of a repon fDIID for the data base fnlm NepaL Indpded are the followiug: 
Sequeutial uumber, sample ideutification, majar c:alions and auious iD ppm. sums o! cations and auions in 
epm. TOS, pH. SAR. Sevezal vertical liDes separate groups of iteiiiS. The total width of the repon is 112 
columns. After you selea aJJ the items to be iDduded in the repon, the program prompts lüst for Repon 
tille, theu for Number ofliaes perpagc, and fillaDyforLeftmargiD.Hthewidthoftherepon is limited to 80 
or Jess dlar.lacrs, the wbole data base may bavc to be priuted in more than oue page. Thus, ideutifications 
can remaiu the same ou two-page repon, with coustitueats reponed la ppm ou oue page.and epm ou another 
page. TOS, SAR. pH. aJbJioity, couductivity, barduess, etc. can be reponed ou either of the tw0 pages. 
Alteroatively, the whole repon can be coudensed ou a standard A4 fonuat by iDstrucliug the priuter to priut 
in coudensed mode (15 or 17 c:llaractcrs perinc:ll-cpi). Forthis yoo can uscanyofavailable routiues (priuter's 
Escape cedes, PCPRINT or similar utility, SIDEWAYS, and so fonh). 

2. 7. ASCll File 

Yo u can copy your data base file to an ASCII disk file by pressiug the • A • key. Yo u ~ the option to select 
items from thedata base to uansfertoan ASCII file. Theptocedureissimilartoseleaiugitems forreponing. 
exc:ept that the output goes to a disk me from whic:ll you can retrievc it by any of available DOS routincs 
(I'YPE, for ezample), third·party utilities (e.g., SHOW), or t=t proc:essors. You can II5C the ASCII file as 
input me for other grouud-watcr quality retrieviug programs that are uot coutained oa this diskette. 

2.8. TABLES 

The progr.un TABI.EEXE can be used to display severa! watcr-4{uality related tables: 
J. Convmionfaaon (PPM ro EPM) 
2. Mazinwm ~ CD71U11D'aDoi'I.S ofriJ4iD.nudi.dD in ground WfllD' 

3. Stand.ard.r- US. Pub~ Health Servia 19<12 
4. Boron in irrigazionWIUD" 
5. Lisr of~ CD1ISliluma 
6. Lisr of organic CliiiSlilumu 

Yo u cxccute the program by typiug the followiug mmmand at lhe DOS prompt: TABLE. 

The mea u with options for 6 tables appears o a the scr=u aud you may selea any oae of lhese. Since all6 
tables are writteu in ASCII fonuat in disk files TABI.El, TABLE2. ~etc., lheycan beviewed wilh the utility 
SHOW, or typed with DOS utility TYPE TABLE.t > I...P11, where & is ~ay uumber from lthrough 6. Yo u 
can ed.it lhese tables just likc auy ASCII file. (WORDSTAR was used to create the tables.) 

' 
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3.1. General 

This is a data base program. with data analysis and ¡nsenlalion c:apabilllies (screen graphia, print, 
plot).Althougb thls program willl'1111 on oomputen withoul a mathematlc:al CXJ.proc:essor, absencc of a 
oo-processor seriously impairs processillg spced. Thls ls es¡wi•lly noticcable iD the Hantusb Jeaky thcory 
analysis, which works iD iterative c:ydes and m¡uires a large numbc:r of lloatiDg-poillt c:alculatioiiS- Beca use 
there are severa! saeen-display graphics routilles a video display adapter is higbly desirable, althougb not 
mandatory. _ 

The program's outputto printerwas tested on EPSON LQ80011000 priDtm. Altbougb not testee!, any matrix 
printer with graphics c:apabillty emulatillg the EPSON Escape Sequettcc CXJde should be suffic:ienL The data 
base editor is illdependent of the priDU:r, and so are aJl procedliRII Clldudillg printillg out results. In other 
words, the program can be used and n:sults obtailled witbout a prlnter. Allilata CXJntaiDed iD thc data base 
can be shown on the screen iD eithcr alphanumeric mode (time, drawdowus, levels, pumpillg ratcs, calculatcd 
parameten, etc.), or iD graphics mode (time4rawdown diagrams). Pumpillg test graphs can also be ploucd . .. 
on a Hewlett-Packard (HPGL) oompatible plotter. • -

The distnbutlon programoomeswith severa! camples. Theseare c:ontailled in files INDIA.PTl,INDIA.PTZ. 
The e:~~amples are from a cumnt UN/DTCD projea in India. The pumping test data base is prepared by this 
program in sucb a way tbat two files are crcated, with CIW!Sions m and PT2, n:spectively. Onc c:ontains 
general iniormatlon about wells (loc:ation. aquifer, statlc water leve!, pumping rate, rype of aqnifcr, type of 
weU, etc.), while the otber oontains pumping test data (pain of water levels or drawdowns versus time). 

Al certaiD places during program e=:ution tbe progñim may appearslow. Eitber cdited data are beingwriuen 
to tbe disk file, a sc:ratch file is being aeated, or calculatlons are being performed. Depending on the main 
processor cloek rate, and the availability of a mathematic:al CXJ.proa:ssor, thls time lag may be from severa! 
seconds to a millute or two. Please be paticnL lf the program is not running oorrealy a mcssagc will be 
displayed on the screen.. In some cases, thougb rarely, the program willterminate without produc:ing results. 
Morcover, the tcrmination migbt be abnormal, and you migbt need 10 reset the oomputcr. Ibis will be 
CXJrreaed in tite second release. 

In onler to run tite GW3 program you must oopy the following files to the \GW direaory: GW3.EXE, 
UN3.CMN, UN3.MS1; UN3.WND. With theGW3.EXEfileinaoompn:ssedvenion oa:upyingitself317.216 
bytes, these four mes oa:upy abont 369,000 bytes. The memory ra¡uired for running Ibis program is 437,000 
bytes for the program without graphia saeen andlor printer supporL For the maximum memory see 
Incroductioa. Wbile numing the program it is advisable that you prepare your c:1a111ple or actual data base 
files in a dircctory other Iban the \GW dlreaory. You may log into that dircctory and type QW to stan the 
ground water software. Then selea '3. Pumpillg "lbts' with cursor alid prcss ENlER. 

3.2. Program Overview 

The program crea tes a pumping test data base. Once data are transferrcd into the oomputer, severa! methods 
of anal~is sbould be attempted. and standard deviation of the fit rccordecl. The mctbod which produces the 
Jcast standard dcviation sbould be accepted as beillg most reprcseatativc, proYidcd this agrees witb the local 
bydrogcologic:al situatioa. 
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The tl!st data me is llmited to 100 tiin~ or tlme·levd pala. · 

The lliethods seleaed forallalysis are the danka' niEIS,JACOB IID4 HANTUSH type-curve matching o~. 
semilogarithmil: appiurimaliozls, plus lile rei:uteay meallod aru1 ~ dug we11 pwnping teso; 
method. Olllya!rrec:tiOIIS forwa=·tableaqulfa'are iDcoqloraredfD lile program. 'Ibeaeis no QlnecUOD foF 
panial penetratlon, neithea tor bonndary effa:IS nor ror variable pampiug mes. 'Ibe dug-well test routiue 
dUfezs from the othen. Wbile in the dassic:a.J theory lile program fiiS the data with asswned values of 
transliÚSSivity and storage coefficieau, in dug-well testyuu should supply •guess Yalues" oftransmissivity and 
storage aletlicienL The program fiiS test Yalues (levels) With guesscd Yalues and generares a drawdowu curve 
which is plotted along With test drawdown cum:. You selea the pair of aletlicients with the best fiL 

3.3. Running Program 

The program starts by displaying the saeen as sliOWII in Flg. 3.1; )'Q1l are prompted to type the name of a 
pumping tests me. The ausor is at "Pumplng TesiS roe•. Such file, whelller c:zisting or about to be created, 
may a~ntain one or many pmnpiug test data. 'Ibis file may alDtaiu up to 200 pumpiug tests from any number 
or different wells. The idea is to group al1 pwnplng teSIS_ from a projea oran area into one data base. 

'I}'pe in the name of a pwnping test me without es:leliSÍOD. After :1011 type the data file name the program 
checks wbether such a me ezislS in the direao¡y tbat you baw specified. lf it c:zislS tbe cursor moves to ibe 
seaJDdfield:Project,andthelltothelhird:Orgaullado& Youmayrypeanyibingthatwillidenlifyyourprojea 
and/or organizatfon, or you may press REnJRN 011 both prompts. Howewr, ll the program disalWrs tbat 
your data file name is ina~rrea or nonemting, tberc wil1 be a message at the bottom or the saeen (message 
window): · 

Tbls me c1oes aot a1st. 
Press e to create new me or ESe to a1t. 

1bis message is quite dear. ~ing e briugs the amor to the seamd line: ProJect, to wbicb yo u may type 
anything idenlifyiugyour projea or you may p~ REIURN to mow funber.lfyou typed ibe data base lile 
name ina~rrectly, you may mrrect lbis by pressing REIURN on ibe first prompL Tbe ousor is again on the 
firsf liue and tbe program waits for anoiber 1ile name. 

In the case you are working With an emting data base, you may edlt (change, modify) your projea 
identification and organization title. 1bis screen may baw a finalloak as sbown in Fig.3.1. 

The ne:a screen is tbe main menu (Fig. 3.2). From heae tbe program brancbes into lbree direaions: (1) 
defining units, (:Z) input and edlting data, and (J) analyzing test da~ The main mem1 screen bas scveral 
"workiDg" sec:tions. Tbe program identification remains on top. lbe 1113111 portian is mied wiib only two items: 
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(ll) Dalll base~~~~~~~e,ud (b) NamberoftestsiDCheCIIJftlltdalllbue.Thebonom (message) section contains 
Che illsauaion "Praa u,n orA to Idea a flmClloa group'. 1be fauaion groups are defined on the right side 
of the saeen. UD!ess thc default unitS are seleded as shown Oll !he right side 1ower comer, which are in 
cssencc the staDdard mctric units, yo11 should selea thc letter U 10 define aDOther set of llllits. The selection 

==~~~~~=====-~='--.. ~-~--:~: ---·~ 
~S ~ 
0 ~ ::; IWDfCII-- IMJD =tr- -~- 1.. .·> 
:,; J. ,...1110 n:ns 19119 ."j 

~~ .... - • DIIIA - DI ~- • u NG1- ' I1 
•·! UoWI• U.lt• 

t$ ·=:~'· 
~ -~ :;ª ,..,.,.,. 
·;~ 

....,.., .. ... ata ., .. 
-------------------------------------------1 • ,., .. Ql ......... 

-------------------------------------------llri....,~J 

.. 

:.~ 

of llllitS is explained In Introductloa. 1bc comer With r:urrcntly seleacd unitS will rcmain visible throughout 
most of the program. ODiy from this maiD mcn11 yo11 may rctum to the main IDCIIII of the Ground W.uer "• 
Software program andlor cr:it to DOS by pressing X. 

. :_~ 

3.4 Data Input, Editing, Screen Display, Deleting Analysis, etc. 

The SCQlDd gro11p of operations is aaivatcd by pressing thc lcttcr D from main mcn11. In the case that the 
data base cr:istS With oac or more pumping test data in it, thc nc:n scrcen shall display thc list of testS (wells) 
in the r:urrent data base. Thc exampleshown in Fig. 3.31s from lndia,froma Ccnual Ground 'M! ter Board­
UNDP project in thc Kasai-Subamarckha area. Uyou are crcating a newdata base, oDiy the list of functions 
Will appear on the right sirle, whilc !he message on the top shall display "Number oCTesu: Noac' . 

Fig. 3.3 

Da'&& .... • PillA ...._. fll T..U • 11 ""1 IDI IIDiriFieAIICIJI 

1 MIZCIDM 
Z IIOYIAOILmn' 
3 IOC 

4 -· S ~-
• - - IIIU. ,_ .... -~~~· 
7 CPr IIIU. CIIIIUIAJ 

1 -, -~~ .. -··· .. ~-·· u -~ 

ruocn-: 

-~­DoUit ..... ._ ........... 
--~~ ru ••=- hwtlv 
~ ..... -·· .. fl ... c.. ... 
-1111\ ... 

lid• ..._ 

....... , .. _, .. . , .. 
--------------------------------------------i~ , ...• ,._ "·'•~•P,A,S 111" 8 10 ••l.ct. & f...n.i.aa. ti [~._,¡ 
Do ..n. u• S lt lloO. SWI. ... ,.. .... 1...,.1• ..-,.. le .. ....,__ Trf.U4avl 

-... ~ 

• 
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UNDP project iD tite Kasai.SubarDarckba arca. Ilyou are crealiDg a new dala base. on1y thc mt ot fwlctions 
will appear on tite right side, wllile thc message cm thc IOp sllall display "NIIIIIber atTesu: Noue'. 
New 1aL 11 you are creating a new dala base, typc the lencr N. The ausor appears ou the message li 
promplillg !onest idenlification. You can typc anythiDg that idenlifies thc tal, but the idcnlificatiou canu~.o. 
go beyoud the light liDc. ID thc ezample siUJWD iD Fig. 3.4, lile idculification "New Th:$1, date 1IZJ1f1' was 
cniClCii ~ prcssiug RETURN, you wiii be promptcd for pumpiug ratc aud distante from thc obscrvatiou 
wcll. A11 programs are preparcd for constaut pumpiug rate duriug a ICSL WhCD the prompt for 'Distaucc 

..... r_... l._,.,lllu'l&.. 

........... .. u VZI'87 .. 

from Pumpillg Well' appeaiS. you sllould type either actual disuuce or weU radius iD tlle case tllat no 
obscrvatiou wells are availablc. (ID tlle lattcr case, lile distante is hypotlletic:al, sillte the storage coef!icient 
canDot be oblaillcd from tlle pumped weU alouc, but tlle program dcmauds that a distaucc be illpuL) 

'lbe uezt prompt is for thc typc of aquifcr, CDDfiDed or uncoll1illed. The program adjusts drawdowu data for 
deaeasc iD tlle traDSmissiYity usillg thc formula dcriVecttly JIIIXIIr. . 

s' "' s- (s2f2m) 

whcrc: s' = clrawciOWD that would oa:ar iD au equM.Ient noDicaky ancsiau aquitcr, 
s .. obsetvcd drawdawD. Ulldct watcr-la!Jic couditious; 
m= iuitial saturalcd thiclalcss of aqui!cr. 

Uyou type lhe letter U, iudlcatillgau uncoll1illed aquifer, lheue::a promptwill be for iuitial saturated thickncss 
of aquifer. U a CDIIfiDcd aquilcr is iDdlcaled. lhe ueuquc:stiouasb ifyou will input draWdowns orwatcr levels. 
Possible answcrsare tlle lettcrs O (drawdowus) aud L(lcvels). Uyousclca L (water lcvels), the uext question 
asks for Slatic \\\ter LeYel anda message is displaycdatlhe bonom oflhe screeu tclliug that wllen tlle SWL 
is above laDd sarl'al:e (Oowiug wells) lt should be typec1 as posime value; wlleD tite SWL is below tlle laud 
surfacc a uegaiMI sign should precede the valuc. 

'lbe uezt prompt asks whelher that well ls a standard or dug wcll. 'Staudard' hcre l.mplies auy well ca:ept a 
dug well ror whic:ll assumptions ou which tlle c.lamc:al'lbeis, JIIIXIb aud Hantush tlleories are based apply. 
The maiD dlfl'crcnte ber:ween lhcsc rwo categoricso!wclls is lhat iDa "staudard'well water is iDStautaueously 
rele:!Sed from lheaquiteraud uostorage iD tllewelllsallowed. ID lhecascofa dugwell., most ofwaterduring 
tlleabsuactiou phasc is t.akeu from storage iD tllewell, but wlleD thc pump is switched off, water continues 
10 Oow Crom lhe aquifcr 10 rcfill tllc wcll U standard wcll is thc response, tlle general data input phase is 
finished. aud lhe sc:ree:¡ may display something similar to Fig. J.S. U dug weU is tlle :uiswer, four additional 
parametcrs should be input: 

Well Radlus to Fate of Aquifer 
Well Radlus of Storagc Portian 
Pumpiug Duratioti 
Th:st Duratiou 

UN/DTCD, Water Resoura::s Brancll USER'S MANUAL 
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•···• Fig. 3.5 
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,._, wa ..._ ... .n.o tJIII-l.SID. --., 
........ r. 

_,_ 
·~~­..... ,. ........... 

MCJI ru • 
:~ 

"Pumpiug duradon' is theduraliooofabstractioo (pumping) pbase, wbile 'Testduralion' is !he total dura !ion 
ot !he test, including abstr.action pbase a!llllevd rec::very pitase. 

You bave rwo opuons for inputting test data: (1) from keyboard. one by one; (:Z) from ASCII lile cre:ued 
either by a word proc:essor or ten editor, or from another program. The oplions are invoked by letters K or 
Fas shown in Ag. 3.5 in !he funaion seaion. • · 

. Alter you ¡ype !he lertcr K to selea keyboard input, !he saeen loots as shown in Ag. 3.6. You should type 
time and drawdOWII valucs. You may speed up !he mput by lmt typing all !he time ~ues, using !he down :. 
arrow key to move thc cursor, and thco return 10 !he drawd0W1111cvel c:olumn and repe:n the input for 
lcvels/drawdowns. Or, you may typc one pair of values afler anothcr. 1b switch from time to drawdown or 
vice versa, you should picss RETIJRN. Scvenl function keys are aJso avaüable for inpul/cditing (Fl, F2, F3, 

... _, .... ::~::·:..·~··.::::;.:;;:..:~ .. ··' - - ~!':-~;.:.:.~ ~ ... ~· 

Fig. 3.6 

I.IUIPIIC TI:U ... ,. IIQUUDII 1 - '""'~ .... VZIII'7 ,_ r.-a I'IICII- : 
11' ,., .. , .... ....,.., ...... 

et.J-c:.Ncz L alll t. 

JlftZ: LM.I• ......._ ---_ .... _ 
Plw.IU.- ..... 
1-1~..-

n-._... .. ••·•• g¡-·-_ _..... n--n--. ,. ... 
c:na. .... - ..... " •• u.; c:n:L. ... - .... , ....... 
talE.._ qp; 11C1 - ....._.,.. PC UP, PC M:rt,rz.n 

Ctrl F'2, etc.). Their funclions are shown on !he right side of the saccn. Sinee !he same screeo is u.scd for 
editing an c:xisting data lile, !he boltom message liDe desaibcs !he funcrion of sorne other keys. E.g .• 
simultaneous prcssing Ctrl HOME brings the data lile to the top ofthe lile (data pair number 1 ), Ctrl END 
brings !he c;ursor to !he last data pair, HOME and END movc the cursor to the top or bonom of the current 
scrceo, and Page Up or Down bave usual meaning. 

UN/DTCD, Water Rcsoura::s Branco 
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You can t~te illput eilller by pRssillg die ESC ay faruormal tamiDation, or Cttl C t~ abon the iiiput 
proc:eu.ID e~ther case the program murDS 10 die .EdiiiiDpat DICila. The program will no tia: ifyou bave macle 
a mistake by typillg zero or uegalive tiJU, or flJOU baw: not a1111pleted au illputlille wil!l bol!l time au<' 
clrawdowllllevel Wlues. 

The secoad possibililyis 10 trallsferau existiqdaa.flleacned by a tm pnx:essor.ID lbat case atibe submenu 
willl tv.1J t'atlctiom K and F, type F. The dala file mast be prepared iD ASen fonnat, wil!l time and 
leveUclrawdowa data separated by eilber a IXImma ora blanlt. There will be a prompt dlsplayed at message 
!in e: Enter lapat me aame. After you type tbe me name, J01I wiD be prompted lO specify iD which way tbe 
data lile is prepared: witb time data as the fim amyorwitb level/draMiowa data in tbe fint place. The answer 
can be Y (time data lüst) or N (leve! or drawdOWII data fim). The program reads tbe data lile and writes in 
lbe message line: 

Nwaberoflaputpain =. 
Press 1111)' key to coutiaue. 

After a key is pressed, tbe data lile is U3DSferred illto tbe data base and tbe screeu displays the list of aJJ tests 
iD lbe data base, illcludillg tbe uew euuy 31 tbe last line. In tbe same time tbe IXIunt 'Number ofThsts' in the 
upper right IXImer is updated. 

An example of an ASCD data lile is giWD below: 
1 7.350 
2 8.300 
3 8.910 
4 9.120 
S 9.330 

18 10.450 
19 10.SOO 
20 10.520 -1200 14.210 

1740 14.430 
1800 14.440 

la this aample the arder of data is time foliOMd by leve!; time is iD millutes. 

Edltlug Existfug Data. You select lbe edit tanclion placiDg lbe ausor oa the test sample you wish to edil. and 
pressing tbe tener E. The saeen showa in Fig. 3.7 appean. The data are divided illto two categories: (G) 
general data, (M) measured data. If you type tbe leuer G lO edil general data and supplying the answer 
BAHRGORA for die test name, tbe saecn may look as showa iD Flg. 3.8. Ifyou type tbe tener M to edit 
me:~Sured data tbe saeeu may appear as sllOwD in Fig. 3.9. 

-

..._ . -.... _._.. . ,_.._ 
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i Fíg. 3.8 

EdJtiug dala is Straightfarwatli.SeYerai fullaiOD kcys mayassist. TheirfunaiDDS~RshOWD OD the screen. As 
a reminder the foUowillg key5 can be used: 
Fl-Inserts a raw. Repeated pressillg ofFl key makes spaa: for severa! rows (time-leve! or time-drawdown 
dala pair). 

F% -Inserts a Odd La a coiWIIIL It is normally used when aJI time dala are typed 6rst, foUowed by the colu11111 

I'II!PIIIC 11:1! DOIJA JIVtliiDil -10 

UJ\ 1-' w.n.u laat.l• 

lcoblt .. Doto 
1..-U"UI\ -

'·' 

::.~~~;;.·:;:-~~:-:::;·~~::-.~-:~::...~ · --x-:~::z:::,-;._: ;-. ---)t.:;; ·4 :: _¿,. : .. -f§ ---H }< ~>r&k-id- At:-·· · .; ·· :y .. ,.; H · ::.-n d· G · · -r¡~··::_: · .,.;_"';;:,:_:;;;;::;.:...j'':;:,':~~-:·-;-:-'·· ::.-- . 

of drawdowu data. Ifyou accidentaUy omita value, you can aeate an cma spaa: fot the missing value by 
pressing F2. 

F3 - Enlses aU alllllben ID a Odd to the right of the cursor position. 
Ctrl Fl -Erases a raw. 
Ctrl F2 - Erases a lleld. 

Editiug is termiruued by pressillg the ESC key (lltlrmal termillation alter which the new version of the test 
overwrites the ald oae) or by simultaneous pressmg of CON1ROL and C keys (editaban). In the case of 
normal termiaatioa of editiug, the program retarns 6rstto the saeen which offers editing (functions G and 
M), and then, alter another ESC is pressed, to tite Data Inpui/Edi.t Menu. In the case of aboning the editing 
operalion, a message 

11'1111'1111: 1'lllr MlA IIVtliiDIJ 1 --u .. 1 . JUCrl-: ,. ...... 1111 s..-ra.aü ... , 
ctra-cr~ ••t 

1 1. 7.31 "· 
z z. ••• NO: a-ta.- i 
1 3. Lll . ---4 •• •• 1Z .............. 
S s. .... . .... _ ..... 
• •• •• 55 rt-1_..~ 

7 7. •• 71 rz-s._.. • ll•t• 
1 •• - .... •• oaa-, '· 1LI4 ~--11 11. 1L11 c:n:a. n -c...- ..,. 

u u. 1L1S cna. n ....._. 
1Z 12. 111.21 , ...• 
1Z 1Z. 1LA 
14 14. u.u 

CIJIZ. tac- ..... rile....,... CTI.&. DD ....... 111• •M• 
.....,;.....,_ top; am ..,,.._. re ur. PC: aR:rs.rz.n 

fig. 3.9 
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"AII eutued/edlUd data will be los&! 
la tllls wtw you 'lftlll? (Y/N) 

wi1l be displayed. Prcssiug any kcy ea:ept "i" willlning bact lile data me for repeated ecliting. Prcssing ,. 
"Y" kcy retums lile program to lile Dala IDpUUE'.dit Menu. 

Delete 'Iat. AD eutire test can be deletecl by pta.c:iDg lile amor to tllat panic:War test and by pressing the 
letter D. Once deleted a test c:atlnot be n:s!Omi.lt is advisable to llave a Qoppy disk a>py of lile dala base 
prior to editing and/or deleting test data. 

Print Data. ID arder to print your test data, place lile aDSOr on a tal and type lile letter 'P"; lile selected 
data file wilJ be printed in lile follOWing fotm: (a) dala base and project ldentification, (b) general data about 
tbat panicular test, (e) time-drawdown (level)dara. 

Writc to ASCU Flle. From lile Dala IDpatJEdit Mena a test file from lile data base can be wriuen in an ASCII 
formaL Ftnt place lile cursor on lile test to be saed in an ASen file. Then type lile leuer • A •. The mcssage 
line shall display: "Enter Output File N ame•. ~you Cllter a me 11an1e prcss REnJRN, an ASCII file shall 
be crcatcd. 

Screen Display. Que or main objcctions to usin¡ the a>mputer to analyze a pumping test stems from the fact 
tbat a hydrogcologist cannot sec lile data, how llley 6t on an arithmetic or logarithmic sca!e, wbether there 
may be boundary efi'cctS, etc. ID other words, i!thc a>mputer is left alone te make interpreta !ion, the results 
may be erroncous without the user knowing or appredating iL For thiS reason in this program there are 
severa! chccking possibüities. One is to view tbc raw illput data iD a semilogarithmic sca!e, another is te 
eliminate some time-drawdown paiis from interpRQtlon, and lile filial check is te a>mpare the standard 
dcviatlon (root-mcan-square) and accept otily thc best 6L 

You may view illput data from thiS Data IDputJEdil Meuu by pressing lile letter 'S" (scrcen display) • 

.. 

1n •.• 

• 
-· 

~ ... 
•• 

¡. • •• 
• • • 

~ 
••• • 

• 

Fig. 3.10 •• •• • • 

Prtnt Grapb. lbe displayed scrcen can be print.ed, aloag willl lile projca and data base ideati6Cltion. by 
retuming te the Data Input/Edlt Menu (any kcy pressed iD the Screen Display mode) and pressiag thc lcttcr 
•o•. AD cample is shown iD Fig. 3.10. · 

Plot Grapb. lbe dlsplayed screea can be plotted io a Hewlett-Paclwd (HPGL) a>mpatible plotter. Only the 
displaycd graph sball be reproduced, without projca idCIItificauoa and results. (lb obtain a complete hard 
a>py of a test, use printer.) Press letter B. Have yoar plotter a>nnected te COMI sena! pon, wllich must be 
properly a>nfigurcd (see Introducdon). 
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3.5. Test Analysis 

.) 
' 

The third group of procedures is the analysis ofpumping lest data from the existing data base. After yo u ¡ype. • · 
the tener • A' on the main mc:nu, thc:scrc:en sballlooksomething like the one shown i.tt Fig. 3.11. Tbe cursor 
is always on the fintline (Jesl No.l). The foUowing tunaions are availablc:: 

Select Data. ;'bis ofl'm you a possibility to eliminate some unwan1ed data pairs, either beca use of an evident 
error in measuring or bel:ause suda dala do notlit inlo the mc:thod sel.: ted ror analysis (e.g., c:arly data in 
Ja.cab's approximalion). 

Jacob Mc:thod. Semilogarithmic approximation ~f.thc: niElS. nonequih'brium method.ln some cases it may 
offer a better lit than thc: niEIS mc:thod due 10 some resuictions involved in the 1HEJS method. 

Recovery Method. 1bis is thc: Theis method used 10 determine the aquifer constants from the analysis of the 
recovery of a shutdown ~ 'Ibe 1est data prepared for thc: recovery method cannot be analyw! with another 
allernative method. 

Thels Method. 'Ibeis nonequih'brinm ¡ype cnrve ma1ching method, one of principal methods of pump test 
dala analysis. 

Bantush I.anecdon Point Mdhocl. One of me1hods of Jesting a leaky aquifer using the inflcction poi m on a ·' · 
semüogarithmic time-drawdownscale. 'Ibe method is lc:ss aa:urate than the ne:rt onc:, bu1 sometimes it works 
when the rype curve method fails.ltls much Casler titan the ne:rt one. 

Bantush Leaky Mc:thocl. 1bis is the classical Hantush type cnrvc: tnatching metbod for nonsteady·state 
time-drawdown. 

Dug WeU. A recen1 melhod of a.nalyzing pumping and rec:oYery phases or large-diameter dug wells, with the 
consideration givcn te tbe sec:page Cace. n_:e method is due 10 Rushton and Singh. 

Screen Gr.aphics. Viewing of test data and the best fi¡Jine producal by tbe method selected. 

Print Gr.aphlcs. Printing the time-drawdown test data along with the besl-fit line and test res u liS. 

Print Results. Printing project and test idcntilication and a table With field data, calculated data by the 
oomputer and differc:nces. Prillting results of analysis and slaDdard devia1ion. 

Plot Gr.apb. Plots the displayed scrc:en, without projecl and test identific::uion, and results. Use only plotters 
cmulating HPGL (see lntrndnctlon). 

UNJDTCD, Water Rcoour= Brand! 
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3.6. Method of Analysis 

Selecdoa o! Daca. Whcu you type the letter A you will be giveD a pos:sibility to elimina te some of erroneo..., 
data pairs. Tbe cunar is iD the aJiumn labelcd S. M ove the ClllSOr usiDg up ami dOWII cursor keys to the row 
you wisb lO eJ!mjnate.l}'pe thesign •••. Thisdimjnates thepairofdllaframCIItDputation. (Jbe message to 
lltat e1fect is dlsplayed iD the message lille.) AD.c:Dmple issbowniDF~&-3.12. 

1 .... 1989 
u. - ~- Dtrr-

11" 11 '•••J l•l DI 1•• - 1Z ftllat-: 

l • l . 7.35 - .... FIDIUo edl\ 
z • z. a.» .·~ 

3 • 3. a.!ll 
4 • 4. 9.1Z ...._ ..... 
S S. 9.33 ...,., 
' •• 9.515 crJIL-
7 7. 9.71 crJIL-a a. 9.!12 Pqallp 
9 9. 18.84 ..__ 

18 11. 18.18 -u u. 18.15 
1Z lZ. II.Z1 
l3 13. 18-Zii ......_,_ ualt• 
14 14. 18.31 • loo! 

t l•tool 
Type • In ceJ- S ta ell•iaat.e ül• palr r.- calaal&U.-. 11 loo31'4Mfl 
t-. -. ....,.. Onlv blanlo - • _.au ... IPIIOZI'....,J 

;¡ Fig. 3.12 
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·~ 

; .-~ 

Thels Method. The Theis methodls aaiwted bytypiDg !he !Caer T. Tbemethodo!aaalysis is weU explained 
in -my ten book on groWid water. The method of aJmpuw iuterpretation is basal 011 the !Cansas Geolo gical 
Survey Gronadwater Series 3 pubUcation "''7rA! 17rllis Eqwmtm: Evn6 'ari"'', Seluizivity UJ SUJrage tJIId 1Tnns­
~ nNi Autonuzud Fu o{Pumpresr Dn:uz', amllorecttly c.D.McElwee. Thc a1110mated fit is an iterative 
proa::ss iD the aJurse o!wbidl the traDSmissivityllld sUJrativity cnefl!cients are cllanged until a "best' litis 
obtained. As a measure of the error iD fitting. the IOOt·meall·square ID dr.lwdown is c:alculated foMbe 'best' 
uansmissivity and storage aJelllcienL The root-au:aa-square is aaually thestandanl deviation defined as the 
square root of the arithmetic mean o! the squaled differences berween. field 11111 ca1clllated drawdowns. 

The results are reponed on the saeen ID the way as sbowniD Fig.3.13 for Americ::a.a Wlits and ID Fig. 3.14 for 
metric units. 

... l& .. .....,_ 
- 1 ,_., . ._.., ....... 

• -• . 
• , ..... , ..... \w • aslll. la*'fU 
1 

' 
.................. _. I.Z'34 IMI • ................... .,~., . ~: 

• ..... ._ ....... • , .. 
u "-"' .. _, .. l& 

• Ut.J ...... 
,.._ . .., ..... --·-· . ..... 

• Fig. 3.13 
, .. ....,, .. 
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The screen displays the following resulrs: 
'nansmissiviry Number of poiniS Srorage Coeflicienr 
Number of ileralioas StaDdard Deviation .. 
The standard devialion is the aiterion of the goodness of the liL The lit in the case of Bahrgora weU (India) 
is very good, 0.113 m, considering that 69 poinrs were iiM!tval in the c:alculation (see Fig. 3.14). However, 
the goodlless ofthe litis bestdemoasu:::ed in Fig. 3.15, whic:b is obtained by selecling l,he G op1ion from 1he ·.·; 
'Itst ADalysis MeniL 

The number ofiteratioas is an indlc:ator of a~awrgence ofthe solution toan aa:eptable level of error. In 1he 
case of the Tf:IEIS propun. the aiterion is that berween 1'1110 SUQlCSSive iterations the 'lmp' ·vemen1' of • 
relative uansmissiviry and storage aJCfficient is less thaD O.OOOL 

You sbould expea a relalivelysmall number ofitellltions.sinoe the initial guess for transmissiviry and s1orage 
a~efficient is aJready a good guess. i.e. the wluetubtai.ned fmm Jacob's semilogaritbmic approxima1ion. 

JACOB's Melbod. ibis is a semilogarithmic approzilllalion whidl is good for small values ofwell function's 
argument u (i.e., for small r andlor large t). The method is also weU documenled in any rext book on 
hyclrogeology. The method ot solution is !he least square regression analysis ancl the lit of a straighl line 
through !he test data in a semilogarilhmic diagram. The compurer method provides very quick resuiL 
However, one should c:bedr:: whether initial teSt data satisfy the CODdilion that 

(~ • S)/4Tl < 0.01 

·~ 

Fig. 3.15 



wherc: r = dlswu:e from plllll.ped weU ro the obscrWliou well; S 02 mc:lfirjent ot srorage; T 02 lmiSmissivity; 
1 = lime siDc:e pumpiDg stlned. 

The early data which do DOl satisfy lhis CD!IdilioD should be dhninated from computaliou using the opti 
A (Select) and typing • in lhe appropriate rows. A typiCI.I teSt resull is shown iD Fig. 3.16. The parameters Ao 
and At are lhe coeflicients in lhe !iDear regu::ss:illu equation, from wllidltraztsmissivity and storage coeffi-
cieats are Cl.lculated. . 
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HANTUSB Inllecdoa PoúU Mctbocl. This method wil1 not work in aJI cases. Most probably.it will not worl< 
in the case of the pumped weJI without observalion weJ1s, iD whicb the clra'Miowll iD the first two or thre 
measuremeats is greater tbaD 50% of die liDal drawdowD. The method assumes that the steady-state 
dnlwdown '"-u beea reached at the end of lhe teSt, or that Steady-state drawdOWD c:aa be e:mapolatcd at the 
end of th~ .;:;t data. 1be method is fast, although DOt that aa:uJate as die dassiCI.I HANTIJSH type<arve 
matching method, which is ezplaiJied ae:a. 
Both lhis method 3Dd die tU:a method (HAN"IUSH"feaky type-curve method) produce the values of 
traDSIIIissivity, storage coemcieat and Jeakallc:e (altemalivelyde&ed as leakage coefficieat). The Jauer is the 
ratio ofverlical permeability ofsemicon Rning laya" 10 lts thlc!mess. U lhe thidmess of the semiconfining Jayer 
(through wh.ich the leakage ocaus) is lalowD, the venil:al permeability (hydraulic conduaivity) of tltat Jayer 
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ís ca1culatec1 by mllltiplyillg the leakallce with thiclaless. AD Clllllplei3 shOWII i.a Fig. 3.17. Tbe litis relatively 
aa:eptable, considerillg thal 99 poi.ats were iiMJJved, althougll the S1aDl1ard deviation amounts 10 0.30 m. 
The leakance of0.01287 day"l is interpreted in the foUowingway. Uthe thiclaless ofthesemiconfining !ayer 
is about 20 m. its vertical permeability will be about Q.26 mlday, wllich is cb.ataaeristic: Cor a mixture oc süt, 
c:lay and sand. 

BANTI1SH Leaky·Aquiltr ~~ Method. The me•bOd of solution is an improved venion oC the 
melllodreponedbyP.M.Cobbetal.,i.athel982public:alionofKamuGeologica1SUIVeYtillei1"A11AJuo171/lled 
Nurnmcru Evoh•otiM uf LeaJcy AJ¡uifer Pumping 7br Dtlllz: ..411 Appüemion uf Stnsilivily A1lniysis. • The 
proc:edure for solution is an iterali\'e algorillun in wbich the valllCS oflr.lJ!S!Dissivity, storage c:oeffic:ient and 
lea kan ce are modifled berween iteralions Wllil an aa:epuble awvergenc:e is obtained. Tbe c:riterio n oc 
oonvergence is the relali\'e standard devialion. In aJ1 tesled cues the solution convergell iD less than 70 
iterations. The maximUIII aJlowed DUIIIber Of iteraiÍODS is 100. lbe pnxessing may take CXIDSiderabJe time if 
a test i.adudes many test points (over SO) and ll the namber of iterations is large (over SO). However, in a 
system equipped with a numelical CXJ-proa:ssor and in wbich the main proc:essorworks at, say, 12 MHz dock 
rate, the proc:essing is remarlcably fasL 1b speed up lile proa:ssing, the initial guess oC uansmissivity and 
storage c:oeffic:ient is taketl from the Theis method wbil:h is c:alledfim. The solution Will not be adlieved only 
ii the test data do not foUow one oCieaky-aquifer formulas eveuppraximately. When testing lile program, 
lhis happeneci i.a one out of30 tests. 

The ezample in Fig. 3.181s the same as the one shown iD Fig. 3.17. The Hantush Lcaky-Aquifer "IYpe-Curve 
method (Fig. 3.18} 1s superior 10 the Hantush Inaeaion .l'oinl method (Fig. 3.17). "Ibis 1s relleaed in the 
value of standard devialion wbic:b is 0.16 m in the fonner oompared to o.30 m iD the lauer. Olllerwise, all 
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other parameters :ue very dosc and the difrerences are quite aa:cplable. 

WeU SAG AR· II (Kasai.Subarnarekha project, India) 

Lellky ~-Curve 

'nansmissivity '2116-mlfday 

Storage Coef. ·0.00686 

Lealcanc:.e 0.0134 1/day 

lnfkcriDn Poinl 

247m2/day 

0.00618 

0.0129 1/day 

The lit i.a lile ClSe of the HANTIJSH Leaky·Aquifer -¡ype-Curve melllOd is demonstrated in Fig. 3.19. 
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Real va¡ Melhod. Afteryouselea lhe recovery mcthod byl}'pinglhe leaer R,you mus1 answer two add.itiooal 
questioas (Fig. 3.20): 

Pmapi.ag Pbase 11me 
FiDal DrawdOWD 

• 1'1111' IIIQ n::lml 

k't 

"" - I!EniOII - 1 r- 1-Uiaatl-
z -3 
4 ......... -u. • 14411 
S Fl_l_• 
6 
7 
a 
'J 

111 
11 
sz 

-

-· 

l•l•l 
laJ 

tw- U. Uno da- •t. U. .- ol ,... ... ,..._ 

t. 

-·- 1.111 • -19119 

sz 

-kl .. 11111too 
• lal 
t. , ••• , 
111 1-a.-<lavl 
TPI.Z,<IavJ 

- ·¡ 

The firsl is lhe duration of lhe pumpi.Dg phase ~m lhe momenl a pump is staned until il is swilched off), 
aJ!d lhe sea>nd is lhe tOJal duration ot tbe 1est, bolh pumpi.Dg and reawery pbases i.Dduded. The me1hod of 
solution is a regression aoatysis of tbe sys1em 'residual drawdDWII' on tbe ordinale axis versus lhe logari1hm 
10 lhe base 10 of lhe 'modified time'. The modificd time is dclined in lhe foUowing way: 

1111011 = (l + 1')/1' 

wbere: 
t = time si.Dcc lhe 1es1 slaned 

· t' = time sincc lhe pump was sbut down and levcls staned to remwr. 
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.:.; 

Tbe equation for residual dnwdoMI has tlle Collowing form: 
Sr • A log(tiiiDd) 

which is a suaigbt line In the semilogarithmic diagram passing tluoagb the origin set at ln1inite time or at 
logarithm of 1. The slope oC the llne a11ows for th~ determination of aanmi"ivity. Storage coeflicient is 
detenllined from the 'Value ofthe drawdoMI at the ume of s.butdowL The method may provide an aa:eptable 
value for the 'Value of traMmissivity, b1l1 the storage Q)Cfliciellt detemüDation. based oa only one 'Value, 
lnevitably mayor may not be ct1mct. 

One cample is given In figures 3.21. 'llllddl is a teSt from the E.EJohDson.Inc. booil: ·o rouad Water and 
Wclls", 1966, page 138. The ct~mputer fil is s.bOWilin Fig..3.2la. 1bc 'Values of uansmissivily reponed in !he 
book are 10,200 and 10,400 gpdlft. while the computer program reponed 11,089 gpdlft (Fíg.3.2lb). The 
storage cocflicient in lhe ct~mputer program is 0.0027 wb.ile the boo.t repons none. 
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. . 
Dq Well Pamp Test Metbad. A metbod of lllllyziDg tbe pumpillg 8Dd recuvay pbases of large dlamerer 
wells based on a Kernel hmaion was recen1ly (January-Febnwy 1987) presenred by K.R,.Rushron and 
V.S.Singh in tbe journal o! GIOliDd Wolta. Thll =tboc! was seltaed by tbe alllhoJJ of Ibis software packa. 
for the followiDg ~ reasom: 
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(1) ID India alone in c:arly 1985 thae WU'C! abolll &.7 milllon dug wells. The !orecast was thal another 1.3 
million du g -lis sllall be C01IStniClCd OYC!f t11e period of neu fiw years, implying that ¡,y lb e year 1990 
then: may be aboul 10 millions dugwells in 1'1111ia alone. It wasalso reponed thal in India about 71% oC 
the total ground wata dJaft almes from dug wdls. 

(2) The method of testing and lDtapn:tation n=ds improvemeniS anda almputa program whic:ll speeds 
up the proces•ing may be of great he!p. As orisinally programmed by Rusbton and Singh, the uscr was 
to draw the computa-calCIJiated c:u.rve on 1op of ~er fieJd data evay time helshe made a almputer 
run. With Ibis program the wbole procedan: l!ea:Jmes ememdy fast and the inlerpreter Ic:arns in the 
process about the beltavior of test data whell citbcr tr.IDSmissiYity or storage CXlefficient are modified. 
Yet, as the authors state, the method n=ds same addftional verilication. 

The use of the test is c:splained 1n Figs. 3.22, 3.23, 3.24 and 3.25. Fignn: 3.22 shows tbe input data (general) 
tor the weJl used by Rushton and SlDgh in thcir origillal papa. (As aplained befo re, when you elcctlo answer 

3. IIIIPIIC lllfl 1St 

Do IZ 
liD IUIIIIIU.-

l ,_. , ...... , ...... 
z 
~···~ ...... ·· 3 

4 ,.._ ••••• ., • 1U (.z,-.J 
S ....... eo.tflcMM• •·- . 
• 7 .. 
• , 

l8 
u 
lZ .._.:~-u .. . ,., 

t , •••• 
1w- ....... ,.,. ~ Gllllltlal.wt .. ,..., . .,. 

'"' M;' .... J 

nj -- ,e •r >9h -"':S'M"EfZ'?"<-l ·tw¡._;¡:zt f 'x '· ' 4 § ¡¡ ffi w:::;:c. ::':e ·# 

UN/DTCD, Water Resourccs BranCII USER'S MANUAL 



Grouad Water Software 47 Dtlt4 &ru and Urililiu - av.pu. J (GW3) 

::<f 

·~ 

in thc Data Input/Edit modc with D thc qucstioa "Standard or Dug WcU?', you must answcr severa! more 
qucstioas prompted from thc saecn.) In thc 'Il:st Allalysis mode you are prompted Cor initial guesses of 
uansmissivity and storage cocfficieaL lbc saeea Joolr:s as showa ia Fig. 3.23. Thc hcight oC thc secpage face, 
whic:h may be a:m= oDJy ia thc case of melric uaiiS, is still a wcck poiat oC analysis, as admitted by the 
authors by sayiag that 'further carcful worlt ia a varicry of lield situatioas is required 10 gain a greater 
understanding oC the significance oC thcse cncfficieats. • The cncfficients rcferred 10 above are G¡ and 
<h,whicb descnbc the height ofthe seepage f:ace ia thc followingway: 

C= GtxQ + Gz:rQ'Q 

wbcrc f is the height of sccpagc f:ace, Q is the withdrawal ratc from the aquifer, and Gt and Gz are deduced 
from lield measurements. 

The test results are preseated ia Figs. 3.24 and 3.25. Al::ccptiag the transmissiviry of 160 m2/day and storage 
coefficient of 0.005, with fi:xed Gt and Gz cocfficieats (0.001 and 0.0001, respcctively) the standard deviation 
for thc wbolc test equats 0.07 m, and the seepagc Cace heigbt at thc end oC pumpiag phasc equals 0.25 m. The 
lit is as sbowa ia Fig. 3.25. 
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Screai Graphlcs. The differ= between tbls Screen Oraphiaand Saeeil Oraphia from the Data InpuuEdi• 
Menu is iD the foUowing. In the laner, only test data (from data base) were shown on a time-drawdow. 
semilogarithmic graph (arithmetic, iD the case of dug weUs). In the former, both test data are shown plus the 
"best fit" with thc methOd sclccted (calculated with reponed Yalnc:s oftr.lDSmissivity, storagc coefficicnt and, 
eventually, leakancc).lt is casy to sec whcther !he parameters caJculated by thc program satisfy. Theywill be 
acccptable if the fit is acccptablc. 

PriDt Graphlcs. The screen discussed abovc can be priDted. Thc top pan of printout is the idcntification of 
the projcct and test, plus some of general data (pumpiDg rate, distancc from observatioo weU. aquifer type, 
etc.). Then the graph is shown, foUowed by calculated traosmissivity, storage coefficieot, standard deviatioo, 
and, eveotually, lea.kancc. The last lille is the oumber of poiDts illduded iD the graph. 

PriDüng Results. The priDtout of rc:sults starU aJso with projcct and test identification, plus so me general 
data, foUowed by calculated valucs of uaosmissivity, storage coefficient, standard deviatioo, etc., aucl a table 
with the Yalucs of test data iD one coiUIIIII, computed drawdowu iD another column, and differcncc in still 
another column. 

Plottlng Graph. The graph displayed on the screeu can be plo!Uil using a HPGL<ampatible ploner. The 
plot size is fixcd, that is A4, and only gr.¡phical pan is drawo. 

3. 7. Pumping Tests Reported In Literature 

The programs prcseoted iD this package have bceo tcsted agaiDst many published jiumpiDg tests. Thc source; 
of informatioo are thc foUowing: 

WALTON, W.C., 1969. Selccted Aoalytical Mcthods for WeU and Aquifer Evaluatioo. lliinois State 'Mi ter 
Survey BuUetio 49. lbird priDting, 1969. 
WALTON,W.C. 1970. Orouodwater Resourcc Evaluatioo. McOraw-HiiL 
DeWIEST, R;J.M., 1967. Geohydrology. John Wiley & Soos,lnc. 
E.E.JOHNSON, INC. 1966. Grouod 'Miter and WeUs. UOP Johnsoo, lirst editioo. 
LINS~R..K. aad J..B.FRANZINI.1964. 'Miter Resourccs Eogineering. McOraw-Hill Book Ca. 

8oth published rcsuJts aod computer produocd results.are prcsented hereiD for comparisoo of methods. 
T = ltansmissivity p• = Venical Permeabllity of CoofioiDg Sed 
S = Storage Coefficient S.D.= Standard DC'Iiatioo 

l. WeU No.l9 near Dleterich (Waltoo, 1969, pageJl) 

MethOd: Leaky Anesian CondiDons 
'MIItoo: 
T= 1510 gpd/ft 
S=0.0002 
P'=O.ll gpdlft2 

Computer: 
T .. 1791 gpd/l'l 
S '" 0.00018 

P' • 0.16 gpdll'l2 

S.D. .. 0.127 ft 

l. Well No.l at Gridley (Waltoo, 1969, page 33) 

MethOd: Nonleaky Arrerian Condilions . 
Walto!l: 
T=; 0 · "O gpd/ft 
S=O.v •• J2 

Computer: 
T "' 9908 gpdlft 
S '" 0.000021 

S.D. = 0.091 ft 

-

CommenL In the computer progr.¡m,leaky aquifer melhod givcs slighlly beuer 6L Standard devialion is 0.082 
ft, T =9391 gpdlft, S =0.000022. 
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3. WeU No. 15 near Mossvllle (Walton, 1969, page 35) 

Mcthod: Water·tllb/e condiliDns wilh pal"liill penetration 
Waiton: 
T=315,000 gpc11ft 
S=0.082 

Computer: 
T = 386,712 gpcllft 
S = 0.019 

S.D. = 0.057 ft 

4. JOHNSON's book page Ll1 

Melhod: Norúeaky conjined aqui[er 
JOHNSON: Computer: 
T = 100,000 gpd/fl T = 100,630 gpdlft 
S=0.00019 S = 0.0002 

S.D. = 0.007 ft 

5. JOHNSON's book page 1J8 

Melhod: Recovery 
JOHNSON: 
T= 10,400 gpdlft 

Computer: 
T = 11,089 gpdlft 
S = 0.00275 

_ S.D. = 0.71 ft 
• 

6. DeWIESI"s book, page %65 

Melhod: Theis nonequilibri.um 
De WIEST. Computer: 
T=20,500 gpdlft T = 26.210 gpdlft 
S=0.000315 S = 0.00030 

S.D. = 0.67 ft 

Da:a&uuDNI UtüizW_ CJrizpterJ (GW3) 

Comment: Hantush leaky melhod provides beuer fiL The results are !he foUowing: 
T = 15,991 gpcllft 
S = 0.00043 

S.D. = 0.135 ft 
P'/m' = 0.02 1/day 

7. DeWIESrs book, page 1.67 

Method: JACOB 
DeWIEST. 
T =4860 gpd/fl 
S=0.0045 

Computer: 
T .. 4933 gpdlft 
S = 0.00427 

S.D. = 0.146 ft 

8. WALTON (1970, page 283) 

Method: Theis 110nequilibri.um method 

WALTON: Computer: 
T = 358,000 gpdlft T = 358.889 gpdlft 
S=0.00047 S = 0.000395 

S.D. = 0.043 ft 
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9. WALTON (1.970, page lS6) 

Methcid: Lealcy anesian aqui.fer 
WALTON: Computer: 

so 

T = 182,000 gpdlft T = 219,227 gpdlft 
5=0.002 S ,.. 0.002 
P' =0.87 gpdlft2 P • = O.S4 gpdlft2 

s.o. = o.oos ft 

10. LINSLEY & FRANZINI (1964, page 88) 

Mcthod: Thds nonequilibrium 
L & F: Computer. 
T= 11,800 gpdlft T = 10,7S2 gpdlft 
5=0.0478 S = 0.0495 

s.o. .. 0.258 fl 

Method: Jacob's approximarion 
T = 12.000 gpdlft T = 12.283 gpdlft 
S=0.0402 S = 0.0388 

s.o. = 0.145 fl 
Comment: F'IJ'St fivc minutes are Cltludcd in both cases. 

··¡ 
' 
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4.1. General 

This program requires about 305,000 bytes user-available memory. Video adapter is not required. Mathe­
m.atical co-proces.sor is not required. There is no pri¡ner outpuL Four files are m.andatory and each of them 
must be copied to the \GW directory: GW4.EXE, UN4.CMN, UN4.MST, UN4. WND. 

4.2. Program Overview .. 

The program GW4- WeU Hydraulics and WeU Construction- bas three majar pans: (1). WeU Functions. m 
Pumping Thsts, and (3) WeU Construction. Each of the three pans bas severa! subprograms. Primarily, it is 
a utility program for pumping tests, weU hydraulics and weU consuuction. 

This program is a coUection of many problem-solving routines from everyday weU-construction an ! testing 
practice. It wiU not save input data in a form ora data base. The results sllould be hand written L needed. 
Same as in other programs in this series, pressing ESC returns the program (saeen) ene step back, or cxitS 
to !he m.ain program. Functions are activated byselecting !he appropriate single letter command. 

When yo u stan !he program by typing GW and selecting '4. WeU Hydraulics and Construction' from the main 
menu, the program's main menu appears as shown in Fig. 4.1. Fron. the main menu you may select unitS, 
tllen select either FUNCTIONS, PUMPING TESTS and WEll CONSTRUCTION. 

Fig. 4.~ 
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Fig. 4.2 

Fig. 4.3 

F11N~ONS, shown ~ Fig. 4.2, ~ we~ functio.ns freq~ently ~in ground wmr hydraulic:s. The first one, 
W(u), JS the well ~nc:non for th~ infi.aite .anesWI aquüer 111 w~dl a well is plllllpCd ata steady rate. The 
second well funcuon JS the funcuon used 111 HanliiSh leaky aquüer theory. The llezt one is a well function 
used in panially penetratlng wells pumping from anisotropic aquüers. Funher,two BesseJ functions are aJso 
included, same as error and complementary error functions, which are used in many specific cases. 

-• .. -u. 
-----------------------~----------------~ . ~~ • t.w,.J 
,._ M.L.r.x, Z.l,$ to •Jea"t a 1--=taoa • a:c ta ~ Cl t~~ 

:•..:·:.:'.:.ll:..:•-=;.;•::'::.':.:'"::":"::':..:-=.:=:.·:....-----------1 Irl.z-'.w,.J 

PUMPING TESTS program. shown in Fig. 4.3, contains two subprograms dealing with step~rawdowns tests 
(also called well·production tests; O 10 powu 2 and 10 'n' power), a routine to calc:ulale pumping rate from 
a cin:ular orilic:e weir, a routine for eslimating discharge from a Oowing anesian wdl, ele. 

. :; • ~, .:.. : ·n•-: • t { 1 :A • ~-.;w,•,•··;:::~--, ,_ _ ... , .• -ftK:rlll8: 
s-st., DI' e m ..... ._ 
~·· 1 ... O.tllc. ..... 
l'oDI­
fl•t- ..... 

•• 8af(p) 
t•Siep D-. d m 

1:1.cz.r 

Dl>lolt­....... ,._, .. 
• tal 

----------------------------------------~ t ~~ Q 1-'V-

-------~------------------------------~ t~.Z,-
~ 

- ·~ 

WE,LL CONSTRUCTION, sbown in Fig. 4.4, helps to calculate maximum permissible entr:~nce velociry to 
scteen. Aaually il offers a recommeodatioo for selecting optimum saecn length as a function of discharge, 
well diameter, apeo screeo arca, and aquüer permeabilily. There are also sorne otber subprograms that make 
rea:Jmmendalions as to whicb driUing diamerer 10 selea for a particular pump discbarge, etc. 

Al! the time, in every program or subprogram, !he rigbt lower comer displays currently selected working 
units. 
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4.3. Well Functions 

o • 

Afteryou selea WEU. FUNCTIONS by typiug the lew:r F from the main mcnu, yo u can choose amoug the 
following fuuaioas (Fig. 4.2): 

W = W(u) 
L = W(u,rib) 
P = W(u,rib.P/m) 
K = Besse! Funaion. modificd, 2 kind,O arder. 
1 = Besse! Fimaion. 1 kind,O arder. 
E "" Error Fimaiou and Complemeuwy ~r Funaiou 
S "' Ske!Ches 

ESC .. Exil MIMenu 

4.3.1. W(u) 

Yo u selea this fuuaiou by typiug W from lile well fuuaioas meuu. W(u) is lile well fuuctiou for a uoDieaky 
isouopic anesiau aquiler tuuy peuetr.ued bywells aud ooastaut-dlscharge oouditions. Iu olller words, l.his is 
the staDdard weU funaiou for the most oommon case of ldea.l repre:seutatiou ofooDfiued aquifers. Wbeu this -
fuuctiou is multipüed by 0/(12.5664 '1), where Q is lile ooastaut pumpiug tate and T is lile transmissivity of 
lile aqui!er, lile dr.lwdowu iD the wcll is oblaiued. 

You can display lile sketch of a ooufiJied aquüer ou lile saeen by typiug lile letter S (sketch}, followed by .. 
letter A (sec Figure 4.5). · 

The thcory leadiug to lile 110ucquih"brium cquation. or Thcis thi:ory, ls well dacumeutcd iJI every ground' 
water te:nbook, aud WiJ1 uot be repeated l!erC. The weU fuuaiou is tabulated as a fuuctiou of !be argument 
u, whiclllumps tOgetbcr two most importaut aquücr parametcn (transmisslvity aud storage ooefficient), 
dis'Wlce from pumpillg weU at whicb lile drawdowu iD c:all:ulated. aDd time sillcc !be stan of pumpiug. : 

Thus. lile argumcut u ls equalto 
u ... ..:S/.rn 

wherc. r is !be distaucc from pumped wcll to obscrvatiou poiut, or to poiut at which drawdown is being 
calculated; S is !be storage oocf!icient; T is oocfficieut oC traasmisslvity; t ls time after pumping staned. 
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OrawdDWD, as a functioD o! r and 1, 1s c:zprc:ssed as !ollows: 
S "' (Qfl2.S6 T) J: W(u) 

··-·­, • ..,.u .. 

'Ibis pan o! lhe program prompJS youto input aD parameters that define lhe argumeat u. Fus1, you have to 
input IJie dlstance from p11D1ped Jo Jheobservation poinl, JheD lhestorage c:oe111c:ieaJ, Jhe uansmissivity, and 
lhe time o! pumping. Al that pointlhe argumeatu and well flmaion W(u) are dlsplayed on lhe sacen (Fig. 
4.6). You will be fillally prompted for well discbJrge illhe dr.lwdowu is 10 be c:ah:lll•ted. A1ternatively you 
may press ESe key 10 termiJiate lhis portian o! lile program. 
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lbe calculation of Jhe weU function W(u) and diDdowD ata spedfic polnt may be repealed over and over 
to produce a total drawdown al a point whicb may be under iDtluence of pumping from severa! weUs. Yo u 
may add Individual drawdowns by writing lhem diiWII on paper. 
lbe correspondence betweeD computer·produa:d 'llldl tanaions for particular values o!the argument u and 
-tabulated values in teubooks is demonstrated witll foUowillg c:camples. 

. ---~ 
, 
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(1) r a 10m 
S = 0.001 
T a 1000m2/day 
1 =- lOdays 
u = 2.5:.: 1~ 

W(u) = 12.3220062 

(2) r • 100m 
S = 0.001 

SS 

T .. 3000 r/day 
1 .. 30days 
11 = 2..8 X 10"7 

W(u) = 14.51922.89 

Ubulated values {\\!litan, 1970; 
Wenzel, 1942; De Wiest, 196S; etc.) 

W = 12.322 11 = 2.5:.:10"7 W(u) = 14.62 
11 "' 3.0xl0"7 W(u) = 14.44 

4.3.2. W(u,r/B) 

You select this function by typing the letter L (stancls for "leaky') from the WEll FUNCTIONS menu. This 
rc:~tine calculates the weU tunction for a leaky anesian aquifer with fuUy penetrating wells without water 
reteased from storage in aquitarcl and Ullcler oonstant-disdwge oonc1itions. Although the values of W (u,r/B) 
in terms of practica! range of u and r/B are givetl by Hantush (1956) in tabular form, this ponion of the 
program calcula tes not only the function W(u,r/B) but a1so the arguments u and r/B from basic hydrogeo­
logicaJ ancl pumping paramctcrs. 

These parameters are, in the foUowing order: 
r, S,"I; t, P, m 

where: 
r = c1istance from pumped well 
S = steirage ooefJicient 
T = transmissiviry 
t = timeofpnmping 
P = vertical permeabiliry of semioonfining !ayer 
m = thickness of sem.iconfining layer. 

OC course, all units must be oonsistent, oras selected at the begin.ning ofthe program (see rightlower corner: 
Working Units). Storage ooefJicient isc1imensiolltc!5S (fraction); time, c1istance and transmissiviry are reponed 
in the units you seleaed at the beginning. Penneabiliry and thiekness of semioonfining l~ycr must be in 
working units of length over time (penDeabiliry) and length (thickness). Thus, il American or British units 
are used, you may not input for permeabiliry gpdlft. Tite oorrea units would be ft/day il root was selected for 
distance and da y for time. Some conversion hints are shown on the message line. 

Tbe sketch ofa leakysystem is shOWII in Fig. 4.7. Tbesame display can be obtained by selecting letter S (for 
Sketch), foUowed by letter B. The sitution oould be reversed: the upper layer may be leaky (scmiconfining) 

.. 
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Fig. 4.7 
........ ._ ...... , .............. __ ... ''""''''"""': '":'~ ---·~-- -":'"' ,.,,.., ... ,._,.,, . . , .. ,.~·.·::·-::---::--·~ . , .............. :' 

UN/DTCD, Water Resourccs Brancb USER'S MANUAl 



l. . UdlitiG _ Chtlpl8 4 (GW4) 

plll'lid.il!g water from aboYe, and thC lower laJa' a~uld be absolutely impelmeable. lhe solution is stillthe 
samc. 

The plll3llletcr B, which is impol13Dl in the Hanmsh lcaky aquüer theory, is dr:fjnecl as follows: 
az .. (r!Pim) 

The ratio r/B is dlmcnsiollle:ss. 

After you answer all prompts for input parameten. !he program dlsplays the -.ra1um o! !he arguments B and 
u, and !he valuc o! !he fwlaion W(u.r/B). F'LDally,you will be promptcd tor pump discbarge and !he value for 
drawdown is c:alc:ulatcd and displayecl (Fig. 4.8). 

. ',. ' 
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-11 ~ 4D I'D'I. ...... to calcuUU .. . --· 
As. an e:cunple. !he follOWÍJig paramcters are input: 

r= 15m 
S .. 0.001 
T = 2000 m'Z/day 
t = 30days 
P alm/day 
m= 5days_ 

The pmgram-calc:ulalcd valucs are Jhc !ollOWÍJig: 
B = lOO.OOm 
u .. 0.00000094 
W(u)= 4.oti005. 

(The "book" valuc !or W(u,r/B) is 4.0S95.) 

........ , .• 
IW!I 

-~ .... -•te • 1&1 
\ IMool 
11 l-4oool 
1 rl8ZI4oool 

For pumping dLccbarge Q=2000 ml/day, !he calCIIialcd drawdown is 0.323 m. 

4.3.:: P(u,r/B,Pv¡Ph) 
. . -

.-~· . 

Yo u selcct this function by typing tite tener P l'rom !he WELL FUNCTIONS mcnu. This is tite well function 
Cor a nolllcaky anisotropicaquifcrwith panlallypcnetrating pumping and observation wells, and steady-state 
""~aitions. The following parameters are requirecl (in this arder the program prompts for input): 

R = dlstance from pumpcd well 
m = aquifcr thiclcness . 
P.= ~-c:rtic:al pcrmeability o! aquifcr 
Pb= honzont.:il pcrmeabllity o! aquifer 
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.; Fig. 4.9 
J 

L = penetration length {lellgth ofpenetration ofpumpingwell from tbe top of aquifer) 
D = distance to screen (IIUiir;al distance from the top of aquifer to top of screen) 
Y = observation weU Jength 

A sketcb of definitions for paramete%S is shown in Fig. 4.9. 

The program returns severa( ratias (Rim, Um. D/m, Y/m), anda weu func:tion wbich, when multiplied by the 
value of 0.16"Qrr, returns tbe valuc of drawdown under steady-state conditions. 

4.3.4. Ko(r!B) 

; 
• 1 • 
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1. t:.-11•1 .. &...., 
11 • Ce.~ J .... -a.u.,, a•I...U...Ic ..... ,,_. 
&u • U•·Ucal ~u&q ol .,..., .. .. . ...... ..-.. ,_,_. ... '"'., .... ,~ 

11 • ...,.,_. uaa:-. 
1 • 1\DH.Uvlt.r, el ..... , .. 
1 • IIII'Ü- a.n- ...,, ..... ~u- •lla 
0• ...,.,.,. raU 
L • r-uoat.l-~ U.,_ to, ol ... u .. U -.,'- flll ~• 
' • o.....,.,, •• u 1......,.. u ... \.0 .. ot • ..,,, •• to ..,'- ot KI"Whhl 
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You select this function by typing tbe letter K from the WELL FUNCriC NS menu.When dis~:harge from a 
weU (aquifer¡ is balanced by leakage in the case of a leaky aquifer and water levels stabilize at permanent 
stages. a steadystate is rea~:bed.lbcsolutionfordrawdown undersucba~náitions isdescribed by the following 
equation: 

s = (Q/6.28 T]xKo{rlb) 

where Ko(r/B) is thc modified Bcssel function ofsCCXInd kind and zero order. This function is frequently used 
in leaky aquifer theory. This is also a tabulated function, but in this program the input para meter is not the 
argument of thc function, r/B, but a walue r;a(culated from hydrogeologir;a( and pumping information. 

You will be prompted to provide ae values of venical penneability and thickness of semiconfining layer 
through whicb tbe leakage takes place. The storage coefficient is of no imponance under steady-state 
CXInditions beca use the catire yield of tbe weU is derived from leakage only. For example, when 

r =100m 
p = 0.1 m/day 
m"'Sm 
T =- 1000 m2tday 

r/B shall be 0.4472, and Ko(r/B) 1.0182. The "book" value for Ko(r/B), when r/B=0.45, is 1.0129. 

ln tbis case, if the well is pumped at 2000 m3/day, the steady·state drawdown will be equal to 0.32 m. 

4.3.5. Io(r/B) 

Yo u select this function by typing !he letter 1 from !he WELl. FUNCTIONS menu.Tiús is !he z.ero-order Bessel 
function of the first ldnd. 1t appears in severa! equations describing unsteady-state radial Oow in isouopt~: or 
anisotropic lealcy anesi.ln aquifers. Tbe :u-gument r/B is detined in thc foUowing way. 

B2 ·= TIP/m 
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where: 
.T = tranSmissiviry of aquifer 
P = ooefficient of pern::eabiliry of aquitanl (semicollfinillg !ayer) 
m = thickness of aquiwd 
r = e1feaive radiiiS of well, or disWtce to obselvatioa well 

4.3.6. Error and Complementary Error Functions 

You select these fimctioiiS by typing !he lener E !mm !he WEU.. FUNCTIONS menu. Tbe error function, 
erf(x}, and its complemenwy functioo, crfc(x), trcqucntly appear in ground water bydraulics. They are 
defillcd in !he folloWing way: 

erf(x) = 1-erfc(:r) = 1.1283m x o {'Integral (exp(-y2} cly)} 

Tbe program prompts for ollly !he value ofx 3lld reNmS !he values of error fimctioa aad complementary 
error fuaction forx. The error functioa is IISed, e.g..ill calcalatillg UI!Steady-state radial now in isotropic leaky 
anesiaa aqui!er with fully peaetratillg wells with water releascd from storage in aquitard. 

4.4. Pumping Tests 

The pumping tests program offers severa! subprograms for testillg weU performance aad/or measuring 
pumping discharge durillg a pumpillg tesL In additioa. oaesubprogram makes'possiblc !.be determinar ion of 
aqui!cr paramcters (trallSmissivity aad storagc aJCI!icicat) i! thrce or more observation wclls are available. 

The following mea u appears whcn you select lctter P (pump test) (Fig. 4.3): 
S=Step-Drawdowa 
R = RadiusJDepressioa 
Q=Dischargc Orifice Wcir 
F=Discharge FloWing WeU 
1= S=C(r) 
T=Step-Drawdowa C¡,C;¡.P 
ESC= Exit M/Mcau 

Step-Drawdown TesL Sillce this is a test of prodw:tiviry oC a well, it is often c:allcd well-production tesL This 
is a variable-rate weU-produalon tesL WeU is pumpedat a COIISW!t rate for a certaill pcriod oC time (berween 
one and 24 bours) aad drawdown is recordcd at !he end oC !.be pumpi.ag step. Pumpi.ag rate is tben changed, 
nonnaUy increased, aad we11 is pumpcd for !.be same period oC time. Water leve! is measured aad drawdown 
calc:ulated. The same proc:edure is repeated with differcnt pumping rates one or more times (minimum 3 
steps). It is understood that each step must be ofthesame duration as the others. 

Acalrding to classical t.beory, the total drawdown in a production well has two majar components: the 
drawdown So (aquiCer loss) dueto laminar tlowofwater througb the aqui!er toward tbe well aad Sw (wellloss) 
dueto !he turbuleatllowoCwater lhrough thescreea orwell Cace :l!ld illside !he casing to the pump intake. 
Other compoaeats,suchas additional drawdowadue 10 !.be partial peaetration ofaa aqui!er, or lhe drawdown 
due 10 barrier bouadaries oC !he aquiCer or !he build-up due to recharge boundaries oC the aquifer, are 
aormaUy contained wilbi.a !he aqui!er loss. 

Ac.cording to Jacob (1946), wellloss may be representcd approximately by lhe followiag equalion 
·· s.. = CzQ2 

wbere 
s.., = well loss, [L) 
Cz = well·IOSS COIIS!alll, (T2/L5) 
Q = discharge, [Ll!TJ 

Aquifer loss, s1, is linearly proponional to pumpiag ra1e, i.e. 
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Thus tbe equation of totalloss dllrillg pumping may be written as 
s = C¡Q + CzQl 

Wben a well is pumped witb tbree or more steps. tbe c:omputersubprogram makes it possiblc to estima te tl 
values of coefñcients C¡ and Cz. 

Yo u are prompted to inputthe values ofdrawdowns and pumpingrates for each step. The minimum requirf 
number of steps is tbrce and tbe muimum is fivc. (In most cases, thrce is tbe aCUJ.al number of pumpir 
steps.) 

Alter all pairs ofvalues are input (Fig. 4.10), tbesc:reen displays tbevalues ofc:oefficients for aquifer loss (C: 
and wellloss (C2). On tbesecondsaeen, whichisshownafterany keyis pressed, tberewill be atable showin 
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actual drawdowns for each stcp, plus aquücr lossud wellloss for particular step. In addition, well efficienc; 
wiU be calculatcd and displayed for each stcp (Fig. 4.11). Well cfficiency, in this ase, is dcfined as the ratic 
of aquifer loss to meas u red drawdoWJL This is equivalentto saying tbat aquifer loss is unavoidable but all we)l 
losses could have bcen avoided provided thatthe well had been c:orrealy c:onstructed (largc enough c:LSing 
diameter, below-aitical cnuance velocity, propcr grave! patk, proper dcvelopmcnt, pumping rate com­
mensurate with well construetion and aquifer potential, etc.). 
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The use of the sUbprognm is dcmoasaated wimu a:ample from the Volllum's book (1970 p.357). A variable 
pumping-rate Wdl·prcduaioa test was c:olldw:u:d with lile Collawmg n:su.tts: ' 

Step Pamping ratc Dl'liVIdolvD 
IPID C1 

1 100 3.2S 
2 151 S.72 
3 199 8.53 

Befare entering the test values, yoa sbou.td select as worldng Ullits Cect for dislalia: and gpm ror pumping 
ratc. After you input all ll1rec pain o! drawdoWD-ólscllarge values, lile screcu displays !he values oC 
c:oefficients C¡ and Cz; 
Aquüer los.s .. 9.959397 sa:tft2 
WeU loss = 21.371817 scclJfiS 
After you press any kcy, tbe sec:oad screca displays atable ofmeasared driiwdowns and caJCillated aquifer 
loss and wellloss. f"Uially, tbelast c:oiiiiDD displayswcllc11icieacydctined asa ratio ofaquüer Joss to me:ISured 
drawdown. The rcsuJIS are as follows: · 

Measured Aquüer WeU 

1 

WeU 
Step clrawdown loss loss efficiency 

ft ft ft % 
1 3.25 U044 LQ4498 67.8 
2 5.12 3.32.86 238723 58.2 
3 8.53 4.3867 4.14616' 51.4 

Average efficiency = 59.13% 

In W.Uton (1970), the weU loss caefficient equals 21.6 sccl!ftS, aad weU loss ror pumping rate of 1.52 g¡: 
equals 2.46 ft. · 

Radlus oCDepraslon. You selea Ibis func:tion by typing tbe tener R from the PUMPING TESTS menu.The 
formula for the radius oC depression. wllid1 is dcriYed from tbe noneqllilibriurn equation in the case of an 
infinite anesian isouopic aad bomogeneous aquifcr wi~ut any tedlarge from the surface, is equalto 

R = {Square Roen ot} (W"T"t)tS 

where 
T is aquüer tr.IIISmlssMty 
1 is duration oC pumping 
S is storage c:oefficietU 

Tbe expansion of c:one of deprcssion during COIIStasu-rate pnmping to almost infinity is a rather ideal 
situation. 11 does not c:oasider any boundaJy, wbether recbarging (wllidl migbt slow down or stop the 
expaasion of deprcssion) or lcss permeable (whicll migbt mate tbe c:tpaDSioa faster). The use oC tbe fonnula 
should be reslriaed 10 ratber llmitecl spread of depn:ssion. say of at most severa! tea kilometers. 

The program prompu for the Yaiucs of transmissivity, storage c:oefficient and time. The output is the radius 
oC depression Cor ideal ~nditioas oC an ancsian. isouopic, homogeneous, infinite :u¡uifer. 

Example: 
T = 2000 m2/day 
S= 0.001 
1 = 10 days 
R = 6708.2m 

T '" 50,000 gpdlft 
S= 0.0001 -
, .. 30days 

R = 67,165.7 ft 

Circular Orifi.:e Weir- Pumping Disc::arge MeasaremenL The drcular orific:eweir is one of most cam~.only 
used devtces 10 measure the rate of disdlarge from a pump. Tbe details of C:ODSU'Ilalon of an orüice ~nll the 
measuring setup are explained in severa! boola (GtrJUNI Warer and ~11.: · ~hnson Division, 1972). The 
progr3m oontained in tbis ground water software helps to calculate the dis~rge ratc when discllarge pipe 
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Ground Water Software 61 

lliameter, orifice plate diameter and the heigbt o! water IXlllltllll in !he piezometric tube (head) are lcnown. 
Numerous IXlmbinatioDS of pipe and ori.lice siz.e:s and applicable tables are available. This program closely 
follows a Standard deveJoped atlhe Engineerillg Scbool oC Purdue Ulliversity. 

'!be program promp!S for pipe diameter, orifice diameter and water IXllumn height. 1llis is the only 
subprogram in this paclcage which overrides !he worlcing uniu. No mauer which uni!S yo u have selected, the 
input for pipe and orüice diameters, as well as for !he head, must be in inches. The output is in gpm, ml/day 
and Vsec. 

Example (Fig. 4.12): Pipe diameter = 6 in. 
Oriiice diametcr = 4 in. 
Hcad = 5 in. 

Discharge rate = 142.8 BP.m 
= 778.3 m3/day 
.. 9.01 Vsec 

The values obtaiaed fmm !he program IXlrrespond wilhin 2-3% to !he values reponed in 103-D-1468 
("Mea.nuemmt ofWtuer Flow through Pipe Orijiawilh Free Discluzr¡e', Purdue Univenily, Lafayerre, lnd., 1949). 

U...iGft 1.118 
4. IIEU. IIVDRAULICS MD IIIU. CIIIISfliUCriGII D bar 1'999 

etllaiiJIII OIIFICI: 111:11 
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Dt-.,.r-• • 1.63 . 
...... , ... W.ll ., ........... 14Z •• 11:1'111 

• 7711. 28 II'CVIIM' 1 
• 9.81 ILISECI 

Di'IICharv• factor 1 la • tu.act.l011 al U. patio ol Worki .. unita 
orille:. llll._i.el" \o ,,,. 41 ... t.aP. ' l•l • , .... l 
,.._. ..., -., t.o caa'\1.._. Q 1-.J; .... l -· 

Fig. 4.12 
Trl.Z,Mvl 

Discharge rrom Flowing Wells. The dimension of a stream Oowing from an open pipe, eithcr vertical or 
horizontal, can be used to obtain a rough estima te oC the now rate. This subprogram calcula tes the free now 
from a vertical pipe when the diameter oC !he pipe and the hcighttowhich thewater rises above the pipe are 
known. The basis for the estima te is the classical formula for velocity head, vz=2gh, whcre gis acceleration ". 
due 10 gravity, and h is the head. The final results, with appropriate correaion factors, are clase to now rates .· 
from Lawrence and Braunwonh data ("Fountllin Flow of Wtuu in Vmical Pipe', 1hvuacrions, J906,~_,­
voL57;p.264, AS CE). 

The majar prcrequisite fortheappiication ofthe program is that all water from thewell nows upward through · 
the pipe and thatthere is no any Oow bypassing the pipe and rcappearing atthe surface from the borehole 
annulus. The now must be sufficiently IXlDStant so thatthe height ofwater does not vary appreciably. The 
vertical pipe should be a straight length. notless than 0.9 m (3 ft} long, so thatthe open end is at le:!St this 
far above from the nearest elbow, bend, or valve. Also, the values are for standard steel pipe with smooth 
inner surfac.es. 

The program produces rather correct values for the lteight ofwater of atleast ~O cm (4 inch), from a pipe 
diameter 2 to 8 inches. 

Example: Nominal diameter of pipe = 6 in. 
Height or crest = 10 in. 

Q = 576.32 gpm 

(Value from a table in 'Ground \lhter and Wells, 1972. is 580 gpm.) 
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NOTE: In lhis program you may selea any uniiS. The tlow wil1 be dlsplayed 1.u selc:ciCd units for discharge. 

Dlstaa~:e-D~~ Mcthlld for Cilculati.ug Aquifer Parametm. ~en 1a1Xlb's approximate solution to 
Thets nonequilibnum formula is solved for drawdaWD as a tuuaion oC dtstance, for a fixed time, thc followin· 
is obtained: 

s .. ((0.183xQ)tr)xlog(~)- (0.366Q/I)xlog r 
where 

s = drawdown ata distan ce r 
Q = IXIDStant pumping discharge 
T = aquifer transmissivity 
1 = time of pumping 
S = storage IXlefficient 
r = distance from pumped well 

Si.uce this is an equation of straight linc i.u thc 's" - 1og r' systcm. onc may calcula te aquifer parameters T 
and S ii tbree or more observatiou wclls are available during the pumping test. It is a standard routine in 
aquifer cvaluation tests to plot drawdowns on a semilog paper, with drawdowns on arithmctic scale and 
distantes on logarithmic scale. The straight line cquation bealmes equalto 

s = Ao + At log r 

Thmsmissivity is calculated from the slope (IXlefficientAi) ofthestraightline "deltas" (change of drawdown 
betwcen any two points one lag cycle a pan) 

T = 0.366QJ delta S 

and storage IXlefficient from the IXlefficient Ao and known T, 
s = us n x e:tp(·12.56 AoT/Q) 

Example: 
From \Y.ilton's book (1972. p.284, problem 4.2) 

Distance from Drawdown production well ft ft 
100 8.40 

1,000 5.65 - . 
10.000 284 

When these tbree pairs are input as prompted by the program. the following values are obtained: 
.. ' 94,784.39 gpdlft 

;i = 0.000527 

and the lit between measured aod calculated drawdowns is displayed: 

Well Meas. drawdown (ft) cale. drawdown (ft) 
1 8.40 8.41 
2 5.65 5.63 
3 284 285 

The results in \Y.l.lton's bookare: T=93,000 gpdlft; S=O.D006. 

Step-Drawdown Test with Well Loss Proponion!Jto •n• Power of Q. This program dill"ers from Step-Draw. 
down pan ofthe program (lenerS) in tlle followingway. Thc lirst program assumes that aquifcr loss is linearly 
proPonionalto pumping ratc, whilc wellloss is proportionalto Q raised to second power. This pan of the 
program is in lincwith Rorabaugh's (1953) finding,aCIXlrding 10 which n is not fixed to 2, but varies according 
to aquifer and well situation from lcss than 2 to 3.5. Values of n lcss than 2 may occur i! Q is relatively low 
and tul!turbulence has not yet dcvcloped in the entirewell-entry now. For vcry lowvalues of Q, the now m ay 
cvcn be lamillar throu~houtthc systcm, in which case thc wellloss coefficient will be zcro. 1b condude, the 
basic fonnula for" ·.: .:awdown is 

s = AQ +_BQ• 
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The computer program prompts you fonhrce or more pairs of drawdOWII- dlscbarge valucs. After all values 
are input, the aquifer 311d weU loss coefficients are displaycel. togelber wilh !he power of ti:: Q term. The 
measurcd drawdowns are compared with computcd drawdowns., and !he average weU cfficicncy is displayed. 
Efficiency is defincd as !he ratio of aquifer drawdown to total drawdown, 'declaring' all well losses as 
inefficient and unnecessary. 

Example. 

From Bouwer (1978) book 'Groundwater Hydrology' (Fig. 4.13): 
Q(m3/day) 1000 2000 4000 · 
s(m) 4.56 10.74 29.48 

graphical calculation produccd the foUowingvalucs: 
D = 2.3 A= 0.004 B = 7x lo-i 

The program calculatcs !he foUÓwing: 
D = 2.3 
A=0.004 
8=6.76 X 10"i 

andan average weU efficiency of76.5%. Thus average weU loss componen! is about23.5% of thc drawdown. 

IIVllTCII - c:liCUIID IIATER SOftiiARE Ue ... ion 1. B8 
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Step Drawdown Aq. Losa llell ta..o EEt le ienco,¡ 
1 4.5611 4.5232 8.113678 99. z:c 
z 18.748 9.8465 1. 6!1352 84.Z:C 
3 Z9.488 13.5697 15.91838 46.11:< 

~rage Well EEllclency = 76. 5:l 
Woroking unlts 
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Fig. 4.13 

The step-drawdown test gives information rcgarding the relation between pumping rate and drawdown of a ;.• 
given well. This is imponant in selccting the optimum pump and depth of pumping. The test also shows how 
much hc:ld loss occurs in the aquilcr, and how much in and around the welL Excessive welllosses indica te 
poor design and construction, poor development of !he well, or deterioration of !he screen. 

4.5. Well Construction 

General. This ponion of !he program dc:als with severa! subprograms that help to select proper casing 
diameter, proper screen Iength, to evaluate whether thescreen en trance velocity is eventually above a critical 
velocity, etc. 
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The following menu appean alter you type IJie Jener C from tJie main menu (Fi¡. 4.4): 
J;laCasingDia 
S=Saeen l.engtJI 
L=Entrance Velocity 
ESC=Rctum to MIMenu 

Casing Dlameter. The program relates !he design pumping rate of !he well witJI optimum casing diameter. 
The di.ameter of !he production-well casing should be two nominalsizes larger !han IJie bowl size of !he pump 
to prevent !he pump sbaft from binding, to reduce head Iossa, and 10 allow measUlCIDent of water Ievels in 
!he well The casing diameter may be reduced below IJie malimum anticipated pump setting depth. Suggested 
casing diameters for various pumping rates are calculated by lhis subprogram aa:ording to recommendations 
in Walton ( 1972, p.299). 

The program prompts for ouly one parameter,lhepumping rate ofthe weU (Fi¡. 4.14). Wben this is answered, 
!he optimum (recommended) casing diameter is displayed i.a incbes. (Ibis is one of rare routines in this 
package in which !he result is i.a inches no matterwhat is !he unit for lcngth.) 

IIVDTCll - I:ROUID IIAIDI son-
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Examples: 

Pumping rate Casing diameter 
1728 ml/day 10 in. 
3000 gpm 24 in. 

JS 1/sec: 12in. 

The open arca of a screen increases with the diameter of the scrcen. ibus seleaion of the production-well 
diameter may depend u.ponthe desired opcn area rather than the probable pump required. Yet, tbe result of 
this program may be a first step in selccting the correa casing diamctcr. 

Screen Length. The rcaJmmended scrcen length is a tuncrion of en trance velocities into the well Thc screen 
length as calculated in this program is based in parr on tbe effecrive opcn area of a screen andan optimum 
(critica!) scrcen entranceveJocity. Uthe lengtbofascrcen is less than rccommended,implying higher en trance 
vclocities !han permitted, there wiU be a possibilityof clogging scrcen openings by m.igration of finer panicles 
from aquifer toward the scrcen. This process,and critica! scrcen en trance veloci¡y, depend largcly on the tYPe 
of aquifer material, whicb is reflected in aquifer pcnneability. Thus the input to the program ronsistS of two 
romponents: (a) open scrcen area, (b) selecred critic:al (optimum) entrance veloci¡y. The first may be known 
rora particular scrcen, or it may becalculated from another subprogram in this package (section L- entran ce 
velocicy) in which the parameters are scrcen diametcr, pcrcentage of opcn area of the scrcen, and screen 
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lcngth. U '1' is scleaed fDr thc saecn lcngth, with known saccn dlamctcr ancl pcrccnlal,c Df o~cn are:¡, the 
scrccn opcn sball be calculated anc1 clisplayed pcr onc IIDit lcngth Df thc scrccn (e.g. m /m). This vatuc can 
then be uscd in thc 'S" ponion oftllc program ID caiCIIlatc a rea!mmcnclcd Dptimum scrccn length. 

The second input parameter, Dptimum (aitical) saccn en trance velocity, as a functiDn Dfaquifcr permC:lbil· 
ity, is dlsplaycd DD the scrccn suggcsting ID you wb.ich valuc to choose. 

Example: FrDm prDgram "L'- screcn cliamctcr .. Q.2m (8 in.) 

Result: 
1n prDgram ·s· -

scncn length "' 1 m 
Dpen area "' ll% 

Opcn screen arca = 0.069 m2/m 
Dpen sacen arca "' 0.069 m2tm 
cnuance vcloc:ity .. 2600 m!clay (this is a valuc fDr K=80 m/clay- coarse sand) 
weU discharge '" 1728 m31clay, Dr 20 Vse(;. 

Result: Screcn Length = 9.63 m 

Another example is shDwn in Figures 4.15 ancl4.16. 
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The reJatioaship berween optimum saeca euumce \'docity aJIIllhe c:oetficient of penneability of the aquifer 
which is used iD this program. applies mostlytonamrally gravel-packed Wells. Thesame procedure is followed 
iD seleCting the optimum screen leugth for a anificially packai produaion we11 ezcept that the average of 
the permeabilities or lhe aqttifer and pack is used to clelermille the optimum cnuance veloci ty. 

En trance Velodty. This program calcula tes theaaualeutrancevelocity to the screen as a tunction ofpumping 
rate, saecn diameter, lcngth and pen:c.zuage of openings It inwlves simple arithmctic:s. Input parameters 
are: 

saecn diameter 
saecn length 
percentage of open screcn arca 

The result is thc en trance velocity to sc:reeu in severa! units. Forcomparison, at the message linea comment 
is displayed suggesting critica! permisstble cntrance velocities as a range from 3 cmJsec to 6 cm/sec depending 
on aquifer permeability. 

Example (Fig. 4.17): 
Sc:recn diameter 
Sc:reen length 
%0penarea 
Well discharge 

Results: 

= 0.2 m (8 in.) 
=6m 
all% 
"" 2000 ml/day 

Open sc:recn arca = 0.415 m2 

En trance velocity = 4822 mlday 
• 5.582 Cllllsec 

The message at thc bottom Une suggests that the critica! enuance Velocity for less permeable medium could 
be about 3 cm/sec and ror more permeable medium up to 6 anJscc. In this case the decis!on whether th' 
en trance velocity is above or not the recommeudcd maxilnum en trance velocity will depend on tbe perme:: 
bility of the aquifer. 
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5.1. General 

This program allows you to acate, edil, update a ground water lcvel dala base, and to display bydrographs 
on lhe screcn, print or plotlhem. 

In arder to run lhe GWS progmn you must a1py lhe foUowing mes to lhe GW direaory: UNS.WND. 
UNS.CMN, UNS.MS't and GWS.EXE. The minimwn memory requircd ror IliDDing lhe program is abo:1t 
400 KB. In order 10 vicw bydrographs on lhe saecn and/or to printlhem, y'"lu will necd atleast :so Kbyte:; 
or memory. A video display adapter is requircd for viewing bydrograplls on .he saecn; a dOt·matrix primer 
wilh graphics capabüilies is requircd ror printing anda HPGL~mpatlble plouer ror plotting bydrograpbs. 
The four mandatory files lake up about 355,000 bytes or lbe disk. · · 

Prognnn Features 

(a) You can input irregularly obscrvcd water levels. The program will find lhe correa time of observalions 
on lhe time sc:ale. You determine lhe interval for a~nnecting lhe points on lhe bydrograph. 

(b) Yo u can input dala eilber as water levels in absolute elevations (aboYe mean sea leve!) oras depths from 
a certain measuring poinL Hydrograpbs are always displaycd witb double sc:ale: deplh to water on tbe 
left, absolute elevation on lhe rigbL 

(e) Regardless or lhe time interval uscd in a ground water leve! dala base, you can selea lhe ti!Íte interval 
to display, print or ploL 

(d) One dala base can a~n1ain a maximum 500 observation wells, and cacb weU may bave up 10 500 water 
levels (deptbs). 

(e) The program automatically detennilles lhe time and lcvel sca1cs to 6U one saecn wilh lhe graph. 

(1) The dala input is rwofold: (1) from an ASen file preparcd eilher by a word processorwilh Nondocument 
orASen oplion, (2) direaly from the program. 

(g) When tbe dala are input interactively from tbe program, lhe input must be ycar byyear. This me:ms that 
you should selea lhe time interval for the sWting ycar, type in lhe dala ror tbat ycar. cbange the time 
interval to lhe nea ycar and type in lbe data for tbat ycar, etc. In a similar way you may edil the data, 
ye3r after year. 

'M! ter levels and/or depths must be input in a time-soncd arder. Thc program will notice and display a message 
to the effect that sorne values are not soned. 

5.2. Running the Program 

After you select this program module from the main progr "'! menu. and press RETURN, the opening ~creen 
is displaycd and yo u are prompted for lhe lile name of the b;ound water leve! data base, as shown m F1g. 5.1. 
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You are prompted lo supply the name oflhe data base (standard DOS lile name, without extension). lfthe 
lile wilh suc:h a name =ists (or, has been aeated befare) ihe program will fi1l in lhe olher two tields (Project 
and Organizatlon). These two flelds are used only for labeling lhe printouL It thls is your first auempt to 
aeate a data base, suc:h a data base lile name shall not c:zist and lhe program will display a message: 

Thls me dos DOI aisL 
Press C to c:rate aew me or Ese to aiL .. 

Press C. The firstline will display the file name (data base name) whic:h you have just typed. and the cursor 
shaU be oa lhe SealDd line: Project. Yo u may type aDythitlg you want, or sldp by pressing RE11JRN. Press 
RETURN anyway whelher you typed somethillg or noL lbe cursor moves 10 the lhird line: Organization. 
Entera value and press RE'IURN. Aftcr you press REnJRN, if thls is your first auempt to crea te a data 
base, the screcn wiU prompt you for units for distance, followed by the 'Working Time lnterval" prompt, J.S 

in Fig. S~ 

The preprogrammed default unit for distance (deplh, el~tioa, altitude) is meter, but you may select either 
meter, foot, or define your owa uttiL The idea ofdetitting the working time interval is lo have lhe possibility 
oC creating a large data base, with water levels input over a long period of time. However, when it comes to 
editing, analyzing, displaying, or prinling hydrographs, you may reduce lhe interval by assigning a shorter 
period of time, lhe one that you may have interest in. 

The program has severallogical controls buill in. E.g., the program will notice that you have not specified 
lhe monlh or date. In lhe case of a wrong input lile message wiU warn you lhat 'monlh must be berwecn 1 
and 12". Lj¡ewise, you cannot specify the endingdate earlier ·.~an the staning date. Since both 'Units for 
Distance• and "Working Time lnterval" c:xist as funaions on tbe Main Menu, you may cbange eitber at any 
time. However, care should be aercised in selecling lhe time interval Most oC errors are due 10 improper 
working time intervaL 

'"'." .. ·.·.-.. ·.".C',:·:::=o==~~~:::::=~::;==··-"'·•"'""' "" .. ···------~-- ,,,._-.,_,,,~:-~ ...... _ .. , __ ,_ .. _··"'"·'-..,.,~_,._.._,._,,,«;.-. . .;.>:. ....... _.~~--.!o. ... : ............. :... ..... : '•' 
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Fig.SJ 

MaJa Meau. The main menu, SIIDwn in Fig. 5.3, amlains the roUowing flmctions: 
U = Define UDits 
D ., Data iJJput, Edit, etc. 
A = Data Allalysis 
T = Working TUDe IJJterval 
! = Change Depth (-) Allitude 
X = Ezitto DOS 

IWDtO - CIIIUG IMTI:I llOn"MU 
S. IMTD U..C. Dot• -

Dat.a ... • I"'II"AL 
IMnt.lrh:::.a\ta 1 .._..,ua. 

WIIIINU 
Plt,... a ... ••• 1 

,._._ ..... W.ll ....... 

z 

U...10ft 1.88 
, hs:r 1989 

NICTI-: 

U:: a.llne 1.1111 t. 
D-Dat.a l~~p~~t.. 

&lit. et.c. ........ .... ._ .. 
T• ... Jitng tl• ,.._, 
,.a.. ... 
-->•~<· 

X. bit. 

llkiPfll,. u.n 1 'L8 
llópu 

------------------------------------------~ • 1~ .._. U. l. A • 1 to .U-=t. • 1..-rt.l- ........ 

Notice also the message in the lower right comer: 
Working Units 
Depth 
d(m) 

,,; 

:,, 

indicating thatthe data base contains levels in th.,_f!Jrm or depth (from a measuring point), and thatlhe unit 
ror length is meters. · · 

The message line at the bottom contains the instmction: Press U,D,A, or T 10 select a funcllon group. 

In preparing a new data base. you should first type the letter U to define your default units. Yo u should select 
meters or feet as units for length, selecta time interva.llarge enough to acxommodate all presently available 
data, and change 'altitude' ror 'depth' it levels are already cxpressed in absolute elevations above the mean 
sea leve!. Then go to option O to input data. 

5.3. Data Input 

A!ter yo u type the leuer D, the menu shown in Fig. 5.4 wiU appear. The following functions are available: 

1- for input from an ASCII file 
O- for outputto an ASCII file 
N- for new data input trom keyboard 
E - for editing data 
A- for data analysis (disp!Jy and printout or hydrographs) 
D - ror deleting data 

Ese- to retum to Main Mena 
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Opdon I ls used wbcn data are to be read fmm u ell:isting ASen data file. The file c:ould have been 
aeated eitber witb a word proce:ssor (WordStar, Wonl, WordPerfect, Personal Editor, ere.) or 
from !bis program using tbe option N. 

Opdon O is"used wben tbe data tbat ha ve beenaeatedfmm tbe program (opúon N) or edited (option E) 
are to be stored in a separare ASCII lile. 

Opdon N is used for interaaive input of new dala ud aeaúon of a data file. 

Opdon E is used for editing ell:isting data, or far eztcncliag the period of reaíid. 

Opdon A is used for dlsplaying tbe graphs, or their printing. 

Opdon D is used for deleting one or more data files (mdividual wells). 

Optlon T is used to modify the úme intervaL It is very imporwn beca use depending on the time interval 
selected tbedata wiiJ bedisplayed udavailable forediting. For =ample ifa wrong time interval 
is seleaed the data may aot be 'visible" ud ameaions or c:nension of data wiiJ be im possible. 

Pressing Ese wil1 retum you to one mcnu bac:kwanl, i.e. fO'maiD menu. 

lnpUifrom an ASCII Dall1. FIIL 1b input data_from u ASCII file, type tbe letter I ud answer the program's 
prompt for a file n.ame. You may have aeated the lile witb a V«Jrd processor in wbicb case tbe file should ha ve 
tbe foUowing format ud appearance: 

line 1: file n.ame 

line 2: description of observation weU, any clwaaer 

line 3: 

line 4: 

line 5: 

line 6: 

Une 7: 

UneS: 

linc; 9: 

descriplion of aquifer (e.g. Quaternary, dolomite, OgaUala) 

x, y coordinares, Iand surface and measuriag point elevaúons, format 4Fl0.0 

tbe starting year, typed with rour digits in columns 1 through 4 

tbe starting month, typed with one or two digits in columns 1 and 2 (if the month is one from 
January tbrough September tbe one-digit value is typed in the c:olu11U12) 
day, hour, minute, and !he leve! or depth, in tbe formatl2,213.F10.0 

c:ominue input in the same month _ 

same as above.._ 

Wben one montb is terminated the nat Iine c:ontains only one ••• character ryped in tbe c:olumn l. The nelCI 
month foUows same as in Une S. The year is terminaled with rwo ••• charaaers. The eaúre data file is 
termin.ated with three ••• cbaracters. An example is shown on the nat page. 
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Pitpur lille 1 
· Observation Wcll Pitpur liD.e 2 
Quaternary liD.e 3 
1000 1000 0.00 0.00 Une 4 .. 
1987 liD.e 5 
S liD e 6 
112 o ·1.77 lille 7 
• liD e g 
6 linc 9 
112 o .{).46 lillc10 
• lillcll 
7 lillc12 
112 o 1.21 lillcl3 
• Dnc14 
g line 15 
112 o 1.28 line 16 

liDe 17 
9 be 18 
112 o 1.36 lille19 
• üne20 
10 lille 21 
112 o 1.03 linc22 
• lille23 
11 line 24 
112 o 1.70 ' iDc2S 
• linc26 
12 lne27 
112 o 1.54 ia.c28 
• lillc:!.9 

, . 
•• line30 
1988 linc 31 
1 üne32 
112 o 0.04 lille33 
• lneJ4 
2 lillc 35 
112 o ·1.84 &ne36 
• lille37 
3 1De38 
1 12 o ·3.15 lille39 
• üne40 
4 line 41 · 
112 o ·5.00 line 42 
• 1De43 
S ilte44 
112 o. -2.80 linc45 
• lillc46 
•• lillc 47 
••• 1De48 

' 

lrnmediately aftcryou en ter thedata me na me ~nd press RETURN.the firstlinc on thcscreen shows Number 
or P/W = l. The letters P and W stand rar "piewmctcr" and "wcll", respectively. Also on the samc line the 
name ar thc data base is shown. 

lmponant instructions: (a) Eadunonth mustterminate with onc star; (b) cach yC3r musttcrminate with two 
stars; (e) -data file musttcnninat&with threc stars; (d) press RE'!1JRN after tlle last entry (threc stars). 

., 
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Howcver, most errors oa:ur ifyour word proa:ssordoe:s DDI produce an ASCD file. (Witll WordSlar, unless 
you 'print' the file to ASCD prtnter, you will DDt ~ get a 100% ASCII file. Ched: this witb tbe utility 
SHOW.COM that is appcaded to this software patlclge. Uyou scc some suange cbar.lacr, sucb as a light 
rectangle, beart, or the lilte, you bave problem!) 

Yo u may prepare severa! bydrograpbs in the same dala file. After three stars ("""), wbicb implies tbe end of 
one bydrograpb, you may a>ntinue witb second wcll name, followed by desaiption, aquilcr, a>ordinales, etc. 

/npwfrom keyóoarrl (inside the program). Uyou w;mt lOcreatea data file interactively frominside the program, 
tbe N option (for 'new dala") sbould be used. Prior to pr=ing N be sure tha1 the time in1erval is the right 
one. The program will respond by prompting for identification. "Jhle any meaningful name. The program 
ignores cbaraaers beyond .the 16th. 

Nc:n atable for general dala will appear (Fig. 5.5). The mcssagc at the saeen bottom is as follows: 

Fig.S.S 

Wben you fiDJsh ediUag, press Ese. Thble with 
tlme-levd data will come nest. 

S. IIAfER U11E1. liArA BASE 

~~.~ - = IIIPAI. ,..._. ol PN :a: 

Slll - PIIRAS 1 1.11 

DeiiCI'" 1 vt i cm :a: 

Al¡\&ifer • ... 
V • 

LS El-. • • 
111' El-. al • 

z 

.a.n. \IGII raatu. Nlt.t.av. ,...._ E&c. tUl• "'"' u __ ,....,., clat.a 
MIIJ c..- ....... 

~ - 1!189 

fUCllOIIS : 

I•ASCII l..,..t 
D>ASC 11 O..t,.( ... -~~.~ 
I=Ult Da~ 
A=Aftal..,.:i.a 
D=Deleu. 
l•T 1- lat.arw. 

Ea.:= E.w i t to .......... 
Wa:r.klnt uaita 
Dep'\h 
• l•l 

' . 

·.· . 

.... . , ....... -~-·--=-~=--=·=· ===· ... ··--=· ====" ····=· ~=_,..-=.,.,.-..=· ==·--='"-'""''"'"""'. • ·'-'•·''''·v,.•,,.,.,,..,.,_., 't' .;:....,._. - ..,.;,, .......... •.: • .-.c, 

Altbough sucb a message may no1 be quite relevanlallbis moment.tbis routine is uscd also ror cditing existin g 
general data (oplion E). 'Dcsaiption' and 'aquifcr' enuicsarcoptional You mayprcss RE11JRN for either. 
Thcir contcnt is uscd only for labellng tbe printoat. il so sclcaed. l.ikcwisc, X and Y aJOrdinatcs shall be 
used in future program's rcvision, for creating a water lcvcl contour map from available observation wells. 
You may typc actual c:Oordinates, or prcss RE11.JRN twice. The last entry, "Mcasuring point elcvation, Zl", 
is importan t. if observation well eleva tic:~ is available. Eacb graph displays and prints lWO scales: on the left 
tbe depth from mcasuring point. on tbe rigbt ~bsolute clcvation of the water lcvcl IC Zl elevation is not 
known or input, botb scales shall be the same, slarting from O. (One inconsistency is notcd in tbis version or 
tbe program. When the lcvcl goes above the land surface, one sbould rype the leve! witb minus sign. Yet, the 
scale on tbe left side or thc graph is somewhat peculiar: plus sign down from ·o· ordil¡atc, minus sign above 
the •o• ordinate.) 

The table tbat will come n=tlooks as sbown in Fig. 5.6. Befare typingor editingtime-lcvcl data. confinn ot 
modify tbeyear on tbe top lefL (The program no tices tbe last ycar ofyour 'Working Time lnlerval' and oirers 

. tbe lasl year 10 start tbc inpuL The logic is tbc foUowing. In updanng a data base, one nonnally contmucs 
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Fig. 5.6 
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Year = 19117 """t" Dote llaur nt,..te Depth 
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5 1 1Z 1 -1.77 u ... 
6 1 1Z 1 ..... ..,. F3 deletea dat.o 
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8 1 1Z 1 1.211 ~--- ... ' 1 1Z 1 1.36 ,. ... eftd, ar 

18 1 1Z 1 1.13 poge top 
11 1 1Z 1 1.78 Pgh PgUp-..., 
1Z 1 1Z 1 1.54 ,. .. -..n ar 

,. .. up 

.._.., .. u.nlts 
hpth 
• tal 

lbo REttnlrt ar c::ursor lr.etJII¡. 
Ploea• Elle t.a flniall Mltl~. 

from the last available information. So, if the data base was last lime Updated in June 1989, when the job is 
taken up, the ncn month shall be Julyofthesameyear. However, in creating a newdata base, ifyou specify 
the time interval span.n.ing a two-year perlad, say 1988-1989, the year that is displayed, that is 1989, should -
be modiñed to 1988. 

You may move along rows or columns using the cursor control keys, spacc bar, return, page up and down. 
ho;:ne, and end. After you finish your input, press Ese to return 10 the Data Menu. lt is a good practice to 
wnte the new data to an ASCII lile. Press O and supply the name for the lile. 

Waming:r. Remember to tennlnate the last Une In the data mewitb RI:1'URN ~!ore exi~ (Ese). 
Do nottry to condnue alter ti." llth month. (Prognam willlgnare the Input beyond tbe month ll.) 
·Data must be in time sequence. AflerGDe)'ell! !S Onished, !he year dlsplayed In !he t.op lefl comer 
·ls opdated Cor one, and you will be prompted to coo.lirm or madifr IL You may also escape now by 
pressing ES C. -: ~ ::: : ·' 

5.4. Editing Data 

The pro<:edure Cor editing data is almostthe same as the procedure for catering new data(option N). Thc 
difference is that the cursor should be placed on data file which is to be edited. (The program will not as k for 
the file name or identific:ation.) The table with general data will appe:u filled with old values. Edil the data 
or escape. The tlme-levcl tablc will come ncn. Rcmember that editing is waiting foryour continnation of thc 
year which is displayed on thc top lefL Thc real table with time-lcvel data will not appear until you confirm 
the year. Nothing prevents you from editing one year'after the otlier. 

Writing Dnta toan ASCll Dnta File. The option O allows you to write the data, both general and time-Jevel. 
into an ASCII lile. Place the cursor on the linc to be copied to an ASCII file at~,d typc the Jener o. Yo u are 
then prompted Cor the name of the lile to which yo u will write the data. 

Oeletlng a File. In arder to delete a file, place the cursor on the line with the file to be deleted and press the 
Jetter O . Remember. there is no way to "undelete• the file. As a prec:aution. havc all da u files transferred to 
ASCII files onc by ene prior to deleting any file from a data base. The program wams you that you have 
pressed p for "Dele te", and asks you to colllirm this opcration. 
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· Cbanglng llme InterYPL 1bis is a aillcal amcept iD lhis software package. All"evil" will normal! y come from 
an erroneous time iDieMI. No malter haw large is lile time sp;m iD ll1e data base, on1y lile awilable data wiil 
be sllowll when editing is ÚMlkai. 

S.S. Analysis 

Yo u may display and/or priDI hydrographs from this menu or from the maiD menu. In either case the opuon 
is iDvoked by prc:ssing the lelter A. The pi"DCCdurc is ezplaiDcd here bclow. 

'IYJ!i.ng the lener A willlake you 10 the Dm Analysis Mcnu (Fig. 5.1). The foilowing options are awilable: 
D- for dlsplayiDg hydrograph 
P- Cor printing hydrograph 
Q- Cor printing a table with data 
T- Cor selecting the lime in1erwl 10 be dlsp~ and/or printed. 
C- Cor c:hanging 1he size of conncc:ting in1cmal 
B- for plorting hydrograph 
A- for creating an ASCD plol file, 10 be evc111uaily cditcd and/or used iD some 

commerc:ial plolling program. · 

Fusl selecta file with the cnrsor. NCD check the llmc iDicna.l wbich will be used. ~ T and modify the time 
inlerwl if nca:ssary. In some cases, when you typc A from MaiD or Data menu, the program au1omatically 
asks you 10 confirm the Time ln1erwl for displaying lile data.ICyou wish details, reduce the time inlerwl By 
modifying lhe time iD1erw1 you may enlarge or squeeze the graph. Display lhe hY'Irograph by typiDg D. Prinl 
hydrograph by typing P. The firsl promp1 wül askyon lo makl: prin1er ready and press RE'IURN. After thal 
you will be given c:hanc:e 10 selec:t between two formats ror printing hydrographs. You may prinl hydrograph 
with ail lhe informa !loo (general data) '' datafilc,suchas projeanamc, organizallon. coord~les, clewtio~ 
aquifer desc:ripllon.ln Ibis case lhe grapb itselfshail be c:enlered on a A4 page with general data prec:edir;J 
the graph. However, you may opl for only graph and its identific:ation. In lhis case you may have r:vi( 
hydrographs on one A4 page. Answer this prompl by either F for full page with dala, or R for 'rcduced" data. 
Prin1 data table by pressing "Q". Plol hydrograph by ptessiDg B. 

You may decide whether you wan1 10 connect some misslng inlerwls or DOL If, e.g., data iD two months are 
missiDg bu1 you stW wan1 10 havc a continuous (connectcd) graph, press C and type 61 for "Cor.nection 
·.11erval (days)", foilowed by rwo re1ums. The program sc:ans the time inlcrwl between two suc:cessive time 
. 1lues and connec:ts lhem i!the lime c!apsed is less !han 61 days. 

lJVIItCD - QCQIII IIATIR soniiARE 
S. IIATER UVE!. DATA JASE 

U...lan 1.• 
, h•p 1~89 

Dat.o - = Jha..-3 - ol p;w = 54 F\IICr 10111 : 
l.tomUitca~lcm 1 _,._. __ ,_•~-~-"-"-----------• ,_D lapl t1oJüoo!r 
.111 SOIIAI'UII XX P.I'Piat lloJdrav 
.ISZ "'IIIIIADAIIA "OC lloi'Piat Tal>le 
.IS3 JIJIIArAIII XX T•TI- la~•• 
.IS4 KIIIAI:AOIIII XX C:.C:On-1.,. 
.ISS _,IIIAlll . XX ti- -~~ 
.JSr. IIAIQIII-RA XX BoPia~ ......... 
.IS'I IINISIIARI XX AoASCII plot 
.IS8 ~ XX 111• 
.1818 I:IW.AIHIUIIA XX '-IKI~ ~ 

.IS1l DAitoOIBARI XX - -

.ISU PtiJLIIARI XX 

.1113 IUUGADM XX -lrl .. unlb 

.1114 QIQ- XX ~· 
--~----~--~------------------------------~• tal Pre88 D.P,Q,t,c.a arA ta .. lect a tu~lon 8rGUP• 

·;· 

-~~ 

.; Fig. 5.7 
,, ===============·--·~·-······ ;:.~:~~::-::.:-=:.;::----- -- -----..~.--........... ,: 
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5.6. Example 

1b ruc this =ample, crea te a data base from tbe keyboard coctaicing one data file. The data are real (N epa!, 
UNDP pro]cct NEP/86i02.5, cxccuted by Depanmect of 1l:cbn.ical Co-operatioc for Developmect, Water 
Rcsources Braucb). 

1YJle GW acd press RETURN. W.Ut for tbe opecing screec, press acy key cxcept Ese. R.ead. ifyou wish, the 
copyright cotice acd press anykeycxcept Ese. Select tbe moduleS. Hydrographs. and press RETIJRN. When 
prompted for Data Base FUe ¡ype NEPAL. '!be cursor is cow on !.be Project. 1YJ>e NEP/86tU25 GROUND 
WATER IN 'IERAI. Press RETIJRN. FOr Organization type GWRDB, UNDP, UNIDTCD. The screen is as 
sbown in Fig. S.8. '!be line (m) is lligbligbt ed. Press Rm.JRN. Thescreec Define tbe WorlUcg Time Interval 
appe:us ccn. 1Ype 1988 for !.be starting ycar, S for tbe staning monl.b, 1 for tbe da y, press twice RETIJRN 
bypassing staning bour acd minute. 1Ype t989 for tbe ecding year, 2 for montb, 28 for da y, press RETURN 
followed by Ese. 

UIVI)TCII - gjQUIID WATER SDI&IIARE 
S. WATER U:UEL DATA BASE 

UePsfan 1.88 
Dace.U.a~ 1'119 

' ~ 

Fig. 5.8 

Dat.a S..a Fila : IIEPAL 
PraJec~ : NEP/VWI!ZS 

O..,anl:utlon : GURDB - IIIVDTCII 

ESC to 111u.Jt. RETURN t.o cantinu.e. 

,•: 

Yo u are now on tbe main mee u. 1Ype O for data input, and selea N for new data. Answer thc ldentiliation 
prompt with STW-3 PARASI UN and press RETURN. The screcc as in Fig. S.S will appear. On the line 
Description type 'Shallow, 38.4 m, drilled Jan.· 88" and press RETURN. 'Jhle 'Quatemary' at the Aquifer 
prompt. Press RETIJRN. ~e for X 762900. and for Y 3048000. FOr l.S Elevation Z rypc 111..39, and for MP 
Elevation Z1 type 112.03. L.S and MP are abbreviations for land suñace and measuring point, respectively. 
Press Ese:. Modify tbe year 1989 offcred by the program to 1988. Press RETI.JRN and wait a wltile until another 
table with columns for time and leve! is displayed. The cursor is in the first row, first column. We stan with 
May 1988,actually the leve! on 2 May 1988 is3.08 m. 'JYpe S, press RETURN, type 2, followed by two retums 
(or severa! cursQr right·artow keys).'JYpe 3.08 in column Depth. Press RE1URN. Yo u are nawon the second 
Une. 'JYpe 6 (June), 9 (day), REnJRN for hour and minute. 3.6 for deptb to water table from measuring 
point. Alter all months in 1988 are processed the table willlook as follows: 

S 2 o o 3.08 
6 9 o o 3.6 
7 1 o o 1.8 
8 3 o o 0.7 
9 2 o o 0.62 

10 3 o o 1.95 
11- 3 o o 2.12 
12 !S o o 2.28 
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) Fig. 5.9 

Do nor forget 10 press RE'IURN afrer ryping 2.28. 1be cursor must be ID colWIIJI 1 on the blanlt IIDe. Press 
éSe. Noticc thal the program u pelares lhe year to 1989. Confinn tllat year by pressmg RETtJRN. ~ 1 for 
monlh; 15 for day, lWO retUiliS for hour and millute, and 2.S1 for depth. Press REnJRN. On 1he second li<;.· 
type 2 for month, 3 for day, press twicc REnJRN, and type 3.36 Cor depth. Press REIURN. Do not fory 
thisl Press éSe. All data are now ID the file S1W·3 PARASI UN. 

"!Ype A. 10 selea data analysis. 1YPe T 10 alnfinn the time IDten'al. Iryou selecr the time IDlervalto start with 
May 1988and lenninatewith Deccmber 198&, !he llydrogr.tph will be as shown in Fig.S.9. View the hydrograph 
by pressiDg D. Prinr it by ryping P. Prillt !he data ID table Corm by rypiDg Q. 1be data are prillted in the table 
as shown in Fig. 5.10. You may also plol this graph. Press leuu B. 
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Fig. 5.10 

F1 - llelp Ese - Exlt 
GWIIDB - WV11TCD 
NEP~ 

SHOW taxt 

ldentlllcatlon : Slll-3 PAJIASI !JI 
Sk&JI-. 38.4 • "'"'•· .. ul..r. Jn. aa 

Aquit ... : Quat_,.._, 
CaaÑinatea t•J 

x = 7629811. ea 
v • 38488118. ea 
z = 113.39 

Z1 = UZ.B3 

..... , ... : llay 19811 - Dec 191111 

- llay, 19118 -
z e: e 3.88 

- Jun. 19118 -
9 e: e 3.68 

- Jul,19118 -
1 e: a 1.88 

- Aug,19118 -
3 e: a a.?B 

- Sep, 1"'8 -
z a: a a.6Z 

Uerslon 1.1 

-'1 
' 
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6.1. Program Overview 

The program GW6 is I.itbologic:al Data Base, wbich includes severa! retrieval subprograms: (1) Well 
construction data witb litbological colum.n in grapbical form; (:Z) I.itbological cross-seaions; (3) Thble with 
all wells in data base, includingwell name,x,y,z, deptb,and screened intClVal; (4) Calculation oftbe percentage 
of permeable intervals; (S) Map showing tbe location of all wells in tbe data base. The program has built-in 
many graphicai symbols Cor litbological units (santl, clay, grave!. hard roc:t, etc.), but you may also design 
almost any kind of symbols and assign to them dilferent names. You may edlt aU data Crom inside the program 
using your favorite editor. You mayview on the screen individual weU logs and whole cross seaions. Yo u may 
also use a mouse and select tbe lines of cross seaions directly Crom the sereen map. Yo u may print or plot 
well logs and aoss-seaions. · · 

The GW6 program contains tbe following files: 
GW6.EXE - run file, command file, aec:utable file 
UN6.CMN 
UN6.WND 

- comm unication file 

-windows 
UN6.MST - menu strucrUre 
GW6.GEN -general data file (MUST BE EDITED BEFO RE STARTING NEW PROJECI) 
GW6.DLT - desaiption oflitbology file, witi! . .'~arious symbols preprogrammed and/or designed by the 

user 
GW6.STM - <Xldes Cor permeable memben 
DIGXSC.EXE- file called Crom main program to crea te coordinate system witb map oCweUs 
GW6CF.EXE -file called Crom main program (GW6.EXE) wbich is used in creating new files in litholo gical 

elata base 
BL#.LTii - camples Croma m:ent project in N epa!. where # ls tbe number Df tbe well 

The following files must be copied to !he \GW direaory: GW6.EXE, UN6.MST, UN6.CMN, UN6.WND, 
GW6CF.EXE, DIGXSC.EXE, GW6.DL"I: GW6.S1M. They oa:upy about 330.000 bytes of disk storage. The 
minimum memory requirement for tbe GW6.EXE program is about 430 Kilobytes, but, with screen and 
printer driven, tbe maximum memDry requirement is about 580 KB. This means that you must elimina te any 
memDry-resident program. and even reduce your CONFIG.SYS lile, il you wish to use screen display and 
printing capabilities or the program. 

You will need a video graphics adapter, iC you wish ID view weli IDgs, well map, and cross sections on the 
screen. A mathematiCII co-processor is optional. but it is highly recommended. The graphics on the screen 
is very much computer-time demanding;- and the speed and efficiency Df saeen presentatiDn is gre.:nly 
improved by running the prDgram on a fast microcomputer. preferably tbe one witb clock speed of 12 
megahenz or more. A typical weU logis calculated and displayed on tbe saeen In about 35 seconds on a 2S 
MHz computer equipped with a 25-MHz co-processor. 1t may take S minutes ilthe prDgram is run on a 
computer running at 8 MHz.. withDut a co-processor. You may find a mouse useful in sele.cting the lines of 
crDss sections directly from tbe saeen map. 

In this !Danual you will be instruaed tD C"c.:lte the data base, tD run the program, tD design additional 
litholOgiCII symbols. 
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The program is written in sud! a way tllat it cm be iDSralled on a hard.dlsk driYe other thau C. However, 
should you selecta ban1 disk panitionother 1llaD theboot disk C.)'01111111Stmpythe COMMAND.COM file 
into the root dlreaory ol the ban1 disk panition where JODr data base shall RSide. 1be COMMAND.COM 
file is used by the program to reac1 other mes (GW6.CiEN,llthologiral files, eu:.). 

You do not ueed to llave yoar t= editor iD the same Sllbcllreaory (e.g.lplp6). However, be carefu1. il you 
specify the path to the editor aurectly, this still daes not mean that the program will be able to use tllat editor. 
Almost e:very ten editor or word processor has. iD addition 10 one EXE file, speUer and thesaarus, several 
message or overlay files. These cannot be fouud by the program with ordiuary DOS PATH utility. You need 
something like 'SEARCH' utility wbich will sean:h spccified subdireaories and lilld any required file. no 
mauer what is its eneusiou. ltyou are an illaperienocd computeruser, it is advisable that you copy your tcxt 
editor files i.tllo the \CiW\CiW6 subdircaoty (without speUer checker, thesaurus, or priuter files). However, 
data files (data base) can be physic:aUy separate from the programsubdircaory. When you are asked by the 
program to selea files, spec:ify the complete path. E.g.. ilyour data base files are on hard disk subdireaory 
caUed NEPAL and each weU file is termillated with euension • .llh, specity the path C;\NEPAL\" Jth. 

The maximum number of individual data files (weU lop) is 300. 

6.2. General Program Files 

6.2.1. General Data Fue, GW6.GEN 

The first step iD running the program is to teU the computer wbich ten editor you want to use and where it 
is located. This illlormatiou is cont.ained iD the file GW6.CiEN. The file GW6.o:N must be in the current n 
direaory. Since you must have the files such as GW6.EXE, all three UN6 files, and GW6.DL'l; GW6.STM, 
GW6CF.EXE, iD the \GW direaory, you may opt to aeate a data base dlrectory iD wbich yo u wi11 ha ve al! 
your data base files (we rec:ommend the cxtension • .lth Cor each) plus the file GW6.GEN. • 

1bis file contai.tts the information identifying the projea (two liDes), \'Utlc:al and horizontal sea le for cross 
sectious, and most oC all, the path 10 your tcxt editor. The project idc:Dtific:ations are not that critic:al, neither 
are the scales for cross sections. But the path to the ten editor is crucial, whether you want to use that editor 
or noL 'Illke note now, that the name oC the e:tea1table ten processor file must be typed with eneusiou. lf 
thiS is Worc!St.ar, type WS.COM.Ilthis is WordPerfect, type WP.EXE, etc. You mayedit thiS lile independently 
Crom the program usillg any screen editor, or, you may do it from illside the progratu. Befare you use the 
program Cor the first time, you must edil the GW6.GEN lile with a saeen editor outside the program. The 
file GW6. GEN, as supplied on the distribution diskeuc,iooks as foUows: 

PROJ: NEP/86i02S 
ORO: úWRDB-UN~TCD 
EDITOR: C:\UTIL\PE.EXE 
HSCALE: 100000 
VSCALE: 1000 

There are five lines in this file. You supply the Worrnation staning with column 11. Do not change words 
befare a colon. The first two liDes are project name or symbol and orgallizatiou.ln this version ofthe program, 
these two liDes are used to identily welllogs only. (ln earller version they were also identifying lithologiCll 
c:ross sectiou. This was eliminated to make more space for real aoss sectiou. Tilles and identific:ations can 
be added by printer later!) 

On the third line you should provide the path 10 and the name oC tcxt editor that program will use. In this 
example, ffiM's Personal Editor is used, and it is loc:ated in the hard disk subdireaory \UTn. (Cor utilities J. 
Again, be c:areful !Cyour ten editor's main cm:ut.able lile is in this subdirectory, the program wi11 fine! it, but 
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·not iiS overlay or message mes. ualess you llave some "SEARCH" utllity ia your autoezec.bat file. (Some 
.editors nem oaly one cecutable file, sucll u Borland's SideKick, Nonon's Editor, etc.) 

The Jast two liaes specüy the scale for aoss seaioas, horizontal and veni;:aL The horizontal scale of 10000C 
means that 1 an on the printout will represezn 1000 m ia nature. The horizontal scale of 1000 means that 1 
c:m oa the priatout will represeat 10m ia nature. Thescale is for UthologicaJ c:ross-sectio...s. You have a choice 
oC having UthologicaJ aoss section printed oa A4, A3 foraw, or user-specified formaL ID A4 format the 
m,aximum Iength of a aoss-section i.s 26 cm, and the mamaum height i.s 16.5 cm. Thus, with horizontal scale 
100,000, one may display a cross-section of mamaum Iength 26 km; with scale 200,000 the leagth can be as 
bigas 52 km; with scale 50,000, the maximum Ieagth ofthe scaioa can be 13 km. Venical scaJe of 2000 i.s used 
for aoss-sectioas up to 332 meters or feet vertical difference; scale of 1000 can display up to 165 m or feeL 
ID A3 format the muimum Iength ofthe cross sectioa (along horizontal) i.s 36 cm, and the maximum height 
i.s 21.9 cm. Thus, ia A3 format in 100,000 horizontal ,=afe, the totallength ofcross section can be as muchas 
36 km. (U you selea A3 format, paper should be placed into prin1er Wlth shoner side horizontal.) 

6.2.2. Lithological Symbols Default File, GW6.DLT 

The file GW6.DLT contaias preprogrammed symbols for various lilhological uaits (aboul 30). You can use 
these symbols wit,hou1 modificalion, or you can malee your own. One pan ofthe file i.s reproduced here beia· 

CL.AYQay 
31.5 
20.000.75 
o 0.75 1.50 
11.50 0.75 
02.250.00 
13.00 0.75 
• 
SD..T Silt 
22 
20.00.0 
1 1.0 1.0 
• 
ROCK1 Hard rock 
22 
2 0.001.00 
12.001.00 
• 

The Usl of aU symbols and insuuctions 10 prepare addilioaal symbols are contained in Appendix A The 
symbols C:ln be simple (horizontal Une, diagonal Une, etc.) orvery camplicaled (e.g., mixture offineS31ld wi1h 
grave!). 

Each symbol i.s defined wilh symbol name, which i.s 1he first word in 1he GW6.DLT file (CLAY. sn;r, up 10 
10 characters, seasitive 10 lhe case of leuers, 1hat is upper case and lower case are not the same ), and 
descriplion whicll will show on the prialed weU log. This is one or more words after the symbol name (wilh 
maximum of 100 c:baracters).ID the above c:xample thedescription of clay and silt is the same as 1he name of 
the symbol. but for the symbol ROCK1 1he descriplion is 'Hard J'()Ck". You may modify in thi.s file 1he symbol 
name, or descripúort, 10 suit your pro jea beuer. You m.ay also add to this Ust ncw symbols using the procedure 
explained in Appendix A _ 

The importan! thing to remember is that in data files to be aeated byyou, one file for one well, symbol names 
are matc:hillg with symbol names in Ibis file. ll the program does not find a symbol name specified by yo u in 

. data files, that ponion of the lithologicallogwill rem.ain blanlc (no symbols).ID lilhological cross-seaions, a 
message shaU be displayed that erro~ was noliced in reading lithology. (I'he name of lhe file wilh error shall 
be also displaycd.) 

You have atso the opúon to have the default descriplion of Uthology typed on 1he well log (such as Clay, 
Roclc1, or Silt), orto type somelhing diUeren1 andlor apandcd. lf in 1he welllog data yo u typc only 1he na me 
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of !he ~bol next to !he depth, e.g. CI.AY, !.be program will use !he de!ault description (Ciay). l! you type 
somelhillg else. !.be program will reprod~UZ this "something else'. Thus, next 10 CAY symbol !he foUowing 
can be typed: Oay hanl with some silt and sand. 

6.Z.3. FUe with Codes Cor Penneable Units, GW6.STM 

Oae more file must reside in !he \GW dira:rory. 1bis is !he file wbicb coatains !he ax1es for permeable units 
or members. It is used in severa! application routines: (a) for displaying permeable units in blue, and aU other 
units (iaterpreted as impermeable) as yeUow, in welllogs and Uthological crosssec:tioas; (b) for creating a 
table with pe~Untages of permeable versus impermeable layers in eacb and a11 we11s in the data base. The 
curreat GW6.STM file looks as foll~: 

SAND 
SANDV 
SANDF 
SANDM 
SANDC 
SCWG 
GRAVEL 
GRAVELF 
GRAVELC 
GWS 
SRGRAV 

6.2.4. New File·Creating File, GW6CEE.XE 

This file must reside in the \GW directory.lt is needed only if and when you wantto add new files to the data 
base. 

6.2.5. Digitizing Coordina tes File, DIGXSC.EXE 

This file, which must atso reside in the \GW diréctory, is needed for digitizing the wells' coordina tes, displaying 
a map wilh wells, and supporting the mouse-defined cross section liaes. Without this file, yo u rnay speciiy the 
bcginning aad end coordina tes of a cross·scction liD e manually, without usiag a mouse. 

6.3. Running the Program 

Copy !he files GW6.EXE. UN6.MST. UN6.CMN, UN6.WND, GW6.0L"t OWé.STM, GW6CF.EXE, 
T:l!GXSC.EXE into the \GW dircctory. Crea te a subdircctory, say GW6, and copythe GW6.GEN file plus all 

_:r¡ files iato that subdlrectory. Log into tbe OW6 subdircctory (riY Dllll in whidl u your GW6.GEN fllz.') . 
• jpe GW tostan !he whole package, or GW6 to start only the lithoiogy P!Dgram. 

Alter you selcct tbe IT'.odule '6. WeU Uthology' press RETIJRN. The ne:a screen displays two lines with 
Project and Orgaaiza;,;¡n identification, Fig. 6.l."''bis information is read from your GW6.GEN file. lf there 
is any error yo u wiU sce either a message 'Piease, edil me GW6.GEN first, lhen call again. • or 'Text editor 
glven ID \GW\GW6.GEN does not exisL Prepare \GW\GW6.GEN aod call agalo.' The lüst message appears 
ifyou do aot have any GW6.GEN file in your currently logged dircctory. The second message is displayed 
il !he path to !he text editor is wroag or its executable file name is aot complete, i.c. wilhout e:aeiiSion. (The 
list of error messages is appended in Appeadix B.) 

Ifyou do not sce these messages. and the projcct name and organt:.: · ~n appear on !he scrcen, yo u may edit 
lhese two lines npw or modify them by editillg tbe GW6.GEN file. The cbanges you make shall be retlected 
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not only in the bcadings of your printout (wcll logs, ams-scainns) in the current run, but will also be co pied 
to your GW6.GEN file. 

Press RETURN twicc. lbe maiD opening scrcen witb the maiD mea u will appear (Fig. 6.2). On the right side 
oC tbe screen are sbowu various functions available iD this program. 

'-"-•- ..• -·- . '•' 

Fig. 6.2 

E= Edlt Data. 

....._el_ .... ._ ftlell~: .......... .......... ........ ,.. 
a..a. .......... , • ._.--
• .._._.... a.u .. di ... _._,. ...... 

-· ·-·--- 11&- •IÜI az..CIIII. le~-~ lile ••-.! ''-'-"'' 

...... ,. -...,,_ , ... . 
a.... a- ..... .. 

.... , ... ........ 
c.c._ _._ 
c...c;,_.,., ... ... 
,. ........ la ..,. ,__,.a. ..... , 

.. 

Y•' 

' 

This is uscd for editing aisting data files. You will normaUy first select one or more files, place tbe cursor on 
the name of tbc file that yo u wish to edit. and typc tbe key E for editi.Dg. Tben your seleaed screcn editor will 
be activatcd (in this case Persooal Editor) and tbe file ccntents are displaycd automalically. 

W= Well Log. 
This function is used for displayinglpdnti.Dglplouing a well log from tbe data file which is currently 
highUghted. In arder for this to work properly, tbe pri.Dter driver iD CONFIG.CNF must be correctly selected 
(9-pin or 24-pin printer) and its EXE file must be in tbe \GW dircctory (options: DVIRX120.EXE and/or 
DVILQ180.EXE, see lntroductlon). Likcwisc. a ccrrcctly selected screen driver must be present in tbe \GW 
dircctory (oplions: CGA, EGA. VGA, ATI. HOC. WYSE). You cannot plot tbe lag unless you bave the 
plouer driver iD \GW direaory. The plouer driver cxecutable file is DVIHPGLF.EXE ror ploning through 
the COM 1 serial pon, aad/or for crcating an ASCII plot file to be UScd la ter, in cdited form. wb.en a ploner 
bccomes avaüable. 
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1bis 'l1lill normally be the 11m proces.s to peñot111 a.ftcr the peral dala me (GW6.GEN) is edited. .Afler S is 
typed, lhe program wiD prompt you for !he Conll of data 61e namcs. Ifyoa llave preparcd a11 data wilh t!":>t 
~me exteDSion, say .L1H, the aDSWer to lhe. prompt cm be • .Lnt The program searches tlzroagh '·~ 
direaory and reads alJ data files with !he mau:llillg crtenston .Lnt Alternatively you may add file zwnes dl! _ 
by ODC:. 

N=Newrue. 
lb crcate lhe data base, you must use Ibis funaion. The program prompts for file name, and displays the 
default (prcprogrammed) list of en tries to wllic:IJ you must supply answcrs.. In ordcr that this ponion of !he 
program works correctly, lherc must be !he me GW6CF.EXE in thc \GW dircaory. 

D=Delete. 
Place lhe cursor on the file name to be deleted and typc D. l~Vuingl The file with that name wiD be deleted 
not only from lhe data base but from the computcr direaory. This is actually !he DOS command which is 
incorporated into Ibis program. Unerase acddemally erased file using oae of commcrdaUy available utilities 
(No non Utilities or PC 1bols, c:.g. ). A recommeaded practia: is to have a copy of your data base on a diskette. 

C=Cross Sectfoa. 
If more !han one well data Ole is available in lhe data base pressing the e key 'l1liiJ initiate the proa:ssing of 
cross sections through lhe projea arca. You will be asked for thc tille of cross seaion, for the initial x 
coordinate, lhe ending x coordina te, !he initial y coordinare, lhe ending y coordinatc:. The fiDal question is 
how far from the cross section line cventually cisting weUs should be projeaed onto the linc:. Ifyou have a 
mouse you wiU be able to selea the cross·section line wilh lhe mousc:. Ifyou have a grapllic:s adaptcr}Ou may 
also crea te a map wilh alJ sell:cted weUs and view it on lhe scrcen.UlhologicaJ cross sections can be vicwed 
on !he screen, printed, plotted. 

G =Edlt General Data. 
You may edit general data in this file at any time during the program e:zecution. Once the general data are 
corrcctly selected, the only changes that may be required by lhe program or uscr are horizontal and vertical 
scales for cross seaions. 

T=Thble o! Data. 
Tbis is used to write toa me. from which you can print the data, lhe basic data identifying the data base: well 
name, x aad y coordinares, clcvation, total driUed dcpth, screened mctrage (footage). Al the bonom of thc 
file you wiU lind thc basic statistic:s: (a) total numbcr ofwcUs, (b) total dJilled metragc or footage, (e) total 
screened intervals, (d) pertet~tagc of screened iaterval.aith rcspect to total driUed mctrage (footage). Thc 
same final statistic:s wiU be displayed on lhc screen. 
~= Pen:entage or permeable 
materials in selected interVal of depth. As in lhe prcvious table, lhe information is copied toa disk file, with !he 
summary displayed on the screen. 

X= Exlt to M a in progra111. 
As in any other program in this Ground \Y.! ter series, typing X will retum you to the Main Program. 

6.4. Example 

6.4.1. Start the Progn~m 

By running the example supplied on the distribution diskette you will master the program and understand 
its.fcatures. Log to the subdirectory in which your data files are located. The lile GW6.GEN must also be 
uíerc:. ~ GW, press REI1JRN twice, move thc cursor to the line "6. Lithology'. Prcss Rei1JRN again. 
lbe foUowing screen wiU appcar: 

Project: Shallow Gn~und Water In Teral 
Organizatlon: GWRDB- UN/DTCD NEPII'/Ol! 

The program gets this iafonnation from the first rwo lines in GW6.GEN. Press REnJRN twice. Thc main 
meuu with available tunaions comes ncxt. On the right sidc of the screen the display is as follows: 
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FUNcnONS: 
E= Edil Data 
W=WcULog 
S=Selea Files 
N=NewFile 
D=Delele (for deleling file) 

85 

C = Cross Sea. (for cross-sectioa) 
G=Edil General Data 
T= Thble of Data 
~=% oC Permeable (for percentage of permeable malerials) 
X=Exil lO Main Program or DOS 

" ~~":;":::;! 
. . 1 

' 

Press S to selea data rua. The program prompts for file name formaL 1YJle • .LTH. This is in1erpre1ed by 
tbe program 1ook in data dircctory and find all files with e:nensioa LTii Then transfer tbese files into 
a:~mputer memory". Altera rewseconds the saeen will display tbe fiist13 data files and sbow tbe total aumber 
ofwells in tbe data base (Fig. 6.3). In tbis aamplc the aumber is 15. The cursor is on tbe firstline. Move the 
cursor to file BR4.LTii and press E to edil <'.ata. (You may aeed to answcr tbe prompt of your ten editor. 
E.g., ifyou are using mM's Personal Editor, you must press RETURN.) 

The following is displayed: 

WEU.: BLII/4 
LOC: MAHADEVA 
ELEV:99.3 
X: 730240 
Y:30SOOOO 
S CREEN: S 1.8,56.9,65.1,68.1, 76.2,81.3,87 .4,90.5,104.1,113.3,117.9,120.9, 1S4.4,1S7 .S .178.9 ,184.9, 191.0,197.1 
DR.METH: RIG ·' 
DR.DATES: 16.2.87- 9.3.87 
COMM: WEI.l. SIZE:16'/10';M.P:0.6m;SCRN:W.WRAPEDISCREEN POS:Sl.8-56.9.65.1-68.1,76.2-
81.3\87.4-90.5,104.1-113.3,117.9-120.9\154.4-1S7.5,178.9-184.9,191.0-197.1\DRII...LED UNDER BLGW 
PROJ. 
P'!DATE: 3-4.4.87 
Q: 1111/s 
DUR: 20h 
'IRAN: 1780 m2/d 
ME!HOD: 11iEIS 
STORAGE: 
SWL: 8.48 m(AGR.L) 
DWL: 9.0 m(B.GR.L) 
P'!COMM: 
LITii: 
ll.OCLAY 
22.0SAND 
43.0 CLAY Clay witb thinlgravellayer 
68.0 GRAVEL Grave! with tbill\clay !ayer 
7S.OCLAY 
81.0 GRAVEL Grave! 
86.0CLAY 

, 91.0 GRAVEL Grave! 
103.0CLAY 
134.0 GRAVEL Grave! with thin\clay !ayer 
1S2.0CLAY 
173.0 CWIOS Claywith sand\&: grave! 
198.0 SCWG Grave! and saad\wilh thia clay\layer 
203.0CLAY 
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Abbreviations are for the foUowing: 
LOC -locatioD 
ELEV - eJevatioD 
DR.METHOD - drilling method 
DR.DATES - drilling datc:l 
COMM - commcDIS 
P'! DATE - pumping tc:lt date 
DUR - duration of pumping t=l .. 
TRAN - transmissivityv.llue 
SWL - static water leve! 
DWL - dynamic water leve! 
P'!COMM - pumping lc:ll commems 
LITii - Uthology 

Some oC the fields must be input in corrcct formal, some are just Cor the record and C3ll contain anything. 
'Ibat 'aDytb.illg' wiU be printed OD the weU log, IIOwever. The first field, WEU... is imponant because its 
CODteDt wiU be printed on the cross sectioD exaaly as-it-is typed. Ilyou want number to be shown on your 
lithological cross section, type the Dumber. ~ the name if this is what you wanL 

ElevatioD aDd coordinat= must be correct, that is only numbers without blaDks or any textual charaaer. A 
typical mistake is to type eJevatioD with m (meters) or ft (feet). ibis wil1 DO! acate a problem in printing the 
wcU Jog, but it wiU be DOticed by the program wlten a cross-sectioD is attempted, or wheD a table of data 
printed. 

Severa! commeDIS are in onler. 

(1) AJI data in data file:¡ are typed from column 11 on, although ~~~ may stan at any column atter the tenth. 

(%) Yo u may specify severa! weJJ saeeD sections in one weU by typing begiDDing and eDding depths or the 
first seaion, followed by the beginning and cDding depths of the sCCXlnd sectioD, cte., with each value 
separated by a comma. In the aboYe example (BR4.LTii) thcre are Dine saeeD sections, thc first at 
51.8-56.9, and the lastatl91.0.197.1 m. "JYping thc intcrv.ll suchas 24.5-30.5 wiU crea te error. Likewise, 
yo u must Dot type textual commcnt such as 'Un.cased', or 'Screen positioD Wlknown•. Only numbers 
separated by commas are auowed! · 

(3) The 'total deptb' information do= not appear explicitly in thc data form or file. The final depth of the 
last lithological UDit is interprctcd by thc pmgram as equivaleD! to the total depth. You may write in 
'CommcDts' if this is not the case. 

(4) On 'Commcnts:'line in data form (filc),fiveUnc:¡ofinformatioDcan beaccommodated. Thc instruction 
markcr for thc program tostan with next tine is thc backslasll charaacr '\'. For example, ifyou wantthe 
foUOWing COtnmCDIS ID appear: 

Screen: 40.2-45.5 m. 
~: Wirc-wrappcd, slots 0.5 mm. 
M.P.: 96.95 
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ihc oomment linc should be typed as follows: 
Screen: 40.2-45.5 m.\~ Wlte-wrapped.slots 0.5 mm.\M.P.: 96.95 

(S) Exactly the same prillciple is used ill!ypillg lithological descriptions for various unitS (layers) for which 
you wau1 lo use a desaiption other thaD the defauJL For =m pie, for the description • Alterna te bands 
o! clay aud grave!" you may type "AIIemale\bauds of clay\and grave!" nen 10 the symbol selected to 
represent suc.h lithology. In arder notto type over the vertic:al line ending the well Jog, yo u should not 
have liues longer !han 20 characters ill the lithological desciption. üthology may be typed with the 
default values for symbols, or with additional ten of your own. 

View the data with your editor, and quit editing by using your editor's <Xlmmand to quit and re1urn to the 
maill program. luslead re1urning to the maiu program you will be back ill lhe maill menu ready for funher 
actiou. You wiU see the message "Error ill me edlt" ü the program dis<XlVers thal somethillg is wrong. 

Befare you <Xlntiuue, il is good practicc 1owri1e the table with all general data 10 a disk file. This routille will 
detect mos1 of errors ill your illpuL 1YJ1e the tener T. Supply a file name as au answer to the program promp1: 
"File uame to accept data•. Asan e:cuuple type "TABLE". The program will illfonn yo u whal il is doing. Also 
ü lhe program delects au error, il will display the uame of lhe file ill which the error was delected. !!no errors 
are delected, yo u may view this table by eziting the program (lener X) aud usiug 1he DOS command TIPE 
TABLE". The table shalllook as foUows: 

No. WELLNAME X 

1 BR1.LTH 730560. 
2 BR2.LTH 728000. 
3 BR3.LTH 730560. 
4 BR4.LTii 730240. 
S BRS.LTii 727600. 
6 BR6.LTii 728480. 
7 BR7.LTii 729280. 
8 BR8.LTH 729120. 
9 BR9.LTii 728480. 

10 BR10.LTH 727920. 
11 BRll.LTH 728480. 
12 BL32.LTii 734320. 
13 BL33.LTii 733360. 
14 BL41.LTH 732400. 
15 BL49.LTH 731280. 

Number ofwells ill data base: 
Thtal drüled deplh in data base: 
Average deplh per well: 
Thtal saeened illlerval: 
Average screened in1erval: 
Number ofwells wilh screen: 
Number ofwe!Js wtou1 screen: 

3045600. 
3044160. 
3047040. 
30SOOOO. 
3044720. 
3048960. 
3047280. 
3048720. 
3047120. 
3045920. 
30Zl6320. 
30S7920. 
30S6640. 
30S4000. 
3052240. 

15 
2651.6 
176.8 
661.3 

44.1 
15 
o 

y 

95.95 
92.80 
97.30 
99.30 
94.80 
98.98 

100.70 
98.70 
98.10 
95.99 
96.90 

119.40 
115.90 
110.30 
109.80 

z DEPTH 
S CREEN 

193.00 48.7 
194.00 48.7 
163.10 16.5 
203.0Q 43.7 
180.10 56.2 
182.00 31.2 
163.00 45.5 
167.00 43.7 
166.10 38.6 
195.00 43.5 
22200 39.8 
136.00 47.3 
143.30 49.8 
176.00 58.8 
168.00 49.3 

Now you may check lhe percentage of permeable malerials in each well and in lhe whole are:~ (data base). 
Select "'!'o". Yo u will be asked for a depth down 10 which you wish lO calcula le Ibis percentage. lf yo u wish to 
gel the percentage o! permeable versus irqpermeable materials for all wells, regardless 1he depth, answer this 
prompt by a number greater tban maximum drilled deplh.ln our case type 230. Supply the name for the file 
10 receive this information as "PERCENr. ibe program now otrers you an opponunity to select a certain 
pon ion of the area with wells in which you mighl be inlerested. For example you may wantto obtain average 
percentage of permeable materials in a ccrtain quadranL Supply inilial X and Y coordinates, and final X and 
y a>ordinales. Actuallyyou are spccifying the a>ordinates ofthe lower left comer and the upper right comer 
of a reaangle. respectively. You may override this option by pressing RE11JRN four times. While proccssing, 
the program will inform you what is it domg. Alter a while,the following table shall be written 10 the disk file 
PERCENT. 
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un::'T T NAME DEP1H 
BR1.L1H 193.0 
BR10.L1H 195.0 
BRll.L1H 222.0 
BR2.L1H ' 194.0 
BL32.L1H 136.0 
BR3.L1H 163.1 
BL33.L1H 143.3 
BR4.L1H 203.0 
?RS.LTI-1 180.1 
BR6.LTii 1no 
BR7.LTii 163.0 
BR8.LTii 167.0 
BR9.LTii 166.1 
BL41.L1H 176.0 
BL49.LTii 168.0 

DEPTH OF CALCUI..ATION: 
Cumulative depth dOWDIO sclectcd range: 
1bta.l permeable thic:lale:ss in seleacd range: 
Average percentage of permeable m.aterials: 

88 

PERMEABLE 
49.0 
35.0 
94.0 

110.0 
88.5 
54.0 
n1 

103.0 
n1 
74.0 
88.0 
so. o 
79.0 

107.0 
113.0 

230.0 
2.651.6 ' 
1209.3 

45.6% 

. lJii1itia- Orllpw 6 (GW6J 

PERCENT J 
2.5.4 1 
17.9 
42.3 
56.7 
65.1 
33.1 
57.7 
50.7 
45.6 
40.7 
54.0 
29.9 
47.6 
60.8 
01.3 

Howcvcr, it m.ay be of iatercst to calculatc tbe pera:ntage of permeable m.aterials toa depth less tban tbe 
one reacbed by the deepcst weJL Say, you are iatcrcsted in upper 60 m. Without aitiag the program. selec:t 
~ again, and answer with the depth of 60. Supply the me D3lltc as PERC60. ~ this lile atter aiting tbe 
program. It looks as follows: 

WELLNAME DEP1H 
BRl.LTI-1 60.0 
BR10.LTii 60.0 
BRll.LTI-1 6D.O 
BR2LTII 60.0 
BL32.LTii 60.0 
BR3.L1H 6D.O 
BL33.LTii 60.0 
BR4.LTii 6D.O 
BRS.Lnl 60.0 
BR6.L1H 6D.O 
BR7.Lnl 6D.O 
BR8.LTii 6D.O 
BR9.Lnl 60.0 
BL41.LTii 60.0 
BL49.LTii 60.0 

DEPTH OF CALCUI..ATION: 
Cumulative deptb down to scleacd range: 
1btal permeable tbickne:ss in seleaed rangc: 
Average pero::ntage of permeable m.aterials: 

-. 

P9MEABLE 
0.0 
0.0 

16.0 
0.0 

33.9 
u...o 
u...s 
28.0 
9.0 

27.0 
33.0 
6.0 

43.0 
38.0 
37.0 

6D.O 
900.0 
323.4 
35.9% 

PERCENT 1 
0.0 ' 
0.0 

U...7 
0.0 

56.5 
43.3 
44.2 
46.7 
lS.O 
45.0 
55.0 
10.0 
71.7 
63.3 
61.7 

The program bas given you an analytical too! that will tell you whicb iniervaJ contains the most perme:~ble 
materials. In our case, all wells down to 60 m depth display a.a average pero::ntage ofpermeable materials of 
only 35.9, wbüe going deeper, to 230 m. thls percentage be(:omes higher, 45.6. Ukcwise you may analyze a 
o::rtaiD are:~, not only a o::rtain depth interval 
However, it is importan! to understand bow the program distinguisbes berween permeable and impermeable 
materials. The program cbecks eacb layer iD each well a.ad evaluates against aU lithological symbols in the 
file GW6.DL'I U tbe interval is describcd by one of the followiag 13 c:odes, tbe intcrval is penne:~ble: 
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SANO, SANDV, SANDF, SANDM, SANDC, SCWO, ORAVEL, ORAVELF, ORAVELC. GWS, PEBBLE, 
BOULDER, GWS. 

(You may redefine some of desaiptions for !.bese 13 codes, but keep the same codes in tbe file GW6.DL'! 
Yo u will notice that SCWG means 'Sand Coarse wit.b OlliVd", that GWS stands for "Grave! witb Sand", etc.) 

6.4.2. Display, Print or Plot WeU Log 

Press W to display andlor print a welllog. You wiii be ofrered four choic:=: (1) to display log (letter D), (2) 
to print lag (letter P), (3) to plot logdirectly \hrough theCOM1 serial ponto plotter (letter A), (4) to cre:ue 
a plot file Íll ASCII format to be edited andlor uscd by another commercial graphical progr;¡m (letter B). 

Whatever you sclect. tbere will be a message: Change Lengdl otLog [Y/N]:. You will see also the following 
ten to remind you what yo u may do. 

1be default venieal size of weU lag is 16 cm. You may ina'c:asc lile siz1: by pressiDg Y and supplying any leagtll 
between tbe default and 40 cm. However, display sbaU be impairecl. leuers wiU beoome squee:.ed, aad it wiU 
tate time to display atldlor prepare for prinlillg. Use mousc 10 zoom. Use oonWJuous oomputer paper to print 
long logs. 

This option gives you the possibility to create larger weU logs !han A4 formaL Asan cxercise press Y. The 
new message will be: 1)'pe ncw log lengtb (IIIIIL log lmgtb = 40 cm). ~ 20 and press RE11JRN. Yo u will 
be prompted to change scale that otherwise wü1 be automaticafly selected by the progr;¡m. (Ibe progr~m 
always sclectS the scale in such a way that the whole space allocated for the log, normal! y 16 cm or whatever 
you specify, is filled witb tbe lag.) 1be message is: Your Scale [YIN]. There is also a ten displayed on the 
screen to inform you about this posslbility. 1be tezt is as follows. 

Answer witb Y ifyou wisb te ovenide automatic scale selecuon. Prcgram normally uses a seale sucb uiat wbole 
16 cm, or wbatcver you de&!ed DDC step betcre, is liDed witlllithology. ~ onJy denomiaalor of scale. E.g., 
ror 1:1000 rype 0n1y 1000. You may cbect llllllimum scale by typing smau number. Program wllJ display 
tll3llimum SCile. 

T) pe Y and press RETIJRN. 1be message is 1)'pe your scale. Remcmber welllog length = 20.0 cm. Now you 
may Cind out what woufd be the program-sclected scafe that woufd fill illthe whole space. lYJle 10 and press 
RElURN. 1be program displays Scalc greatcr !han mu penaitted: 742.49. Any key to try again. When 
prompted agam for your scaJe press N and aca:p¡. me program's scafe. 

U everything is in arder, your Utbological symbols corrcaly typed and selected, and your printer or plotter 
properfy connected to the computer, atter a few secnnds the message Une at tbe screen bottom will display 
the message •creating page layout-•, followed by another message "Rasterizing and printing-•. Remember 
t.bis is a graphics program and the whole page must be laid out, and rasteriz.ed for displaying andlor printing. 
1bis takes time . ,~o lbslllba 1600, whicb is equipped with 12 ~.ffiz 80286 processor and 10 MHz 80287 
co-processor, it ~.;;;es about2 minutes to set up and priat weU lor; 'Jn ASr Premium, running at2S MHz and 
equipped with IN1EL 80386 processor, it takes only 35 secnnds to display a welllog). U tberc is an error, 
notab1y in lithologicaf pan, tbe program displays the message "Error illlog print•. The typical error will be if 
you have m your data lile (well file) sorne Uthologicaf codes that do not match tbe list in tbe program file 
GW6.DL1: 

U you opt to display the log on tbe screen you will notice that the screen resolution is insufficient to allow 
you to see details. Yct, witb a mouse oonnected to tbe system, you have an opportunity to zoom a portian of 
the log and see all dctails clearly befare yo u decide te priat or plot¡he log. lYpe Z for zoom: move the cursor 
to the lower lett comer of the rectangle you wish to cnlarge. Press the lett mouse button. Move the cursor to 
the right upper comer to define the rectangle. Press the lett mousc buuon again. ibc screen may look as in 
Fig.6.4A. -

On the color monitor, you may note that all permc:~ble laycrs are shown m blu·e, wbile impcrmc:~ble pans 
are yellow. 

The printer prints first two lines of project identification (Project and Organization), followed by General 
WeU Data, WeU Construction and üthological Log, and pumpmg test data (Fig. 6.4).ln the Pumping Tl:st 
portien onfy wormation that is available will be printed. The plouer will plot everything except tbe first two 
identific:nion lines. 
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· 6.4.3. Display and Print Cross-Section 

Select C for aoss seaion. Al the\'efY beginning ofthis ponion ofthe program you are asked the foUowin 
:Save weU positions for plotting [Y IN]'. Uyou answer Y (Yes), the program will use the DIGXSC.EXE fi 
m \GW\GW6 to create a mapofwelllocations in theaauaJ coonlinatesystem. l}'pe Y. The foUowing promp 
foUow. ADswers are shown to the righL 

Output file Ezample 
Plot weU labels? [Y IN] y 
Circle diameter (cm) 0.1 o 
Cross height [cm] 0.0 
Symbol color 4 (red) 
Label height[cm] 0.1 
"Yen color 6 (yellow) 
Label X-<lffset [cm) RETURN 
Label y-<lffset '.:m) RETURN 

When you select to plot well labels, ya u should supply the size (label height) and color ofthe !abe!. The cale 
numbers are th¡; foUoWing: O-black.1-blue, 2-green, 3-blue/green, 4-red, 5-pi.nk, 6-yellow, 7-wllite. 

Label offset means the shift ofwritlng labels with respect to the location of cirtlcs. 

The program stans reading coonlillates and elcvations oran wdls, and displays the message to that efff:{; 
"Reading coordinates and elcvations. ESC to stop. • Alteran wcllsarc chcc.ked for coordinates and eleva ti ore 
provided that errors are not dctcaed, the program prompts for !he format of printout: 

"Wbat ls the fonaatofthe paper you ase?. Press 4 for A4, orl ror .Ü, or [ENTERI rorother formaL' 

l}'pe 4 and RETIJRN. 'i\áit a littlc bit, whüe the program crcates a map of weU Jocations. The ncxt promp 
is for the cross-scction tille that wi11 be displayedlprinted 'Ea ter cniSS-Seaioa title'. ~e 'CROSS-SECTI O r 
ll·II' RUPANDE.Hl DISTRlCI", or skip !he tille by prcssing ENTER. 

The program now asla you to selea the cross-scction line. You may do it in two ways: (a) with a mouse, o 
(b) by supplying coordinates for the beginaing and terminating points ofthe Iinc. The prompt is as follows 

Do you waat to dlgillze eudiag points? (Y/N] 

U yo u answer Y, the map wiU be displaycd with location or all wclls in the data base. You will ooticc a eros. 
wltich you can move with mouse to the beginning point ofthe cross-scctioo linc. Prcss the left mouse buuor 
at the beginning poinL Move the mouse away. You will noticc a 'robber-band'. Prcss the left mouse buuor. 
at the ending point of !he cross-scaion linc. 

In this example you should answer N. The dialog betwecn the program and you will be as foUows: 
'X-coordinaae ror STARTING polat' _ ~ 735000. 

"X-coordlnaae for ENDING point'- '1\'pc 725000. 

Note that program suggest the same nnmber for cnding poiot as for the i.nitial poinL This is for the c:lSe o 
nonh-south cross-scaion. in wllich both X coordinates are the samc. 

'Y-coordina te Cor STARTING polnt'- lYPe 3060000 
'Y-coordlnate ror ENDING point' - 1\'pcJ040000. 

Alter the program 1earns• from you wltich cross-scaion line you want to makc, either with a mouse or b: 
typing the coordina tes, there will be one more prompt: 

Max. dlstanee oC cross scctlon llne 

lbe number you supply is interpreted III_the programas the spacing on either side of the cross-section linr 
within wllich the wells will be uscd and projcacd onto the SCCtion line. lYJlc 400. This means that all well 
that are lcss than 400 m Car from the cross-scction line will be projeaed onto the linc. Always prcss RETUR~ 
after each number. The program SCins coordina tes. elcvations. and distancc from the cross-s&tion line, an< 
displays selcaed wells on the .right side of the screcn, writes a mess.age at the bottom 'Confirm or edi 
minimum elevation•, and shows in a rcaangle in the middle or the screcn the following (Fig. 6.5): 

Horizontal Scale: 100000.0 
\lertical Sc:~le: 500.0 
Cr. Sea. Lcngth: 22360.7 
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Required •cm• H: 24.4 
53.0 Rcquired •cm• V: 

.i\4 formal (HxV): 26x15.5 cm· AJ:..16rn cm 

-.rCD - c;JIGI.IID IMID son­
•• IIIU. ~111101.0CY 

11 • 1 1 

IL33.UH 
IL4l.~IH 
IIL49.UH 
IIII!I.UH 
DU.~IH 
Dl.I.IH 
D3.~1H 
DZ.I.IH 
-.I.IH 
D8.1.IH 
-.I.IH 
DS.I.IH 
D1.1.IH 

.......... "'-···. IILZI.LJH 
JILoU.LJH 
IIU9.LJH 
D9.LtH 
IIIU.LJH 
--LJH 
D8.LJH 
IIIS.LJH 
IIL:IZ.LJH 
llll8.LJH 

The first message 'Coa.Brm oredlt mlnimum elnad1111' iuforms you that you mayselea a ponion ofthe cross 
section, down 10 a cenain depth specified by you, or thewllole depth a:~nuolled by the botiOm ora well which 
ls at the lowest elevation. This ls imponant ii you wish 10 get delails for shallower pan of the cross seaion. 
In youre:cunple the minimum elevation ofthe crossseaion wiJI be ·125.10. The phlgram automatically chec:ks 
the scale (the one you ha-ve Input in OW6.GEN lile). U the scale, either horizontal or -venical, ls too large, a 
message 10 that effea wiJI be dlsplayed. and you wiJl be giYeD a chance 10 modify the scale, untü yo u find the 
size of the clrawing that suits you besL You may e:rperiment with scales. Uyou selea 1000 ror vertical scale 
the venical size of the graph will be 28.0 cm, wbich is more than the A4 formaL You will notice that th 
appropriate scales shall be 2100 for vertical, and 100.000 for horizontal. 

In thls cxample 10out oClS wells will be ploned on thecross-secdon: BL32, B1Al,B1A9, Bl.33, BR4, BRIO, 
BRll, BRS, BR8, BR9. The names of allfiles 10 be plotled are shown in the right window. Due 10 limited 
space on the sc:reen the maximum number of files 10 bc11lsplayed ls 18. (Ha.rdly ever yo u will have more than 
18 wells on one cross section. Wells would overlap one ou the other.) 

U the program notices any error In lllhological deseription (CDde, depth) there wil1 be a a:~rresponding 
message and the me name will be dlsplayed. Thus you can loca te the error and a:~rrea iL Should you decide 
to stop abe pmces•ing. you may do so by presslng ESC. However, wait untü the processing comes 10 next weiL 
It may ta.li:e a while, dependlng on the speed of yoar processor, aiU1 number of layas In the wellthat is being 
read! 

In this portian of the program,llthology is checlizd for files lo be shown on the cross seaion. Thc message 
displayed In the first 'message line' b tbe following: 

'Readlnglltbologteal desc:rlpllon. Seleeted wdls are sbown aboft righL • 

The second line dlsplays file na mes: 
'Now radlng _ BI..Jl.Lm _ F.SC (and walt!) to qulL' 

U cverything is In arder tberewill be a message 'Display (D), print [P), plot (A), or create ASCII plot file [B) 
of Ibis X·section?" Uyour compuaer is equipped with a graphics ac1apter, you sbould selea 'D' to view thc 
cross-section. Notice that all permeable layers an: sbown in blue, while all impermeable layers are in yellow. 
Thus on a glance you may noticewhich pans oftheaoss section are more permeable. You may zoom a ponion 
ofÍhe cross section to see details. Follow tbe instruaions as dlsalssed In the lnlrllductlon. 

After viewing the cross section press ESC 10 escape. 1bere wiJI be a message 'Prinl or plot this X-seaion 
(Y/Nl'. lfyou select 'Y', you wül bave to direct lbe ouaputto either printer (P), ploner (A), or ASCII plot 
file [B). The output shall be of the size as seleacd earuer·by modifying thc vertical and horizontal scales. 
During the prinling there will be a message "Rasterizing and prinling ·-' which stays on abe screen as long 
as lbe real printlng is done. 
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Thc cross scction looks as shoWII in Flg. 6.6. You mliSt draw a l.aud surfacc linc, cither dircctly connecling 
wclls, or by COIISlllting tbc topograpbic map and intcrpolating correa clcvatiOIIS. In additic :110 vcnical scale 
shown on the lett, thc cross scction is idcnlificd with X and Y pairs of coordina tes for beg¡~ng and ending 
points. Each wcll is idcntificd by thc desaiption supplicd by you in thc first linc in data rarm (WELL:). 

Samc as in the case of wcU lag, you may II5C thc mousc to enlargc a dctail. "JYpc Z. Movc thc cursor to thc 
lower lefi comer of the rcctanglc you wisll to cnlarge. Press thc lcft moliSc button. Move tbe cursor to the 
upper rigbt comer to define the rcctanglc. Press thc lcft mousc button again. Thc screcn may loo k similar 10 
Fig.6.6A. 

After onc cross scction is printcd, thc prompt is back at 'En ter cross scction titlc'. 

Now, type anything on tbis prompt and press RETIJRN. 1b the ne:a prompt "Mu.. distante of cross-section 
Une' typc 1000. Sclect Y to digitizc cnding pointS. W.Ut unw thc weU map appears on thc scrcen, Fig. 6. 7. 

-~ Fig.6.7 
... ~ .. , ...... -. , ... , .. •:·,.,"''" ...... , .......... , ... "'--·· '''-""'. ·' ........... . 
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Use !he ~ouse lO selea !he 1ine from !he soutllwat to nonlleaaEspertmenl with differenl scalcs, view !he 
cross-secuon on !he saeen, and priDI or plol wbal )'OU are grjsfied 

6.5. Create Data File 

1b crea le a data file using your ten proce:ssor, type !he Ietter N from !he main menu. The progr.¡m responds . 
with 'En ter uew file oame'.'IYJle 'TES'tLlH" and press RE'IURN. After a few sealDds your editor's familiar · 
lo go will appear and weU formal data input wiD be displayed. The cursor will be on the W in the line WeU:. 
Movc !he cursor 10 columu 11 in this Iine and type !he well identificatiou. Wbat you type here wiU appcar on 
top of !he weU when it is shown in cross seaioDS. &stria !he WEll. NO. toa maximwn of 8 ch.araaers. "fYpe 
'WeU 1'. Press !he down arrow 10 movc the ausordowll. Thecunor is set at colunm 11 (ifyou use WordStar) 
or under !he lasl charaaer of !he prcvious line (tfyou use l'enonal Editor) in !he sealnd line detined with 
LOC:. "fYpe forweU Iocation 'Kapüvas1u'. Kecp in milld that no1 more !han 20 cllaral:te~ can lit !he priDtouL 
Press thecursordownkey.1YJle96.68. Pressausordown.'IYJle696SOOfor X. presscursordown; type3046750 
Cor Y and press cursor dowD. On SCREEN line type 1S.S,2L0,40.0,45.S. This mcans thal this weu has rwo 
scrcen sections; one from 15.5 10 21.0, and another lrom 40.0 10 4S.S. Press cursor dOWD key. On DR.METii: 
line (drilliDg method) type ROTARY RIG. PreD cursor dOWD. On DR.DA1ES: Iine (drilling dates) type 
1513/89 -1813/89. Alter pressing cursor down keyyou wiD be on COMM: linc. Hcre type severa! comments, 
au on one line, separated by backslash. For =unple, start with •sacens at 15.5-21.0 m and 40.0-45.5 
m.\McasuriDg point +O.S m abovc L.S.\Screell typc: W~re-wrap with 1.5 mm opcuings. The spac:e rescrvcd for 
commeuts pcrmits five liDes 10 be pruned. Press amor dowD key. On P'tDATI; Iine (stands for Pumping Th:st 
Date) typc rJ./4189. Press cu~r dOWD key. ForO typc5 l/5cc. For DUR: (duration ofpumping test) type 60 
millutes. Next liDe is TRAN: (lrallsmissivity), followed by MEIHOD: (test interpretation method), and 
STORAGE: (storage coeflidenl). 1YJle one after another: l2S m2/day, TiiEIS, ll004, and press cursor down 
key afler cac.h enuy. For SWL: and DWL: (statieand dynamicwater lcvcls, respcc:tively) type 3.45 m and 5.65 
m. Atter SWL lhe form contains one additional •comments'line, P'tCOMM:. The information yo u supply 
shall be printed in one or more line, depending whelher you splil the comments with bacltslasll i'. -rype 
tlle rollowing under PT.COMM: Disc.harge Ouauates\Level unstcady\Thsl interrupted. 

The fiDal query is Lmi:. Go to one liDe bclow !he LnH: linc. It is not importan! wbelheryou stan in column 
1,2 or any. Suppose your Uthologicallog looks as Collows: 

~3.4 m CLAY 
3.4-ó.J m SANO fine-gr.¡ined 
6.3-9.2 m sn.T lllixed with sorne sand 
9.2-13.3 m Sand coa~ with coa~ grave! 

13.3-16.2 m CLAY hard, Iaycred 
16.2-21.2 m Metamorphic rocks, dense, hard 

U you do not want 10 crcate your own symbols for Uthology (for aplanation sce Appendix A), select for 
'CLAY' !he symbol from GW6.DLT file also labeled as CLAY, for 'SANO fine-grained' symbol SANO F. for 
'SILT" symbollabcled SIL"I: for ·~ sand with gr.¡vd' symbol SCWG, 3Dd for 'Metamorphic rack' the 
symbol ROCK7. Howcvcr, the desaiption oflithology thal you wantto appear on !he lag is not the samc as 
default in GW6.DL1: cxccpt for CLAY.'IYJleyourown description in data fileafler thesymbo¡ code, scparating 
Unes of text with backslash ¡•. 

Aflcr Lmi: Une, typc ·as follows: 
3.4CLAY 
6.3 SANDF SANO fine-grained 
9.2 SILT SILT rnixed\with somc sand 

13.3 SCWG SAND coa~e with\coa~e gravd 
16.2 CLAY CLAY hard,IJaycred 
21.2 ROCK15 Metamorphic\rocks, dense,\hard 

Aflcr cacb Une press REii.JRN. Befare =iting check that the cu~or is on the line below the last lithologic:ll 
layer. 
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"The progra~ is prepared in such a way tbal it checks for c:ode for lithology, and uses its own description fron 
. GW6.DLT if there is nothing typed attcr die c:ode, or it uses your own dclillition if there is something añe 
the c:ode. Only in the CISC o! the first laycr, Cl..AY, there is nothing typcd and the delillition 'Ciay' from thc 
GW6.DLT file is used. In t:VCry othcr line. yo11 havc s11pplied your own defillirions. Make note that no mon 
!han 20 letters cut fit the space on the log and split the te:rt into two or more liDes, provided that scale anc 
thickness of a layer pcrmits iL Notice aJso that the program is case scnsitivc, i.e.lower case leuer is differen· 
!han the uppcr CISC leuer. 

Save this file in the wayyou would normally use your editor. Rcad explana !ion for various te:n editors in tCXl 
to follow. U cverything was correa, press P to print this welllog. . 

6.5.1. Work with Various Editors 

This program was tested with the follawing editors: WordStar rcleasc 4, mM's Personal Editor (PE), 
WordPerfect version 4.2, PFS Writc, Norton Editor. TbeoreticaUy t:VCry editor should work. Tbe imponant 
thing to remember is that beforc rcnuning to the program's main menu, the file cre:ued by any editor must 
be convened to DOS te:rt fonnat or ASCIL With Personal Editor and Nonon Editor there wcre no problems. 
since both crea te automatically an ASCII fonnaL With other thrcc eclitors a conversion was required. U yo u 
do not convcn the file, you will havcsome incompatible charaaers, usually from ASCII set above 128. Should 
such a charaaer oocur the program eithcr displays the message 'Error in wclllog', or hangs. Should this 
occur, ait the program (or rcboot the system), use the SHOW 'filename' program supplied on the 
distribution diskeue. and de tea suchcharaaers. Or, alternativcly, typc the DOS command GRAPHICS.and 
use the standard DOS command TYPE '61ename' to view the data file which is corrupted. Remember the . 
corrupted charaaers, retum to your te:n editor and correa them. Run the GW6 program again. Yet it is bener 
to avoid the problem by following the proeedure outlined here below. · · 

Wordstar 4.0 • 
- " Ftll-in the fonn on the scrccn, or edil data, in a standard way. Do not ait by typing CONTROL+K..X but 

save the file by CONTROL+K.D. On WordStar prompt type P for 'Printfile', and supply tbe namc ofyoui 
data file which you just have crcated. Supposc that you supplied the name TEST1 añer pressing N from Main 
Menu. Now reply to WordStar prompt'Documentto print?" witb TESTl, and press severa! returns to come 
to the prompt 'N ame of printer?'.'IYpc ASCIL Tbere will be a message in the upper rigbt comer of WordStar 
menu 'Printing'. When it disappcars renamc llle.file ASCIL WS, wbich was crcated by WordStar (and which 
is your file!). Press E (forrename file),supply the name ofthe file to be renamed ASCII. WS, press RE11JRN, 
and supply the name of tbe new file (comened), say TESTl.LTH. Now press X to ait from WordStar and 
to retum to the main menu of the GW6 program. The list of files still does not display this ncwly crcated file. 
Press S to sclea a file, and supply tbe name TESTZ.LTH. Now everything is in order and you can print the 
welllog, or continue with input o! other 'IW!Ils. WordStar has a rather awkward ·Na y to cre:ue an ASCII file. 

Worrihrfer:t, ver. 4.2. 
With WordPerfect it is much casier to acate an ASCII me. In your GW6.GEN file on EDITOR: line type· 
the path to your Wordperfect directory, say \WP\WP.EXE. Press N to crcate a new data file, give tbe name 
TESTJ, and fill in tbe fonn automaticallydisplayed on thescreen. Añeryou finish do not exitthe WordPerfect. 
Press CONTROL+FS, followed by number l. Confirrn the name ofyour ncw data file with Y (YES), press 
F7to ait WordPerfect, and answer the options with N (NO). You will be back in the GW6 program, and your 
data file will be replaced by a good ASCII -w:rsion. You may print TES1'3 welllog, or continue with the work. 

PFSWRITE 
There is also an integrated soñware p'3ckage, PFS First Choice, which in addition to te:n editor has 
sprcadsh=t, calculator, and data base. GW6 will not work with this program bCQusc of mcmory problem 
(there will be a message 'not cnough mcmory'). With PFS it is simple 10 crcatc iln ASCII data file. Select F2 
to save file, and supply the name of the data file with e:nension not displayed. Use S 10 select file, and supply 
lhe name TEST4.ASC. 

NORTON EDITOR. XTPRO and many other editors crea te dircaly an ASCII file. 
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üst ofl.ithological Symbols (see Figures 6.8, 6.9, 6.10, 6.11) 

RüCK1 
ROCK2 
ROCKJ 
ROCK4 
ROCKS 
ROCK6 
ROCK7 
ROCK8. 
ROCK9 
ROCK10 
ROCKU 
ROCK12 
ROCK13 
ROCK14 
ROCK15 
Cl.AY 
Cl.AYH 
SANO 
SANO V 
SANO 
SANOF 
SANO M 
SANOC 
SCWG 
GRAVE!. 
GRAVELF 
GRAVELC 
GWS 
MIXED 
Sll.T 
CWIOS 
SRGRAV 
CWG 
LIME 
DOLO 
GWC 

Rock1 
Rock2 
Rock3 
Rock4 
RockS 
Rock6 
Rock7 
Rock8 
Rock9 
Rock10 
Rockll 
Rock12 
Rockl3 
Rock14 
Rock15 
Clay 
Claybard 
Sand 
Sand very fine 
Sand 
Saad fine 
Sandmedium 
Sandcoarse 
Sand amse\with gravel 
Gravel 
Gravelfine 
Gravel coarse 
Gravel with sand 
Mized saad\and süt 
Sil! 
Clay withliaterbeds\of sand 
Semi-rounded gravel 
Clay with thia\gravellayer(s) 
Umestoae 
Dolomite 
Gravel with thia\day layer(s) 

-The cre:nion of symbols shall bé explained filst using simple examples Crom the default file GW6.DLT. Thke 
for a:~mple the symbol for Sll.T.Thc block for süt is copied here below. · 

Sll.T Silt 
22 
20.00.0 
1 1.0 1.0 . -
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The fintliDe c:ontains the c:ode for süt -sn.T",.ud the detault desaiption that will be ryped in weU log_jfyou 
do not override the defaulL (You can also modifY this detault file by addiag a word or more to Siltto better 
identify the uniL Thls will thaa bec:ome the ddallll Cor Sn:t) Thc c:ode may llave up ta 10 clw2ctm. U pp~r 
case and lower case lettm are not the same. ID other words, lile program is seDSi!M to the diSC oC lettt,;:;1! 
The description may be aay c:ombination of up lD 100 dwacten. 

The sec:ond liDe c:ontaias two numbets which ddine the size oC a block. The philosophy of aeatiag symbols 
is related to the slz.e ofblocks. One block is repeated in botll horimntal aad venicaJ direction in !he log. One 
may think of smaU building blocks, such as brias of aaa1y !he samc size and shape, which are laid on top and 
side one from !he other to lill !he whole space. 'Ibenumbets 22 imply a square, so that auy symbol defined in su eh 
a square shall be symmellically repeated hori2Dntally 81111 vertically. \Ve wi1J demonsuate this c;¡nceptlater! 

The block for sil t. as weU as for any other symbol, terminates with •••. Between !he fim liDe aad !he asterisk 
siga. there may be one or many liDes. lbe tirst numberineac:hsuc:h liDe can be2, 1 orO. The number 2 defines 
!he staning point, number 1 means •connect this point with !he previous•, number O meaas "make an art: 
through this point without actuaUy passing tbrough it". In !he third liDe o! !he sn.T block. the rema.inillg two 
numbets (0,0) define X aad Y QlQrdinates of thestaningpoint within the block defined by 2 by 2. The number 
1 in tbe next liDe is interpreted as •connea lbe uarting point wilb tbis point", aad lbe QlQrdinates of lbis 
sec:ond poinl are 1.0 aad 1.0. Wben this is in1erpre1ed, lbe diagoDalliDe appeats in lbe lower one balf oC 1be 
square, connecting the poinl wilb QlQrdinates (0,0) wilb !he point with QlQrdinales (1,1). Since lbe smaU 
block which defined lhe symbol is repealedly used, lbe final appeannee o! tbis symbol is as is usually used 
for Sn."! Ifonewants 10 crea le asymbol for horizontallil!es widelyspaced,sucb as lbe defaull symbol ROCKl, 
lbe design would be as foUows: 

ROCK1 Rock1 (you may type something else) 
22 
2 0.0 1.0 
12.0 1.0 
• 

1bis is equivalen1 to saying "draw a straighl fine from staning point wilb X. Y coordinalQ (0,1) to ending 
QlQrdlnates (2,1 )", whicb is along tbe middle of lbe block of sizc 2.2. IC one wants <.!enser horiwntalfines, ti 
block to define should be smaller, and so will be lbe spacing betwecll repeating bloclcs. For Clelmple, 

ROCK2Rock2 
11 
20.00.5 
11.0 0.5 
• 

Very narrowly spaced boriwntallines can be obtained by assigning em~ smaJier sizc 10 lbe block, say 0.5 by 
0.5. Thus tbe design for ROCK3 may be as follO\'IS: 

ROCK3Rock3 
0.5 0.5 This is interpreled as •connect lbe poinl with 
2 0.00 0.25 QlQrdlnates 0.00,0.25 wilb point QlQrdinates O.Sil,D.2.5". 
10.500.25 
• 

In addilion lo IXIMecting two points witb straighl liDes. you may create an art: between two points. This is 
done by insening a line wilh tbe tirst number O ber:ween two fines sta~ing eilber wilb lbe number 2 or l. 
Suppose we wan1 10 crea le a sinusoidalline witb amplitude 1.5 and penod 3.0. The block to define shall be 
3 by 1.5. The fixed points should be al coordinates (0,0.75), (1.5.0.75), (3,0.75). These wiU be lbe three lines 
defined with staning number either : (for the fim point) or 1 (for tbe remaining two points). The top of are 
s~all be at tbe point (0. 75,1.5), and thebottom orare al lbe point (2.25,0). Thus the block to define a sinusoidal 
liDe, which may be used 10 describe clay, may look as foUows: 

CLAYClay 
31.5 
20.000.75 
o 0.75 1.50 
11.500.75 
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02.25 0.00 
13.000.75 
• 

98 

By reducing the height of the block from 1.5 to 1.0 the waves wil1 become more 'ironed' and lines closer. For 
CCIDlple, one may design the following block for scJtist or sha!e: 

S CHIST Schist 
3 1.0 
2 0.000.50 
o 0.75 1.00 
11.50 0.50 
o 2.2S 0.00 
11.500.50 
• 

You may connect severa! poiniS to crea te a cirde, or auy rounded or semirounded object. Let us create a, 
design for semuounded fine gravel. Define the block as 3 by 2. 

SRGRAV Semi-rounded gravel 
32 
20.700.40 
1 0.70 1.50 
o 1.401.90 
11.901.40 
02.001.00 
11.60 0.50 
o 1.15 0.20 
10.700.40 
• 

As an cxercise, double the sizc of this block and create gravel grains in chcckered position, i.e. second line 
shifted to middle betwccn IWO grains in lines above and below. 

Now wc wiiJ crea te a symbol for 'Ciay altemating with fine sand'. Define block as 3 by 2.5, and use the upper 
1.5 uniiS for clay (actually, duplica te the design o'-CLAY), and lowcr ""le unit for sand. S tan with 'Qay line" 
in the upper 1.5 units. The staning point will be at coordina tes (0.00,1. 5), and fized poiniS at (1.50,1. 75) and 
(3.00,1.75). Thearcshould pass through the poiniS (0.75,2..50) and {2.25,1.00). Thus, the first pan ofthe block 
would be as follows: 

32.5 
20.001.75 
o 0.75 2.50 
11.50 1.75 
02.251.00 
13.001.75 

The 'sand" ponion of thc design will be in the lowcr 1.0 unit. i.e. within the block defined by coordina tes 0,0; 
0,1; 3,1; 3,0. The sand 'grains' are cre:ned by connecting poiniS through small distance. For cxample, 

20.000.00 
1 0.10 0.00 
2 0.50 0.00 
10.600.00 
2 1.000.00 
11.100.00 
etc. 
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Del /JIJIG tmíl Udlilia-~~~ (GWc!) 

The fiDal design !or • Allenlating bamls of day with fine SaDd" tnllld be-as sbOWilbcre below. (In your lile, 
tllis sllouJd be typed line after previcllalille, cnatinuously. ~~~ ia lhree tnlliiiUIS.) 

~O~AIIenlatin~~~~~withfiDesaDd 
32.5 
2 0.00 1.7.5 
00.75 2.50 
11.50 1.75 
o 2.25 1.00 
13.00 1.75 
20.000.00 
1 0.10 0.00 
2 o.soo.oo 
10.600.00 
21.00 0.00 
11.10 0.00 
21.500.00 
11.60 0.00 
22.000.00 
12.10 0.00 

2 2.500.00 
12.600.00 
2!1.200.40 
1o.300.40 
20.700.40 
1 O.S00.40 
21.200.40 
11.300.40 
21.700.40 
11.800.40 
22.200.40 
12.300.40 
22.700.40 
12.800.40 

2Dm0.80 
11LJOO.SO 
211500.80 
11J.60 o.so 
2l.IXI0.80 
11.]00.80 
21.500.80 
11.600.80 
22.000.80 
12.100.80 
22.S00.80 
12SIO.SO 
• 

lfyou wisb to have tw0 liDes o! clay befare a small iaterbed of SaDd, extead lile "clay" pan for oae more uaiL 
For c:xample, lile design sucb as follows creates lile shape used ia Figure 6.S for "Cl..AY willl iaterbeds of 
sand". 

CWIOS Cl..AY withünterbc:ds\Oh~d 
34 
20.003.25 
00.75 4.00 
11J03.2S 
02.25 2.50 
13.003.25 
2 0.00 1.75 
00.75 2.50 
11.501.75 
02.251.00 
13.001.75 
20.200.40 
10.400.60 
21.200.40 
11.400.60 
2 2.20 0.40 
12.400.60 
• 

. ' 

All symbols aureatly <XlDtaiaed ia the GW6.DLT lile are showa ia Figures 6.8, 6.9, 6.10 aad 6.11. 
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G1011ad Water~ 

__ ..,,_., ... ·-a~- t!."~' ....:::_::.~l - ..,~. ;.~ ... -- --·--·- . ---~ ·----
100 

We 11 No, Locatlon: 

El evat Ion: X • y = 

Metl'loa of Or 11 l lng: 

Or •, 11 lna Da tu : 
Total Oeotl'l : 80.00 
Comments : 

W E L L L O G 

Rack! 

Rock2 

Rock3 

RocY.4 

40 

Rocl-.5 

o 

Rocl-.6 

60 60 

Roe,..? 

/(¡ 

Rock8 

FIGURE 6.8 
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Well No. 
1 Locat1on: 

El evat Ion: J 1. • y • 

MeLhOá of Orllllng: 

Or 111\ng Dates : 
iotal Oeoth : 80.00 
Commants : 

W E L L L o e 

Aock9 

10 

llock!O 

20 
"' , , 1'"' , , , , 
'" llock 11 , , , , ,,,, 
'" 

30 "' 30 
"' '" '" .. ' .. ' llockt 2 ''' .. .. .. .. .. 
"' '" 40 ' 40 
''' ''' ''' 1 1 1 1 Aock13 1 1 1 1 

''' ... 
!lO • • • 

Aoc~.l4 

60 -j'n'n'r!\1'16 o 

Aockl!l'-

Clay 

F!CURE 6.9 
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Grcund Water Software !Ol Dtu Btua l11ld Utilbiu- C1vlpur 6 ({j¡ 

Well No. ~ocatlon: 

Elevatlon: X = V • 

Metl'lod or Or llllng: 

Dr llllna Dates : 

Total Oectl'l : 80.00 

Comment.s : 

W E L L L O G 

Cla~ Hard 

Sand 

::10 

Sand ver~ Fine 

30 

Sana 

40 40 

Sand Fine 

!>O !>O 

Sand Hedh .• m 

60 o 

Sand Coarse 

o 

Sana coarse 
wlt.r. S"avel 

FICL"RE 6.10 
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Well No. 
1 

Elevatlon: l 
Hethod of Orllllng: 

Or 1 111ng Da tea : 
Total Oeott'l : 

Comment.s : 

W E L L 
SCREEN OEPTH LOG 

: 
. o_ .. 

·O O 

: ... _. 
: :<>·~-
;~ .. ':" .. · 

10 . lO 
: ·.- ••· 
; .-.-
~ .:~.:~ .. --.-

20 20 
.; 0·0 

': ....... 
:r:-o.o-: 
: p~ o:_ e 
: o .. 

30 . :lO 
: ;O·O· 

~P;. <>;.e 

: . <>:_e 
:·0•0· 

40 40 :: . . . 
~ ~ .. --',·; 
~- .. · ... · .. ~­= .• ·-~ = , .. , : ~ .. -.~,. 

-!10 _ , , !lO : , , ,, 
; = ~ ~ ~ : ~ ~ ~ ~ 

80 
: , , , , 
- 60 

-
70 70 

80 
' 

80 

' 

90 •• 90 
~ ·.-.-
r:··-

~ -:-:-

103 

' 
Locatlon: 

X • 

100.00 

L O G 
LITHOLOGY 

Craval 

Cravel F lne 

Cravel eoarase 

Cravel .lth sand 

HIKed sand 
and sil t 

SIH 

Cl.AY •lth 
lnterbeda 
of sand 

L;nt.estone 

-
Dol om 1 te 

Cravel ,.1 tt'l tnln 
clay layer(s) 

100 100 

UN/DTCD, Water Resourca Braadl 
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FIGt!RE 6 .11 
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GrouDd Water Software 

Cause: 
Al:tioD: 

Message: 
Cause: 
Al:tion: 

Message: 
Cause: 
Al:tion: 

Message: 
Cause: 
Action: 

Message: 
Cause: 
Al:tion: 

Message: 
Cause: 
Action: 

Message: 
Cause: 
Action: 

Message: 
Cause: 
Al:tion: 

Messagc: 
Cause: 
Action: 

Message: 
Cause: 
Action: 
Me:ssage: 
Cause: 
Action: 

Message: 
Cause:· 

Uaable to load window. 
Error in UN6.WND 

11M 

Copy origina.l UN6. WND file from distnllution disk. 

There is DO open ce mm group. 
Error in UN6.CMN. 
Copy original UN6.CMN file from distnllution disk. 

Unknown pon. 
Error in UN6.". 
Copy original UN6. • files from distribution disk. 

Pleasc, edil file GW6.GEN first, thcn caU agaiiL · · 
GW6.GEN file is missing in c:urrent directory, or path to ten editor is inccrrea. 
Check your GW6.GEN file, establish correa path to ten editor. 

1l:xt editor is not defined in GW6.GEN. 
There is no ten editor specified ::1 GW6.GEN 
Check !he path and name of ten editor in GW6.GEN. 

1l:xt editor given in GW6.GEN doe:t not exisL 
lncomplete or wrong delinition of ten editor. 
1}'pe the ten editor file name with encnsion (EXE or COM). 

lnvalid format or value of horizontal scale. 
Wrotig illformation in GW6.GEN. 
Correa !he input in GW6.GEN. 

lnvalid format orvalue ofvcnical scale. 
Wrong informatioD in GW6.GEN. 
Correa !he input in GW6.GEN. 

Unsuccesstul ooordinate digitization. 
File DIGXSC.EXE is not in_ \GW directory. 
Copy DIGXSC.EXE to \GW dircaory. 
Unsuccessful well map plouing. 
File PLTCSY.EXE is not in \GW dlteaory. 
Copy PLTCSY.EXE to \GW dircaory. 

There is DO active file. 
You have not setcaed any lithological file. 
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Aaiou: Selea e:listing data lile or cmue new file. 

Message: Lithology dtsaiplioa lile \QW.CiW6.DLT c1ocs aol aist. 

Cause: File GW6.DLT is aol ia \OW 4irccloly. 

Actioa: Copy GW6.DLT file 10 \GW direaoJY. 

Message: Prematurc ead oC file \GW\CiW6.DLT 

Cause: Laslliac iÜ GW6.DLT aot tcnaiaalCd with RE'IURN 

Actioa: Edil GW6.DLT file. Cursor musl be in ool11111111 of the firsl blanlr.liae. 

Message: Maximum number oC ac:tive liles surpassed. 

Cause: More than 300 data files seleaed aJIIl oopied to c:arreat direaory. 

Actioa: Reduce the number oC seleaed liles to 300. 

Message: Error ia log priaL 

Cause: la creatiag Well Log some ia!ormaúoa missiag orwroag. This is aormally ia lithologic:al oodes 
and desaiptioas which do 1101 match· with oodes ia GW6.DL"I Claraaers other thaD ASCII 
(1·128}~ 

.Act.ioa: Edit data liles. Use ASCII veaioa of a data file. 

Message: Error ia lile selcaioa. 

Cause: Wrong name, or file is aot aa ASen me ia reqllired formaL 

Actioa: Check the lile aame or file formaL 

Message: Computer haags when attempting to display welllog. 

Cause: Iasullicieat mcmory Cor both program (430 KB) aad screea display (140 KB) 

Action: Elimina ce a1l memory-resideat programs; redilee, ii nec:essuy, CONFIG.SYS file; check AU · 
TOEXECBAT file. 

Message: Computer haags whea auemptlng to priat welllog or crosS scaioa. 

Cause: Iasuftlcient memory for both program (430 KB) and prialing driver (140 KB). 

Action: Elimina te all memory·resident programs; reduce, ii necessary, CONFIG.SYS file; check AU· 
TOEXEC.BAT lile. - . 

Message: Computer hangs whea auemptlng to rua GW6 program. 

Cause: Iasufficient memory for program ( 430 KB). 

Actioa: Eliminate aU memory-resident programs; reduce, iCnecessary, CONFIG.SYS file; check AU· 
TOEXEC.BAT file. 
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o • OI/\PTEQ 7. 

7.1. General 

This is a utillty program lbat, iD this Ground 'Mi ter Software Package, is used by the GW6 module, IJthology 
to create maps wilh wells, boundaries, rivers, roads, and olher features. The foUowing liJes must be copied to 
lhe \GW direc:to¡y: GWU.EXE, UNll.CMN, UNll.Mst UNU.WND. There are severa! exccutable files 
which are used by c:en.aiD ponions of lhe graphic:s program. These mes are lhe following: 

PLTCSY .EXE _ COr Plotting coordiDate system 
PLTPTS.EXE -!Or Plotting points 
PLTTX"tEXE _for Plotting tat 
PLTI.IN.EXE _ for Plotting line 
PLTCNLEXE _ for Plotting contours · · 

The total disk space for au mes iD this module is about S 14,000 bytes, out ofwhich the five executable gra phi es 
liJes (PL'I:..) oa:upy a total of284,611' bytes. • 

The graphic:s package is Oex~ble. Yo u -u.ay display (print or plot) a coordinate system only, or welllocation• 
superposed onto the coordinate system. Yo u build up your final graph by superposing individual parts. Yo 
may add individuallines (district boundary, rivers, roads, etc.), add text, add so me other poirits. Yo u may aé 
con tour liDes, butlhe contouriDg is nota pan ofthis paclcage. Some of drawing elements, such as well poinL 
and liDes, may be prepared beforehand, by a text processor. WeU points may be also prepared by the GW6 
program (lithology). Contours are prepared by IIIQdeling programs. 

7.2. Coordina te System · 

Atter you selec:t theG raphics Module froll! the Main Program Menu and press RE111RN, tb.e program cb.ecks 
in yourCIIrrent direaorywbether there is a coordina te lile in that directory. A coordina te file has an extension 
.C:SY. U a coordinate lile Clists, tbe programlists aii.C:SY files on the left side of tb.e scr~n. wb.ile the usual 
Function window contains lhe foUowing options, as shown iD Fig. 7.1: 

NaNew Coorcl.s 
D=Display 
P= Print/Plot 
E== Edit Coordina tes 
C=Copy 
K=Contours 
L=Plot line 
T=Plottext 
S=Plot points 
R=Clear 
Y=Delete 

ESC=Exit 
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Hawever, i! lhere is aot a single CXlOrdillate me, lhere will be a message: "Ea ter mordiDa te system name (8 
cbrs). Ese 10 qllit!' You are czpected 10 provide a II8Die Cor a nc:w CXlOniÜiale system file, after wbich there 
will be a message: "lb edlt mordlaate system descripdoa pras RErURN. :FSC 10 aban don. •, wbich gives yo u 
a chance to sldp editiug aad eziL Should you decide 10 c:oatinue wilh editiug. press RE:IURN. after wbich 
lhe following is displayed (Fig. 7 .2): · 

MillimumY• 
MuimumX • ·· 
MuimumY• 

Sc:ale a 

Headlag • 
Axis Labeliag Dlstaace -

lJaes Color • 7 
Axis Labeliag Color • 3 

Headtag Color • 15 
Coordinate Grid Color • 1 
Grid Cross Height (cm) .. Q.2 

lile'- X • 
.... ~ y • 
..... _x • ..... _, . .... . .......... 

,. •• &.í..u .. ~, • ....._ • 
La- eaa .. • 1' 

-. .......... eaa ... • 3 
....,., .. c:.:.a .. • JS 

Caal"''ll_ .. era• c:a1 .... • 1 
~·· c....- ......... leal • ..z 
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••·•• Fig. 7.3 

·Yo u may selec:t the CXIOrdittale~lem sizc,scaleofprilltout,and the headin¡ofprinlOUL AJis labelingdistana: 
. is the distana: in real CXIOrdittates, tor c=cuaplc, 500l m, aftcr wbicll the Jabel will be showtl and/or prinled. 
The program ofl'ers by default the mlcms tor llnes (frame) of the a:JOnlilllre system 7 (wbilc ), for axis labels 
3 (red/green), for beading 15 (inletiSRewbite),fora:JOrdillalegr:id 1 (darltblae). You maychange tbis ifyou 
wisJ1. 

Whene\'er you selcct in the OW6 program to "Sa'''e well pasltl11111 ror ploablg", a file with wells' CXIOrdinates 
will be created with the file name thal yousupply. You may read again Cbap1er 6, and notia: that your answer 
10 thal promp1 sbould llave beeD "r ronowed by the file name "EXAMPP:F. • 

For t!le present CICllllple, you may aea1e a new a:JOrdinale syslem as follaws. Selcct N from the meo u. En ter 
the name TES'J: ~ 717000 for minimum X. 3024000 forminimum Y, 7611100 ror muimum X. 3073000 ror 
maximum Y, 100000 ror scale, RUPANDaD DISTRicr tor heading, and 5000 ror axis Iabeling distance. 
Change the mlor for lines color from 7 to 2. Aller you fiDisll. you wil1 noticie thal the size ot the printout is 
48 by 53 cm. Yo u are prompted 10 a1111irm the scale orlO modify iL Ptas Y and cbange scale to 200000. M ove 
to the lasl line by repeatedly pressing the RETIJRN key. You wil1 noticie tllal the size ofthe printoul is now 
26 by 28.5 cm. Presa RE1URN. After tllal a grapb with the new CXIOJ'dilla1e system wüi be displayed. Notice 
thecolorsthatyoubaveselcaed.Pr=ESC.~SfromthemainmenuandsupplythefilenameE.XAMPLE. 
Wail a wbüe and typc D 10 display the drawing. You will notia: tbat 15 wells are superimposed onto the 
coordi.n.ale grid. A a:JOrdinate system file may look as sltown in Fig. 7.3. After editing is a~mpleted and 
itE'IUR.N pressed on the lastline, tbe program dlsplays tbe !oUowing me:ssage (Fig. 7.4): 

Dnnring dlmensloas [CIII): .ZO.O (B) .ZLI (V) 
To change data press Y; otbenrlse press 11DJ 11&7 

........ 41 __ t_ haJ: 211.8(H) Zl.8(V), 
ro ca. ... uu .,..._ t: .u...•- ,..._ .. ..., -.,. 

1 .~; 
··:; 
~·~ 

! · -~···! · k St&::..t::·;·,c ;'"77'!;":7·~·::.::.::..:dJ ,, 
~~ 
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1bls is an iudicator to )'OU llow bfgllledmriJigwill be. Ullllsis aotwbat ~ wouldlillll. DrJ01It prtuerlplouer 
c:a11 Sl!ppon. uswer willl Y aud modify lile scale. 

7.3. Composite Drawings 

Several data mes that demoastrate lile use of this graphics package are iududed willl lile GW11 mes OD lile 
cllsmbution cllskette. The me names an: BOUNDARY ror lile dlstrict boUildary, RJVER !or one of major 
rivets iD lile dlstrict, ROAD ror major roads. Tllae an: aJso files namcd BL'WEI..UI. BRWELLS. and 
USWELLS, eadl willl dUfereDt groups ofwel.ls. 'ny t0 build a CXJmposite dtawiJlg by addillg poiuts,lines and 
U:U ODIO your IXIOrdlnate S)'Stem. 

Remember thatllle IXIOrdlnatesystem isdupUcatcd !na fllewilll lile namesame as lile name ofllle CXJOrdinate 
systemme, butwillla PLTcztensiott, mcanitiga plot file. TheCXJDtentofl!ús fllemaybeellminated by typing 
R to dear. It may be CXJpicd to anolller me by pressing e and supplyiug anolher me 111111e. 

For this eren:ise type GW11, ml!\'e lile cursor to lES't pn:ss R to dear 'IES'IPIJ: After a while you will see 
lile IXIOrdlnate S)'Stem clisplayed OD lile sc:reen. 'Edlt lile file 1EST by pressing E. Cllange only lile CXJ!Or Of 
"IXIOrdinate grid". Replal:e llledefault aJior 1 willl 9 (Ugbtblue). Prea RE'I'tJRN sevua1 times, and wait until 
lile CXJOrdinate system is dlsplayed. Press ESC. Press L and supply lile me name BOUNDARY. AAswer the 
prompt "Color" with 6, and answer tbe ue::u prompt "EEder Uae tJdckaeu• willl 3. \'hit until the plot is 
aeated. See lile result by typing D (display). Yo u wil1 ncnice that lile boundary ó! lile dlstrict bas been added 
ID brawt1. Press ESC to return tO lile main menu. .Add lile riYer by typing L again aud supplyiJig the file name 
RIVER. !ollowcd by the aJlor 1, and thickness L You may see lile river added to the previous dr:~v.ing by 
typing D, or you may CXJDtinue Willl addillg lile IXIDtent. ~ L again. 'l}'pe ROAD. For b:llor type 4, fr 
thickness CXJnfirm 1. See !he plot by typiDg D. You ba'le IIDW lile boundary, rM:r, and roads. 

Now you may add some wells. 1bere are lhree groups ofwells: US wells (drilled by USOS), BL and BR wells 
(first and seCXJDd stage of an ir"'gation system). Eadl well position group has been created during the 
lithological processing (program GW6), and three mes ltaYe been aeated: USWE..LS, BLWEU.S, and 
BRWEU.S. These mesan: ordlnary ASCli mes. The"tJSWEILS file looks as shown below: 

0.00 0.1 0.3 6 14 .(JJ11 0.02 
738375. 3042500. USS/3 
731500. 3041750. U!W7 
732375. 3057625. US6tl2 
732875. 3063750. US6113 
722625. 3064000.. us 816 
722125. 3056750. USIII5 
721625. 3048500. US8/4 
720625. 3042125. USS/3 
752750. 30412So. US411 
752375. 3048500. US4/3 
155875. 3059250. US416 
742500. 3043625. USS/4 
752.000. 3052375. US4/S 
742625. 3048500. USS/10 
743125. 3056625. USS/14 
742875. 3061875. USS/18 
743375. 3064000.. USS/19 
730500. 3026500. US612 
731250. 3035375. US615 

-

. The numbers in the lirst lille of this file have the foUowing meaning: 
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Cross lleigbt 
Circle diametcr 
Labe1 heigbt 
Symboi a:lior 
'lbtcolor 
Label x-olllset 
Labei y-olllset 

_o.o 
_o.¡ 
_0,3 
_6 
-14 
_-0.07 
-0.02 

111 

From the second tine, the va.lues are as apcaed· x coordinate, y coordinate, label Althougll the program 
GW6 crea tes this file,you maymake it OIIJOW'OWII, asillga lext processor. Likcwise,you mayedi1and modify 
il ifyou wisll. For =un pie, you may alter the symbol: from c:irdc: (diame1er 0.1) 10 a aoss. Change the fi:st 
value (0.0) 10 0.1, and cllange the second 'ftlue (0.1) 10 0.0. 

Add groups of -wells, one by one, by typing S (Piot poillts), and svpplyillg file name USWELLS. Repea1 by 
typillg S and BLWEI..l.S, S agaill and BRWEll..S. Now sec the Wllo!e drawillg. "JYpe D. 

Add some lcrt by typillg T (for tcrt). "JYpe 'IlNAU RIVER. press RETURN,and collfirm the heigllt oCietters 
10 be 0.25. For a11gle typc 52, for color 15 (iatensiYewllite), andforthida!ess 2. You will establisll the position. 
oC the lat strillg by pressillg ENlER (RE1URN) wbell prompted by the program. and supplyillg for X 728000 
and ror Y 3055000. 

Allother tcrt strillg is prepared as follows: 
1bt Bt.n'WAL 
Heigbt 0.40 
Allgle O 
<Alor 14 (yellow) 
lbida!ess 2 

o. 

Coordinates · RETURN 
X 743000 
y 3070500 :.q 

1YPe Oto display tbe composile drawing. :should look as ill Fig. 7.5. You may enlarge a detall by pressillg 
Z. Move the mouse and place the cursor r.:: tbe left comer of the reaangle 10 zoom. Pr~ the left bu non. 
Move the cursor to the rigllt upper comer ot the rectangle and press the left'buuon agaic. The screen may 
lookasshownill Fig.7.6. Repealillg thezoomillgproc:cdure, eveulargerdetailis produr:. : :..s shownill Fig. 7.7 . 

..__.. ........... ._ 

- ........ 1 ¡; ¡ 
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INEORMACION BASICA PARA LA IMPLANTACION O& UN MQOELO 

1.- QISCRETIZACION 

-Planos Topogr4ficos. Parteaguas. 

- Plano Geonldrológlco. 

- Oellmltacfón del Area 

- Geologla SuDterr4nea. cortes 

Litológicos. 

-Registros El6ctrlcoe. Perfiles 

Geológicos. 

- Oeoflelce. Oeometrle de lee 

formaciones en el SuDauelo. 

- Censo de Aprovechamientos. 
Localización ae Pozo& Piloto. 

- Selección de la Malle. Areea de 

Concentración de Información. 
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INfORMACION BASICA PARA LA IMPLANTACION Dt UN MQOtlO 

2.- PAB6MtiBIZACION 

- PrueDas de BomDeo. Aforos en pozos. 

- Interpretación de Caracterlstlcas 

T, s. o. K, sa. K'. 

- OlstriDuclón espacial de Caracterlstlcas 

Hidrodin4mlcas. 

- Adaptación de Caracterlstlcas por Celdas. 

- Conatrucción de Matrices de ParAmetros- .. 

S 
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INrORMACION BASICA PARA LA IMPLANTACION O~ UN MQDELO 

3.- CONCEPTUALIZACION 

- Modelo Conceptual de runcionamiento. 
Definición de Entradas y Salidas. 

-Distribución de la Lluvia por Periodos. 
volumen de Lluvia por Celda. Adjudicación 

de Coeficientes de Infiltración. 

-Calculo del caudal de Infiltración . 

- Infiltración y/o Drenaje de Rlos y Arroyos 
Calculo del Caudal por Celda. 

-Definición de Areas de Salidas del Aculfero por 
Evapotranspiraclón. 

- Volúmenes de Extracción por pozo. 
calculo de la Extracción por Celda. 
separación de Extracciones por RieQo, 
Industrial y Potable. Calculo de Laminas de 
RieQo y Retornos al Aculfero. 

- Plezometrla. Red de flujo en Condiciones 
Iniciales, Intermedias v Actuales. HidróQrafos 
de Pozos. 

Evoluciones Plezom4ttrlcas por Per,lodos. 

-Condiciones de rrontera. Definición de Celdas 
de· no rlujo <Inactivas>. 

Celdas de CarQa Constante. Celdas de CarQa 
variable. Celdas de rlujo Constante. 
Alimentación por Semiconfinamiento •. 
Otras Celdas. 
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- PRICKETT LONNQUIST AQ~IFER MODEL SYSTEM (PLASM) 

MODELO MATEMATICO PARA SISTEMAS ACUIFKROS 

DESCRITO POR EL METODO DE DIFERENCIAS FINITAS PARA RESOLVERSE POR 
(HETODO N~ERICO) UNA VARIANTE DE HETODO IHPLICITO EN DIRECCION 
ALTERNANTE. . 

AUTORES. T.A. PRICKETT Y C.G. LONNQUIST 
ILLINOIS STATE WATER SURVEY 
U.S.G.S. BULLETIN 55, 1971. 

FUNDAMENTOS MATEMATICOS. 

:.·.LA ECUACION DIFERENCIAL EN DERIVADAS PARCIALES (BITTINGER Y 
... OTROS, 1967) . QUE DESCRIBE EL FLUJO BIDIMENSIONAL EN REGIMEN 

TRANSITORIO, EN UN ACUIFERO CONFINADO, HETEROGENEO E ISOTROPO 
ES: 

DONDE: 

T= TRANSHISIVIDAD 
h= ALTURA PIEZOMETRICA 
t= TIEMPO 
S = COEFICIENTE DE ALMACENAMIENTO 
Q= DIFERENCIA DE CAUDALES (EXTRAIDOS Y RECARGADOS) POR UNIDAD 

DE AREA. 
X.Y= COORDENADAS RECTANGULARES 

PLANTEAMIENTOS DE LAS ECUACIONES. 

CONDICION DE CONTINUIDAD O CONSERVACION DE MASA 

CAMBIO EN. EL. = 
ALMACENAMIENTO 

Q5 = 

FLUJOS DE 
ENTRADA 

FLUJOS DE 
SALIDA 

Qn + Q1 + · Q3 - Q6 - Q4 - Q2 

Q1 a Q4 => TRANSFERENCIAS DE AGUA DE UN NUDO A OTRO. FLUJOS 
DEL ACUIFERO. 

Qs => CANTIDAD DE AGUA INCORPORADA O LIBERADA DELALHACENA 
MIENTO POR UNIDAD DE TIEMPO. POSITIVO CUANDO 
SE LIBBRA AGUA. ~~ 

' ' 
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FLUJOS DEL ALMACENAMIENTO 

Q6 => CAUDAL CONSTANTE DE BOMBEO 
Q(I,J) = SALIDA (+) ENTRADAS (-) 
Q(I,J) = EXTRACCIONES -_RECARGA ART. 

Qm => ACCIONES ESPECIALES: INFILTRACION INDUCIDA; 
EVAPOTRANSPIRACION; REZUMEN (INFILTRACIONES) 

TRES CONSIDERACIONES: 

1) DEFINIR LA PARTE DEL ACUIFERO QUE INTERVIENE EN CADA 
! TERMINO 

2) LOS CAUDALES ESTAN RESTRINGIDOS A LAS COORDENADAS X y Y, 
POR LO QUE SE TOMAN LAS PROYECCIONES ORTOGONALES. 

3) BALANCE INSTANTANEO 

PROCEDIMIENTO DE TRABAJO PARA EL PLASM. 

1) DISCRETIZACION DE LAS PROPIEDADES FISICAS 
(SUPERPOSICION DE UNA MALLA) 

NC (NUMERO DE COLUMNAS) 
NR_(NUMERO DE RENGLONES) 

2) ASIGNACION DE VALORES COMUNES 
T, FACTOR DE ALMACENAMIENTO (S) 
ho (NIVEL INICIAL) y· Q DE BOMBEO 

3) ZONAS ESPECIALES 

Al BORDE DEL ACUIFERO -> T = O 
NO SE PUEDE S=O (DIVISION CERO l 

Bl ADEMAS DE AGUAS SUPERFICIALES 
LAGOS, MARES => S = 1 

( FIG. NO. 10 p 33. DIAGRAMA DB FLUJO) 
~S 

•-

1 
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EJEMPLOS: MALLA DE TAMANO UNIFORME 
ACUIFERO PROPIEDADES HOMOGENEAS E 

- SOLUCION TEORICA ISOTROPIAS 
NIVELES PIEZOMETRICOS INICIALES : CERO 
INCREMENTOS DE TIEMPOS IGUALES 

CASO DE ACUIFERO ILIMITADO 

1) NR y NC = 31 LADO DE MALLA 300 m 
2) T = 100 m2/dia 

S : 0.01 
w = 900 m3/m 
H = O 
Qo = O m3/dia 

3). DELTA = 0.5 dias 
NSTEPS = 40 

4) Q(16,16) = 4000 m3/dia 

.. 



/. 
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. 1. INTRODUCCION: 

J 

Para la solución en la interpretación de las curvas de resistividad aparente en los 
sondeos eléctricos verticales (SEV) se ofrecen dos opciones: "directa" e "inversa". 

La solución directa calcula la curva de resistividad aparente de un corte geoeléctrico 
teórico, mientras que la solución inversa encuentra el corte geoeléctrico de la curva de 
resistividad aparente obtenida en campo. ~ 

La solución directa es por medio de la teoría del filtrado lineal desarrollada por Ghosh, 
1971. El programa inversa aplica el algoritmo de Marquart, 1963 para iniciar la 
obtención del modelo, lo modifica mediante iteraciones hasta que produce el mejor 
ajuste entre las curvas de campo y teóricas. 

Los programas fueron modificados del artículo técnico de Philip A. Davis de la 
Minnesota Geological Survey por J. Cuauhtémoc Orendain M y Alfonso Alvarez Manilla 
A (1978). 

El modelo se basa en un semiespacio dividido en un total de Ei capas horizontales, 
electricamente homogéneas e isotrópicas y de extensión infinita (figura 1 ), los 
parámetros incluyen a la resistividad (Ri) y espesores (Hi-1) de cada capa. 

Los errores producidos pueden ser todavía disminuios con un proceso de 
retroalimentación; la interpretación con el programa inversa no manipula los 
problemas de equivalencia y supresión, los cuales deben ser observados por 
separado. 

2. DESCRIPCION DE LOS PROGRAMAS 

El programa en el disco, presenta cuatro archivos principales: 

RES_APRT.EXE que es el que contiene los ejecutables de los subprogramas 
CAPTURA, INVERSE Y RESIST. 

FIL TR01 y FILTRO 2 contiene los filtros de Ghosh, los cuáles pueden ser cambiados 
Ror los de Oneil, u otros. 

N087.BAT es un subprograma para simular la existencia de coprocesador matemático 
en caso de que no tenga el propio la máquina donde opere. 



2.1 INICIO (RESIST) 

Con el programa en la unidad de disco correspondiente, se teclea: 

N087 RETURN 

y se visualiza el MENU PRINCIPAL con las opciones de: 

1. CAPTURA 
2. RESIST,. 
3. INVERSE 
4. FIN DE CAPTURA 

PROGRAMA SELECCIONADO:_ 

primero es necesario capturar los datos, por le que se teclea ( 1 ) RETURN 

observando PROGRAMA CAPTURA con las opciones de: 

1. RESIST 
2.1NVERSE 
O. FIN DE PROGRAMA 

PROGRAMA SELECCIONADO_ 

2. 1 a si se tiene la interpretación o presunción de un corte geoeléctrico determinado se 
oprime ( 1 ) RETURN 

donde la pantalla muestra DATOS PARA EL PROGRAMA RESIST 

NOMBRE DEL ARCHIVO DONDE SE ALMACENAN LOS DATOS:_ 

se teclea el nombre del archivo dónde son guardados los datos, por ejemplo 

DUAQ RETURN 

aparece DATOS PARA EL PROGRAMA RESIST 

TIPO DE ARREGLO: 1. SCHLUMBERGER 
2. WENNER 
3. BIPOLO-BIPOLO 
O. FIN DE CAPTURA 

NUMERO DEL ARREGLO DESEADO: 

se teclea el número al arreglo electródico correspondiente: 
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( 1 ) RETURN 

ESPACIAMIENTO (AGREGAR PUNTO DECIMAL): 

El espaciamiento de AB/2 con el que se desea iniciar, asumiendo que fuera 
1. RETURN 

NUMERO DE CAPAS (ENTERO SIN PUNTO DECIMAL) 3 RETURN 

NUMERO DE LECTURAS (ENTERO SIN PUNTO DECIMAL) 
el número de lecturas corresponde a los espaciamientos generados 
por la regla de correspondencia A= Ai10-(k/6) con O= k =M 
donde Ai es el espaciamiento inicial, k un entero y M el total de 
espaciamientos deseados 1 O RETURN 

aparece ahora ==AGREGAR PUNTO DECIMAL A LOS SIGUIENTES VALORES:::: 

ESPESOR (1) = _ 
ESPESOR (2)= _ 

RESISTIVIDAD (1 )= _ 
RESISTIVIDAD (2)= _ 
RESISTIVIDAD (3)= _ 

1. RETURN 
10. RETURN 

1. RETURN 
10. RETURN 
0.1 RETURN 

pregunta en la pantalla: ESTAN BIEN TUS DATOS? (S/N):_ 

Si fue cometido algún error en la captura de cualquier dato debe teclearse N, 
exclusivamente este SEV no será codificado; caso contrario oprimir S RETURN 

aparece: DATOS PARA EL PROGRAMA RESIST 

TIPO DE ARREGLO: 1. SCHLUMBERGER 
2. WENNER 
3. BIPOLO-BIPOLO 
O. FIN DE CAPTURA 

NUMERO DEL ARREGLO DESEADO:_ 

como la captura dEl' datos para el programa Resist ha concluido, se tecla O RETURN 

pregunta si QUIERES OTROS DATOS (S/N)_ 
~ 

si se desea conocer las curvas de resistividad aparente de otros cortes, deberá 
continuar con la secuencia inicial oprimiendo S RETURN, caso contrario N RETURN 

aparece el MENU PRINCIPAL 

' 
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OPCIONES DE PROGRAMAS 

1. CAPTURA 
2. RESIST 
3.1NVERSE 
O. FIN DE PROGRAMA 

PROGRAMA SELECCIONADO:_ 

como los datos capturados son del programa Resist, el número seleccionado debe ser 
el 2 RETURN 

PROGRAMA RESIST 

ARCHIVO DE DATOS: teclear DUAQ RETURN 

ARCHIVO DE REPORTE: teclear un nombre diferente a DUAQ; RUAQ RETURN 

aparece FAVOR DE ESPERAR UNOS MOMENTOS 

al ser concluido el proceso, el MENU PRINCIPAL es mostrado en la pantalla 

debiendo teclear O RETURN 

Para observar los datos en la pantalla, teclear 

TYPE RUAQ RETURN y detener con la tecla de PAUSA 

para impresión de los datos teclear 

TYPE RUAQ>LPT1: 

1 
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2.2 INICIO (INVERSE) 

El modelo de inversión contiene errores significativos al no considerar el principio de 
equivalencia y supresión de capas, lo cual hace a la "resolución única" imposible de 
existir. 

La solución de la inversión no representa el modelo geológico real, lo que debe ser 
calibrado con los conocimientos de geología. 

El método de inversión fue originalmente desarrollado por Merrick en 1977, se han 
hecho algunas modificaciones para incrementar la flexibilidad propia del programa. 

Con el programa en la unidad de disco correspondiente, se teclea: 

N087 RETURN 

y se visualiza el MENU PRINCIPAL con las opciones de: 

1. CAPTURA 
2. RESIST 
3. INVERSE 
4. FIN DE CAPTURA 

PROGRAMA SELECCIONADO:_ 

primero es necesario capturar los datos, por le que se teclea ( 1 ) RETURN 

observando PROGRAMA CAPTURA con las opciones de: 

1. RESIST 
2.1NVERSE 
O. FIN DE PROGRAMA 

PROGRAMA SELECCIONADO_ 

2.2a si se tiene la interpretación o presunción de un corte geoeléctrico determinado se 
oprime ( 2 ) RETURN 

donde la pantalla muestra DATOS PARA EL PROGRAMA INVERSE 

NOMBRE DEL ARCHIVO DONDE SE ALMACENAN LOS DATOS:_ 

-
se teclea el nombre del archivo dónde son guardados los datos, por ejemplo 

DAUAQ RETURN 

. 
) 



aparece DATOS PARA EL PROGRAMA INVERSE 

TIPO DE ARREGLO: 1. SCHLUMBERGER 
2. WENNER 
3. BIPOLO-BIPOLO 
O. FIN DE CAPTURA 

NUMERO DEL ARREGLO DESEADO: 

se teclea el número al arreglo electródico correspondiente: 
( 1 ) RETURN 

ESPACIAMIENTO (NUMERO REAL, AGREGAR PUNTO DECIMAL): 

El espaciamiento de AB/2 con el que se desea iniciar, asumiendo que fuera 
1. RETURN 

NUMERO DE CAPAS (ENTERO SIN PUNTO DECIMAL) 3 RETURN 

NUMERO DE LECTURAS (ENTERO SIN PUNTO DECIMAL) 
el número de lecturas corresponde a los espaciamientos generados 
por la regla de correspondencia A= Ai10-(k/6) con O= k =M 
donde Ai es el espaciamiento inicial, k un entero y M el total de 
espaciamientos deseados 1 O RETURN 

NUMERO DE PARAMETROS FIJOS (NUMERO ENTERO): 
Si se tienen conocimiento de algún estrato, sus valores de espesor 
y resistividad quedan fijados y el programa no los manipula; información 
adicional es pedida subsecuentemente. Si no se tienen datos teclear O RETURN 

PORCENTAJE DE ERROR (NUMERO REAL): 
Es el error en la aproximación numérica deseado 

TIPO DE LECTURAS 

1. SI LAS LECTURAS SON LOGARITMICAS 
2. DE OTRO MODO 

si las lecturas está!" tomadas en función a la regla de 
correspondencia A= Ai10-(k/6) con O= k =M son 
logarítmicas y se debe teclear 1 RETURN, caso 
contrario en la pantalla aparecerán preguntas acerca 
dél espaciamiento y resistividad aparente para cada 
estación de medida, en esta última opción debe ser 
tecleado el número 2RETURN 

1. RETURN 

1 RETURN 

' .. ~ 

. - ---,. 



aparece === TECLEAR SOLO N UMEROS CON PUNTO DECIMAL === 

RESISTIVIDAD APARENTE No 1: 
los datos de resistividad aparente correspondientes a los 

diez espaciamientos y lecturas son introducidos, aparece 
al final 

PARAMETROS DE LA CAPAS (TOTAL 5) 

ESPESOR ( 1 )= 
ESPESOR ( 2 )= 

RESISTIVIDAD (1)= 
RESISTIVIDAD (2)= 
RESISTIVIDAD (3)= 

pregunta en la pantalla: ESTAN BIEN TUS DATOS? (S/N):_ 

Si fue cometido algún error en la captura de cualquier dato debe teclearse N, 
exclusivamente este SEV no será codificado; caso contrario oprimir S RETURN 

aparece: DATOS PARA EL PROGRAMA RESIST 

TIPO DE ARREGLO: 1. SCHLUMBERGER 
2. WENNER 
3. BIPOLO-BIPOLO 
O. FIN DE CAPTURA 

NUMERO DEL ARREGLO DESEADO:_ 

: 

como la captura de datos para el programa Resist ha concluido, se tecla O RETURN 

pregunta si QUIERES OTROS DATOS (S/N)_ 

si se desea conocer las curvas de resistividad aparente de otros cortes, deberá 
continuar con la secuencia inicial oprimiendo S RETURN, caso contrario N RETURN 
aparece el MENU PRINCIPAL 

OPCIONES DE PROGRAMAS 

1. CAPTURA 
2. RESIST 
3.1NVERSE 
O. FIN DE PROGRAMA 

PROGRAMA SELECCIONADO:_ 



... '"' . 

como los datos capturados son del programa Inversa, el número seleccionado debe 
ser el 3 RETURN ,.;.. e 
ARCHIVO DE DATOS: teclear DAUAQ RETURN 

ARCHIVO DE REPORTE: teclear un nombre diferente a DAUAQ; 
REUAQ RETURN 

aparece FAVOR DE ESPERAR UNOS MOMENTOS 

al ser concluido el proceso, el MENU PRINCIPAL es mostrado en la pantalla 

debiendo teclear O RETURN 

Para observar los datos en la pantalla; teclear 

TYPE REUAQ RETURN y detener con la tecla de PAUSA 

para impresión de los datos teclear 

TYPE REUAQ>LPT1: 
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1. O GENERALIDADES 

La reducción de datos geoeléctricos es de suma importancia, de ellos es obtenida la 
curva de resistividad aparente de donde será interpretado el corte geoeléctrico; de 
acuerdo a la distribución del potencial, las anomalías detectadas con los sondeos 
eléctricos verticales (SEV) con cualquiera de sus arreglos electródicos -Schlumberger, 
Wenner, Bipolo-Bipolo- no ubican correctamente en el subsuelo a los eventos 
geológicos que las producen ocasionando " pifias ". 

En el programa que fue desarrollado por J. Cuauhtémoc Orendain Munguía con 
algoritmo de A.A. Manilla (1983), se presenta la reducción de datos de geoelectricidad 
basado en el artículo de G. Hernández Moedano (1983) de nombre: CALCULO DE LA 
RESISTIVIDAD MEDIA PARTIENDO DE LAS MEDICIONES DE CAMPO DE 
SONDEOS ELECTRICOS VERTICALES PARA INTERPRETACION GEOLOGICA 
CUALITATIVA CERCANA A LA REAL, en el es descompuesta la resistividad aparente 
de un volumen de masa en sus componentes: serie, paralelo y media cuadrática, 
obteniendo de igual manera los valores de anisotropía y profundidad real de 
investigación. 

El programa está compuesto de cuatro archivos, dos corresponden al sistema 
operativo y son: 

COMMAND.COM 
GWBASIC.EXE 

en tanto que los programas que se· refieren a la reducción de datos son: 

SCHLUMB.BAS 
DIPDIP.BAS 

El primero reduce los datos del arreglo electródico Schlumberger y el segundo al 
arreglo- Bipolo-Bipolo. Con la misma secuencia y de manera amistosa en la 
comunicación entre la computadora y usuario. 

2.0 USO DEL PROGRAMA 

Con el programa en la unidad de disco correspondiente, se.teclea 

GWBASIC RETURN 
~ 

la pantalla mostrada es típica de basic, se oprime la tecla F3, y pide el nombre del 
programa a cargar 



\ 
' 

LOAD" SCHLUMB RETURN 

aparece 

OK, la tecla F2 debe ser oprimida y el programa ha dado inicio mostrando 
la pantalla de presentación y segundos después da inicio a: 

CALCULO DE RESISTIVIDADES APARENTES 

VALOR DE LA CORRIENTE:_ 

el valor de la corriente del transmisor debe ser introducida y ser consistente con la 
unidades del receptor, esto es: voltios-amperios, milivoltios-amperios, etc .... · 

10 RETURN 

pide 

VALOR DE 'A':_ 

que es la distancia entre los electrodos de potencial MN, 

5 RETURN 

pide inmediatamente los valores de las L's o espaciamientos de AB/2 referentes a las 
estaciones de medida hechas en campo y los valores del voltaje. 

LECTURA L's DV/1 

1 1 O RETURN 1 O RETURN 
2 21 RETURN 2 RETURN 
3 32 RETURN 0.8 RETURN 
4 46 RETURN 0.2 RETURN 
5 si no se tienen mas datos debe ser tecleado RETURN apareciendo 

REPORTE EN PANTALLA O IMPRESORA (P/1)_ 

s[ se desea visualizar exclusivamente los datos debe ser tecleado una P, si es imprimir 
solo se oprime 1 seguido de un RETURN. 

En la presentación de datos aparece 



A= 5 que es la distancia entre los electródos de potencial MN 

L 
K 
DV 
RHOA 
RMCN 
RSN 
RPN 
AAN 
IRR 

Espaciamiento electródico AB/2 
Factor geométrico 
Diferencia de potencial observada en M, N 
Resistividad aparente 
Resistividad media cuadratica natural 
Resistividad serie natural 
Resistividad paralelo natural 
Coeficiente de anisotropía 
Intervalo y profundidad real investigada 

QUIERES OTROS CALCULOS (S/N) 

en el caso de no tener mas datos que procesar oprimir N, situación contraria volver a 
empezar. 

Para el Arreglo Bipolo-Bipolo, que aparece en la figura 1 b, n corresponden a las 
distancias x que separa al dipolo de potencial del de corriente, x es la distancia entre 
los electrodos de potencial y los de corriente, son siempre números enteros. 

BIBLIOGRAFIA 

Barnes Layar Method Technical Memo No. 6 lnstruction for use whit Bison Earth 
Resistivity Meter. 

Orellana E., Prospección Geoeléctricá en corriente continua, 1972. 

Hemández Moedano G., 1983. Calculo de la Resistividad Media partiendo de las 
mediciones. de campo de sondeos eléctricos verticales para una interpretación 
geológica cualitativa cercana a la real. XN Aniversario de la Creación de la Carrera de 
Ingeniero Geoflsico, Palacio de Minería de la UNAM. 

¡f--



A= 5 que es la distancia entre los electrodos de potencial MN 

L 
K 
DV 
RHOA 
RMCN 
RSN 
RPN 
AAN 
IRR 

Espaciamiento electródico AB/2 
Factor geométrico 
Diferencia de potencial observada en M, N 
Resistividad aparente 
Resistividad media cuadratica natural 
Resistividad serie natural 
Resistividad paralelo natural 
Coeficiente de anisotropía 
Intervalo y profundidad real investigada 

QUIERES OTROS CALCULOS (S/N) . 

en el caso de no tener mas datos que procesar oprimir N, situación contraria volver a 
empezar. 

Para el Arreglo Bipolo-Bipolo, que aparece en la figura 1 b, n corresponden a las 
distancias x que separa al dipolo de potencial del de corriente, x es la distancia:éntre 
los electrodos de potencial y los de corriente, son siempre números enteros. 

BIBLIOGRAFIA 

Bames Layar Method Technical Memo No. 6 lnstruction for use whit Bison Earth 
Resistivity Meter. 

Orellana E., Prospección Geoeléctrica en corriente continua, 1972. 

Hemández Moedano G., 1983. Calculo de la Resistividad Media partiendo de las 
mediciones. de campo de sondeos eléctricos verticales para una interpretación 
geológica cualitativa cercana a la real. XV Aniversario de la Creación de la Carrera de 
Ingeniero Geoflsico, Palacio de Minería de la UNAM. 
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nn.e Mag!\lbG Prolilcs o'!rDik<.s PAGe_l_oF _!Q_ Tl Progrommoble MAG 4 
PROGRAMMeR D.L.CaMpbc.!l 4 n. tJ. &ira>ATe Program Re coro 
Pattitioning (Op i7) 1'1.1.'15.'1 1 library Module Nonr •&<;gel Prinler Opboool Cards_..t __ 

. ( 5tll nda r-t:l) 
PROGRAM DESCRIPTION 

Prog"'m Deocrlp!lon. Equ.Uono. Vonobles. ele. 7ñis P'T?Jram CAICl.llaks tr~Q~¡neb'c. 4tHJftUl/y 
prof.·Jr.s o¡.u- ct iw11-d,;,.,~n.Sional dlff'iy 1hri:J; or 111tn dilr::~. [);ke il 
.usumd lb k tñp;,'fély lo~ *'''"!! .stn1<c. (~ .J' ti/nx!IO,) anJ iés bctfom 
ere~Je ir 'ñ~'ni-k!:J dtUf. /lnoma~iu ,;.,_"/Dfal '{;üd JlT: ,;, llon~l ~eld 

.. ________ . .AH~ or m vuircal-/o'eld .óv' fl?ti._.J 6e calc<41erl'ed. 
t;t. PLAN ... _ _I/ 'fllri:l<ncSs w- t's known1 frOJrtl"" !ISCJ "71uC.k clikc!' 

VIEW . _ e1ua6~ns; i/ un~wn-, pro,JrtJII'I ...utJ. "TIJ1;, diM." 
~~ "% e~ut>.h11ns (~c/tJ'<~). · __ .. _ ·- ------
...-5; ""' 7 7i- . /)' S <'?"/. .• . E'QVIfTtONS F<>"t Hit:}( ¡l{é: . . . ... . . . 

. -; ~~ ~ ___ _N'=ZkT,¡¡z.,s,;,.]) (,s;,¡U~o)·6.~-c.o.s(ut.o)-ll..(nR] 
__ ~ ~ 61f'..,zftTt¡ ,s,;.. O (sin(J:C..D)·A•- CoQS(I'-.D)· O..L..Rl 
--~~~:.;? O~S~I80"..._.AV'=.3Arr.c .._, AH' ...,¡fh :t•-:z:•.,qo• -------
~ EQUF\TIO~ Foil T!-IIN t>ll<-10:: . - ... _.. . -

---- ·- -- - M",. :z~rfJ.lf smD fs.O,(u•-o)...!; -cos~I!-D)- ~'&] · 
1AI"' R • "' 

---~~.+. . ~~~-2ftr~ s~l>(sw.ci;:i>>~'&-U>S{i~o)·i·.J -· 
--:r ré .• ~~f;_,~-~.,~ .. ~ . -.. o.v"-· .. . -t~-w'· .... ..._ :I;~· -..,,·o· ......... ---
.-:L ~~~\~ ___ -----w·: .3Aftl(. C1S ;:;¡. wun . .I ... - .. --- _ 

-se:noN :.,.'~ ---.- ~q,; ol-ci', ~ ~R~~~L·j hz=Í-c:oS.1~-~I 
--y¡&J ~\~~~ -- -··-,----· - . -""":[:stn.&,~ fic.t.l ancl•n.dx."on 

. ~~~~ Totn I. =-1-a.n:I.Jc..., s - -*="'~t.j"'~ ~uc·.,t>b;l;' 
~;~.;; 5.fh'rJW:·~Í:~~-, -;,,1, G.~ ~-~~hju.~of ~3ndle. ._~lu., 
ail. l'o\\~ '1-~~s,v. tr• · t..l ~ E.l<florot\"on 'I<4'':J'.úsh, T.&&,o..; ppS.Stz-5~. . 

operoang UmKil •nd W•mll1911 t:jSIERAL: ~u..-6lorU ured .:wu-. -:f.1tihk. <le"',.'l"dij tdrero 
~~c.t orttl ~~!"<.."'.T.. Tila~ u.nJi:',QM .. rc us .. tai!:J md ;f .saxzpt:tilily le.~ l. 

USEA DEFlNED KEYS. DATA REGISTERS ([!ffi B) 

' 

1 of 10 

LABELS (Op 08) 

202 9'l 'DSZ 
24Z r>.7 TFF 
zeo se Dt1S 
.328 77 GE 
.354 86 STF 
37~ 91 JUS 
380 89 " 
41 O 1 S E 
417 78 -~ 

IIU-.1 

! 



': MAG 4 

"··~·--···· .. :··~,'71~·\.~~::!"M')~ 
, a ,. ···.;·:" 

_. • • .j -. 

. '· t 

'PRoGRFI!Y'ImER':::. PorNTS: .:::mz_p~ ooo -thro.u5h 130 o-f i1-R.., 
prújro.m lis·t1nj on\J s.iorc. a.nJ. e.cho-pn.flt lhc ribbon ~rnme..h:.r 
va.lue.s. lhese .st-e.p.s mo..j b~ droppeá (in -f<¡.vor of in\-1-la.~ .Ji-re.c:A · 
.stora.je of ille. ¡pa.rnrn~:tus ,·n+o tñe. a.ppropda-Te. ~ls1e1'3) when 

al_~f"iY\4 -th~ projro.':l -(oc a.. ~o.\CJ..~ \~wr wi1h -fewcx sn::.ps. . 
..S¡m,\a.rl'-1, ,f no pnrrr c.r"-Llle 1s <AVa.tlo...bk., a.U pr\mout .sR.p~ 
(mo.rkd in 1h<c! 1 is-h'':J wi1h o.. vu-t\ca\ b:l1") .be.c.orne s~..~.pcU"-
ftvous.· I'Y'I 1his co..se., some. 
obvious c.ha.ry:¡es mo..j o.\so k 
l'r)c.&. a..fte< p~rtt ~ 355. 
-¡he_ ftow c.ha.rt a.t ri 9nt 
Shows ~ 1"!-mo..~~ 

a h:u~- bor-res~ 'f'rtl.:Jram J 

-llubt"O\.J"b 'n~ l). 

X--. Re_s o~ 
Get I' ~ Rc;j o8 
Get ·(,_ :z. ~ R<!9 01 

¡ ; 

' -~ . '" ,. ') . 

. ,., ~-

ó<}~R~ 11 

A t., R-+ R~ IZ 
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r1~E ~nché. FWic:· ovc.r Dike3P•"F ~ oF JQ_ TI Progro:~~~~~ M~~~~:"·~,-~~ 
PROGRAMMERD~L.C.:unpbd\ ~D.N&ir$Are ____ Program Record · i 

Partitioning(Op17) i9J.9 S.i1 l.ibraryModule Nonc. Vscd PrinterOptiono\ Cards._JIL__ 

(Sttmdtlrd) 
·, 'U) USER INSTRUCTIONS 

~S~TE~Pr-------~P~ROC~ED~UR~E~~~~~~~E~N~TE=R-r-~P=R~Es=s-.--DI~SP-~-y--, 

Lfi c.ld..A.T. 

,._. 

~;S '. - -·· ---

! -··. "'.,:; , 
1 •• 

• 1 .•• '., 
! . 

' . 
-~ . 

---
'· . \. . . •_, ' .. 

·, 
~ 

Courtay of Tau lastrummts.locorporated • 
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. TITLE MagnehC. Pmf¡le_, r:Ncr Di kes PAGE _!L oF .l.Q_ TI Progrommoble ~ 
MAG 41MMER D.L Compbrll t D.N. Ha,;~Are Program Record "iY 

Partilioning (Op 17) L...L.....___._, Ubrary Module--------Printer ___ Cards __ _ 

USER INSTRUCTIONS 
STEP PROCEDURE ENTER 

6 (Optlonal) Sorne. .u.w:s ma.-:1 w' 

.f¡e.\d profi les _v .Sr 'OOj.:::this. pro~ (U"". 
1M o.dA,;t~,oN.l.fc~:\u.ru: . 

• f\-ofilc...t:lt~i!. !\ (s .nat. perpu'<l ic.u. f' .. 

. stri~, bu.t. .tt..AnAnste-[L:h.:DuS: of!b· .. x: 
di~DII •. _________________ --·· . 

u - •_flfl{;le cmn/lndu :X: smrt~t..an. 
. _ a~r.J-~rif~a..Airfttnu . .X:,. {>cm Tn 

---- d.lkó .iúdu'~ililc..__ _____ --- -
--- __ e_Djk~J IIOoltV!!J- ic TU(t<r:¡vavd QIJ.-'\.. 

__ .. 1bn4LR1é ""''Ja'"nLm~~;jndri:.. _ .. 
• 'e.M__Ji _________ , ... C---'u 

... 1hcG__VII.CiAIJ!es...IDO:!:JJJC._~. 
.. 4t: slrp..~ratJ._y:lur/C.)_Vl(.. 

T1Jc -/DII.J!J~&~.n:!J-.. Si~L., ___ . _ ---· . - _ 

l+oiNe.~------···· . ---- - .. 1!_ ~] · 

¡;::~:¡¡;¡;¡(~~~;;;;¿y_ i [;,7]' 

. ' 
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nne Ma.9 ne.b'c. &ofi ks o'{(.( Di kts PAGE--ª--. oF .1.C2..._ TI Progrommob MAG 4. 
PROGRAMMER1) 1 UtM~t.Ú4l) N +I~IN!S DATE ' CodingForm 
Loe ICooEI KEY COMMENTS Loe lcoo~l KEY COMMENTS 11 LOe ¡cooe! KEY COMMENTS 
.OüO 76 LBL Fcn. fl': 055 t.'? OF· 11 O OE. O E-
001 16 A' - os.:. o.:. o.:. -- . - 1 1 1 ':41 P/S 

'"002 42 STO SlorelfT 057' 03 - "p" -¡ f.:: ft. LE:L 3 ,G:n.~.:.. 003 00 00 058 o~: 
., 113 13 e -· --- -- --- -

O~'? .:.·;. OP 
... 

114 42 STO • .siori..-_v.f_ 004 €."~ OP - -· 005 00 00 - O t. O (14 0-l 1 1 S o:~: o::: 
006 

-
Ot.l :. :- -. 

11 "· 04 - .. -02 2 J- ~:! T 4 . 
007- O t. t. -'·' I<T_" Ot-2 42 ·:oro· stoie p 1 1 ;- 03 .-. 

' - ' 
-.:.· - . ---- -o os 1).3 :;: -- .. Ot-3 1 '? ·--1:?. - -- ---- 1 1 t: t.'? OP 

~_w ~~ ~_:_-009 07 7 . OE-4 t-'? OP ·- 11"~ 04 04 
010 69 OP Ot-5 OE. o.:. 1 ~·o 4"' PCL. -- .. -- J ---· -- ---··· o 11 04 04 OE-6 '?2 F"Til 1 .:. 1 03 o·;:: - '·-. ---. -
012 43 RCL Ot-7 ft. LE:L FeA 5.': 122 69 OP - . -- --. -
013 00 00 ~ 

O t. S 10 E' 1 .2 '3 OE- 06-
014 69 OP 069 42 STO §!Oti_ ¡¡ 124 02 2 

. 
---- ---· 

g~~ ~L-~~ .- 070 16 1 t· 1.-.e ·:·'? 1 IIV ' f?4liii..ii! . -·- --- ·- - 0::.-J ~-
071 02 ., 126 49 PRIJI bJ~/2._,_ ~ ·-
072 01 :-'ió" - ¡~- 03 o·>. últ tb Lt:ll _ Fcn.a':. 1 "-' -· . -- :tE 018 17 B' _ - 073 03 3 128 43 RCL CJJlc... _,_ 

Stari - .. 
019 42 STO I 074 02 2 - --· ---. .. -

1 -;-Q 03 03: ceo __ 
020 01 01 - . 075 69 OP .. - 130 9 i p /!': . -

021 02 2 
"z'~-

.. 076 04 04 --- -· - . 131 76 LBL. F~11rQ:--.. 
022 04 4 077 43 RCL 132' 14 D ---- ---
023 69 OP .. 078 16 1 E- 133 42 S TUl ,sñ)_a._;t: 
024 04 04 --- . 079 69 OP 134 17 17" --- -- -- -

¡· 
~-

025 43 RCL 080 06 06 ·- 1 .-., _, -..:.-.J (..J -
92 RTII 

--
~- Cid.x!.~ 026 01 O! ... 081 136 43 RCL. 

027 69 OP -- ------- 082 76 LBL -- Fu!. !J.: 137 18 18' -·- ---- ---

g~~ r · o~ 083 1 1 A 138 95 = -~~ p,~ -· --- ... 
-~;e:di¡> 

-- -- -- ---
./. 084 42 STO -· 139 65 X . 7x-x,.f~_:_ ú30 76 LBL. Fi:AC',• 085 05 05 .. ---· -- 140 43 Rtt' 

031.,18 e, -. 086 01 1 141 19 1 9 1 
)_ 

.. 3mii -- ... -- ------
032 42 STO .S. 087 06 6 

- -· - -- , -- 142 39 ~cos ,. -~-1'·-. 033 02 02 ------------- 088' 02 2 - r-:-Dl.P - 143 95 = - ------ --
034· 03 3 

~:-~S~_·_. 
0891 04 4 -- .... 144 42 STOI . .. --- -- ... 

035 "06 6 090Í 03 3 - -· 145 06 06· 1--. . -. 
.036 69 OP ------- ----- .. 091. 03 3 .. ----- .. 146 42 STOI S4 dr/.111'" 

._ ... 
~ 

037 04 04 -------- -- 092: 69 OP ---- 147 15 15' ·1-- _x,.__ ~ 
038 43 RCL - . -- 0931 04 04 .. - 148 43 RCL . -- .. -- .. 

' ' ··.u 

.039 02 02 .. ------ 094 1 43 RCL --- . - . .. 149 01 01 - - -; 
040 69 OP .. ------- 095: 05 05 ----- -. 150 30 TAHl qet. .:r .. 
g:~ 06 06 0961 69 OP !51 55 --------- ' ·-- - - ---·--éi ¡, .D;i: · 097' 

~~ R~~ --·· - ... !52 43 RCL . ---- -- .. -·-· 
U4;$ n_ Fui.-D'·· 098! !53 02 02: ... -·. -. 044 19 D' -· ·099 1 76 LBL !fUI..§.: 154 38 SHI 1 F=lbn ... __ 
045 4~ STtl .siDtl. ~ lOO! 12 E: !55 95 = .r:.;:J 046 18 18 101: 42 STO s~re. i!: !56 22 11111 
047 04 4 -- --- 102: 04 04 

-~,, r;, !57· 30 TAU· _, 

048- 04 4 ' ;, ---7, 1031 04 4 !58 42 STO 
049. 03 3 .XP 1041 06 t. !59 08 08' 
050 ···03 3 lOS!' 69 OP Mt:Hüt:.U COOES - ------- . - •zll!:l m 72[!nlj El 83l'Jiij 1111 051 69 DP - .. - --- 106 i 04 04 s:~mm 73 [110.11::1 114 Elllill 
052- 04 04 --- ----- 107' 43 RCL .. mm "'""'m 921-11""1 
053· ·43 RCL ·- -- lOS! 04 O.t TEXAS lNSTRUMENTS 
05_4 -- 18 18 109' 69 OP 1•1 llfti .. ON&I O 10 

.. ........ 
CU~esy of Taas IDIÍrumeuts lac;orporated 
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MAG 4 Ma.gnet<:. Pm/ile.s ovc.'f Dikc.s PAGE~oF_lQ_ 

PROGRAMMER D l. Úlmp~\\ t D.N 1-\tti~ DATE 

TI Progrommoble ~ 
Coding Form 'i:Y 

CO~MENTS J 16~"'1. 9 "¡jp COMMENT'S _l;,oc Joo~t K~ V 

161 OO 00 CitAr Pnnt "'1 -' '-' -' ·' 
LOC ICODEI 
27"0 (10 

KEV 
00 

162 43 RrL -Ru~.- 2!o::- t:'"' OF· 271 t-5 
·- .--~ 217 o::: o:::· 

1E-3 02 02 
2 H: 22 i"ñ'·i r~_f-,'!1. '-Aoa -.: .. :,· ;: 1E-4 39 CO~: 21 -? :,:;- IFF •'""' J _ ~ 

165 65 X 220 02 02 
166 43 RCL 

: ~~ 0 ~ cg! Gtt fil :~:~ 1 ~F 1f :.o, ~~~ 
' 3 . :;; .t '-. 223 00 O .X:If-I'HO ;::;-::: 

169 95 = ~ ~~ 
170 33 X2 H~_4_, 44 ~:UII "' (' _.::. o::: o::: ¿:::o 
1 71 75 - 226 22 111'·/ 1\ ~lWabl\ :::::::! 
172 01 1 227 8t- < .. :TF IL.a-·4 ~ .. -.. -. 

11"' .C.C•O::. 
173 95 = __ _ 22::: O 1 O 1 ab!cp.~~'f. 2::::;: 
174 94 +/ - ·• --- -- 22'? 04 .¡ 284 
175 42 SHJ 230 04 4 ~-'~ 
176 '07 07 r,-· - 231 05 5 q..tii..ntC. ~86 

-, "'f f 87 1FF. ;e,·-·;- 232 07 7 -f..- ~" 287 
:·1j>8 _01, 01_ PJRo AH,. 233 04 4 . X,V..... -~ 8~ 
. 17.9 ' 97 DSZ . .A'll! ~ 234 02 2 ?:::: 
180 87 1 FF .. .SC.t"!. 235 O 1 1 ¡n· P.;.int.: 290 
181 02 02 ------- 236 07 7 ..bloiJ<.JI:Z. -;·91 

.-.-E:" 

..: 1 ·-' 

-....... -. 
.:. . .:.. 4 3 F:CL 

03 
67 
89 11 
;'O RAD 
4": F:CL 
9~- 06 
c:5 + 
43 RCL 
[1:3 
'?5 

03 
= 

COMMENTS 

OTJtcn.lisc, 

182 97 DSZ ~ .11.-;.;._t-- _ 237 o0 ~ 3 - -- ~·~2 
183 43 RCL tt~- 2:38 _ 5 _,_ 2'33 22 :·<:T _ . -- " 

1 S4 OS 08 _,x·~ 2:t' 239 69 Ui--' .. 2'?4 
185 . 44 SUI1 ---- 240 02-.0:L- - . !29:;, 

43 F'CL 
04 - - -------04 

186 08 08 --- - ~'-76 LBL 1/f:_ --- 2% 
187 04 . 4 ___ __ ... ..,4? P.7 1 FF 12'37 

22 It~V. ----- ,, 
37 p,.:g.,.__, =-..E·=--~~~--

188 '.' 04 ': 4 ¿:4;;¡ o;í8 AI•v -- - --- ¡:::·;os 
18'3 ~k05 i 5 .Yírik·.-·.. 244 E-9 Of' 11ll~f: - ¡2'3'? 
190 07 ' 7 --------.. 245 '05 05 ·_ f--Jiit/c. ,300 

~ ¿ ~; ~ " -;1;~-¡r,;, ¡¡_ : ¡ 1: r, ··:¡- •) 
191 03 3 .•.X.,TOJ' 2-16 69 OP --- .. I~O! 

11 11 - --·-- 1 

192 07 7. 247 00 00 --- ·~:O¿ 

; r~~ .lo. srr ~ -w¡ ~:r ~~ Rg~ =~t -_ ~ ~g; 
32 '! 'T 
42 STD 
12 12 
4 3 Rtt: 

f.:+ifé i'iL. 1 1- ~ ¡, 
-

-195- ''03 _: 3 ------- · 250 22 HIV · ..z•,./) ~s~ QE- 06 
··­-- -----=- . ;-:· ~ 

196 07 ! 7 __ , __ - __,, ~-
197 69 CP ----- ~~¿ M SH~ -"== ~OOi' 
198 j 02 02' ' 1' 253 43 RCL . 

1
.., ) .. tl 

S· y.' D 209 199 61 ·ero,--_,. ___ 2~54 Q
8
8 o

1
8. 

1 
·~. - 310 

~g? _ ~r t~r,:.~·-L .-~ ~56 ~2 ~T~ : ':""Rtjoq ~:1 
202 e 97 · DSZ· '¡/41(, 257 09 09' ~-. 

f5 -

95 ; 

203.-"' 34 rx r.-;:.fidcl . .S 258 4 3 RCL (:r ' 313 
204::;' 42 STO flll..lllo-.calc.-. 259 08 08 c.DS '-l>1 314 
''05 07 1 07 ~· 260 39 CDS R 315 -Á.,-1!,.1:..· ~U6 04 ¡ 4 ·~k 261 42 STO -~ VIlO 316 r.- .• · m .., J '='._-1-. ,_,,.., ···r ~07 .04 ~ 4 JD:rtt.c.-0 262 10 10 .¡...- .;-o:. '" · Rú 

11 

32 ::<! T 
43 RCL 
04 04 
22 I u~· 
37 p.:¡;. 
44 :;;iJT-1 
11 11 

i08 05 . 5 _J¡___ 2E-3 -13 RCL ·(?et' 31::: .22 ltiV J 
·-,óq· 07 7 - 264 05 05 ftu.Jr>r :31'0 -19 PF:D~::-::----1 

-·~ 1 o 02 ? Wriii- -~- ~:.t-_".5 :~:=: ~----. 111 MERGEDCOOES 
- - - _... 52C 11::1 nrs~ 1:1 Bl~ 1:1 

211 03, 3 -~R" 2E-E- 65 X Sti-!D 631l:JC 73 ... ;11:1 84a::-;:~ 
212 03 3 .;....pr.-nt 26; 02 2 .. CJ e 1•- e 92:~:· :-!.._ 
213 02 2 blo<k.•z. 268 65 >< lC2.1{T TEXAS INSTRUMENTS 

~214 03 3 2E-9 43 F~CL ................. .. 
Counesy of Texas lnstrÜments lncorpolaiC'd 6 or 10 

,, ...•. 

! 
1 
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) 
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.riTLe Moentt:.i= Pd;les o&"' Dikes 

PAOGRAMMER D.L.Gunpbell ( O.N. flgincs 
PAGEl oF __lQ_ TI Progrommoble MAG 4 

oAre Coding Form 
LOC lcooEI KEY COMMENTS LOC ICODEI KEY COMMENTS LOclCooEf KEY COMMENTS 

:·::20 12 12 
.. :.21 E-O DEG 

.-, --._:.,-' .:.¡ ~~ T O -322 43 RCL ~j~ :::::: 
__ )23 12 12 :3 7:=: -:-::: ~ ..¡. 433 00 

434 00 
435 00 
436 00 
437 C•Ct 
43& 1)(1 

. ·;:24 23 LH~~ 
:::25 42 STO 
:::¿.; 12 1 :-

'::27 . t• LBL 
·.J2E: ..- { GE 
:;:,2·? 

-:330 
·. ;: .3 1 

4:3 F:CL 
1 1 ! 1 

·::::.::2 43 F:CL 

::334 
:· :2:35 
:, :336 

::340 
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Introducción 

La contaminación de las aguas subterráneas se ha convertido en uno de los problemas ambientales mas 

graves en las últimas décadas. Los contaminantes en superficie pueden infiltrarse en el subsuelo y llegar 

a contaminar los acuíferos. Lo anterior, representa un serio riesgo para la salud y medio ambiente. Dado 

a que la contaminación no se puede detectar ni medir en forma inmediata, es necesario utilizar 

herramientas matemáticas, como los modelos numéricos, para esrudiar y simular el comportamiento de 

los contaminantes en el subsuelo. 

Los modelos de transporte poseen menor poder predictivo que los modelos de flujo. Lo anterior, se debe 

a que uno de los parámetros más sensibles es la velocidad promedio en los poros la cual, puede ser 

determinada solamente dentro de un orden de magnirud. Este problema se torna mas complejo en 

acuíferos formados por varias capas, donde la velocidad y la concentración de los contaminantes no están 

homogéneamente distribuidos a profundidad. 

En el caso de un balance de agua subterránea, si existe mayor velocidad en una capa que en otra, no tiene 

importancia ya que la única cantidad relevante es el flujo total en una sección transversal. Por el contrario 

en un modelo de transporte, se tendrá una gran diferencia si los contaminantes están presentes en una 

capa de baja o alta velocidad. 

Una parte fundamental de un modelo de transporte es la elaboración de un modelo de flujo. Este, 

constiruye la parte más laboriosa por su preparación, calibración y verificación. El modelo de flujo que 

se utilice de base debe satisfacer un alto grado de exactirud. 

Los modelos de transporte requieren mayor información que los modelos de flujo. Esto se debe a que, 

además de los datos relacionados con el flujo subterráneo se requieren valores del coeficiente de 

dispersión, porosidad, concentración inicial de contaminantes y factores de retardación y/o atenuación. 

Esta información se descilnoce a priori y tiene que ser estimada. Por ello, los resultados derivados del 

modelo deben ser tomadas con reserva. 

La calibración de los modelos de transporte con los datos de campo es limitada. Los resultados, solo 

pueden ser comparadas con mediciones promedio de concentración. Si las muestras se obtienen de la parte 

superficial del subsuelo, como es el caso, la profundidad promedio no es representativa de la 



,, concentración en ese punto. Solamente cuando se tiene un considerable número de observaciones, se 
1 

pueden comparar los resultados medidos con los calculados. Ver fig.( 1 ). 

A pesar de las dificultades mencionadas, los modelos de transpone son una valiosa herramienta para el 

análisis y solución de problemas de contaminación en el subsuelo. Una primera aplicación puede ser la 

interpolación de la concentración en pozos de monitoreo. El modelo también puede proporcionar, dentro 

de los limites, la evolución de la pluma contaminante. 

La aplicación más útil de los modelos radica en simular escenarios y métodos para el saneamiento de los 

acuíferos. Su utilidad radica en predecir el potencial de contaminación creado por una fuente. 

Es poco probable que las capacidades predictivas de los modelos mejoren en el futuro, ya que las 

heterogeneidades a pequeña escala no pueden ser exploradas con suficiente detalle. Por tanto, el desarrollo 

de los modelos se dirige hacia el desarrollo de modelos estocástico los cuales, agregan a los resultados 

una medida de las posible variabilidad de estos. 

2 
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l. Solución Numérica de la Ecuación de Transporte 

La ecuación de transpone en una dimensión en un medio poroso homogéneo e isótropo que incluye 

sorpción y decaimiento, se puede expresar como (Fetter, 1990): 

en donde: 

ac = 0 a> e 
at L ax' 

v ve 
X ax B• ac· ( ac) 

aae · Tt "'" 
(dispersión) (adveción) (sorpción) (reación) 

e = concentración del soluto en fase liquida, t = tiempo, DI = coeficiente de dispersión longitudinal, 

Vx = es la velocidad lineal, Bd = es la densidad del acuífero, O = porosidad del medio saturado, 

e * = cantidad de soluto sujeto a procesos de adsorpción o absorpción y rxn = indica reacciones 

biológicas o químicas. 

El primer termino de la ecuación representa la dispersión del soluto, el segundo la advección del soluto, 

el tercero es la transferencia del soluto de una faSe liquida a las panículas solidas por sorpción, y ei 

último termino indica que cambios en la concentración del soluto con el tiempo debido a reacciones 

biológicas o químicas o por decaimiento radioactiva. 

La solución de la ecuación (1) se puede obtener por métodos analíticos o numéricos. Los métodos 

analíticos brindan soluciones exactas, pero suponen muchas simplificaciones. Por ello, no son utilizados 

en problemas prácticos ya que no existen soluciones analíticas para geometrías complejas y medios 

heterogéneos. 

Los métodos numéricos permiten obtener soluciones aproximadas de las ecuaciones. Sin embargo, poseen 

mayor capacidad para representar y resolver problemas hidrogeológicos donde las propiedades del medio 

varían en el espacio. Los principales métodos numéricos son; diferencias fmitas, elementos fmitos y de 

características. 

3 
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•·, · a) El método de diferencias finitas es el método más utilizado, este consiste en: 
'• 

l. Dividir la región de estudio en celdas rectangulares. 

2. Aproximar las derivadas mediante serie de Taylor o balance de masas. 

3. Resolver las ecuaciones en diferencias impl!citamente. 

El método de diferencias finitas es fácil de estudiar y programar. Su principal limitación, es que la 

solución de la ecuación de transporte produce dispersión numérica y oscilaciones (Ver fig. 2), debidas 

a errores de truncación en la aproximación del termino de advección. En algunos casos, es posible 

conjugar soluciones entre la dispersión y las oscilaciones ajustando las aproximaciones en tiempo y en 

espacio sin embargo, no es posible hacer desaparecer ambas. 

b) El método de elementos ftnitos ha sido utilizado en la modelación de numérica de las aguas 

subterráneas desde 1970. Actualmente, el método de Garlerking es ampliamente usado, los pasos básicos 

del método son: 

l. Dividir la región en subregiones llamadas elementos. 

2.Establecer funciones de interpolación para definir la concentración dentro de un elemento en terminos 

de la concentración en los nodos de cada elemento. 

3. Formular una ecuación integral aproximada en terminos de funciones básicas. 

4. Aplicar el teorema de Green de segundo orden a las derivadas de segundo orden. 

5. Sustituir los terrninos de funciones básicas para formar una ecuación matricial 

6. Aproximar la derivada en tiempo por diferencias finitas y resolver el sistema matricial. 

El método de elementos ftnitos (E.F.) es mas dificil de comprender y programar, que el método de 

diferencias finitas (D.F.). Además, requiere memoria adicional en computo para solucionar del sistema 

de ecuaciones. Su principal ventaja es la flexibilidad de las formas de los elementos para representar 

limites hidrogelógicos. El método de elementos finitos genera problemas de dispersión numérica y 

oscilaciones, en la misma forma que el método de diferencias ftnitas. 

e) El método de las características difiere sustancialmente de los métodos de D.F. y E.F. Este surgió 

como respuesta a las limitaciones de los métodos anteriores para evitar los problemas de dispersión 

numérica. 

4 
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El método consiste en: 

l. Resolver la ecuación de flujo usando el método de diferencias finitas 

2. Introducir un conjunto de partículas en el sistema desplazandose en una localidad y concentración 

determinada. 

3. Calcular la velocidad en cada punto y mover las partículas acorde con estas. 

4. Calcular la concentración promedio en cada celda como el promedio de los puntos en la malla. 

5. Modificar las concentración en las mallas y en los puntos para calcular la dispersión. 

Este método calcula esencialmente el movimiento por advección de los solutos a través del sistema, y 

posteriormente le superpone la dispersión. En general, el método no crea dispersión numérica, lo cual 

constituye su principal atracción. Las características del modelo en dos dimensiones, de transporte de 

solutos y dispersión en agua subterránea (Konikow y Bredehoeft, 1976), se presentan en el anexo l. 

5 



U. Datos para la apUcadón del modelo. . 

Los datos para utilizar un modelo de transporte son considerables. Por ello, la carencia de estos es quizá 

la mayor limitante para su aplicación. Existen dos tipos de información requerida: las condiciones de 

frontera y las condiciones iniciales. Las condiciones de frontera. se refieren a la geometría del acuífero, 

las características del flujo subterráneo, distribución de cargas hidráulicas y la concentración inicial de 

solutos, entre otros. 

Las condiciones iniciales son los parámetros hidráulicos del acuífero y los procesos que ocurren en él. 

Estos incluyen, el coeficiente de almacenamiento (s), conductividad hidráulica (K), coeficiente de 

dispersión, porosidad ( 4>) y las constantes de atenuación y difusión. Estos valores son detertninados en 

campo, en laboratorio o durante la calibración del modelo. 

Los modelos de transporte son muy sensibles a la porosidad (ti>) y a la conductividad hidráulica (K), dada 

su relación con la velocidad lineal (v} del medio. Por otra parte, se ha demostrado que la dispersión es 

un valor que depende de la escala de estudio. Por ello, valores de dispersión medidos en laboratorio son 

de varios ordenes de magnitud menores que los valores a escala regional. 

Finalmente, en la formulación de un modelo para un problema practico, se sugiere mantener éste tan 

simple como sea posible; es decir, se recomienda aplicar soluciones básicas a problemas complejos. 

6 



III. Problema #1 

Estimación del tiempo de arribo y concentración del lixiviado generado por un relleno sanitario, a través 

de un modelo de transpone. 

Resumen Ejecutivo 

El modelo de transpone MOCUSGS (Konikow, 1976), se utilizó para estimar el tiempo de arribo y la 

concentración de contaminante generada por un relleno sanitario en un río. Se estima que la pluma 

contaminante llegara al río después de 10 años de operación del relleno. Dado que la concentraciones de 

contaminantes se incrementa con el tiempo, la operación del relleno sanitario tendrá un efecto negativo 

en las aguas superficiales. 

A fin de conocer la variación del modelo a los parámetros hidráulicos seleccionados, se realizó un análisis 

de sensibilidad con cada uno de ellos. El análisis mostró que la porosidad y conductividad hidráulica son 

los parámetros mas sensibles para el modelo de transpone. 

El modelo de transpone permitió predecir la posición y tiempo de arribo de los contaminantes en el río. 

Sin embargo, la configuración de la pluma esta afectada por errores de estimación en los parámetros 

hidráulicos y la concentración inicial de los contaminantes en el relleno sanitario. Por ello, la 

concentración calculada se debe tomar como un indicador de la dirección y tiempo de tránsito de los 

solutos, y no como un dato exacto de dicha concentración. 

3.1 Planteamiento del Problema 

La figura No.( 3 ) presenta a un río en contacto con un acuífero. Un relleno sanitario se propone 

construir en una zona aguas arriba del río. Debido a la preocupación por el impacto ambiental de esta 

obra, se requiere evaluar ·Ja posible contaminación que generaría los lixiviados del relleno en la calidad 

del agua del río. El sitio se localiza en un área con una precipitación de aproximadamente 20" (pulgadas) 

por afio. La trasmisividad del acuífero se estima en 10,000 ft2/dfa, conductividad hidráulica en 0.0023 

ft/seg y la porosidad efectiva se calcula en 0.25. 

El propósito de este repone es determinar la evolución en el espacio y en el tiempo de la concentración 
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de contaminantes generada por la operación de un relleno sanitario y evaluar su posible impacto en un 

río cercano a este. 

3.2. Metodología 

a) Conceptualización del problema 

La fig.( 3 ) presenta un modelo esquemático de la infiltración de un lixiviado generado en relleno 

sanitario, al subsuelo. 

b) Selección de las condiciones iniciales y de frontera 

La malla y las condiciones iniciales del modelo se muestran en la fig.( 4 ). Al río se le asigno una carga 

hidráulica constante y los limites restantes se asumieron como impermeables. Un valor fijo de 

concentración inicial del 100% fue seleccionado como porcentaje de un valor considerado. Las 

condiciones iniciales de la pluma contaminante fueron especificadas con concentración de + 100 en los 

cinco nodos que representan la ubicación del relleno sanitario. 

El valor de la recarga neta fue calculado como porcentaje de la precipitación inicial. Su valor original 

se ajustó en el modelo hasta obtener valores satisfactorios entre la carga hidráulica observada -Y la 

calculada. La mejor distribución de carga hidráulica correspondió a un 15%, alrededor de un 3", por:año 

del valor de recarga original. · 
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3.3. Aplicación del modelo MOCUSGS 

l. Las condiciones iniciales y parámetros hidráulicos base se muestran en la Tabla No.l 

Tabla No. l Parámetros Iniciales 

Espesor del acuífero 

Conductividad hidráulica 

Porosidad 

Recarga neta (15% de la precipitación) 

Dispersión longitudinal 

LDTILDL 

50ft 

0.116 ftlseg 

0.25 

7. 9E.Q9 ft/seg 

130ft 

0.1 

2. Se calculó el mapa piezométrico y este se comparó con la distribución de carga hidráulica de campo 

hasta que ambos fueran lo mas cercanos. 

3. Se utilizó la superficie potenciornétrica simulada como base para calcular la distribución de la 

concentración de contaminantes en tiempo y espacio. 

9 
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IV. Resultados 

a) Distribución de la carga hidráulica 

La figura No. 5, muestra el mapa piezométrico generado con parámetros base (tabla No. 1). La 

distribución de la carga hidráulica seleccionada fue aquella que mejor se ajusto con el mapa piezométrico 

de campo. 

b) Distribución de los contaminantes 

La figura No. 6, muestra la distribución de contaminantes para un período de 10 aftos. La distribución 

de la pluma contaminante muestra que, los contaminantes impactaran al río en diferentes porcentajes de 

acuerdo con la distancia del rfo al relleno sanitario. 

e) Análisis de sensibilidad 

Para conocer el efecto de la variación de los parámetros hidráulicos en la estimación de la concentración, 

se realizó un análisis de sensibilidad. Los perfiles de concentración a lo largo de la línea del relleno 

sanitario al río son presentados en la figura No. 7. En las gráficas un solo parámetro o condición en un 

tiempo fue pennitido variar de su valor original. 

V. Conclusiones 

l. El modelo MOCGSUS pennitió simular la distribución de los contaminantes generados por un relleno 

sanitario. De acuerdo con el modelo después de 10 aftos el lixiviado llegará al rfo. El punto mas cercano 

al relleno, tendría una concentración de 13% (de la concentración inicial) y el mas alejado de 1%. Las 

concentraciones se incrementaran en el tiempo creado un impacto negativo en el sistema ecológico . 

2. El análisis de sensibilidad mostró que los parámetros hidráulicos que mayor influencia tienen en la 

distribución de la concentración fueron de la conductividad hidráulica y la porosidad .. 

10 
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PREFACE -The series of manuals on techniques describes procedures · for plan-
ning and executing specialized work in water-resources investigations. 
The material is grouped under major headings called books and furtber 
subdivided into sections and chapters: section C of Book 7 is on computer 
programa. 

This cbapter presenta a digital computer model for calculating 
cbanges in tbe concentration of a dissolved cbemical species in ftowing 
groimd water. Tbe computer program representa a basic and general 
model tbat may bave to be modified by tbe user for efficient application to 
bis specific field problem. Althougb tbis model will produce reliable cal­
culations for a wide variety of field problema, tbe user is cautioned tbat in 
sorne cases tbe accuracy and efficiency of the model can be affected sig­
nificantly by bis selection of values for certain user-specified options. 
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COMPUTER MODEL OF TWO-DIMENSIONAL SOLUTE TRANSPORT 
AND DISPERSION IN GROUND WATER 

By L F. Konikow and J. D. Bredehoeft 

Abstrae! 

Tbia report presenta a model that aimulates solute 
tranaport in flowing ground water. The model is 
both general and flexible in that it can be applied 
to a wide range of problem types. lt is applicable 
to one- or two-dimensional problema involving 
ateady-state or transient fl.ow. The model computes 
changes in concentration over time caused by the 
processea of convective transport, hydrodynamic 
disperaion, and mixing (or diluticm) from fluid 
sourcea. The model assume's that the solute is non­
reactive and that gradients of fluid density, viscos­
ity, and temperature do not affect the velocity dis­
tribution. However, the aquifer may be hetero­
geneous and (or) anisotropic. 

The model couples the ground-wa&er flow equa· 
tion with the solute-transport equatian. The digital 
computer program uses an alternatinc-direction im· 
plicit proc:edure to salve a ftnite-difference approz.i· 
mation to the ground·water ftow eqaation, and it 
uses the method of characteristics to salve the 
solute-tranaport equation. The latter ases a particle· 
tracking proc:edure to represent convertive transport 
and a two.-atep explicit procedure to aolve a finit,e.. 
dill'erence equation that describes the e1fects of hy­
drodynamic diapersion, ftuid source' and sinks, and 
divergence of v:elocity. This e::r.plicit procedure has. 
aeveral at.ability criteria, but the cCI:I:aequent time· 
atep limitations are automatically det.ermined by the 
program. 

The report includes a listing of the computer pro. 
gram, which is written in FORTRAN IV and con­
taina about 2,000 linea. The model ia baaed on a 
rectangular, block-centered, finite--difl'erence grid. lt 
aUowa the apeciftcation of any numiRr of injection 
or withdrawal wella and of spatially nrying difl'uae 
rec.barge or discharge, aaturated tllidmesa, trana­
misaivity, boundary conditiona, and i.ldtial heads and 
concentrationa. Tbe program also permita tbe desig· 
nation of up t.o flve nodes as obsenatiOD. pointa, for 
which a aummary tabla of · head aal concentration 
venus time is printed at the end of lhe calculations. 
The data input fonnata for the modd require three 
data carda and from seven to nine elata aeta to de-

scribe...J.I¡¡> aquiler propertles, boandariea, and 
atresaes. · 
. The accu racy of the model waa evaluated for two 
idealized problema for which analytical aolutiona 
could be obtained. In the case of one-dimenaional 
ftow the agreement wu nearly uact, but in the 
case of plane radial ftcnrr a small amount of nu­
merical dispersion ocruJTed. An analysia of several 
test problema indica&es tbat the error in the masa 
balance will be general! y lesa than 1 O percent. Tbe 
test problems demonatrated that the accuracy aJld 
precision of the numerical solution is senaitive to 
the initial number of particles placed in each cell 
and to the size of the time increment, aa determined 
by the stability criluia. Masa balance error& are 
commonly the greatest during the ftnt aeveral time 
incrementa, but tend to decrease and atabillze with 
time. 

lntroduction 
This report describes and documenta a 

computer model for calculating transient 
changes in the concentration of a nonreac­
tive solute in flowing ground water. The 
computer program solves two simultaneoua 
partía) differential equations. One equation 
is the ground-water flow equation, which de­
scribes the head distribution in the aquifer. 
The second is the solute-transport equation, 
which describes lhe chemical concentration 
in the system. By coupling the flow equation 
with the solute-transport equation, tbe model 
csn be applied to both steady-state and tran­
sient flow problems. 

The purpose of tbe simulation model is to 
compute the concentration of a dissolved 
chemical species in an aquifer at any speci­
fied place and time. Changes in chemical 
concentration occur- within a dynamic 
ground-water system primarily due to four 
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distinct processes: (1) convective transport, 
in which dissolved chemicals are moving 
with the llowing ground water; (2) hydro­
dynamic dispersion, in which molecular and 
ionic diffusion and small-scale variations in 
the velocity of llow through the porous media 
ca use the paths of dissolved molecules and 
ions to diverge or spread from the average 
direction of ground-water flow; (3) fluid 
sources, where water of one composition is 
introduced into water of a different composi­
tion; and ( 4) reactions, in which so me 
amount of a particular dissolved chemical 
species may be added to or removed from the 
ground water due to chemical and physical 
reactions in the water or between the water 
and the solid aquifer materials. The model 
presented in this report asaumea (1) that no 
reactiona occur that affect the concentration 
of the species of interest, and (2) that gra­
dients of fluid density, viscoaity, and tem­
perature do not affect the velocity diatribu­
tion. 

This model can be applied to a wide 
variety of field problema. However, the user 
should first become aware of the aasumptiona 
and limitations inherent in the model, as 
described in this report. The computer pro­
gram presentad in this report is offered as a 
basic working too) that may have to be 
modified by the user for eflicient application 
to specific field problema. The program is 
written in FORTRAN IV and is compatible 
with most high-speed computers. The data 
requirements, input format specifications, 

· program options, and output formats are all 
structured in a general manner that should 
be readily adaptable to many field problems. 

This report includes a detsiled description 
of the numerical method used to solve the 
solute-transport equation. The reader is as­
sumed to have (or can obtain elsewhere) a 
moderate familiarity with finite-difference 
methods and ground-water flow modela. 

Theoretical Background 
Flow equation 

By following the derivation of Pinder and 
Bredehoeft (1968), the equation describing 

the transient two-dimensional areal flow of 
a homogeneous compressible fluid through a 
nonhomogeneous anisotropic aquifer can be 
written in Cartesian tensor notation as 

o ah oh 
-(T,,--) =S-+ W 
OX< CJX¡ ()t 

i.i = 1,2 (1) 

where 

T,1 is the transmisaivity ten-
sor, L'IT; 

h is the hydraulic head, L; 
S is the storage coeflicient, 

(dimensionlesa); 
t is the time, T; 
W= W(x,y,t) ia the volume flux per unit 

area (positive sigo for 
outflow and negativa 
for inllow), LIT; and 

x, and x1 are the Carteaian coordi~ 
natea, L. 

If we only consider tluxea of (1) direct with­
dra wal or recharge, such as well pumpage, 
well injection, or evapotranspiration, and 
(2) steady leakage into or out of the aquifer 
through a confining !ayer, streambed,. or 
lakebed, then W(z,y,t) may be expressed 
as 

K 
W(z,y,t) =<J(z,y,t)- m' (H,-h) (2) 

where 
Q is the rate of withdrawal (posi­

tiva sign) or recharge (negativa 
sign), LIT; 

K, is the vertical hydraulic conductiv­
ity of the contining !ayer, atream­
bed, or lakebed, LIT; 

m is the thickness of the confining 
!ayer, streambed, or lakebed, L; 
and 

H, is the hydraulic head in the source 
bed, stream, or lake, L. 

Lohman (1972) shows that an expression 
for the average seepage velocity of ground 
water can be derivad from Darcy's law. Thls 
expression can be written in Cartesian ten­
sor notation as -

V,=_ K,, oh (S) 
• az, 

-~ 
-~ 
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where 

V, is the seepage velocity in the direc­
tion of x., LIT; 

K11 is the hydraulic conductivity tensor, 
LIT; and 

, is the elfective porosity of the aqui-
fer, (dimensionless). 

T ransport equation 
The equation used to describe the tw<Hli­

mensional areal transport and dispersion of 
a given nonreactive dissolved chemical sp""e:­
cies in flowing ground water was. derived by 
Reddell and Sunada (1970), Bear (1972), 
Bredehoeft and Pinder (1973), and Konikow 
and Grove (1977). The equation may be 
written as 

a(eb) ~¿_(bD}e) -l(beV,)-~ 
ot oX¡ oX¡ ()X¡ 1 

i.i=l.2 (4) 

where 

e is the concentration of the dissolved . 
chemical species, M 1 L'; 

D11 is the coefficient of hydrodynamic 
dispersion (a second-order ten­
sor), L'IT; 

b is the saturated thickness of the 
aquifer, L; and 

e• is the concentration of the diasolved 
chemical in a source or sink fluid, 
MIL'. 

The first term on the right side of equa­
tion 4 representa- the change in concentra­
tion due to hydrodynamic dispersioa. The 
second term describes the etfects of convec­
tive transport, while the third tenn repre­
senta a fluid source or sink. 

Dispersion coefficient 
Bear (1972, p. 580-681) states thathydro­

dynamic dispersion is .the macroscopic out­
come of the actual movements of individual 
tracer particles through the pores and that 
it includes two proeesses. One process is 
mechanical dispersion, which dependa upon 
both the flow of" the fluid and the nature of 

the pore system through which the flow takea 
place. The second proceas is molecular and 
ionic ditfusion, which because it dependa on· 
time, is more significant at low flow veloci­
ties. Bear (1972) further states that the 
separation between the two processea is arti­
ficial. In developing our model we assume for 
flowing ground-water systems that the de­
tinable contribution of molecular and ionic 
ditfusion to hydrodynamic dispersion is 
neglild.t4 . 

The dispersion coeflicient may be related 
to the. velocity of ground-water flow and to 
thc nnture of the nquifer using Scheidegger's 
(1961) equation: 

(5) 

where 

a11- is the dispersivity of the 
aquifer, L; 

V m and V. are componente of velocity 
in the m and n directions, 
respeetively, LIT; and 

1 VI is the magnitude of the ve-
locity, LIT. 

Scheidegger (1961) further shows that 
for an isotropic aquifer the dispersivity ten­
sor can be defined in terma of two constants. 
These are the longitudinal and transverse 
dispersivities of the aquifer (a, and ar, re­
spectively). These are related to the longi­
tudinal and transverse dispersion coelllciente 
by 

(6) 

and 
(7) 

After expanding equation 5, substituting 
Scheidegger's identities, and eliminating 
terma with coefficiente that equal zero, the 
componente of the dispersion coefllcient tor 
two-dimensional flow in an isotropic aquifer 
may be stated explicitly as 

D ~D (V.)\D {V.)'. 
•• " ¡V¡• ' lVI' ' (8) 

(V.)'+ (V.)• 
D,=D lVI' D,""j'V'j"; (9) 

l 1 
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D .. =D.,= (D,-D,) V, V, . 
lVI' 

(10) 

Note that while D._ and D,, must have · 
positive values, it is possible for the cross­
product terma (eq 10) to have negative 
values if V, and V, ha ve opposite signa. 

Review of assumptions 
A number of assumptions b.ave been made 

in the development of the previous equa­
tions. Follow i ng is a Iist of the main assump­
tions that must be carefully evaluated before 
applying the model to a lield problem. 
l. Darcy's Iaw is valid and bydrauiic-head 

gradients are the only signilicant driv­
ing mechanism for fluid llow. 

2. The porosity and hydraulic conductivity 
of the aquifer are constant with time, 
and porosity is uniform in space. 

3. Gradients of fluid density, viscosity, and 
temperature do not affect the velocity 
distribution. 

4. No chemical reactions octUr that affect 
the concentration- of lhe solute, tbe 
fluid properties, or the aquifer proper­
ties. 

5. Ionic and molecular diffusion are negli­
gible contributors to tbe total disper-
sive flux. · 

6. Vertical variations in head and concen­
tration are negligible. 

7. The aquifer is homogeneollll and isotropic 
with respect to the coetlicients of longi­
tudinal and transverse dispersivity. 

The nature of a specific field problem may 
be such that not all of tbese underlying as­
sumptions are completely valid. The degree 
to which fteld conditions deviate from these 
assumptions will affect the applicability and 
reliability of the model for tllat problem. If 
the deviation from a particular assumption 
is signiftcant, the goveming equations will 
have to be modified to acco110t for the ap­
propriate processes or factora. 

Numerical Methods 
/Because aquifers have variable properties 

and complex boundary conditions, exact ana-

lytical solutions to the partial differential 
equations of flow (eq 1) and solute trana­
port ( eq 4) cannot be obtained dlrectly. 
Therefore, appna:imate numerical methods 
must be employed. 

The numerical methods require that tbe 
area of interest be subdivided by a grid into 
a number of smaller subareas. The model 
developed here utilizes a rectangular, uni­
formly spaced, block-centered, linite-differ­
ence grid, in wbich nodes are delined at the 
cen ters of the redangular celia.· 

Row equation 
Pinder and Bredehoeft (1968) show that 

if the coordinate axes are alined witb tbe 
principal direct.ions of the transmiasivity 
tensor, equation 1 may be approximated by 
the following implicit finite-difference equa­
tion: 

T [h,_,_,,-hc,,.•] 
u(c- \\JI (4:1:)' . 

+T [hc+o.1,,-lt,,1,,] 
.. lit\IJJ (<1Z)' 

+T .. [hcJ-•.t-hc,J.•J 
nl..,-111 (<11/)' 

+T [h,J+•·•-hc.,.•] 
ni<.H-111 ( ) <111 • 

-s[ hc.J.·:~J-•-·J 

where 

i,j,k 

q,. 

+ q,.",¡¡ K,[H ~ ] 
,).z,).J m oUJI- , .. ,¡,t (11) 

are índices in the z, ¡¡, and 
time dimensiona, respec­
tively; 

are incrementa in tbe z, 11. 
and time dimensiona, re­
specti vely ; and 

ia the volumetric rate of with· 
dra wal or recharge at the 
(i,j) node, L'/T. 

Note that k representa the new time level 
and k-1 represmts the previous time level. 
To avoid confasion between tensor sub-
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AAQ 
ALNG 
ANFCTR 
AOPT 
AREA 
BETA 

CELDIS 

CLKCN 

CM SIN 
CMSOUT 
CNCNC 

CNCPCT 

CNOLD 

CNREC 

CNRECH 
CONC 
CONINT 

Cl 
DALN 
DDRW 
DELQ 

DELS 
DERH 
DISP 
DISTX 

DISTY 

DLTRAT 

DTRN 
FCTR 
FLMIN 

FLMOT 

GRDX 
GRDY 
HC 
Hl 
HK 
HMIN 
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Attachment 11 
Definition of Selected Program Variables 

area of aquifer in model 
BETA 
anisotropy factor (ratio of T., to T •• ) 
iteration parameten 
area of one cell in finite-diff'erence grid 
longitudinal dispenivity of porous 

mediu.m 
maximum distance across one cell that 

a particle is permitted to move in 
one step (as fraction -of width of 
cell) 

concentration of leakage through con-
fining layer or streambed 

masa of solute recharged into aquifer 
mass of solute discharged from aquifer 
change in concentration due to disper-

sion and sources 
change in coneentration as percentage 

ol concentration at node 
concentration at node at end of pre­

vious time inerement 
concentration of weU withdrawal or 

injection 
c:oncentration in fluid source 
concentration in aquifer at node 
concentration in aquifer at atart of 

aimulation 
CONC at node (IX,IY) 
longitudinal dispersion coefl'ident 
drawdown 
volumetrie rate of leakage serosa a 

confi.ning layer or streambed 
rnte of c:bange in ground-water storage 
changa in head with reapect to time 
dispersion equation coeftlcients 
distance particle moves in :.:-direetion 

during time inerement 
diatance partiele movea in v-dlrection 

during time iaera:aea.t 
ratio of transversa to longitudinal 

dispenivity 
tranavene dispersion eoeffieient 
multiplieation or converaion factor 
aolute masa enteriDg modeled area 

during time step 
aolute masa leaving modeled ares 

during time step 
hydraulic ·gradient in z-direction 
hydraulic: gradient iD v-direction 
head from eolumn eomputation 
initial head in aquifer 
computed head at end of time atep 
minimum iteration parameter 

HR 

IMOV 
INT 
IPRNT 
ITMAX 

IXOBS 
IYOBS 
KOUNT 
LIMBO 

N 
NCA 
NCODES 
NITP 
NMOV 

NODEID 
NP 
NPCELL 

NPMAX 
NPMP 

NPNT 
NPTPND 
NREC 
N TIM 
NUMOBS 
NX 
NY 
NZCRIT 

NZERO 

PARAM 

PART 

PERM 
PINT 
POROS 
PUMP 
PYR 

QNET 

head from row computation in su.,._ 
routine ITERAT; elsewhere HR 
representa head from previoua time 
step 

partida movement step number 
pumping period number 
print control inde.z for hydrographa 
maximum permitted number of 

· iterationa 
z-coordinate or observation point 
r~-coordinate or observation point 
iteration number for ADIP 
array for temporary atorage of 

partic:les 
time atep number 
number ol aquifer nodea in moclel 
number of node identiflcation codea 
number of iteration parametera 
number of particle movementa (or time 

incn!Dienta) required to complete 
time atep 

nocle identl&eation code · 
total number of active particles iD grid 
number of particles in a cell durlng 

time increment 
maximum number of available partlclu 
number of pumping perioda or sima· 

lation perioda 
number of time steps between prinloab! 
initial number of particlea par node 
number of pumping wells 
number of time ateps 
numher of observation wella 
number of nodea in z-directiDD 
number of nodea in 11-direction 
ma.z.imum number of ceUs that can be 

void of particles 
number of celia that are vold of 

particles al the end of a time 
increme~t 

iteration parameter for curnmt 
iteratiou 

l. :r-coordinate or particle; 2. r..eoordl­
nate of partiele; 3. concentratlon of 
particlo. Also note that tbe slga.s of 
coordinates are uaed u flap to atore 
informatiou on original 1oeation of 
partiele. 

hydraulic conductivity (in LT·') 
pumping period in yeara 
effective porosity 
cumulaüve net pumpage 
total duration of pumping period 

(in sec:onda) 
net water flux (in L'T-') 
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QSTR 

REC 

RECH 

RN 

RP 

S 
SLEAK 

STORM 

STORMI 
SUMC 

SU MIO 

SUMT 
SUMTCH 

THCK 
TIM 

TIMO 
TI MY 
TI MV 

TI MX 

TINIT 

TITLE 
TMCN 

TMOBS 

MODEL OF SOLÍJTE TRANSPORT IN GROUND WATER 76 

Definiti.Da o/ telected program variablea-Continued 

cumulative change in wlume of water 
in storage 

point source or sink; ~~egative for in· 
jection, positive for withdrawal 
(in L'T ') 

ditruse recharge or discharge; negative 
!or recharge, positiYe for discharge 
(in LT-') 

range in concentratiou between rcgen· 
erated particle and adjaceot node 
having lower conceutration 

range in conceotration between regen­
erated particle and adjacent nade 
having higher concmtration 

storage coetficient ( or specitic yield) 
rate of leakage througb confining 

layer or streambed 
change in total salute masa in storage · 

(by summation) 
initíal masa of salute iD storage 
summation of concentntions of all 

parti~les in a cell 
change in total salute mass in stornge 

(from inftows-outflcnrs) 
total elapsed time (in !IOC<>nds) 
cumulative elapsed time during 

particle movea (in seconds) 
saturated thickness of aquüer 
length of specific time step 

(in seconds) 
elapsed time in days 
elapsed time in yean 
length of time incremmt íor particle 

movement (in seconds) 
time step multiplier ffll' transient ftow 

problema 
size of initial time st2p for transh~nt 

ftow problema (in sotonds) 
problem description 
computed concentratiom at observ~tion 

pointa 
elapsed times for obsenation point 

records 

TMRX 

TMWL 
TOL 
TOTLQ 

TRAN 

VMAX 
VMAY 
VMGE 
VMXBD 
VMYBD 
VPRM 

vx 
VXBDY 

VY 
VYBDY 

WT 

XDEL 
XOLD 

XVEL 
YDEL 
YOLD 

YVEL 

,, tl 
1," 1 

transmissivity coefflcienta (harmonie 
mean& on cell boundaries; forward 
valuea are stored.) 

computed heads at observation poiata 
converga~ce criteria (ADIP) 
cumulative net leakage through con .. 

flning layer or streambed 
transverse dispersivity of porous 

medium 
maximum value of VX 
maximum value of VY 
magnitude of velocity vector 
maximum value of VXBDY 
maximum value of VYBDY 
initially uaed to read transmisain"ey 

values at nades; then after Une 
82270, VPRM equals leakance fador 
for conftning layer or streambec:l 
(vertical hydraulic eonductivity/ 
thickneoa). lf VPRM.,0.09, then the 
program assumea Uiat the nod_e ia a 
constant-hesd boundary and la ftag­
ged for subsequent special treat­
ment in calculating c:onvective tran.s­
port. 

velocity in %·direction at a noda 
velocity in :r:·direction on a boundary 

between nades 
velocity in y·direction at· a node 
velocity in 11·direction on a boundaey 

between nodes 
initial water-table or potentiomet{ie 

elevatiou, or constant head In 
stream or souree bed 

grid spaeing in :r:·direetion 
:r:...coordinate of particle at end of pre--

vioua time inerement 
velocit:y of padic:le in :t:·direction 
grid spaeing in U-direCtion 
JI.Coordinate of partic:le at ea.d of pre--

vious time inc:rement 
velodt:y of particle in ¡t-dlrectlon 
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TECHNJQUES OF WATER-RESOURCES INVESTIGATIONS 

Attachment 111 

Data Input Formats 
Format Variable 

lOAS TITLE 

Ddnltloa 

llooeription of problem 

- . -,.., .. · ----~., 

• ..... ' ' 

-------------------------------------------------
2 1- 4 14 

6-8 14 

9-12 

13-16 14 

17-20 14 

21-24 r4 

26-28 14 

21h'12 r4 

83-36 

37-40 14 

41-44 14 

46-48 14 

49-52 re 

63-56 

67-60 re 

61-54 14 

66-68 14 

S.. fooi.Dota at ead ol tabl .. 

N TIM 

NPMP 

NX 

NY 

NPMAX 

NPNT 

NITP 

NUMOBS 

ITMAX 

NREC 

NPTPND 

NCODES 

NPNTMV 

NPNTVL 

NPNTD 

NPDELC 

NPNCHV 

Muimum number of time ateps iD a 
p11111ping period (limit=IOO)•. 

NIIDlber of pumping periodo. Note 
that if NPMP>1, then data set 
10 mtlBt be completad. 

Namber of nodes in " directlon 
(llmit=20) •. 

Namber of nodes in '11 direetion 
(llmit=20) •. 

Mazimum number of particlea 
(limit=3200) •. (Seo eq 71.) 

T'1111e-atep interval for priatlng 
IJ7draullc and chemical output 
data. 

Namber of iteration paramete.ra 
(11B1lBII:v 4"'NITP,;7). 

N11111ber of observation points to be 
lpeCifled in a followlng data set 
(limit=6) •. 

llluimum allowable number of lt-
erations in ADIP (usuaii:V 100 t 
,;JTMAX~OO). 

Namber of pumping or iDjectlon 
wella to be specifled iD a followlng 
data aet. 

Iait.lal number of partlclee por node 
(optiona=4, 6, 8, 9). 

Namber of nodo ideutiftcatlon eodee 
lo be apecifted in a followlng data 
oet (limit::IO) •. 

Particle movement interval (IMOV) 
fDr printlng chemical output data. 
(Speelf:v O to priDt onl:v at ad of 
time ateps.) 

Oplion for prlnting computad veloel­
lleo (O=do not print; l=print for 
flrat time step; 2=print for all 
lime atepa). 

Option for printing computad dla­
peraion equation coefrlclenta ( opo 
don de6nition same aa for 
NPNTVL). 

Opt.ioa for printing eomputed 
changea in concentration (O=do 
aot print; 1 =print). 

Optlon to punch veloclt:v data ( opo 
tlon deftnition aame aa for 
NPNTVL). When speci.fled, pro­
rram wiiJ punch On unit 7 the 
velocitiee at nodee. 

• 
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• 1 
Data input fonna~ntinued 

Card Column Forma~ Variable Deftllltloa 

3 1- 5 G5.0 PINT Pumping period in yean. 
6-10 G5.0 TOL Convergence criteria in ADIP 

( usually ro¡.,:;o_ol) o 

11-15 G5.0 POROS Eff'ective poroaity. 
16-20 G5.0 BETA Characteristie Jength, in feet 

(=longitudinal diapenivity). 
21-26 G6.0 S Storage coefi"ICient (aet S=O for 

steady ftow problema). 
26-30 G6.0 TlMX Time increment multiplier for trana-

i - ient ftow problema. TIMX ia di ... 
1 

1 

regarded if S=O . 
31-35 G6.0 TINIT Size of initial time step in aeconda. 

TINIT ia dbregarded if 8=0. 
36-40 G6.0 XDEL Width of ftnite-dilferenco coll in 

z direetion, iD feeL 
41-45 G6.0 YDEL Width in ftnite-difl'ereace cell in 

JI dírection, iD feet. 
46-50 G5.0 DLTRAT Ratio of traorrene to longitudinal 

diaperaivity. 
51-56 G6.0 CELDIS Mazimum cell diatanee per parttcle 

move (valuo between O and 1.0). 
66-50 G6.0 ANFCTR Ratio of Tn to T-

Data Number 

• ... of carct. Format Variable Dllaltloa 

1 Value of NUMOBS 212 IXOBS, IYOBS z and u coordinates of oboervatlon 
(limit=6). pointa. Thia data aet is eliminated 

if NUMOBS is apeeifted aa =0. 
2 Value of NREC 212, IX, IY, REC, CNRECH z and 11 coordina tea of pumping ( +) -

2G8.2 or injeetion (-) wella, rata in 
ft'la, and if an injeetfon well, tha· 
concentrati111 of injected watar. 
This data aet ia eliminated if 
NREC=O. 

3 a. 1 11, G10.0 INPUT, FCTR Parameter caed 1 for tranamlulvity. 
b. Value of NY •20G4.1 VPRM Array for temporary storage of 

(limit=20) • transmiaaivity data, in ft!/a. For 
an anisotroplc aquifer, read in 
values of T. and the program wlll 
adjust for aniaotropy by multl· 
plying T" by ANFCTR. 

4 a. 1 11, G10.0 INPUT, FCTR Parameter cardl for THCK. 
b. Value of NY 20G3.0 THCK Saturated tbieknesa of aquifar, in 

(limit=20). feoL -------- ..... -·--·' 
6 a. 1 11, G10.0 INPUT, FCTR -- t'Bramefii' card 1 for RECH. 

b. Value of NY 2004.1 RECH Dilruae recharge (-) or dlscbarge 
(limit=20). -- ------ (+), ilrftta.-- --- -

6 a. 1 11, G10.0 'lNPUT, FCTR Parameter cardl for NOD'Em:----

b. Value of NY 2011 NODEID Nade identiftaltion matriz (uaed to 
(limit=20). define cons&ant-head nodee or 

other boundary conditiona and 
str ..... ). 

S.. footnotel at ead of \&ble. 

• 
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Dato ... 
7 

8 

9 

10 

TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS 

Numb.r 
ol card• 

Value of NCODES 
(limit:10) • 

a. 1 
b. Value of NY 

(limit:20) • 

a. 1 
b. Value of NY 

(limit=20) • 

a. 1 

b. 1 

Data input format&-Continued 

Format 

12, 3G10.2, 
12 

11, G10.0 
20G4.0 

11, G10.0 
20G4.0 

ICODE, FCTR1, 
FCTR2, FCTR3, 
OVERRD 

INPUT, FCTR 
WT 

INPUT, FCTR 
CONC 

11 ICHK 

1014,3G5.0 NTIM, NPNT, NITP, 
ITMAX, NREC, 
NPNTMV, NPNTVL, 
NPNTD, NPDELC, 
NPNCHV, PINT, TIMX, 
TINIT 

e. Value of NREC 212, 2G8.2: IX, IY, REC, CNRECH 

~ftnltfon 

laatructiona for uaing NODEID 
array. When NODEID:ICODE, 
program seta leakance=FCTRt, 
CNRECH:FCTR2, and if 
OVERRD ia nonzero, RECH 
:FCTRJ. Set OVERRD:O to· 
preserve valuea of RECH speeUied 
in dato set 5. 

Parameter eardt for WT. 
Imtial water-table or potentiomatrte 

e:levation, or constant head iD 
stream or source bed, in feet. 

Parameter card t for CO NC. 
U::itial concentration in aquifer. 

'l1lis data aet allows time step param­
l'ten, print options, snd pump· 
ap data to be reviaed for each 
pumping period of the simulation. -
Data set 10 is only used if NPMP 
>l. The sequence of carda in data 
•t 10 muat be repeated (NPMP 
-1) times (that la, data aet 10 
io reqoired for each pomping 
period after the ftnt) • 

Parameter to check whether any re- • 
'riaiona are deaired. Set ICHX:l . 
if data are to be reviaed, and than. 
oomplete data aet lOb and e. Set 
ICHX:O if data are not to be re-
Yiaed for the nezt pumping period, 
and akip reat of data set 10. 

TIDrteen parametera to be reviaed 
for next pumping period ; the 
parameters were previously de­
laed in the deacription of data 
carda 2 and 3. Only inolude thia 
mrd if ICHK=1 in previoua part 
L 

Retiaion of previoualy deftned data 
oot 2. Inelude part e only il 
ICHK=l in previoua part a and 
if NREC>O in previoua part b. 

• Thae limita can. be tz~odlfted il .__,.,. b, chan8'1D8' Ule corrnpondln• arra,. dlmena.. la Use COMMON etaWmftiU of tbe 
Pf'OI'r&ID. 

t Tbe panmelft eard muet be U. flnt eanl of tbe lndlcat.ed data aeta. rt la uaed t.o .a,fJ' whet.ber the paramet.r 111 eoaetaat 
and unUorm, and ca.a be d.fl.ned b,. one \'&lu11, or whftller lt varls in apace and muat ~ Uftned at each node. U INPUT=O, tbe 
data aet hu • eoutaat nlue, whldl 111 deflned by FCTR. lt INPUT= l. lhe data aet la ftSd from carda u deeerlt.d b,. part b. 
Then FCTR la a mu.IUpllealtoll facW for U.. nlue reul In lba data aet. 
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Attachment IV 
Input Data for Test Problem 3 

C•nll TEST PR08LEM NO, 3 CSTEAOY FLOW,. 1 WELL, 
7 2 100 1 
0.0 o.u 900. 

CONSTANT-HEAD BOU~DAR!ESl 

CMd2 1 1 9 103200 1 
CMdJ 2.5,0001 0,30 100, 0,0 

OIJIIJ SIJI 1 { ~ ~ 
D•t• Set 2 4 7 1 • o 
D•t• S.t 3 Q Q • 1 
D•t•S•t4 Q 20.0 
D•t•Set5 Q 0.0 

1 1 • o 
000000000 
022111220 
000000000 
000000000 

O•t• Set 6 QQQQQQQQU 

000000000 
000000000 
oouooouoo 
02222222\l 
000000000 

1 • o 
1.U 

D•t• Set 1 { ~ 
1 1 • o 

o.o 
10G.U 

u.o 
o.o 

-

o 
u 

0.0100,100.100.100.100.100.1QQ, O.U 

0.0 75. 75. 75. 75. 75. 75. 75. o.o 

D•t•Set9 Q 0.0 

9 2 10 1 o o o 
900. 0.3 0.50 1.U 
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o o o 

·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·oot·oot·oor·o ·o ·o ·o ·o ·o ·o 
·o ·oot·oor·o ·o ·o ·o ·o ·o ·o ·o 
·o ·oot·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·a··o ·o ·o ·o ·o ·o ·o ·o ·o 

. o . o 

. o . o 
·o ·o 
·o ·o 
·o ·o 
·o ·o 
·o ·o 
. o . o 
·o ·o 
·o ·o 
·o ·o 

·o 
·o 
·o 
·o 
·o 
·o 
·o 
·o 
·o 
·o 
·o 

·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
o·t 

·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·oo9·oo9·oo9·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·oo9·oo9·o 
·o ·oo9·o ·o 

·o ·o ·o 
·o ·o ·o 

·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·a ·o 

. o 

. o 
·o 
·o 

·o 
·o 

·o 
·o 

·o 
·o 

·o 
·o 

·o 
·o 

·o ·o. ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o 

·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·s9s·s9s·o 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·s9s·o ·o 
"O "08S"6LS"8LS"9LS"~LS"~LS"OLS"89S'L9S"99S"S9S"O "O 
·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o ·o 

o 
o 

oo·t os· t. "OOOt"OOOt"O 
o t OOt t 6 o oot o 

ooo· 
ooo· 

o·oot 
·o 

oo·t t 
OO"t ( 
OO"t t 

00000000000000 
0(((0000000000 
0((00000000000 
0(000000000000 
00000000000000 
00000000000000 
00000000000000 
00000000000000 
OOOOOOOOOOOttO 
oooooooooootoo 
OtttttttttttOO 
00000000000000 

oo· 
L 

oooo· ·oot s~· 
t 00"9Zt 

OO"t l 
60-36"L-O 

o·os o 
9tt" o 

OtOO"O"Ot 
t S ' 



HEAD DISTRIBUTION - BASB SOLUTION 
- ...... ~·<':J,),t "··--·~ 

(1St OF RBCHARGB) ' ' ' 

NUMBER OF TIME STEPS a 1 
TIME (SECONDS) a .12623E+09 
TIME (DAYS) a .14610E+04 
TIME(YEARS) .. .40000E+Ol 

o o o o o o o o o o o o o o o 
o o S6S 56 S S66 S67 56 a S70 S72 S74 S76 S7a S79 sao o 
o o 56 S 565 567 569 S70 S72 S74 576 57 a 579 sao Sal o 
o o 565 565 569 571 573 574 576 578 580 581 582 583 o 
o o S69 S69 S71 S73 S7S 577 S7a S80 S82 S83 sa4 sas o 
o o 572 572 574 575 577 579 580 582 584 585 S87 587 o 
o o S74 ~7S 576 S77 S79 S80 sa2 S84 S86 S8a sa9 590 o 
o o 576 577 57 a 579 580 Sa2 5a4 5a6 S89 591 S93 S94 o 
o o S7a S7a S79 sao sa2 5a4 sa6 5aa 591 S94 S97 600 o 
o o 579 S79 sao sa1 5a3 5a5 5a7 590 S93 597 600 600 o 
o o S79 sao sao 5a2 sa3 5as S8a S91 S9S 600 600 600 o 
O. o o o o o o o o o o o o o o 

CONCENTRATION DISTRIBUTION 
(BASE SOLUTION) 

NUMBER OF TIME STEPS = S 
DELTA T = . 63ll5E+08 
TIME(SECONDS) = .31558E+09 

CHEM.TIME(SECOND~) = .31558E+09 
CHEM.TIME(DA'iS) = .36525E+04 

TIME('iEARS) .10000E+02 
CHEM.TIME('iEARS) = .10000E+02 

NO. MOVES COMPLETED = 7 

o o o o o o o o o o o o o o o 
o o o l. 3 9 22 34 40 40 39 26 46 13 o 
o o o 2 7 18 59 65 72 77 81 80 79 81 o 
o o o 4 16 40 62 77 81 as 87 88 90 89 o 
o o o 3 19 62 73 83 86 88 90 92 93 93 o 
o o o 3 36 63 80 86 89 91 92 94 95 95 o 
o o o 2 24 70 83 88 90 93 94 95 97 97 o 
o o 'o 3 38 77 86 90 92 94 96 97 98 99 o 
o o o 6 17 75 87 91 93 95 96 98 99 100 o 
o o o 2 60 78 89 92 95 97 98 99 100 100 o 

~ 

o o o 3 16 77 88 92 95 97 99 100 100 100 o 
o o o o o o o o o o o· o o o . o 

-:1 



VARIABLE POROSITY 
5 1 14 

10.0.0010 
126400 1 

. 30 100 .. 0000 
7 
.00 

o .116 
o so.o 
0-7.9E-09 
1 l. 00 
00000000000000 
00111111111110 
00100000000000 
01100000000000 
00000000000000 
00000000000000 
110000000000000 
(10000000000000 
00000000000030 
Doooooooooo330 
00000000003330 
00000000000000 

1 

3 

l. 

l. 00 
l. 00 

l. 00 

o. 
100.0 

.000 

.000 

O lOO o 9 
0.1000.1000. 

o 
o 

2 lOO 

.1 

o. o. o. o. o. o. o. o. o. o. o. o. o. 
o. 0.565.566.567.568.570.572.574.576.578.579.580. 
o. 0.565. o. o. o. o. o. o. o. o. o. o. 
0.565.565. o. o. o. o. o. o. o. o. o. o. 
o. o. o. o. o. o. o. o. o. o. o. o. o. 
o. o. o. o. o. o. o. o. o. o. o. o. o. 
o. o. o. o. o. o. o. o. o. o. o. o. o. 
o. o. o. o. o. o. o. o. o. o. o. o. o. 
o. o. o. o. o. o. o. o. o. o. o. 0.600. 
o. o. o. o. o. o. o. o. o. o. 0.600.600. 
o. o. o. o. o. o. o. o. o. 0.600.600.600. 

1 o 
.so 1.00 

o. 
·o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 

O. O. O. O. O. O. O. O. O: O. O. O. O. O. 

l. 1.0 
o. o. o. 
o. o. o. 
o. o. o. 

o. o. o. o. 
o. o. o. o. 
o. o. o. o. 

o. o. 
o. o. 
o. o .. 

o. o. 
o. o. 
o. o. 

o. o. 
o. o. 
o. o. 

o. 
o. 
o. 

o. o. o. o. o. o. o. o. o. o. o. o. o. o. 
O. O. O. O. O. O. O. O. O. O. O. O. O. O. 

o. 
o. 
o. 
o. 
o. 

o. o. 
o .. o. 
o. o. 
o. o. 
o. o. 

o. o. o. o. 
o. o. o. o. 
o. o. o. o. 
o. o. o. o. 
o. o. o. o. 

o. o. o. o. 
o. o. o. o. 

o. o. o. 
o. o. o. 

. . , ' .. -~' ·. ' 

o. o. o. 
o. o. o. 
o. o. o. 
o. o. o. 
o. o. o. 

o. o. o. 
o. o. o. 
o. o. o. 
o. 0.100. 
0.100.100. 

o. 
o. 

o. 
o. 

0.100.100.100. 
o. o. o. o. 

o. 
o. 
o. 
o. 
o. 
o. 
o . 

o o o 



CONCENTRATION DISTRIBUTION ~ 
(VARIABLE: POROSITY INC.20t) 

NUMBER OF TIME STEPS • 5 
DELTA T a . 63115E+08 
TIME(SECONDS) a .31558E+09 

CHEM.TIME(SECONDS) a .31558E+09 
CHEM.TIME(DAYSI = .36525E+04 

TIME(YEARS) = .10000E+02 
CHEM. TIME (YEARS 1 = .10000E+02 

NO. MOVES COMPLETED = 6 

o o o o o o o o o O, o o o o o 
o o o o o 1 3 6 8 10 9 9 8 9 o 
o o o o 1 3 11 21 30 69 70 74 74 63 o· 
o o o 1 2 9 17 63 70 78 84 86 88 86 o 
o o o o 3 16 44 67 82 86 89 91 92 92 o 
o o o o S 26 69 79 81 90 92 94 95 95 o 
o o o o 7 45 72' 85 90 92 94 95 97 91 o 
o o o 1 8 46 81 89 91 94 96 96 98 99 o 
o o o 1 8 60 83 91 93 95 96 98 99 100 o 
o o o 1 9 70 87 92 95 97 98 99 100 100 o 
o o o 1 9 62 85 92 95 97 99 100 lOO 100 o 
o o o o o o o o o o o o o o o 



riTLZ: TEST PROBLEM N0.1 (SPREADING OF A TRACER SLUG) 
1 1 9 93200 1 7 o 100 o 9 1 10 1 

2 .. 0001 0.3 100. o. o. o. 900. 900. 0.3 0.49 
o 0.1 
o 20.0 
o 0.0 
1 l. o 
000000000 
000001110 
000000000 
000000000 
000000000 
000000000 

. 000000000 
• ;· 011100000 
. ~-~000000000 

' .... 

·' 

1 l. o 
1 l. o 

o. o. o. o. 
o. o. o. o. 
o. o. o. o. 
o. o. o. o. 
o. o. o. o. 
o. o. o. o. 
o. o. o. o. 
o. 80. 80. 80. 
o. o. o. o. 

1 100.0 
o. o. 
o. o. 
o. o. 
o. o. 
o. o. 
o. o. 
o. o. 
o. a·. 
o. o. 

o . 
o . 
o . 
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INTBODUCCION ~ LAS MICROCOMPUTADORAS. 

1.- Introducci6n. 

La finalidad del presente segmento del V Curso Internacional 
de Contaminación de Acu1feros es la de presentar los fundamentos 
necesarios y suficientes para la manipulación básica de un modelo 
matemático elaborado en Software para una computadora personal. 
del tipo compatible con IBM. · · 

Actualmente, la elaboración de modelos matemáticos que simu­
len la dispersión de elementos contaminantes en un acuifero no es 
concebible sin la utilización de una computadora. La gran canti­
dad de procesamiento de información y la gran velocidad de cál­
culo sólo es posible simultáneamente gracias a las computadoras. 

De hecho, una gran cantidad de programas están hechos coi1 
tal finalidad o bien existen muchos más que pueden ser utilizados 
con tal fin, por lo que es indispensable familiarizarse con las 
técnicas básicas de manejo de microcomputadoras para poder reali­
zar las tareas de procesamiento necesarias para la ejecución de 
un programa cualquiera. 

Dentro de éste segmento, se realizará una descripción somera 
de un sistema operativo ampliamente difundido para computadores 
personales compatibles como lo es el Disk Operating system elabo­
rado por Microsoft (MS-DOS), ofreciendo un panorama de su estruc­
tura y una referencia de los comandos más usuales. 

Asimismo, sa ofrecerán fundamentos de programación, aplica­
bles a cualquier lenguaje de programación, pero enfocando el 
aspecto d&.compilación al Microsoft Fortran, de un gran uso en la 
Facultad y;~_el Instituto de Ingenier1a, as1 como en muchos otros 
centros de''ensei\anza e investigación de la Ingenier1a en México. 

' 
Por Qltimo," se presentará un esbozo de un modelo matemático, 

presentando varias de las alternativas que existen en el mercado 
actual de software para su procesamiento. · 

1 
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2.- Sistema Operativo. 

En una computadora, la información se proporciona a y se 
remueve de la unidad de procesamiento central (CPU) a través del 
uso de ''archivos" grabados en disco flexible, disco duro, disco 
óptico, cinta, etc. 

Un grupo de archivos administrativos, que se conocen colec­
tivamente como el "sistema operativo", son necesarios para con­
trolar la operación de la computadora y el manejo de los archivos 
generados por el usuario. 

Visto de otra manera, el sistema operativo puede visualizar­
se como un intérprete entre el usuario y la computadora._ para_ 
poder administrar la memoria y los periféricos del ordenador por 
medio de órdenes f~cilmente identificables con palabras (en in­
glés). 

En computadoras personales compatibles con IBM es muy común 
emplear el sistema opertivo de Microsoft "Disk Operating System" 
o más conocido como MS-Dos,· que ser~ al que se haga referencia en 
éste segmento. 

En un sistema de disco duro, el sistema operativo deberá '~­
estar residente en él, inicializ~ndose cada vez que se enciende 
el interruptor de la computadora. En caso contrario, se deber~ 
contar con una copia del sistema operativo en disco flexible para 
inicializar una computadora que no lo contenga. 

2.1.- Proaramas ~Archivos. 

El sistema operativo permite el uso de la memoria a través 
de unidada•· variables en tamaño denominadas "archivos", tales 
archivos puéden contener instrucciones o datos y se hace referen­
cia a él polf,·_un ünico nombre de archivo asignado por el programa­
dor. El nombra de archivo se utiliza para la identificación de un 
archivo para coplarlo, editarlo, renombrarlo, visualizarlo en la 
pantalla, imprimirlo, almacenarlo, etc. El ~ombre de archivo 
puede o no tener una extensión. La forma general del nombre de 
arc~ivo con extensión es: 

NOMBREDEARCHIVO.EXT 

: 
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El nombre de archivo puede ser cualquier combinación de 1 a 
8 letras, números u otros caracteres aceptables, asignados por el 
programador. La extensión podrá ser cualquier combinación de 1 a 
3 letras, números u otros caracteres aceptables. El nombre de 
archivo y la extensión se separan por un punto. Los siguientes 
caracteres son aceptables en MS-DOS: 

$#$@!()-{}''_;:\ 

Ni el nombre de archivo ni la extensión podrán contener 
blancos. El truncamiento del nombre del archivo y de la extensión 
ocurre en el primer blanco. 

Los caracteres ? y * llamados caracteres globales de nombre. 
de archivo o caracteres comodines pueden usarse en lugar ·d·e ··· 
cualquier caracter de un nombre de archivo y extensión y 
significan cualquier caracter. 

Los nombres de archivo y extensión que se elijan 
descriptivos del contenido del archi~o. Las 
extensiones reservadas tienen un significado especial 
y deberán ser utilizadas con mucho cuidado: 

BAT COM EXE SYS 

deberán ser 
siguientes 
para MS-DOS 

Además, los siguientes nombres de archivo reservados también 
tienen un significado especial para DOS y no deberán asignarse 
por el programador en otros contextos: 

Nombres de archivos para controlar dispositivos: 

CON PRN NUL 

LPT1 LPT2 LPTJ 

AUX COMl COM2 

Nombres de. archivos asignados .a comandos del sistema DOS:· 

DIR DEL DISKCOPY TYPE ERASE DISKCOMP RENAME 

CLS CHKDSK COPY FORMAT EDLIN 



• 
2.2.- Manaio 48 Archiyos. 

---------
c:.nblo de u- de d- por amlaMift 

Mlenuu no se Indique al10 distinto, ya sea por el pro¡ramador desde el teclado o mediiiJio 
te una inJtrucclón pro¡ramada, la unidad da dilco por omisión es la unidad A, es decir, 
al terminar de carprsc el sistema operativo aparece la petición A>, Toda la información 
se copia da o ¡raba en al disco nexible en la unidad de disco A, la cual es la unidad por 
omlsldll. 

La unidad de disco por omisión puede cambiarse de la unidad A a la B y regresar de 
nuevo a la A con: 

Para -la unidad da dlaco por om- de la unidad A a la unodad 8, IICII-, 
- 1: y prealclnele la lecla..... - -

8 > !L_. ..... Para cambiar la unidad da dlaco por omlllOn de 8 a la unidad A, aacriDaM A: 
y oprimaN la tecla ..... 

Loa---- .... llatemll D08 

- -' .. 
-·--

' ' 
/ 

El disco nexible de DOS contiene un proceaadnr de comandos, archivado bajQ el nombre 
y la extensión COMMAND.COM, que controla el hardware de la computadora y maneja 
el software. El archivo COMMAND.COM puede ¡rabarsc en un disco nuevo durante la 
operación de formateado, la cual se describirá mols adelante en este aptndice. El archivo 
COMMAND.COM incluye loa si1uienta comandM lnttrnM, que son necesaroos para d 
pro¡ramador de FORTRAN: . 

DIA 
AENAMI 
CUI . 

"AUTOexEc.BAT 

TYPE 
DELETE 
VOL 
EPHO 

COPV 
ERASE 
FIL.&HAME.BAT 

·.• 
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En adición a los comandos internos contiene el archivo COMMANO.COM, el disco de 
DOS contiene varios comondos 1x1rrnrf, con extensión COM o EXE, indispensables para 
el programador FORTRAN: 

FORMAT DISKCOPY DISKCOMP CHKOSK ED~IN SORT MORE 

La función de los comandos uternos e internos seleccionados se analiza en lu Secciones 
C-6 a C-21 de este A~ndlce. 

La operación que se describe en las Secciones C-6 a C-21 requiere de un disco en la uni­
dad A con el archivo procesador de comandos COMMAND.COM y el comando externo 
DOS especifico. La ejecución de cada uno de los comandos del sistema se inicia cuando 
se presiona la tecla ..... 

Preparacl6n de un dlaco llaxlble pera recibir lntormacl6n nueva 

Para preparar un disco ncxible nuevo para recibir información (formtllttZdo), dscse el co­
mando externo FORMAT: 

a) A>FORMAT a: ..... 

bl A>FORMAT a:IS ..... 

e) A>FORMAT a:IV ..... 

Botra tOdoa toa rovlatroa atmacanldoa on ot dlaco do 1<1 unidad 
B y ostabloca la rejilla electrónica do platoa y aoctoroa que 10 

utilizan como ''dlrecclonn' para la nueva lnforrnac6ón. 

/S doopués de FORMAT a: copla do manera outométlca el pro­
coaodor do comandOI de datoa de DOS COMMANO.COM y 
C:lenoa "archivos ocultos" neceul108 para cargar el statema 
del dlaco de la unl<lad A el dlaco de te unl<lad B. 

IV luego di FORMAT 8: proporcione hlollqueto del diSCO (con 
11 o menot caractern) elegida por lf programador. El punto de 
petición A> aparece deopute dlfforrnateadQ y Clllmprlmor le 
etiqueta en 11 diiCO. 

d) A>FORMAT a:IBIV •.... SI M quiere pueden trnplelrM loa dQe, 

Vleulflu ta etiQueta que 10 ulgn6 al dlaco en 1<1 unidad Indica­
da,' la uniGed a en este ejemplo. 

Prwncldn: El comando FORMAT borra todos los archivos del disco nexible 
cuando se· formatea. Cualquier archivo que deba salvarse dttJ. copi11ru '" 
otro di#Ó antes del formateo. 

Preaentaclóñ del directorio dial contenido de un dlaco eapeclllco 

Pora exhibir un directorio del contenido de un disco nuible particular, dscse el comando 
DIR (interno): 

o 

Para cada archivo grabado en et disco de la unidad Indicada. 
la unidad pOr omlaiOn A en el caso a), la unidad B en el ejem. 
plo b), lista el nombre del archivo, au exl8naión, el número de 



A>~ ...... 

b) A>~ ...... 

C) A>DIR 8:/P ...... 

d) A>DIR B:IW • ...... 

o) A>DIR 1 MORE • ..... 

~ A>DIR l SORT • ..... 

.· 
--

::¡.. 

bytea Que se usaron y ta fecha y la tlora en 1a que se grabo 
Sial directorio contiene méa de 23 archivos. la l1sla te 4tnrOiia 
hasta que aparece la última linea del diractono. el espacro tO· 
tal disponible (bytes) en al d1sco. 

fP detiene el enrollamtento de la lista cuanao la pdllraMe eSia 
llena (23 lineas}. Para visualizar tos SIQUI&ntes 23 ""9Jones 
preatOnese la tecla ..., 

fW muestra sólo los nombres del arch1vo y }a e.11.nt•on ts•n 

la techa, la hora, y eltamat'lo) de todos tos atch•~l graoado~ 
en el disco en la unidad especifica. en 5 columnas a lo ancho 
da la pantalla. Este comando exhibe en ta panlilll .. rnrsmo 
Uempo la lista sin enrollar ae todos los arct'lrvos d,. 4•aco 

El comando MORE visualiza a un !lempo 23 lineas lllna panta· 
lla completa). Al oprimir la tecla .,..J se extuoen lo<:. .Jlgu1entes 
23 renglones, etc. El archivo MORE.COM deoe •star en el .­
disco cuyo directorio se listar6. Nótese el uso ~·· ñrác!er ! · 

El comando SORT muettra el directorio en orden altaoet•co 
por el nombre del arcnlvo. El archivo SORT EXE daca estar 
en el disco cuyo directorio 11 liatant. Obsérvese la ttullzac•On 
del almbOio l. 

g) A>DIA •.FOA l SORT • ...., Son poa•blet otras comb•nac•ones del comanao DR. Por 
e¡emplo. OIR •.FOR! SORT v•suahza eniQI>dan.auaoetiCO to· 
dos toa archivot con extensión FOR 

Lot casos anteriores muestran como unidad por omisión la (A). E~ta putd•catnJJaar-s• ¡Jor . •1 

la unidad B como se indica en la Sección C-4. · 

Exhllllololn clel texto ele un erchlvo 

Para visualizar el texto de un archivo especinco, utilícese el comando TYP& '"'Cerno): 

•) A> TYPI! NOMBREDEARC:HIYO.EXT • ...... 
o 
A>TYPI! A:NOMBREDEARC:HIYO.EXT • ...... 

b) A> TYPI! ll:NOrt.IIREDI!ARC:HIYO.ÉXT • ....., 

~ del IIOIIIIIfo o o111Gn1116n de un an:htvo 

Exn1b1 81 18XIO del arcnn'O ft'IDtdO lel 

el disco ba¡o el nomo ro d., "' ""fO 1 lu 

extens•On Que se especl<an en 11 
unidad de disco correspona~enCe Ja 
unidad pcr omis1ón A en el )ff:IIPIO ~ 
la unidad B en el caso 01 

Pa111 cembiar el nombre o la eXtensión de un archivo particular. "'-'hcesc •' c.om,ndo 
RENAME (Interno): 

1) A> R!NAMI! NOMBREYIEJO.EXT NOMBRENUEYO.EXT ....... 
o 
A>RENAME A:NOMBREYIEJO.EXT NOMBRENUEYO.EXT • ...... 

b) A>RENAME B:NOMBREYIEJO.EXT NOMBRENUEVO.EXT •....., 

RENAME cambia el nombre del archivo uol prinler nombre 1¡_.ado 110< o) ~"'""o Js 1• 
unidad indicada, por ejemplo, NOMBREVIEJO:EXT a NOMIIIH-NI/5 'IQ CX T e~> 11 
unidad A, en el caso a), la unidad B en el ejemplo b). 
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EmpWae eJ ~mando CLS (Interno) para borrar la pantalla. 

A>~•+-' Borrt la pantalla y deapués coloca el ounto de pet•· 
ción A> y el cursor centelleando en la esQu~na sup• 
rlor Izquierda da la pantalla. 

Son-ar on lo,.,. pormOMnte un orchlvo da un di-

Para eliminar un archivo de un disco nexible, empl~se alsuno de los sisuientes dos co· 
mandos, DEL o ERASE (Internos). (Los dos ejecutan la misma función). 

a) A> DEL NOMBREDEARCHIVO.EXT • 4-' 
o 
A>ERASE A:NOMBREDEARCHIVO.EXT •+-' 

b) A> DEL S:NOMBREDEARCHIVO.EXT • 4-' 

Sorra del disco en la unidad POI 
omloión A ti archivo eopeclllco. 
!-~OMSREDEARCHIVO.EXT. 

Elimina del dlaco en le unidad B el 
o archivo indicado. 
A> ERASI! B:NOMSREDEARCHIVO.EXT • 4-' NOMBREOEARCHIVO.EXT. 

e) A>DEL B:PROGRAMA.m._. 
o 
A>ERASI! S: PROGRAMA.•. 4-' 

d) A>DEL S:•.BAK.+-1 
o 
A> DEL ???????? .BA!(, +-' 

Uaa ti caracttr "comodln" (?) para 
borrar todos 101 archtvoa cuyo nombre 
sea PROGRAMA (~n cualquier 
extensión) del disco en la unidad B. El 
otro "comocUn" ( •} también puede 
emplearoa, en 111 cuo SOlo 11 
neceaill un UllrtiCO. 

Mediante el caracter "comoc:Un" (•J ae 
eliminan tOdos tos archivos con la 
extensión BAI< (cualqu•er nombra de 
erchlvo) del diSCO da la unidad B. El 
otro car6c1ar "comodln' (?) también 
puede utillzai"H: sin embargo, ee 
requieren 8 signos ca. lnttrrQ98ctón o 1 
POI cada olmDolo del nomDre del 
archivO. 

Dupllcacl6n da un araldvo -ltlco r almacenamiento con otro nomilre 

úsae el comando COPY (!nterno) para duplicar un archivo panicular y almacenarlo con 
un nombra de archivo dillinto, como en: 

A>COIIY ARCHIVOVII!JO.EXT ARCHIVONUI!VO.EX:r • 4-' 

Eote comando copia eltello de un archivo especinco (ARCHIVOVIEJO.EXn a un ar· 
chivo nuevo (ARCHIVONUEVO.EXn. El nombre y el contenido dd archivo viejo per· 
manecen ain cambio. ,. · 

NOTA: Si hay un archivo con el mismo nombre del archivo nuevo (ARCHIVONUE-
,...""' VO.EXT) en el disco, su contenido se recmplau por la información del archtvo viejo (AR­

CHIVOVIEJO.EXn. 

-· 



Coplw ... -.o de Wl cllloo lle1lblo en la unlclld A a un d'- lle•lble tn la unidad a 
Utillccsc el comando COPY (interno) para duplicar un •rchivo de un diSCO r¡p.t;le en lo 
unidad A a uno en la unidad de disco B, como: 

1) A>COPY NOMaREDEARCHIVO.EXT a: •...... Cop1a el lUlO ae vn 
arch•vo especll•co 
(NOMBREDEARCHIVO 

EXT) del d•sco fuenle 
en la un•dad A, a1 o•sco 
destino en la un•aad 8 y 
aaigna al m1smo nombre 
de archivo 
NOMBREDEARCHIVO EXT 
a la copia 

b) A>COPY A:ARCHIVOVIEJO.EXT a:ARCHIVONUEVO.EXT •....., Cop•a el con1•n•oo áel 
arChiVO lnáiCSdO 

(ARCHIVOVIEJO EXT) 
del diSCo luan le en la 
un1dBO_A, al t;!JS_!:O·· 
desrlno. ~s•ona un 
nombre de arcl'l•vo 
(ARCHIVONUEVO 

EXT) al nuav•; 
arch•vo El nombre aal 
archivo y el u,w:lo en 
el d1sco lueme 
¡;>ermanece sm 
cambio 

Nota: En a) y b) si e1iste un archivo con el mismo nombre (ARCHIVONUEVO 1 ~·1 • en 
. el disco destino, su contenido se su•91uye por la información delarch•vo del dJ,c.o. ~~~tnl~ 

Copi8r 1-. loo orchlvoe de un dlaco llulllla on la unidad A a la unidad a 
Para copiar todos los archivos de un disco nexible de la unidad de disco A 11 d•o< o /ir<J bk 
de la unidad 8, un archivo a la vez, usese el comando COPY (inlcrno¡ como "•ue' 

A>COPY •.•a: ...... Copia et lexto de cada arch1vo del Cl•sco /tJenltl en 
la unidad A al disco dellino en la un1d8d S Los 
archivos se duplican uno a uno y se 11stan en Id 
pantalla conforme se cop•an. 

ln1nlcluctr de .....,.,. dltociO un a"'hlvo do- la conoola a un dlcca ll01lbla 

Para introducir de modo direc1o un archivo desde·la consola (tecludo>.,. ua d•,co (1~.,~ •• 
cmplftle el comando COPY (interno) como en: 

A>COPY CON B:ARCHIVO.DAT • ...... 

U3.•H 
117.11M 

....., del 
1 8• 123 ....., archivO 

...... ¡ !OliO 

21.171 ...... 
3 2.371 ...... 

• ~,_· ___ cp_,F8 ...... 

. Co~ua de manera d•recta el corHeniOO desdcr" 
consola (teclado) a el disco en la un1oao B '1 
asigna el nombre del archivo ARCHIVO DAT 

SiguiendO 11 üldma linea del texto. Jetaoae .. F6 
entoncea oprlma11 la tecla .._; (El ore~~o111ar F6 
cauaa la aparlckln ae · Z). 
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lmprtmlr el teJrto ele un 1n1lllvo 

úsese el comando COPY (Interno) para Imprimir el contenido de un archivo especifico, 
como si¡ue: 

A>COPY B:NOMBAEDEAACHIVO.I!XT PAN ....... 
o 

Con la lmpreoora actlvlda. esta co­
mando l'lace que la Impresora im­
prima al texto del arcl'llvO lndlcllc:lo 
(NOMBAEDEAACHIYO.EXT) del 
dloco on la unldacl 8). 

A>COPY B:NOMBAEDEAACHIYO.EXT LPTt ....... 

Duplicar un d._ ftellble 

Para duplicar un disco ne•ible, por ejemplo, copiar el contenido entero del disco n .. ible 
a otro disco nexible, utillcese el comando DISCKCOPY ( .. terno). lniciese con un disco 
nexible que con tensa el archivo DISKCOPY .COM en la unidad A.. 

A>DISKCOPY A: 8:• ....,J 

Respóndase a la petición removiendo el disco DOS de la unidad A. e lnsmese el disco fuen· 
te en la unidad A. y el disco destino en la unidad B. Este comando formatea el disco de 
la unidad B y copia el contenido completo del disco en la unidad A. (el disco fuente) al 
disco en la unidad B (el disco destino). 

P~tlucidfl: En DOS Z.IO, la ejecución del comando DISKCOPY formatea de manera 
autómatica el disco destino. Todtl '" informflciófl olmo"""d" '" ti disco '" '" unidad B 
.. borrtl. 

Comparar y v- loa oontenldoe ele - d._ 

Para Q)mparar los con&mklos de dos discos y vnincar que son id~nticos, úsese el coman· 
do DISKCOMP (externo). Empikese con un disco que conten¡a el archivo DISK· 
COMP.COM en la unidad A. 

A> DIIICCOIIP A: 1: • .._. 

Respóndase a la petición retirando el disco DOS de la unidad A. e ins~nese ahl mismo el 
disco oriainal y la copia en la unidad B. Este comando compara los archivos del disco de 
la unidad B con los del disco de la unidad A. y verifica que sean iauales. 

Noto: El comando DISKCOMP puede emplearse después de duplicar un disco para ase· 
aurane que los archivos en la copia son idénticos con los arclrivos del oriainal. 

Aevtaar el - ele un d._ 

úsese el comando CHDSK (eaterno) para revisar el estado de un disco: 

-'>CHIICDSK 8:• ...,_¡ ~I"C:c:na un tnfor'me def ISQidC en tf d•sco en ta 
un•daG tndtcada. Revtsa toa sectores y P•IIU no 
ulilludoa; cuanliflca et espaciO usadO (bytn, a ind•ca 
et numero da bytn dlapontblea an al atPICio rn1an11 
dat alaco. 
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2.3.- Maneio ga Directorios. 

Un disco contiene grupos de archivos denominados directorios. Cuando un directorio 
contiene tanta infonnación que ya no se puede enco.nuar fkilmente lo que se desea. se 
subdivide en subdirectorios. · 

Uso de directorios 
Los directorios son muy imponantes cuando se utiliza un disco duro. Si se utilizan sólo 
disquetes, los archivos se pueden mantener organizados colocándolos en disquetes 
diMinlos. Con un disco duro. que nonnalmente puede almacenar mucha m lis infonn•ción 
~ue un disquete, se hace necesario organizar los archivos en categorías, de fonna que se 
puedan encontrar fácilmente. 

El árbol de directorios 
Cada dioc:o tiene por lo menos un directorio. Cuando .e da fonna1o a un disquete o al disco 
duro. M5-DOS crea un directorio en el que se almacenan el reSio de los archivos y 
direclorios. Este directorio se denomina dir~Ciorio ra{z. Se pueden crear subdirectorios del 
direc1orio ra!z para organizar los archivos. Los directorios y subdirectorios forman una . 
es1ructura denominada árbol iU dirrctorios. Se pueden crear subdirectorios dentro de estos 
subdirectorios para organizar incluso más archivos. 

Puede seguir aftadiendo directorios en cualquier nivel de la estructura, hasta S 12 archivos y 
directorioo e~ el directorio ra!z del disco duro (un directorio ra!z en un disquete tiene 
menos an:hivos y directorios). No obstante. M5-DOS se ejecuta más lentamente si hay más 
de 1 SO archivos y subdirectorios en el mismo directorio. 

Hablando con propiedad, el resto de los directorios distintos del directorio ra!z son 
,ubdirectorios. SiD embargo. es nonnal utilizar ell~nnino dirtctorio. En el manual, el 
ténnino subdlrrctorio se utiliza sólo para dar mayor ~nfasis a la relación entre dos 
directorios. Uri subdirectorio a veces se denomina dirtcturio hijo. y el directorio que lo 
contiene se denomina con frecuencia dinerario ¡xulrt. 

,, 



Nombres para directorios 

Con excepción del directorio raíz. que siempre se representa por una barra in venida (\), 
cada directorio tiene un nombre y algunas veces una Cll.tcnsión. Para dar nombre a los 
directorios se siguen estas reglas: 

• El nmnhre liene que cmnencr cnlre 1 y M caro~elcres. 

• Ln extensión puc\le tener un nu\xiiiiU Jc .1 curncteres, scpumJus Jcl numbrc del 

direclorio por un punto. 
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• El nombre y la extensión pueden tener cualquier letra desde la A a la Z. números desde 
el O al9, y los siguientes caracteres especiales: subrayado(_), símbolo de intercalación 
(').símbolo de dolar($), tilde(-) .. <igno de exclamación de cierre(!), símbolo de 
número(#), signo de porcentaje(%), símbolo de unión(&), guión(·), llaves ( 1 1 ), y 
partntesis ( ). No se aceptan otros caracteres especiales. 

• El nombre no puede contener espacios. barras invertidas (\), comas o puntos. El nombre 
puede contener caracteres .. extendidos. 

• Dos subdirectorios que estén en el mismo directorio no pueden tener el mismo nombre. 
Sin embargo, subdirectorios de diferentes directorios pueden tener el mismo nombre. 

El directorio actual se indica con su nombre o con un punto. Al directorio padre del 

directorio actual se le puede nombrar por su nombre o por un doble punto. Cuando se 
utiliza el comando dlr para examinar los archivos y directorios de un directorio (diferentes 
del directorio raía), se pueden ver e.<IOS símbolos en pantalla, que representan los 
directorios padre e hijo. 

Rutas de acceso 
La ruta dt acceso indica el emplazamiento de un archivo dentro del árbol de directorios. 
el camino que debe seguir MS-DOS, paniendo del directorio raíz. para llegar a un archivo 
de otro directorio. MS-DOS reconoce rulas de acceso de hasta 66 caracteres, (incluyendo 
la letra de la unidad y los dos puntos). Por e¡emplo suponga que la unidad e tiene este'áTI 
de directorio!! 

(C:\1 tree 
Lista de directorios en RUTA y estructura del Volumen CESAR 1 
Número de serie del volumen es 1575-6935 i 
C:. f 
~~ ' 
[_ARTE 

TRABAJO 
PERSONAL 
ESTUDIO 

1 
1 
i 
l. 
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___________________ __;;;_ ___ ·-_í.f'""'"'.,_.,, 

Para llegar hasla los archivos del direc1orio PERSONAL. MS-DOS debe pasar por los 
siguiemes direclorios: raíz(\), ARTE y PERSONAL. Por lo lanlo el nombre de la rula de 
acceso sería: \arte\persona 1 

La primera barra invenida represenla el direclorio raíz; la segunda separa el direclOrio 
PERSONAL del direc10rio padre. ARTE. 

Para enconlrar el direclorio PERSONAL. debe escribir primero la rula de acceso del 
direclorio. Si desea especificar el archivo AG I.MSP en el direclorio \ARTE\PERSONAL. 
debe agregar a la rula otra .barra in venida y el nombre del archivo: 

\arte\personal\figl.msp 

Puede haber o1ros archivos denominados FIG I.MSP en ouos direclorios y puede haber 
olros direclorios denominados \ARTE\PERSONAL en Olros discos. Para dislinguir 
especificamence un archivo del resto de los archivos, se tiene que agregu una letra de 
u m dad a la rula de acceso y al nombre del archivo. Por ejemplo, la rula de acceso complela 
del archivo FIG I.MSP del direclorio ARTE\PERSONAL de la unidad e es: 

c:\arte\personal\figl.msp 

La unidad actual 
A menos que se indique lo conlrario, MS-DOS supone que se quiere ulilizar el árbol de 
direclorios en la unidad ac1ual. La lelra de la unidad aclUal normalmenle es pane del 
símbolo del sislema. Si ac1ualmen1e se eslá ulilizando el direclorio raíz de la unidad A y se 
quiere suprimir el archivo A:\FIG I.MSP, se debe escribir el siguienle comando: 

del figl.msp 

Sólo puede haber una unidad aclual a la vez. Para lrabajar con los archivos de la unidad que 
no es la aclual, se debe escribir olra lelra de unidad seguida por dos pun1os y presionar la 
lecla ENTRAR. 

El directorio actual 
El direclorio en el que se esl4 lrabajando es el direclorio aclual para esa unidad. M S-DOS 
puede presenlar en panlalla la rula de acceso del direclorio aclual como pane del símbolo 
del sistema. Si se desea realizar alguna operación en un archivo, y se está utilizando 
actualmente el directorio en el que está el archivo. no se necesita escribir la ruta de acceso 
del direclorio aclual. Si e es la unidad aclual y \ARTE\PERSONAL es el direclorio aclual, 
se puede suprimir el archivo siguienle e:\ARTE\PERSONAL\FIG J.MSP escribiendo Jo 
siguienle: del figl.msp 

Si se esl4 nabajando con dos unidades, cada una de ellas liene un direclorio aclual. 
Suponemos que e es la unidad aclUal y \ARTE\PERSONAL es el direclorio ac1ual. En su 
disco de la unidad A, suponga que el direclorio \FIGS es el direclorio aclual. Se debe 



escribir el siguiente comando para copiar el archivo FIG2.MSP desde A:\FIGS a 
C:IARTE\PERSONAL: copy a: fig2 .msp e: 

A menos que se especifique una ruta de acceso diferente. se trabaja en el directorio actual 
en cada unidad. Cuando se inicia el sistema se está en los directorios raices de la• unidades 
del sistema_. El directorio actual de una unidad de disquete cambia al directorio raíz si .;e 

cambian los discos. 

Para trabajar con archivos en un directorio que no es el actual, hay dos opciones: ~e escnbe 
la ruta de acceso del otro directorio o se hace actual el otro directorio utilizando el 
comando cd (cambio de directorio). que se describe posteriormente. 

Si se está trabajando con archivos de programa que no están en el directorio actual. .;e 

puede incluir la ruta de acceso del otro directorio en el comando path. Vea el tema 
"Especificación de una ruta de búsqueda" en este capítulo. 

Si se quiere escribir la ruta de acceso de otro directorio. se incluye la pane de la ruta de 
acceso que es diferente desde la ruta de acceso del directorio actual. Si el directorio actual 
es \ARTE. se puede suprimir el archivo IARTEIPERSONAL\FIG I.MSP escribiendo el 
siguiente comando: del personal\figl.msp 

En este caso no es necesario escribir la ruta de acceso complela, ya que el archivo que !<ie 
quiere escribir está en un subdirectorio del directorio actual. 

Modificación del símbolo del sistema 

Se puede utilizar el comando prompt para modificar la apariencia del símbolo del 'istcma. 
A menos que se indique lo contrario. M S-DOS visualiza la letra de la unidad actual 
seguida de un signo mayor que(>) como símbolo del sistema. Por ejemplo. el sigu1ente 
símbolo le indica que la unidad activa es la A: A> 

Se pueden utilizar varios parámetros con el comando prompt para cambiar el símbolo del 

sistema. 

Presentación del contenido de directorios 

Este apartado describe cómo presentar la lista del contenido de directorios utilizando la 

linea de comandos. '''" 

/ 
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Presentación de directorios completos. 

Para ver el contenido de un directorio, se utiliza el 
comando dir. Para ver el contenido del directorio C:\TRABAJO se 
utiliza éste comando: 

dir e:\ trabajo 

Presentación de grupos de nombres de archivos. 

Para presentar la lista de un determinado grupo de nombres 
de archivos de un directorio, se incluyen comodines con el 
comando dir. El siguiente comando presenta una lista de todos los 
archivos del directorio actual que tengan la extensión .COM: 

dir •.com 

Presentación de todos los directorios de un disco. 

Para presentar en la pantalla la estructura de un directorio 
y sus subdirectorios, se utiliza el comando trae (árbol) . Por 
ejemplo, el siguiente comando presenta en pantalla la relación 
entre el directorio C:\TEMP y sus subdirectorios: 

tree c:\temp 

creación de directorios. 

Para crear un directorio, se utiliza el comando md (mkdir). 
si el directorio e: \IMPUESTO\ANUAL es el directorio actual, rl 
siguient& comando crea un subdirectorio llamado MENSUAL: 

md mensual 

., 
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Cambio de directorio. 

Para desplazarse a un directorio diferente en la unidad 
actual, se utiliza el comando cd (o en su forma ampliada chdir)o 
El siguiente comando cambia el directorio actual al directorio 
C:\OFICINA\INFORMES: 

cd oficina\informes 

Eliminaci6n de directorios. 

Para eliminar un directorio se utiliza el comando rd 
(rmdir), como en el siguiente ejemplo: 

rd c:\oficina\informes\finanzas 

El sistema MS-DOS elimina el subdirectorio FINANZAS del directo­
rio e: \OFICINA\INFORMES de la unidad actual. El directorio que 
elimina no puede contener ningün archivo o subdirectorio. 

Copia de todos los archivos de un directorio. 

Para copiar un solo directorio (sin subdirectorios), se 
utiliza el comando xcopy sin modificadores. Por ejemplo, para 
copiar todos los archivos del directorio C:\INFORMES\FINANZAS al 
directorio FINANZAS de la unidad A, se deberá escribir el 
siguiente comando: 

xcopy c:\informes\finanzas a:\finanzas 

i 
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2.4.- Manejo de Discos. 

La información se guarda en discos y permanece in1ac1a has!a que se eliminan. En 
contraste. la memoria RAM (memoria de acceso' aleatorio), proporciona almacenamiento 
de información que se pierde cada vez que se apaga el ordenador. 

Tipos de discos 
Un d!Squele es un disco nexible y muy delgado que 1iene una cubierta protec!ora de 
plástico. Un disco duro tiene uno o más discos rígidos apilados uno encima del olro dentro 
de una C<Jja cerrada completamente. A los discos duros también se los denomina discos 
fijo.\ porque permanecen dentro del sistema. Una vez que se ha instalado el disco duro, no 
se debe retirar a· no ser que esté dañado o se desee sustituir por un disco de mayor 
copac1dad. 

La información de lcis discos se divide en pis1as. Cada pisla es un cfrculo conctnlrico que 
puede contener una ciena camidad de información. Cuan1as más pislas 1enga un disco. más 
Información puede almacenar. Un disco duro puede almacenar más información que los 
disqueles porque tiene más caras y más pistas por cara. 

Los disquetes varían en cuanto al tamaño y la cantidad de infomlación que pueden 
contener. A continuación se presenta una lista con los principales tipos de disquetes con los 
que se puede !rabajar en M S-DOS. y la cantidad de información que cada uno puede 
alntacenar: 

5 1/4 pulgadas una sola cara/doble densidad 

5 1/4 pulgadas una sola cara/doble densidad 

5 1/4 pulgadas dos caras/doble densidad 

5 l/4 pulgadas dos caras/doble densidad 

5 1/4 pulgadas dos caras/cuadruple densidad 

3 112 pulgadas dos caras/doble densidad 

3 112 pulg~das dos caras/cuadruple densidad 

3 112 pulgadas dos caras/al!a densidad 

160K 

180K 

320K 

360K 

1200K ó 1.2MB 

720K 

1440Kói.44MB 

2880K ó 2.88 MB 

La mayor parle de los disque!es tienen e1ique1as que indican de qu~ lipo son. Tambitn se 
puede utilizar el comando dir.o chkdsk para ver la información sobre la capacidad de 
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almacenamiento de un disco que ya tl<ne formato. 

Bytes, Kilobytes y Megabytes 
El tamaño de los archivos se mide en bytes. Un byte es la cantidad de espacio que se 
necesita para almacenar un solo carácter. Un kilobytes equivale a 1024 bytes. En este 
manual el kilobyte se abrevia como KB. Un megabytes equivale a 1024 K (casi un millún 
de bytes). En este manual la palabra megabytes se abrevia como MB. Por ejemplo. si un 

disco puede almacenar casi 1.2 millones de bytes de información. es un <li>cu <le 1.2 MB. 

Tipos de unidades de disco 
No todos los tipos de disquetes son compatibles con todos los tipos de unidaucs <le uisco. 
En general, al disquete se le debe dar un formato con una capacidad menor o igual que la 
de la unidad en la que se utilice para que el disco y la unidad sean compatibles. Para 
comprobar si un disco funciona con una determinada unidad, el disco se inserta en la 
unidad y se utiliza el comando dlr. Si el disco y la unidad son compatibles o el disco no 
tiene formato, MS-DOS presenta un mensaje de error que le comunica que hay un fallo 
general. 

M S-DOS ajusta sus operaciones para trabajar con el tipo de unidad de disco que se está 
utilizando. Para algunos comandos. se incluye un modificador si la unidad de uiscu y d 
disquete no tienen la misma capacidad. 

El formato de los discos 
Antes de poder utilizar un disco. se debe preparar utilizando el comando formal. El disco 
puede tener o no formato previo. Cuando se da formato a un disco. MS-DOS realiza un 
formoto dt stguridad. Con este formato de seguridad, se puede restaurar el disco a su 
condición anterior mediante el comando unformat, siempre que no se hayan guaruado 

archivos en dicho disco. 

Se puede incluir el modificador /u con el comando formal para ejecutar un formato 
incondicional. Este formato destruye toda la información del disco. Si de forma errónea se 
da formato a un disco incondicionalmente, todavla se puede recuperar la información 
perdida siempre que se haya instalado el programa Mirror_ antes de uulizar el comando 

formaL El programa Mirror se describe en la siguiente sección. 
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Cuando <e da formato a un disquete o a un disco duro, MS-DOS reserva una pequeña pane 
del disco para su sistema de registro. El sisrema de registro se compone de dos panes: una 

wbla de lWgnación de archivos (que detennina el emplazamiento de cada archivo del 
di~t:o) y el directorio rafz (que almacena el nombre, tamaño. fecha y hora de creación y los 
atribu10s de los archivos del disco). 

Un .rector es la unidad de almacenamiento básica de un disco. Cada sector de un disco 
puede almacenar medio kilobyte de información. Cuando MS-DOS da fonnato a un disco, 
M S-DOS verifica cada sec10r para detectar si tiene algún defecto, y marcarlo para que no 
pueda almacenar datos en ellos. Cuando M S-DOS almacena un archivo en un disco. utiliza 
grupos de sectores llamados unidades dt asignación. El número de sectores por unidad de 
astgnaco.ín depende del tamaño del disco. 

Si se utiliza un disco duro nuevo, se debe renlizar una partición antes de poder darle 
furmato. Mientras se ejecuta el programa de instalación de MS-DOS puede crear 
particiones y dar formato al disco duro. 
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Formato de un disco 

En breve ______________________ _ 

Para dar fonnalo a un disquete o a un disco duro, se utiliza el comando formal. Se debe 
especificar la unidad que contiene el disco al que se quiere dar fonnato. Por eJemplo. el 
siguiente comando da fonnalo a un disquete de la unidad A: E orma t a, 

MS-DOS realiza un fonnato de seguridad de forma predetenninada. Si se desea de>hacer 
el fonnato de seguridad, se adade el modificador /u al comando formal el moditicador /u 
elimina todos los datos exislcntcs en un disco. Cuando se utiliza el comando rormal~.:on el 
modificador /u para dar fonnato al disco duro, aparece el siguiente mensaje: 

Peligro. todos los datos de1 disquete de la unidad C: se perderán 
¿Continuar con el formato (S/N)? 

Escribas para continuar. o n para cancelar el comando. 

Utilizando el modificador /q con el comando formal. se puede realizar un formato r:ip1do 
en un disco con fonnato previo, lo cual reduce el tiempo que M S-DOS necesua para dar 
fonnalo a un disco. Sólo se utiliza el modificador /q si no se han recibido errores de 
lectura/escritura en el disco al que se esté dando fonnato. 

Mientras se da fonnalo al disco, MS-DOS presenta un mensaje que indica el porcen1ajc del 
disco al que se da fonnato. Una vez termmado el proceso, se pregunta si se dc,ea dóir óil 
disco una etiqueta del volumen. Se debe escribir el nombre que se desee dar al o;,,,' o 

presionar la tecla ENTRAR si no se desea una etiqueta. 

MS-DOS presenta la siguiente infonnación: 

1213952 bytes de espacio total en disco 
1213952 bytes disponibles en disco 

512 bytes en cada unidad de asignación 
2371 unidades de asignación disponibles en disco 

Número de seiie del volumen"382C-17F4 

!Jytts dt tspacio total en disco Indica la capacidad de almacenamiento del di>cu. 

Bytts utilizados par tlsisttma Aparece si se han transferido al disco los archiVO> del 
sistema de MS-DOS e indica el espacio que ha sido ocupado por los tres archivo> del 

sislmUL 

Byttstn.uctorts defectuosos Indica la cantidad de espacio que no es posible uul!-.11 
debido a sectores defectuosos. Si no hay sectores defectuosos. esta línea se omite. Si un 
disquete tiene sectores defectuosos, se debe considerar no alm~cenar archivos imponantes 
o archivos de copia de seguridad en él. La mayor pane de los discos duros tienen un 
pequeño número de sectores defectuosos. 
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Bytu disponiblu tn disco Indica el espacio total del disco menos la cantidad de espacio 
utilizado por los aschi•os del sistema y los sectores defectuosos. Si el disco no contiene 
aschi•os del sistema y no hay sectores defectuosos, este número es igual al número de bytes 
del espacio total del disco. 

Bytes tn cada unidad dt asisnación y unidades dt asisnación disponibles tn un disco 
Indican la fonna en que MS-DOS ha di•idido el disco pasa el almacenamiento de los 
archtvos. Si se multiplican las dos cifras de estas lineas, el resultado debe coincidir con la 
cifra que corresponde al numero de "Bytes disponibles en disco". 

El númtro dt serit dtl volumtn Indica el número de serie asignado al disco. Este número 
no cambia a menos que sed~ nuevamente formato al disco. 

La siguiente linea es un símbolo del sistema pasa dar fonnato a otro disco. Se escribes para 
dar formato a otro disco en la misma unidad con los mismos modificadores. o se escriben 
pasa vol•er al símbolo del sistema. 

Especificación de la capacidad de un disquete 
\ 

A menos que se indique lo contrario, M S-DOS supone que el disco que se quiere das 
fonnato tiene la capacidad máxima que corresponde a la unidad. Pasa dar fonnato a un 
disco de menor capacidad, se debe utilizar el modificador if:. Por ejemplo, si la unidad A es 
de 1 ,2 MB. para discos de S 1/4 pulgadas y se desea dar fonnato a un disco de 360 KB. se 
debe utilizas el siguiente comando: 

fonnat a: /f: 360 

Algunas de las unidades de disco modernas pueden detectar la capacidad del disquete. Si se 
dispone de este tipo de unidad, no se necesita especificas estos modificadores. 

NOTA Exislen dnerencias de hardware entre unidadas de disco. por lo que algunas unidades de 
360 KB no pueden leer de manera liable discos a los que se ha dado lormato en una unidad de 1,2 
MB con et modifK:8dor /I:JeO. 

. ' 



2.5.- Manejo~ YD Editor. 
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Con la finalidad de generar un código para un programa, para 
revisar listas de resultados, añadir texto a una presentación, 
etc., se precisa del manejo de un editor de texto. 

Para ello, desde las tempranas versiones de MS-DOS, se ha 
incluido en los diskettes de programas, editores de texto, que 
aunque un tanto cándidos, son eficientes. Las últimas versiones 
de MS-DOS incluyen editores (EDIT), que son más refinados y 
permiten un procesamiento de texto más capaz. 

Asimismo, para la edición de .texto tipo ASCII (Americañ 
Standard Code for Information Interchange), se pueden utilizar 
editores de texto comerciales (Wordstar, WordPerfect, Norton 
Editor, etc). 

Tales editores de texto deberán invocarse desde el sistema 
operativo y contienen reglas internas de operación que pueden 
consultarse en sus respectivos manuales de referencia o en sus 
subprogramas de ayuda. 

3.- FUndamentos de Programación. 

Para un entendimiento claro de las estructuras y funciones 
de un programa, es necesario conocer varios tópicos referentes a 
la programación, para tal efecto, se ha escogido para éste seg­
mento, el lenguaje de programación Fortran, el cual es de uso muy 
extendido; sin embargo, se tratarán ros temas de una manera muy 
general, de tal forma que puedan sin ninguna dificultad ser ex­
tendidos •lenguajes tales como Basic, Pascal y otros. 

La comprensión completa del lenguaje técnico no es 
prerrequisito" P'!lra la preparación inteligente de una secuencia 
lógica de instrucciones (un programa) que puedan usarse en la 
computadora para resolver algün problema •. Sólo se necesita 
aceptar la premisa de que en un disco flexiblé o en alguna parte 
de~disco duro existe un conjunto de instrucciones detalladas en 
lenguaje de máquina que habilitan a la computadora para ejecutar 
una serie de instrucciones simplificadas orientadas al usuario y 
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preparadas bajo las reglas del Fortran, Basic, Pascal, etc. Este 
juego de instrucciones en lenguaje de máquina se origina con un 
programa compilador. 

3.1.- Constantes~ Variables. 

Un valor matemático se representa mediante una serie de 
d1gitos numéricos con o sin punto decimal o signo algebráico. Las 
constantes que se empleen, podrán ser de tipo real, entero ... exp_o_-· 
nencial, lógico, de caracter, de cadena de caracteres y en algu­
nos casos, definidas por el usuario. 

Una cantidad cuyo valor numérico se desconoce temporalmente 
o que pueda cambiar durante la ejecución de un programa, se llama 
variable y se expresa por un nombre de variable. El nombre de 
variable lo crea el programador y dependiendo del sistema de 
computadora que se utilice podrá consistir de una a varias letras 
o combinaciones de letras y numeras. · 

3.2.- Proposiciones~ Asignaciones. 

El lenguaje Fortran usa los caracteres alfabéticos, numéri­
cos y especiales del idioma inglés y de la matemática; las 26 
letras del alfabeto inglés, A a Z; los 10 digitos decimales o a 9 
y 10 caracteres especiales: 

+-*/=.,'(.) 

Aunque éstos son los más comunes, existen otros caracteres 
también disponibles. 

Estos cara·cteres se combinan para formar palabras, números y 
expresiones que se utilizan para construir proposiciones. Una 
proposición puede ser una instrucción explicita para que la com­
putadora ejecute una tarea sencilla, por ejemplo leer un valor 
introducido desde el teclado y asignarlo al nombre de una varia­
ble o realizar operaciones aritméticas y asignar el resultado a 
una variable, repetir una serie de tareas, o imprimir los resul­
tados de un cálculo. 

~~·~ . . 1 



AdemAs, una proposición puede proporcionar información para 
definir un arreglo, identificar una variable compleja o especifi­
car un formato de salida. 

Un programa consiste en una serie detallada de instrucciones 
y proposiciones organizadas en secuencia lógica para alcanzar 
resultados predecibles. 

Una proposición de asignación es una proposición ejecutable 
que asigna los valores numéricos de una expresión aritmética a un 
nombre de variable en una dirección de memoria especifica. El 
simbolo de asignación es el signo = o en ocasiones := (Pascal). 

3.3.- Lectura ~ Escritura. 

Existen proposiciones ejecutables que proporcionan medios 
sencillos y directos para suministrar valores de datos a los 
nombres de las variables que se usan en un programa. 

Cuando es necesario que los valores por asignar a los 
nombres de las variables en la lista se deben leer desde un 
archivo de datos almacenado en un disco flexible o en disco duro, 
existen proposiciones especificas para ello. 

Los valores en cada registro del archivo de datos deben 
concordar en número (cantidad), orden y tipo con los nombres de 
las variables en la lista de lectura. Si el conjunto de datos que 
se proporciona en un sólo registro excede al número de nombres de 
las variables en la lista, los valores de datos se asignarán, en 
el orden correspondiente, hasta que a cada nombre de variable de 
la lista se la haya asignado un valor. cualquier dato adicional 
del registro se ignora. 

Existen. asimismo proposiciones ejecutables para la salida de 
datos a la pantalla, impresora o archivo. 
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3.4.- Iteraciones~ Transferencias. 

Para utilizar todo el potencial de la computadora es necesa­
rio saber cómo repetir una secuencia de tareas, tornar decisiones 
basadas en comparaciones sencillas y saltar a otra proposición 
especifica en el programa. La iteración o repetición de cálculos 
se llama ciclo y es el resultado de la ejecución de varias trans­
ferencias mediante proposiciones de control. 

Una proposición de transferencia es una proposic1on ejecuta­
ble que transfiere o ramifica a otra proposición identificada por 
una etiqueta de proposición única. Una proposición de transferen­
cia puede ser condicional o incondicional. Las proposiciones de 
transferencia incondicional siempre transfiere a una sóla propo­
sición, rniestras que una proposición de transferencia condicional 
puede transferir a. una de varias proposiciones especificas, de­
pendiendo de las condiciones de los datos. 

Una proposición de control puede repetir un conjunto parti­
cular de propposiciones un determinado número de veces. 

Existen y son de gran trascendencia, las proposiciones de 
transferencia condicional de tipo lógico. Este tipo de proposi­
ción emplea expresiones lógicas con operadores relacionales y 
toma decisiones en función de la relación entre los valores de 
dos o más variables o expresiones aritméticas. 

3.5.- Vectores. 

Con frecuencia es necesario trabajar con cantidades 
numéricas que son elementos de un grupo llamado arreglo, y de 
acuerdo con su forma también se les puede llamar matrices o 
vectores. Un arreglo es una familia de elementos o cantidades, 
relacionados, todos asignados al mismo nombre de variable, cada 
elemento del arreglo se identifica con un sublndice diferente. 
Las variables. que son elementos de un arreglo se conocen como 
variables con subindices. 

~ En la mayoria de los lenguajes, antes de que pueda usarse 
una variable con subindice en un programa, primero es necesario 

1 
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definir el arreglo del que forma parte con una proposición de 
dimensionamiento que establece el arreglo con nombre y número de 
sub1ndice (1, 2, n dimensiones), define el máximo valor numérico 
de cada subindice y reserva las localidades de almacenamiento 
para acomodar cada elemento del arreglo. 

3.6.- Subprogramas. 

El motivo principal para usar la computadora en la solución 
de problemas es reducir el tiempo necesario para hacer cálculos 
repetitivos. Con frecuencia, planear y escribir un programa de 
computadora es una tarea laboriosa, consume tiempo y requiere 
atención cuidadosa para cada detalle de las proposiciones del 
programa. Cuantas más proposiciones tenga el programa, mayores 
posibilidades de error existen. Cualquier cosa que pueda hacerse 
para eliminar proposiciones innecesarias o e vi te escribir la 
misma proposición más de una vez, vale la pena. 

Muchos programas contienen cálculos que necesitan proposi­
ciones sencillas o que requieren de un segmento de programa con 
muchas proposiciones para repetirse en ése programa o en progra­
mas relacionados. Semejantes rutinas de repetición pueden supri­
mirse del programa principal y escribirse en forma separada com 
osubprogramas. Despúes, ésos subprogramas pueden llamarse de un 
modo individual mediante una proposición sencilla colocada de 
manera apropiada en el programa principal siempre que se le nece­
site. El subprograma ·desarrollado por el programador sirve al 
mismo propósito para aplicaciones limitadas como las funciones 
intrinsecas:·· más generalmente aplicables y puede grabarse para 
usos subsecuentes en otros programas. 
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3.7.- Almacenamiento~ Compilación. 

Algunos lenguajes, tal como el Fortran, son lenguajes 
compiladores, es decir, el programa fuente escrito por el 
programador debe traducirse (compilarse) a un código simbólico o 
lenguaje de máquina que sea comprensible para la computadora 
personal. Se requiere de un programa intermedio llamado 
compilador para hacer ésta operación. Hay diversos compiladores 
disponnibles. El compilador que se usó para la traducción 
(compilación) del programa ejemplo de éste segmento es el 
Compilador Microsoft Fortran. 

El compilador MS-Fortran consiste en un conjunto de discos . 
flexibles, guia del usuario y un manual de referenciá. qúe 
proporcionan información detallada de los archivos de los discos 
y la forma en que pueden aplicarse. En ésta sección se muestra de 
manera somera cómo se realiza la escritura, edición, compilación 
y ejecución de un programa fuente Fortran de ejemplo (consúltense 
la gúia y el manual del usuario para obtener un conocimiento más 
completo del compilador Fortran). 

4.- Modelos Matemáticos. 

4.1.- Qué es YD Modelo Matemático. 

Los modelos matemáticos en geohidrolog1a son una importante 
herramienta que ayuda a conocer el funcionamiento de los acuife­
ros. Los modelos pueden utilizarse para simular el funcionamiento 
de un acu1fero, inclusive cuando éste es complejo, incluyendo 
efectos producidos por barreras, la existencia de limites irregu­
lares, la presencia de heterogeneidades en el subsuelo, etc. Se 
puede definir tanto el flujo del agua, como el transporte de 
contaminantes, as1 como el análisis de la deformación del terre­
no, como es su hundimiento. 

Los modelos matemáticos son un valioso auxiliar en la pla­
nea9ión del manejo de acu1feros, al simular su comportamiento 
baj~ diferentes pol1ticas 'de operación. 

! 
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Para la elaboración del modelo matemático de un acuifero, 
primeramente hay que conceptualizar su funcionamiento; el si­
guiente paso consiste en transcribir los procesos fisicos a tér­
minos matemáticos, mediante el desarrollo de las ecuaciones que 
gobiernan el flujo de agua subterránea; son necesarios también la 
recopilación y depuración de datos del acuifero, su preparación o 
procesamiento, la calibración y la simulación. 

Es indispensable tener una clara idea del funcionamiento del 
acuifero lo cual incluye, por una parte, las causas modificadoras 
del acuifero que corresponden a los medios de recarga y descarga. 
La recarga puede corresponder a la infiltración y la descarga a 
salidas por flujo subterráneo y a la extracción por bombeo. La& 
variaciones en la recarga y descarga dan fluctuaciones de la 
superficie piezométrica. 

Ya conocido el funcionamiento del acuifero se transcriben 
los procesos fisicos que rigen el funcionamiento de este a térmi­
nos matemáticos mediante el desarrollo de ecuaciones que simulan 
el comportamiento del flujo de agua subterránea. El entendimiento 
de estas ecuaciones y sus limitaciones son condiciones necesaria& 
para el buen desarrollo del modelo. 

Otro punto por desarrollar en la formación de un modelo 
matemático es la obtención de las caracterlsticas del acuifero, 
tales como transmisividad, coeffciente de almacenamiento, espesor 
del aculfero, limites, gastos de extracción por pozos, etc. Estos 
datos deben de ser procesados y adaptados a los requerimientos 
del modelo. La calidad de este tipo de datos está en relación 
directa a la exactitud de los resultados que se obtengan. 

El acuifero por estudiar se discretiza o se divide en peque­
ñas áreas denominadas ·elementos, las cuales pueden tener formas 
regulares o irregulares. 

La malla regular, o de diferencias finitas, tiene la ventaja 
de que su.. construcción es simple, pudiendo consistir ésta de 
rectángulor;, Las mallas pueden también ser irregulares (método de 
elementos.·· finitos) y su diferencia fundamental respecto a la 
malla regular, es que al permitir el diseño de elementos irregu­
lares llegan a ··representar los limites del acuifero con mayor 
exactitud. El .trazo de la malla irregular es más complejo y las 
ecuaciones aplicables presentan limitantes. Para cada elemento 
disgretizado, se aplican las ecuaciones de flujos, obteniéndose 
un ~sistema de ecuaciones simultáneas cuya incógnita es la carga 
hidráulica en un tiempo determinado. 
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La calibración consiste en efectuar corridas del programa 
matemático alimentado con los datos del acu1fero, comparando los 
resultados con datos observados. En los si ti os donde exfsten 
variaciones entre valores calculados y observados, se revisan los 
datos de entrada y se realizan ajustes para efectuar nuevas co­
rridas, hasta lograr la mejor aproximación posible. 

La primera corrida se conoce como "análisis de sensibili­
dad", en el cual se observan, en forma general, los resultados 
obtenidos. Posteriormente, se hace un "ajuste mayor" que consiste 
en efectuar los cambios necesarios en forma global dentro del 
modelo. Posteriormente se hacen "ajustes puntuales" a fin de 
llegar a la calibración del modelo .. 

Es importante que los ajustes que se realizan tengan justi­
ficación; ya que de otra manera se estará forzando al modelo a 
conclusiones y procedimientos erróneos. 

4.2.- Herramientas Computacionales. 

En el procesamiento de la evolución de los niveles 
piezométricos, o en los datos obtenidos de hidrógrafos y 
cualquier comportamiento que r':gis~:e tendencia, se pueden 
realizar procedimientos de aprox1mac1on, por medio de métodos 
numéricos, con el auxilio que la computadora representa. A 
continuación se referirán distintas formas: 

4.3.- Paquetes Q§ Análisis. 

como se observa en una de las figuras anexas, es posible 
realizar análisis de aproximación por diferentes técnicas a tra­
ves de programas tales como Harvard Graphics; Lo tus 123, Excel, 
etc. 

Además, se encuentran programas tales como Curfit, Mathema­
tica, etc., que realizan análisis a funciones en general (se 
observa un ejemplo anexo). 

' 



4.4.- Lenauaies. 

De manera similar, un ingeniero puede realizar programas de 
modelado en cualquiera de los lenguajes mencionados u otros. 

En los Estados Unidos existen empresas que se dedican a la 
ingenier1a de software especializado en geohidrolog1a y 
contaminaci6n de acu1feros, que trabajan con una alta calidad y 
resoluci6n. En México, el Instituto de Ingenier1a de la UNAM y 
otras instituciones de educaci6n superior as1 como dependencias 
gubernamentales trabajan con gran éxito del modelado matemático 
de fen6menos de dispersi6n de contaminantes. 

Elabor6: Ing. F. Meixueiro. 

.. 



1.-

2.-

3.-

4.-

Fiquras. 

Listado del programa de ejemplo Bub~le._ 

Diagrama de flujo del programa de ejemplo 
Bubble. 

Análisis de optimización de ejemplo en 
Harvard Graphics. 

Análisis de ejemplo en Curfit. 
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001 
lOO 

101 

102 
103 

002 

003 

Programa de Oemostraci6n del Bubble sort 
Microsoft FORTRAN77 
Agosto 29, 1993 

La rutina principal lee de la terminal un vector 
de diez nümeros reales en formato FS.O e invoca a 
la subroutina BUBBLE para sortearlos. 

REAL R(lO) 
INTEGER I 
WRITE (*,001) 
FORMAT(lX, 'Programa de Demostraci6n del Bubble Sort. ') 
DO 103 I=l,lO 
WRITE (*,101) I 
FORMAT(lX, 'Anote el nümero real No. ',I2) 
REAO (*,102) R(I) 
FORMAT(FS.O) 
CONTINUE 
CALL BUBBLE(R,lO) 
WRITE (*,002) 
FORMAT(/lX, 'Ya sorteados de menor a mayor quedan asi: ') 
WRITE (*,003) (R(I),I = 1,10) 
FORMAT(2(lx,SF13.3/)) 
STOP 
ENO 

-~ - -~ .. - ., 

Subroutina BUBBLE lleva a cabo un sorteo tipo bubble sobre un vector 
unidimensional de longitud arbitraria. Sortea al vector 
en orden ascendente. 
SUBROUTINE BUBBLE(X,J) 
INTEGER J,Al,A2 
REAL X(J) ,TEMP 

100 IF (J .LE. 1) GOTO 101 
200 DO 201 Al = l,J-1 
300 DO 301 A2 = Al + l,J 
400 IF (X(Al) .LE. X(A2)) GOTO 401 

TEMP = X(Al) 
X(Al) = X(A2) 
X(A2) = TEMP 

401 eONTINUE 
301 eONTINUE 
201 CONTINUE 
101 CONTINUE 

RETURN 
END 
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-t- Observado • Uneal • Pohnom•ol {2) 

Manual de Hundimientos. 

D.G.CO.H. 
Elaboró: F. Meixueiro. 

Pohnom10l grado 2: Y= A+8•X+C•(X-2) 

con A= 2303.974 

8 = -0.157 
C=000106 

y= A+ ~X+C{X-2)+0{X 3} 
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• Polinomial {J) 

Lmeol: Y = A + B"X 

Con A = 2298 772 

8 = -o 00693 
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VIl CURSO INTERACIONAL DE CONTAMINACION DE ACUIFEROS 
MODULO 111: Modelos Matemáticos en ceohidrología. 

Tema: SURFER. 

1.· Introducción. 

El programa SURFER, versión 3.0, generado por Golden software, lnc. se 
presenta en éste módulo como una herramienta indispensable para la ingeniería, 
por su capacidad de convertir una matriz de vectores de posición tridimensional, 
en un mapa de contorno o en una representacion de superficie tridimensional, 
para su almacenamiento en disco, para su presentación o para una impresión en 
dispositivo externo. 

El programa SURFER viene equipado con una serie de herramientas, 
accesorios, tipos de letra, utilerías v un programa de acceso a los S programas que 
conforman el núcleo principal del SURFER. 

Tales programas son: 

al Utilerías: 

AL TERSYM.EXE Programa de modificación de los juegos de símbolos (5Vmbol 
seo. 

CONVERT.EXE convierte archivos .PLT de versiones anteriores a la 2.0 
GRAFIT.EXE Generador de gráficos por medio de una hoja electrónica de 

gran simplicidad para salida en formato .PLT. 
GRIDCONV.EXE convierte mallas (gridsl del Microsoft Basic al formato IEEE. 
INSTALL.EXE Programa de configuración de dispositivos externos. 
SLICE.EXE Programa que genera, una vez proporcionada una superficie 

producida por el programa GRID v una linea de frontera 
(formato .BLNl, las elevaciones en las intersecciones de la malla 
(gridl con la línea de frontera (boundarv linel. 

VOLUME.EXE Programa que evalúa volúmenes por medio de dos 
procedimientos de cálculo integral (regla del trapezoide v regla 
de Simpson>. 



bl Programas-Núcleo: 

SURFER.EXE Sistema de acceso por medio de menús para accesar los 
múltiples programas y utilerías del SURFER. 

GRID.EXE crea una malla regularmente espaciada a partir de datos 
irregularmente espaciados o por medio de una función definida 
por el usuario. 

TOPO.EXE Crea mapas de contorno a partir de archivos de malla generados 
por GRID. 

SURF.EXE Crea trazos de superficie tridimensional a partir de un archivo 
de malla generado por GRID. 

VIEW.EXE Muestra un archivo de impresión (plotl generado a partir de 
TOPO o SURF. El diagrama puede ser modificado 
dimensionalmente (pan y zooml. 

PLOT.EXE Programa que manda a impresión un archivo generado por 
TOPO o SURF. También puede configurarse para mandar la 
impresión a un archivo. 

2.- Programa CRID. 

2.1.- ceneralidades. 

como va se mencionó anteriormente, el programa GRID genera archivos (en 
formato binario o ascill para ser leídos por porciones de código subsecuentes, con 
otras funciones colaterales. -- - - -

El programa contiene opciones relativa a la creac ·n de una malla a partir de 
una matriz de vectores de posición (asociados a L:<; sistema rectangular de 
coordenadas!, generada de manera irregular o a través de una función matemática. 

Por ejemplo, el programa GRID podrá procesar ternas de valores reales o 
enteros v asociarlos internamente con un vector de posición en un sistema 
coordenado rectangular xvz. De igual manera, podrá hacer uso de un sencillo 
editor de ecuaciones de dos variables para generar las ternas de posición; así que 
podrá definir una función continua z = f(x,yl. 

usualmente el primer paso consiste en Incorporar ternas al programa GRID. 
La opción Input aceptará daws tanto del teclado como de diferentes tipos de 
archivos de datos. Después de -~·:eptados los datos, las otras opciones del menú 
consisten en controlar el proce~o de generación de malla regularmente espaciada. 

--;---. 
• 



,, 
2.2.- Métodos de Generación de la Malla. 

El programa proporciona dos métodos diferentes de generación de una 
malla regularmente espaciada, el método del inverso de la distancia y el método 
Kriging. El método del inverso de la distancia es más rápido pero no representa los 
datos originales tan precisamente como el Kriging. 

El método del inverso de la distancia utiliza una técnica de promedio 
ponderado para interpolar los nodos de la malla a partir de los vectores de 
posición. Las influencias son inversamente proporcionales a las distancias a los 
nodos. Además, las influencias pueden elevarse a una potencia para incrementar 
el efecto de la función ponderadora. El inverso de la distancia al cuadrado es el 
método más común. 

El método del Kriging utiliza técnicas geoestadístlcas para calcular la 
autocorrelación entre puntos y producir una mínima e imparcial variancia estimada. 
En teoría ningún otro método de generación de mallas puede producir estimados 
más precisos. En práctica, la efectividad del método del Kriging depende de la 
correcta selección de varios parámetros. Tales parámetros son estimados por el 
GRID y pueden no ser exactos. Aún así, el Krlglng produce mapas más precisos que 
los generados a través, del método del inverso de la distancia. ~ 

2.3.· Métodos de Normalización de la Malla. 

El programa proporciona dos métodos de normalización o uniformización 
de ias mallas generadas, el método matricial y el método de ajuste. 

El método. de normalización matricial evalúa una matriz de normalización 
sobre la malla existente para promediar aquellos puntos de la malla más cercanos 
a cada punto de la malla que va a normalizarse. La matriz se especifica por el 
número de columnas y de renglones a cada lado del punto de la malla a 
normalizarse, así como la influencia al punto central de la matriz. 
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En el ejemplo anterior, los signos + representan los nodos de la malla, 
mientras que las x y las o representan a la matriz de normalización. La malla es de 
5 renglones por 7 columnas, mientras que la matriz de normalización es de 3 
renglones por 5 columnas. El nodo de la malla que está siendo normalizado está en 
el renglón 3 y la columna 4. 



Cada nodo de la malla bajo una x será ponderado por el valor de la matriz de 
normalización Y promediado para obtener un nuevo valor para el nodo central de 
la malla. La matriz cambiará por ello y el proceso se repetirá hasta que la malla 
entera se normalice. Nótese que las orilla de la malla no están definidas y quedarán 
sin cambio. -

Para una normalización ponderada no por la distancia, los nodos x tendrán 
una influencia de 1.0 y el nodo o se le asignará como el punto central de la 
influencia. En la normalización basada en la distancia, se le asignarán influencias a 
cada x basadas en el inverso de la distancia al centro, elevadas a la correspondiente 
potencia. 

En el método de ajuste, la normalización se basa en el ajuste a través de un 
polinomio de grado cúbico para interpolar nuevos valores entre nodos existentes 
de la malla. Esto incrementa la densidad de la malla permitiendo contornos y 
superficies más suaves. Los factores de expansión en x y en Y se refieren al número 
de puntos a insertar entre los nodos existentes en las direcciones X y Y 
respectivamente. Este tipo de normalización podría incrementar las bajas y altas de 
la malla original. 

• • • • • 

• • • • • 

• • • • • . . . . 
En el ejemplo anterior, los asteriscos representan la malla original de 3 por 

5. Los nodos representados por los puntos fueron interpolados usando una 
normalización por medio de un ajuste a una curva polinomial cúbica. 1 puntos fué 
calculado entre cada nodo en la dirección X y 2 puntos fueron calculados entre 
cada nodo en la dirección Y, para arroJar una malla final de 7 renglones por 9 
columnas. 

3. • Programa TOPO. 

El programa TOPO es un generador de contornos que funciona por medio de 
menús. El trazo del contorno puede observarse en el monitor de la computadora, 
mandarse a impresión o mandarse a un archivo. Los parámetros de generación del 
mapa de contorno y de impresión pueden controlarse en su totalidad por el 
usuario. 

Los datos de la malla deberán estar en el formato utilizado por el programa 
GRID, el cual está en formato ascii o en binario. El acceso al programa TOPO podrá 
ser desde la línea de comandos del oos o desde el menú del SURFER. 

1 



'1 

4.· Programa SURF. 

Este programa es un programa interactivo, controlado por menús que 
produce representaciones de superficies tridimensionales para su salida a la 
pantalla, impresora, plotter o archivo. La entrada para éste programa está 
conformada por los archivos de extensión .GRO generados por el GRID en base a 
datos proporcionados por el usuario. 

• 

A semejanza del TOPO, el SURF contiene una gran cantidad de opciones 
alternas, como ejes, colores, títulos, complementación con otros gráficos, opciones 
de control de generado de superficies y muchas otras opciones. 

5.· Programa VIEW. 

El programa VIEW es un subprograma que le permite observar detalles del 
gráfico generado (mediante sencillos comandos de "zoom" y "pan"l, así como 
permitir la generación por pasos. Esto és, observar mediante control del usuario, 
la generación de las líneas que componen el trazo. 

Este programa acepta archivos de extensión .PLT y no genera nada. 

5.· Programa PLOT. 

Este subprograma genera salidas a impresora, plotter o archivo previo 
procedimiento de "optimización", convirtiendo el archivo de salida .PLT generado 
por TOPO o SURF en un archivo .OPT, preparado para la impresora o dispositivo 
especificado en la configuración del programa PLOT. 

Dentro del programa PLOT se pueden controlar varios parámetros, tales 
como factores de escala, posición del gráfico dentro de la página, el formato del 
archivo, el número de dígitos de exactitud del trazado, etc. 



APENDICES. 

Apéndice 1.· Tipos de Archivos que: Maneja el SURFER. 

El SURFER trabaja con una serie de archivos, formateados para una función 
específica; tales archivos son diferenciados internamente mediante una extensión 
característica. En la tabla siguiente se muestran tales extensiones con una breve 
descripción de los archivos, así como su génesis y utilización. 

Extensión uso 
.PLT Archivos de trazo (plotl de cualquier índole, bien generados por 

TOPO como por SURF. son leídos por PLOT o dentro de las utilerías 
de impresión de TOPO o de SURF !que no son sino llamadas a PLOD, 
para ser procesaaos. 

.OPT Archivos de optimización para impresión. son procesados por PLOT 
y listos para su envío a los dispositivos generadores de impresión. 

.SYM Archivo que contiene un juego de caracteres en un determinado 
tipo de letra. Pueden crearse y editarse mediante utilerías. 

.BLN Archivo que contiene las denominadas "líneas de frontera", que 
pueden ser en código ascii y que representan un polígono 
bidimensional que se implanta en un mapa de contorno o en la 
generación de una superficie. Puede generarse externamente al 
SURFER. 

.DAT Archivo que contiene datos !vectores de posición, localización de 
puntos, datos para un contorno o vértices de un polígono>; puede 
estar en ascll o en binario. Este tipo de archivos son leídos por GRID, 
SURF y TOPO. 

.GRO Archivos que contienen len ascii o en binario> la malla regularmente 
espaciada que será leída por TOPO o por SURF y que es generada 
únicamente por el GRID. 

Apéndice 2.· Menús de Ayuda. 

Todos los programas del SURFER !programas-núcleo> contienen un menú de 
ayuda !tecleando F1l, así como una ayuda sensitiva al contexto. 

A pesar de que el programa se encuentra en una versión bastante primitiva, 
las ayudas se presentan medianamente inteligibles, para el usuario latinoamericano 
con conocimiento regular del inglés técnico. 

1 • 
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Apéndice 3.· Requerimientos para el SURFER. 

El SURFER puede copiarse íntegramente en un disco de 3,5 pulg, de alta 
densidaC: (1 ,44 Mbl y ejecutarse en la unidad de disco flexible de cualquier 
computadora serie 286 y posterior sin ninguna dificultad, Tal computadora de 
preferencia deberá contar con 1,0 Mb o más de memoria RAM, 

Probablemente no tendrá usted problemas para desplegar sus diagramas en 
el monitor, puesto que entre las versiones de configuración que el SURFER 
presenta, se contempla un driver automático de detección de modo de video, así 
como los drivers típicos para los modos CGA, EGA y VGA, así como para los modos 
Hércules y OlivettL 

Esta versión no soporta (Que lástlmaJ, mouses ni tabletas digitalizadoras, 

oe igual manera, en el programa INSTALL de esta versión, se contemplan 84 
impresoras y plotters de las más variadas marcas, incluyendo las impresoras Epson, 
Okidata, Star, Hewlett Packard, tanto de matriz como láser, aunque de manera 
bastante generaL Así mismo, se presentan opciones para puertos de salida, serial 
o paralelo, la velocidad de transmisión para el puerto serial y la elección de plumas 
para los plotters" .:.·, 



[Main Menu] GRID TOPO SURF VIEW PLOT Quit 
Run the TOPO program to create a contour map from a grid file 
eeeeeeeeeeeeeeeeeéeeeeéeeeéeeeeeeeeeeeeeeeeeeeeeéeeeeeeeéeeeeeeeeeeeeeeeeeee'··~e 

The SURFER Access system provides an easy, menu-driven way to access the SURr~R 
programs and utilities. Options may be selected by moving the highlighted 
pointer with the arrow keys to the selection you want and then pressing the 
Enter key. Options may also be selected by typing thA first letter of the 
option name. Here is a summary of the current options: 

GRID 

TOPO 
SURF 
VIEW 

PLOT 

Creates a regularly spaced grid of data from irregularly 
spaced data or a user specified function. 
Creates contour maps from a grid created with GRID. 
Creates surface plots from a grid created with GRID. 
Views a plot created with TOPO or SURF on the screen. Plots 
may be panned and zoomed. 
Sends a plot created with TOPO or SURF to a hardcopy device. 
To install a new device enter /I at the filespec prompt. 

To obtain more help select the desired option, and then use the Fl key. This 
access system requires approximately lOK of memory. If insufficient memory 
messages occur, the above options may be run directly from DOS to save the lOK. 
Press any key to continue ... 

Fl=Help Esc=Backup Arrows keys move pointer 
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:·iielp System] Help Keys Menus Equations CmdLine GridiO Format Prev Next 
How to use the HELP system 
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Random Menu 

The Random menu contains all options related to creating a grid from random or 
irregularly spaced XYZ data. Each data point consists of 3 values: an X,Y, and 
z coordinate. See the GRID manual for examples of randomly spaced data. 

Usually the first step is to get the XYZ data into GRID. The Input option 
will accept data from the keyboard or from several different types of data 
files. After the data is entered, the other options in the Random menu are 
used to control the gridding process. 

Output assigns a name to the output grid file. Duplicate tells GRID how to 
handle points with identical XY coordinates. GridSize specifies the ·size or 
density of the final grid. In general, the denser the grid, the smoother and 
more detailed the final plots will be. Method allows the user to specify the 
gridding method to use. See the GRID manual for a discussion of the merits of 
the various gridding techniques. ·search will set the parameters used to 
search for data points during the gridding process. Limits specifies the 
coordinates of the edge of the grid. Begin is used to begin creating the 
grid after all the above parameters have been set to their desired values .. 
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Method Menu 

There are currently two different gridding methods available; Inverse distance 
and Kriging. Inverse distance is faster but does not represent the original 
data as accurately as Kriging. 

Inverse distance uses a weighted averaging technique to interpolate grid nades 
from the XYZ data. The weights are inversely proportional to the distance to 
the grid nade. Data points further away from a given grid nade will have less 
influence. In addition, the weights may be raised to a power to increase the 
effect of the weighting function. Inverse distance squared is the most common 
weighting power. 

Kriging uses geostatistical techniques to calculate the autocorrelation 
between data points and produce a minimum variance unbiased estimate. In 
theory, no other gridding method can produce more accurate estimates. In 
practice, the effectiveness of kriging depends upon proper selection o: various 
parameters. These parameters are estimated by GRID and may not be exact. Even 
so, Kriging produces much more accurate maps than Inverse Distance. See 
the GRID manual for more information about these methods. 
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Matrix Smoothing 

Matrix smoothing passes a smoothing matrix over an existing grid to average 
those grid points nearest each grid point to be smoothed. The matrix is 
specified by the number of columns and rows on either side of the grid point to 
be smoothed, and the weight of the center point of the matrix. 

1 2 3 4 5 6 7 
1 + + + + + + + 
2 + X X X X X + 
3 + X X O X X + 
4 + X X X X X + 
5 + + + + + + + 

In the example at left, + signs represent grid nodes, while 
x's and the o represent the smoothing matrix. The grid is 
5 rows by 7 columns, the smoothing matrix is 3 rows by 5 
columns. The grid node currently being smoothed is row 3 
column 4. Each grid node under an x will be weighted by 
the value of the smoothing matrix and averaged in to obtain 
a new value for the center grid node. The matrix will then 

be shifted and
1
the process repeated until the entire grid is smoothed. Notice 

that the edges of the grid are undefined and will be blanked. 

For non-distance weighted smoothing, the x nodes will have a weight of 1.0 and 
the o node will be assigned the center point weight. Distance weighted 
smoothing will assign weights to each x based on the inverse of the distance to 
the center raised to a specified power. 
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Spline Smoothing 

Spline smoothing fits a cubic spline to an existing grid to interpolate new 
values between existing grid nades. This increases the density of the grid 
allowing smoother contours and surfaces. The X and Y expansion factors refer to 

the number of points to insert between existing grid nades in the X and Y 
directions respectively. Spline smoothing may increase the highs and lows of 
the original grid. 

• • • 

• • • 

• • • 

• • 

• • 

• • 

In the example at right, the asterisks represent 
the original 3 by S grid. The nades represented 
by the dots were interpolated using cubic spline 
smoothing. 1 point was calculated between each node 
in che X direction, and 2 points were c'alculated 
between each nade in the Y direction to give a 
final grid of 7 rows by 9 columns . 
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TOPO Menu 

TOPO is a menu-driven contouring program. 
the screen, output to a plot file, and/or 
and plot parameters may be default values 

The contour plot may be viewed on 
sent to a hardcopy device. Contour 
or fully specified by the user. 

Gridded data, in the format used by the GRID program, is input from a data 
file in either ASCII or binary format. The fastest way to view a contour map 
on a graphics screen from DOS is to type the command 

TOPO filename 

and press function key F2. filename is any grid file produced by the GRID 
program, and may include an optional drive and path. If the extension is 
omitted, .GRD will be used. The contour plot will appear on the screen using 
default values for the contour and plot parameters. To modify the default 
values press Ese to return to the TOPO Menu. 



[Help System] Help Keys Menus Symbols CmdLine Viewing Format Prev Next 
How to use the HELP system 
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 

Level 

The values of the contour lines may be changed by specifying the minimum, 
maximum, and interval values, or by specifying a data file containing the 
contóur levels desired. The default values are chosen to give between 11 and 
21 contours. 

Minimum contour 
Maximum contour 
Contour interval 

Level file 

The lowest contour level to apper on the map. 
The highest contour level to appear on the map. 
The interval or stepsize to use between the minimum and 
maximum contour levels. The total number of levels plotted 
will be int((Maximum- Minimum) 1 Interval). To omit all 
contour lines specify minimum and maximum contour levels 
that will exclude all Z values of the grid. 

The level file must be a valid DOS filespec consisting of an 
optional drive, optional path, filename, and optional 
extension. If the extension ~s omitted, .DAT is used. The 
level file is an ASCII data file with one contour level per 
line. There is a maximum of 200 levels if a level file is 
used. The levels do not need to be in any arder, and do not 
need to be evenly spaced. 

'' 
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SURF Menu 

SURF is an interactive, menu-driven graphics program that produces three 
dimensional surface representations for output to the screen, printer, or 
plotter. Gridded data, in the format used by the GRID program, is input from 
a data file in either ASCII or binary format. The fastest way to view a plot 
on a graphics screen from DOS is to type the command 

SURF filename 

and press function key F2. filename is any grid file produced by the GRID 
program, and may include an optional drive and path. If the extension is 
omitted, .GRD will be used. The surface plot will appear on the screen using 
default values for the contour and plot parameters. To modify the default 
values press Ese to return to the Main Menu. 
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View (Page 1 of 2) 

Projection Orthographic projection is better when measurements are to be 
taken off the surface. Parallel lines will remain parallel. The 
perspective projection creates a visual effect similar to that of 
the human eye. Parallel lines appear to converge at a distance 
similar to railroad tracks at the horizon. 

Rotation This is the nurnber of degrees from the positive X axis. The 
surface appears to rotate clockwise, or equivalently, the viewer's 
eye appears to rotate counter-clockwise. O=looking west, 90=south, 
180=east, 270=north. 

Tilt Tilt specifies the angle, above or below the X-Y plane, from 
which the surface is to be viewed. The default of 30 degrees puts 
the viewer's eye 30 degrees above the plane. 

<Select Next for more help on View> 
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Output 

Create a plot file of the current surface plot. Optionally, send output te a 
printer or plotter via the PLOT program. 

Name of plot file 

Scale factor 
---------
Page position 

Plot file format 
File write mode 

Number of decimal 
digits in file 
Send plot te 
installed device 

Specify the opcional drive, optional path, filename, and 
optional extension of the plot file te create. 
S cale factor for the en tire plot. For example ,_ 2. o __ wilL __ 
make- the plot-cwice·as-bi-g:-- ----
Position of the entire plot in inches, from the bottom left 
cerner. May be used te offset multiple plots when appending. 
ASCII may be read by any text editor. Binary is efficien~. 
Overwrite will cause the plot te be written over any old 
information in the file (hence destroying it). Append wilL 
write the current plot at the end of the specified plot ' 
file. If the plot file does not exist, a new one will be 
created. 
Accuracy in decimal digits of values in the plot file. This 
value should reflect the resolution of the output device. 
Answer Yes te call program PLOT from within SURF. PLOT 
immediately begins plotting en the installed printer or 
plotter. Be sure te install PLOT first. 
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S}T.lbol sets 

The following Symbol sets are available. The sets may be altered using the 
ALTERSYM program. 

DEFAULT.SYM 
SETl.SYM 
SET2.SYM 
SET3.SYM 
SET4.SYM 
SETS.SYM 
SET6.SYM 
SET7.SYM 
SETS.SYM 
SET9.SYM 

Built in to TOPO 
Same as default 
Simplex Greek 
Script 
Simplex Reman 
Duplex Greek 
Simplex Italics 
Duplex Hershey 
Duplex Script 
Cyrillic 

SETlO.SYM 
SETll.SYM 
SET12.SYM 
SET13.SYM 
SET14.SYM 
SETlS.SYM 
SET16.SYM 

CENTERED. SYM 

Triplex Reman 
Triplex Italics 
Old German 
Olde English 
Old Italian 
Special Symbols 
Special Symbols 
Centered Symbols 

For·math symbols, use SETlS and SET16. The DEFAULT symbol set contains both 
centered symbols, and a complete character set. Since this is built in to 
TOPO, it does not need to be loaded and will plot faster. If a plot file is 
to be created, CENTERED.SYM will be substituted for DEFAULT.SYM for the 
posting centered symbol set. 



SLICE Documentation: 

SCRIPTION 

Given a surface (represented by a .GRD file produced by the GRID program) 
anda "boundary line", such as may be found in a .BLN boundary file used by 
GRID, TOPO or SURF, SLICE will produce th3 elevation at each grid-line 
crossing by the boundary line. If the line extends outside of the grid 
area, it may be clipped. 

----The user~ may select output files- in ~two -formats:· ~ 

l.) BOUNDARY (.BLN) FILE OUTPUT 

The .BLN file produced by SLICE is similar to the .BLN format used 
by GRID, TOPO and SURF. The .BLN file is used by SURF to plot, for 
example, a highway on a surface plot. When SLICE generates a .BLN 
file, the first two columns have the X and Y's where the 'slice' 
intersected a grid line. A third column has the z elevation at each of 
the XY coordinates. The third column is not intended for a specific 
purpose. 

2.) DATA ( . DAT) FILE OUTPUT 

The .DAT file produced.by SLICE is used by GRAPHER to plot the 
Z elevation of the boundary line on an XY type graph. The 
.DAT file's first three columns are the same as the .BLN file. A 

~ fourth column is the (accumulated) distance measured (horizontally) 
~ from the beginning of the boundary line. It does not take elevation 

change into account. This distance is accumulated even if the line 
leaves the grid region and is clipped. The distance starts over at 
zero for each new input boundary line. Use the fourth column in plotting 
elevation against traversed distance. A fifth column is the number 
of the input boundary, starting at 1. Use the fifth column to identify 
the start of a new boundary. Alternatively, at the start of each new 
boundary line after the first, the user is given the choice of specifying 
a new .DAT file. 

Two clip options are allowed: 

l.) The first option asks: 

Insert clipping value whenever boundary line exits region? 

Answer Yes to allow GRAPHER to leave gaps in the XY graph whenever 
the boundary line leaves the edge of the grid. When the boundary line 
leaves the grid, a value is inserted into the third column of the .DAT file 
which is less than the minimum Z value for the entire grid. If GRAPHER's 
data is clipped, then the plot will show gaps whenever the boundary 
line leaves the grid. 

2.) The second option asks: 

Use clipping value over blanked areas? 

Answer Yes to allow GRAPHER to leave gaps in the XY graph line whenever 
the boundary line enters a grid area that has been blanked. If No 
is answered, then those values will be omitted from the .DAT file. 



Tópicos Relacionados con la EValuación de Volúmenes. 

1.- Cálculo de integrales. 

Aunque la existencia de la integral de una función continua se asegura 
fácilmente por medio de la aplicación de los teoremas fundamentales del cálculo, 
la evaluación o "cuadratura" de dicha integral no puede realizarse mediante 
funciones elementales, salvo en casoso relativamente raros. Deberán desarrollarse, 
por consiguiente, métodos de integración numérica y también de estimación de 
la exactitud de tales aproximaciones numéricas. 

Para calcular en forma aproximada la integral 
b 

J= J f(x) dx 

• 

con a< b, se subdivide el intervalo a :s; x:s; b en n partes iguales, cada una de longitud 
h = (b·a>tn, mediante los n + 1 puntos 

xv=a+vh, nh=b-a, v=O,l, .............. ,n. 

Entonces, 

donde 

El problema de calcular la integral J queda reducido al de obtener buenas 
aproximaciones para las áreas Jv de anchura h en las cuales se ha dividido el área 
total representada por J. 
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1.1.- Aproximación mediante rectángulos 

La aproximación más directa, sugerida por la definición original de la integral, 
conduce a la relación 

D 

J=~ _":v = h(f1 +_[2 +_. ,_._•_• • • ._+_f0 ) 

donde por brevedad, se ha hecho 

1.2.- Aproximaciones refinadas- Regla de Simpson. 

una mejor aproximación se obtiene casi sin esfuerzo adicional si las áreas Jv 
se aproximan, no mediante franjas rectangulares, sino mediante trapezoides 
angostos. La fórmula de aproximación (fórmula del trapezoide) es entonces 

pues cada valor de la función, excepto el primero y el último, aparece dos veces. 

Finalmente, se menciona la famosa aproximación de Simpson, la cual, con 
poco mayor trabajo conduce a una aproximación mucho más precisa si la cuarta 
derivada de f existe y es uniformemente acotada en el intervalo dado. 

La fórmula de Simpson para n = 2m es 

Tomado de: 

R. courant y F. John. 
"Introducción al Cálculo y al Análisis Matemático", Vol. l. 
cap. 6, Métodos Numéricos. PP. 501-505. 
Ed. U musa, México, 1971, 1" Ed. 
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MODEL OF SOLUTE TRANSPORT IN GROUND WATER 5 

scripts and nodal indices, the latter are sep­
arated by commas. 

The finite-difference equation (eq 11) is 
solved numerically for each node in the grid 
using an iterative alternating-direction im­
plicit ( ADI) procedure. The derivation and 
solution of the finite-difference equation and 
the use of the iterative ADI procedure have · 
been previously discussed in detail in the 
literature. Sorne of the more relevant refer­
ences include Pinder and Bredehoeft (1968), 
Prickett and Lonnquist ( 1971), and Tres­
cott, Pinder, and Larson (1976). 

After the head distribution has been com­
puted for a given time step, the velocity of 
ground-water flow is computed at each node 
using an explicit finite-difference form of 
equation 3. For example, the velocity in the 
x direction at node (i,j) would be computed 
as 

V = K •• , •. Jl (h,_,,,,.-/r.HIJ,t) (12) 
•14.n ' 2.iz . 

The velocity in the x direction can also be 
computed on the boundary between node 
( i,j) and node ( i + 1,j) using the following 
equation: 

V K=ll+li.il (Ir.•;.• -/r.i+IJ.•) 
•CI+IiJl = (13) 

< AX 

where the hydraulic conductivity on the 
boundary is computed as the harmonic mean 
of the hydraulic conductivities at the two 
adj acen t nodes. 

Expressions similar to equations 12 and 13 
are used to compute the velocities in the y 
direction at (i,j) and (i,j+ lh) respectively. 
Note that equation 13, which computes the 
head difference over a distance AX, is more 
accurate than equation 12, which computes 
the head difference over 2Ax. 

Transport equation 

Mathod of characterlstlcs 

The method of characteristics is used in 
this model to solve the solute-transport equa­
tion. This method was developed to solve 
hyperbolic differential equations. If salute 

•• 

transport is dominated by convective trans­
port, as is common in many tield problema, 
then equation 4 may closely approximate a 
hyperbolic partía! differential equation and 
be highly compatible with the method of 
characteristics. Although it is difficult to 
present a rigorous mathematical proof for 
this numerical s:heme, it has been success­
fully applied to a variety of field problema. 
The development of this technique for prob­
lema of flow thraugh porous media has been 
presentm!"by Garder, Peaceman, and Pozzi 
(1964), Pinder and Cooper (1970), Reddell 
and Sunada (1970), and Bredehoeft and 
Pinder (1973). Garder, Peaceman, and 
Pozzi (1964) state that this technique does 
not introduce numerical dispersion (artifi­
cial dispersion resulting from the numerical 
calculation procesa). They and Reddell and 
Sunada (1970) abo compared solutions ob­
tained using the method of characteristics 
with those derived by analytical methods 
and found good agreement for the cases in­
vestigated. Applil:ations of the method to 
field problema bave been documented by 
Bredehoeft and Pinder (1973), Konikow 
and Bredehoeft {1974), Robertson (1974), 
Robson (1974), 811d Konikow (1977). 

The approach taken by the method of char­
acteristics is not to solve equation 4 directly, 
but rather to sol-ve an equivalent system of 
ordinary differential equations. Konikow and 
Gro ve (1977, eq 61) show that by consider­
ing saturated thictness as a variable and by 
expanding the convective transport term, 
equation 4 may be rewritten as 

-ac =!.. .:E..J bv,,EE.)-v ~ 
ot b az, \ ()X¡ oX, 

C(sE!!.+ W- ~) -C'W 
at at 

+----~------~------.b 
{14) 

Equation 14 is the form of the solute-trans­
port equation that is solved in the computer 
program presented in this report For con­
venience we may all!o write equation 14 as 

oC1o( ~oC oC -=--- bD,r- -V,--V.--+F 
ot b oX• az, ox o'Y 

{16) 

¡J 
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where 

F 

C(S0 h +W-, 0b)-C'W 
at at 

(16) 

Next consider representativa fluid par­
ticles that are convected with flowing ground 
water. Note that changes with time in proP­
erties of the fluid, such as concentration, may 
be described either for fixed points within 
a stationary coordinate system as successive 
fluid particles pass the reference points, or 
íor reference fluid particles as they move 
along their respective paths past fixed points 
in space. Aris (1962, p. 78) states that "as­
sociated with these two descriptions are two 
derivatives with respect to time." Thus 
oC/ot is the rate of change of concentration 
as observed from a fixed point, whereas 
dC/dt is the rate of change as observed when 
moving with the fluid particle. Aris (1962) 
calls the latter the material derivative. 

The material derivative oí concentration 
may be defined as 

dC ac ac dx ac dy 
-=-+--+--. (17) 
dt ot 'Qx dt oY dt 

Note the correspondence of the second and 
third terma on the right side oí equation 15 
with the second and third terms on the right 
side oí equation 17. The Iatter includes the 
material derivatives of position, which are 
defined by velocity. Thus for the x and y 
components, respectively, of position and 
velocity we ha ve 

and 

dx 
-=V dt • 

dy 
-=V,.. 
dt 

(18) 

(19) 

If we next substitute the right sides oí 
equations 15, 18, and 19 íor the correspond­
ing terms in equation 17, we obtain 

dC 1 a ac 
-=--(bD,r-l +F. (20) 
dt b ax. ax, 

The solutions of the system of equations 
comprising equations 18-20 may be given as 

x=x(t); y=y(t); and C=C(t) (21) 

and are called the characteristic curves oí 
equation 16-

Given solutions to equations 18-20, a solu­
tion to the partial differential equation (eq 
15) may be obtained by following the char­
acteristic curves. This is accomplished nu­
merically by introducing a set oí moving 
points (or reference particles) that can be 
traced within the stationary coordinates oí 
the finite-difference grid. Garder, Peaceman, 
and Pozzi (1964, p. 27) state, "Each point 
corresponda to one characteristic curve, and 
values oí x, y, and C are obtained as func­
tions of t for each characteristic." Each point 
has a concentration and position associated · 
with it and is moved through the flow field 
in proportion to the flow velocity at its loca­
tion. Intuitively, the method may be visual­
ized as tracing a number oí fluid particles 
througb a flow field and observing changes 
in chemical concentration in the fluid par­
ticles as they move. 

Particle tracklng 

The first step in the method of character­
istics involves placing a number of trace­
able particles or points in each cell of the 
linite-difference grid to form a set of points 
that are distributed in a geometrically uni­
form pattern throughout the area oí inter­
est. It was found that placing from four to 
nine points per cell provided satisfactory re­
sulta for most two-dimensional problema. 
The location or position of each particle is 
specified by ita x- and y- coordinates in the 
linite-difference grid. The initial concentra­
tion assigned to each point is the initial con­
centration associated with the node of the 
cell containing the point. 

For each time step every point is moved a 
distsnce proportional to the length oí the 
time increment and the velocity at the loca­
tion of the point. (See fig. 1.) The new posi­
tion of a point is thus computed with the fol­
lowing finite-difference forms of equations 
18and 19: 

x, ... = :t'p,t-1 + &x, = Zp,k-1 + 6.tV z[•c,,., .• (,,.,J 

(22) 

and 
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where 

/ 

EXPLANATION 
e lnitlel locatlon of plirticle 

O New location of perticle 
...,.. Flaw 1 ine and direction of flow 
--- Computed peth of penicle 

Figure 1o-art ol hypothellcal llnite­
dUference grid showing relatlon of 
llow lleld to movement ol polntso 

p is the index number for 
point identification; and 

8z, and 8y, are the distances moved in 
the z and y directions, re­
spectivelyo 

The z and y velocities at tbe position 
of any particular point p, indicated as 
V ;¡ • .,0.,0 • .,0.,Jo for time k are calculated through 
bilinear interpolation over the area of ha.lf 
of a cell using the x and y velocities com­
puted at adjacent nodes and cell boundarieso 
For example, figure 2 illustrates that the 
velocity in the x direction of point p, Iocated 
in the southeast quadrant of cell (i,j), would 
be computed using bilinear interpolation be­
tween the z velocities computed with equa­
tions 12 and 13 at (i,j), (i,j+1), (i+l}ú), 
and (i+ lf2,j + 1) o Similarly, the velocity in 
the Y direction of point p would be based on 
the Y velocities computed at (i,j), (i+ 1,j), 
(i,i+V2l and (i+1,j+lh)o 

After all points ha ve been moved, the con­
centration at each node is temporarily as­
signed the average of the concentrations of 

o. 
~ .. ~ 

x-

·,. -1.i-1 

• • • 
EIPLANATION 

• Node of finlta·dlflerance grid 
o Locatlan of pertlcte p 

- 101' r Compell'llnt of wlocily 

Area of lnfll.*~Ce fot lnterpolatinQ valoCity 
in r dlrection •• pllrticle p 

Area of inflwnce fot &nterpolating valocity 
in r direction •• partlcla p 

• 

• 

Figure 2o-art ol hypothellcal llnlte-dlllerence grid 
showing araas ovar whlch blllnear lntarpolatlon ls 
usad lo compute the veloclty al a point. Note thet 
eech area ol lnlluence la oqual lo one-hall ol the 
area ol a callo 

all points then located within the area of that 
cell; othis average concentration is denoted 
as C,oJo••o The time index is distinguished 
witb an asterisk bere because this tempo­
rarily assigned average concentration rep­
resenta the new time leve! only with respect 
to convective transporto The moving points 
simulate convective transport because tbe 
concentration at each node of the grid will 
change with each time step as ditrerent 
points having different concentrations enter 
and leave the area of that cello 

Flnlte-difference approximatlons 

The total change in concentration in an 
aquifer may be computed by solving equa­
tions 18-200 Equations 18 and 19, which are 
related to changas in concentration caused 
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by convective transport alone, are solved 
by the movement of points as described 
previously. The changes in concentration 
caused by hydrodynamic dispersion, fluid 
sources, divergence of velocity, and changes 
in saturated thickness are calculated using 
an explicit finite-difference approximation to 
equation 20, which can be expressed as 

liC,J,t=li{_:~(bD,~) +F]- (24) 
b az. az, 

Note that a solution to equation 20 re­
quires the computation of the change in con­
centration at the tracer particles. However, 
primarily beca use of the difficulty in comput­
ing the concentration gradient at a large 
number of moving points, the change in con­
centration represented by equation 20 is 
solved at each node of the grid rather than 
directly at the location of each point. The 
material derivative of concentration on any 
characteristic curve (or for any tracer par­
ticle) is then related to the change in con­
centration for a node during one time step, 
which was computed with the solution to 
equation 24. 

The right side of equation 24 can be con­
siderad as the sum of two separate terms, 
as follows: 

1iC,_1_.= (liC,J,tll+ (liC,,u)ll (25) 
where 

and 

(4Cu.•> 1 is the change in concentration 
caused by hydrodynamic 
dispersion, and is defined 
as 

. lito ac 
(liC,J.•> 1 =-[-(bD,,--)] (26) 

b az. az, 

(liC,_1,.) 11 is the change in concentra­
tion resulting from an ex­
ternal fluid source and 
changes in saturated thick· 
nesa, and from equation 16 
is defined as 

(liC,,,,t) 11 =lit F 

[

C (S oh+ W -~) -C'W] 
=lit at at • 

,b 
(27) 

First we will examine the change in con· 
centration due to dispersion, partly follow­
ing the development of Reddell and Sunada 
(1970). The right si de of equation 26 can be 
expanded according to the summation con­
vention of tensor notation to obtain 

a ac ac 
(1iC,,1,.) 1 = -(bD •• -+ bD.~) 

(¡Z (¡Z oY 

+-(bD,,-+bD .. -) -a ac ac J 
oY oY (JZ 

(28) 
A finite-difference approximation for the 

derivative in the x direction at (i,j) may be 
written as 

a ac ac -(bD.,-+bD.,-) 
(¡x (}X oY 

=:E_(bD,.ac > +E._(bD.~> 
(¡X oX oX oY 

(
bD •• o~) _ (bD •• a~) 

o '+~' o ' u' 1 TSol 1--;-r.J 

(
bD 3~ 

aY}IHJ ( bD .. a~) 
o i-\\J 

+-----------------------
(29) 

In the following expansion of equation 29 
it is implied that concentrations (C) are 
known from the previous (k-1) time leve): 
hence, equation 29 is an explicit finite-differ· 
ence equation. The spatial derivativas of con­
centration at (i+ lh.i) may be approximated 
by 

(ac) = c,+•J-c'J <30> 
(}X <+\\J liX 

and 

Because concentrations are defined only at 
nodes, we must expresa the right side of 
equation 31 in terms of concentrations at 
nodes. Assuming that the concentration at a 
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cell boundary is approximately eqoal to the 
average (arithmetic mean) of the concentra­
•;ons at adjacent nodes, we have 

(oC) : <1+1 +eHI.I+I -C <l-1 -C,+I.I-~ 
au •+~-~ 4t.Y 

(34) 

(32) 

Similarly, the spstial derivatives of con­
centration at ( i -l¡2.il are 

( 
ac) Cy-c,_, 
()x ·-~.1 = t.x (

35
) 

2 

and 
and 

( ""Ck C. .+ +C .. + -C. 1 -C .. _u_ =·-t.J t '·' 1 •-t. -1 ,,_~ 

au ·-~-~ 4t.y 

ci.j-1 +C,+,J-• 
c,+~o~-• = 2 (33) 

(36) 

Substitution of equations 32 and 33 into 
equation 31 resulta in: 

After substituting equations 30, 34, 35, and 
36 into equation 29, we have 

a ac ac 
-(bD • .-+ bD,.--) 
ax ()X oY 

bD ni<+ ~J 1 (C,+ 1J -C ,1 ) bD nli-~Jl (C i.l -e,_,) 
(t.x)' (t.X)' 

bD .. Ii-~.ll(e,_,J+I +C <J+I-ei-IJ-1 -e <1-1) 

4t.xt.y 
(37) 

A ftnite-difference approximation for the / m ay be developed for node ( i,j) in an analo-
derivative in the y direction in equation 28 gous manner to equation 37 to produce 

a ac ac 
-(bD,-+bD,.-) 
au a11 ax 

(bv,~) -(bv~) (bv~) _ (bo,. ac) au <J+~ o!l <.~-~ az u+~ az 1.1-~ 

= +----------------------t. y 

bD .. ll.l+~l (CI.I+I -CIJ) 
=------:----:----

(61/) 1 

t. y 

bD .. I<J-~1 (C <J -e 1.1-l) 

(.l. Y)' 

bD rall./-111 (e i+IJ-1 +CHIJ -Ci-IJ-1 -e,_,) 

4t.zt.y 
(38) 

Equation 28 may then be solved explicitly 
by substituting the relationships expressed 

by equations 37 and 38 for the terms within 
brackets on the right side of equation 28. 

•• 

.( 
" " 
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Next we will examine the change in can­
centratian denated by equation 27. Substi­
tuting explicit finite-difference appraxima­
tions for the terms in equation 27, we have 

({;.e > ~~[e (s[ h..l .• -h •. ¡.•-• J 
t,J,k 11 b C,J,k-t 

( C,J.I: tJ.t 

+Wr¡o-•[ b,,u-br.¡.•-• ]) 
. . t;.t . 

-e:.;.• w,1_. J. (39> 

Equations 28, 37, 38, and 39 tagether pro­
vide a solution ta equatian 24, which in turn 
allows us to solve equation 20 and complete 
the definition of the characteristic curves af 
equation 15. 

Because the processes of convective trans­
port, hydrodynamic dispersion, and ·mixing 
are occurring continuously and simultane­
ously, equations 18, 19, and 20 should be 
solved simultaneously. Hawever, equatians 
18 and 19 are solved by particle movement 
based on implicitly computed heads while 
equation 20 is solved explicitly with respect 
to concentrations. Because the change in con­
centration at a source node due to mixing is 
proportional to the difference in concentra­
tion between the node and the source fluid 
(see eq 27), the accuracy of estimating the 
concentration at the node during a time in­
crement will clearly affect the computed 
change. Similarly, because the change in con­
centration due to dispersion is proportional 
to the concentration gradient at a point, the 
accuracy of estimating the concentration 

gradient will clearly affect the accuracy of 
the numerical resulta. As the position of a 
frant ar breakthraugh curve advances with 
time, say fram the k -1 ta k time leve!, the 
canoentratian gradient at any fixed reference 
paint and the cancentratian differences at 
saurces are cantinuasly changing. The can­
sequent limitations imposed by estimating 
nada! cancentrations in a strict explicit man­
ner can be minimized by using a twa-step 
explicit pracedure in which equatian 24 is 
salved at each node by giving equal weight 
ta oancentratian gradients camputed fram 
the oancentratians at the previaus time leve! 
(k-1) and ta cancentration gradients cam­
puted from concentratians at time leve! (k•), 
which representa the canvected pasitian of 
the frant at the new time leve! (k) prior to 
adjostments af cancentratian far dispersion 
and mixing. Figure 3 illustrates the sequence 
of calculatians ta salve equatians 18-20 over 
a given time increment. First the concentra­
tian gradients at the previous time level 
(k -1) are determined at each nade. Then 
the frant is canvected to a new position for 
time leve! k• based on the velocity of flow 
and length of the time increment. N ext the 
concentration gradients at each node are re­
computed for the new positian af the front. 
The concentration distribution for the new 
frontal pasition is then adj usted at each node 
in two steps: first based on concentration 
gradients at k -1 and second based on con­
centration gradients at k•. 

Tbe finite-difference approximation to 
equation 24 may thus be expressed as 

e,._,, <S-a_h + w -~> -c·w] 
e _ a (bD ae,,_ .. > ____ a:....t __ .......;_at __ _ 

6 c,¡,11- - , + 

az, az¡ e,,.,(S-a_h + ~-~) -e·w] 
a (bD ae,,., at at + - ' ) +---.:,_ __ ___: __ _ (40) az, az¡ ' 

in which the appropriate finite-difference ap­
proximations for the terms within brackets 
are indicated by equations 37, 38, and 39. 

The new nodal concentrations at the end 
of time increment k are computed as 

e,,¡_,=Cu.o·+l1C1,1,, (41) 

1) 
1 

=-----
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Figure 3.-Represontativo chango In brealdllnJugh curve from lime lovel k-1 to k. Noto that concenlrallon 
changas are exaggaratad to help illustrata tha sequanca of calculallons. 

where C,J.>• is the aversge of the co~~eentra­
tions of al! points in cell ( i,j) after equations 
22 and 23 were solved for all points for time 
step k, and t;.C,.1 •• is the change in coDeentra­
tion caused by hydrodynamic dispersion, 
sources, and sinks, as calculated in equation 
40. 

Because the concentrations of points in a 
cell vary about the concentration of tbe node, 
the change in concentration computed at a 
node using equation 40 cannot be applied 
directly in all cases to the concentrations of 
the points. lf the change in concentration at 
the node (M;,.1 •• ) is positive, the increase is 
simply added to the point concentrations. 
But if the concentration change is negative, 
it is applied to points in that cell as a per­
centage decrease in concentration at each 
point that is equal to the percentage decrease 

•• 
~:~ 

at the node. This technique preserves a mass 
balance within each cell, but when a decrease 
in concentration is computed for a node, it 
will also prevent a possible but erroneous 
computation of negative concentrations at 
those points that had a concentration less 
than that at the node. 

Stablllty crlteria 
The explicit numerical solution of the 

solute-transport equation has a number of 
stability criteria associated with it. These 
may require that the time step used to solve 
the tlow equation be subdivided into a num­
ber of smaller time incrementa to accurately 
solve the solute-transport equation. 

First, Reddell and Sunada ( 1970, p. 62) 
show that for an explicit finite-difference 
solution of equation 26 to be atable, 

/0 
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D_ <lt D,. <lt 1 
-----"'--+ ¿ ( 42) 
(t..z)' (<ly)' 2 

Solving equation 42 for <lt, we see that 

11~ Min D 
[ 

0.5 l 
(over grid) ~+ 0 •• · <43 l 

(Az)' (W)' 

Beeause the solution to equation 26 is ac­
tually written as a set of N equations for N 
nodes, the maximum permissible time incre­
ment is the smallest At computed for any in­
dividual node in the en tire grid. The smallest 
<lt will then occur at the node having the 
largest value of 

D.. D .. --+--. 
(<lz)' (<~.y)' 

Next consider the effects of mwng ground 
water of one concentration with injected or 
reeharged water of a different concentra­
tion, as represented by the soun:e terms in 
equation 39. The change in concentration in 
a source node cannot exceed the difference 
between the so urce concentration ( e• ) and 

1,¡ 

the concentration in the aquifer (e,,1), and 
the maximum possible change occurs when 
a soürce completely ftushes out the volume 
of water in an aquifer cell at the start of a 
time step. Therefore 

11e,1"'~e.J.•-• -e~"'. (44) 

After rearranging terma in equation 44, we 
ha ve 

<le,J,O ""'l.O. 
ce •. , .• _,- e· •. , .• ) (45) 

We may isolate the effects of mixing rep­
resented in equation 39 by assuming steady­
state ftow in which ohlat~o and oblat-o. 
Then we can rewrite equation 39 as 

11t w,1"' ce,J_._,-e· •. 1 •• l 
(<lC,,1,.) 11 - • (46) 

,b~¡ .• 

After rearranging terms in equation 46, we 
ha ve 

(47) 

Substituting equation 47 into equation 45 
results in 

<lt IV '-'·• ""'1.0. ( 48) ... _,_. 
Solving equati011 48 for At at all nodes 

yields the followin¡ criterion: 

<lt""' Min [ ,b,_,_. J . 
(over grid) W • <49) 

U.A: 

A third type of stability check in vol ves the 
movement of points computed by equations 
22 and 23 to simulate convective transport. 
The distance a particle moves is defined as 

8z=6.tV.II\'{a-1 •• .,, ... "·"J (50) 

and 

(51) 

In effect, this coDStitutes a linear spatial 
extrapolation of t1le position of a particle 
from one time step to the next. Where 
streamlines are curvilinear, the extrapolated 
position of a partirle will deviate from the 
streamline on whil:h it was previously lo­
cated. This deviation introduces an error 
into the numerical solution that is propor­
tional to <lt. Thus, it is thought that an ac­
curate computation of concentration changes 
caused by convective transport requires the 
maintenance of a relatively uniformly spaced 
field of marker particles that are moving 
along relatively si!IIKith and continuous path­
lines. Also, if &z is greater than <~.z, or 8y is 
greater than <~.y, it might be possible for par­
ticles to move beyand the boundaries of the 
grid during one time increment. Thus, for 
a given velocity field and grid, sorne restric­
tion must be placed on the size of the time 
increment to assure that neither 8% nor Sy 
exceed sorne critica! distances, called &z•and 
sy•. Therefore 

(52) 
and 

lfl""'&y•. (53) 
These critica) diatances can be related to 

the dimensiona of the finite-difference grid 
by 

(54) 
and 

/1 
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By• =ytJ.y (55) 
where y is the fraction of the grid dimen­
siona that particles will be allowed to move 
(O<y-"'1). 

If we replace the tenns in equations 52 
and 53 with the corresponding terms from 
equations 50, 51, 54, and 55, we have 

A.t V z:(z:(.,II)'V(Uo)J Ly4.% (56) 
and 

tl.t V •1• ............ 1 ""'yAy. (57) 

Because these criteria are govemed by the 
maximum velocities in the system,· and since 
the computed velocity of a tracer parÜcle 
will always be less than or equal to the 
maximum velocity computed at a node or cell 
boundary, we have to check only the latter. 
Substituting the grid velocities aDd solving 
equations 56 and 57 for tJ.t resulta in 

and 

AtL ytl.Z 

(V,) .. ., 
(58) 

tJ.tL ytl.y (59) 
(V.> .... 

If the time step used to solw the flow 
equation exceeds the smallest of the time 
limita detennined by equations 43, 49, 58, or 
59, then the time step will be subdivided into 
the appropriate number of smaller time in­
crementa required for solving tlle solute­
transport equation. 

Boundary and lnltlal condllona 

Obtaining a solution to the equations that 
describe ground-water flow and salute trans­
port requires the specification of boundary 
and initial conditions for the domain of the 
problem. Specifications for solvillll' the flow 
equation must be compatible witla the solu­
tion of the solute-transport equation. Severa! 
different types of boundary conditions can 
be incorporated into the solute.transport 
model. Two general types are incorporated 
in this model; these are constut-flux and 
constant-head conditions. These can be used 
to represent the real boundaries of an 
aquifer as well as to represeul artificial 
boundaries for the model. The ase of the 

•• 
\...·-! 

latter can help to minimize data require­
ments and the ared extent of the modeled 
part of the aquifer. 

A constant-flux boundary can be used to 
represent aquifer underflow, well with­
drawals, or well ilijection. A finite flux is 
designated by speci{Jing the flux rateas a well 
discharge or injection rate for the appro­
priate nades. A no.flow boundary is a spe­
cial case of a constant-flux boundary. The 
numerical proceduM used in this model re­
quir.es..,Jhat the area of interest be sur­
rounded by a no-flllw boundary. Thus the 
model will automalically specify the outer 
rows and columna ofthe finite-difference grid 
as no-flow boundaries. No-flow boundaries 
can also be located rlsewhere in the grid to 
simulate natural limita or barriera to 
ground-water flow. No-flow boundaries are 
designated by setting the transmissivity 
equal to zero at appropriate nodes, thereby 
precluding the flo-. of water or dissolved 
chemicals across tbe boundaries of the cell 
containing that nodL 

A constant-head boundary in the model 
can represent psrts of the aquifer where the 
head will not chanp with time, such as re­
charge boundaries Ir' areas beyond the in­
fluence of hydraulic stresses. In this model 
constant-head bounilries are simulated by 
adj usting the leakap tenn ( the lsst tenn on 
the right side of eqaation 11) at the appro­
priate nodes. Th1s 1s accomplished by setting 
the leakance coefllcient (K,/m) to a sufll­
ciently high value (lllch as 1.0 s-') to allow 
the head in the aquifer at a node to be im­
plicitly computed u a value that is essen­
tially equal to the va:lue of H., which in this 
case would be specilied as the desired con­
stant-head altitude. The resulting rate of 
leakage into or out of the designated con­
stant-head cell wouU equal the ftux required 
to maintain the head in the aquifer at the 
specified constant-had altitude. 

If a constant-flux or constant-head bound­
ary representa a ftuill source, then the chemi­
cal concentration i1 the source fluid (C') 
must also be specif\ed. If the boundary rep­
resenta a fluid sink. then the concentration 
of the produced ftuid will equal the concen-



. . 

•• 
~ .. ~ 

14 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS 

tration in the aquifer at tbe location of the 
sink. 

Because solute transport directly- dependa 
upon hydraulic and concentration gradients, 
the head and concentration in the aquifer at 
the start of the simulation period must be 
specified. The initial conditions can be deter­
minad from field data and (or) from previ­
ous simulations. It is important to note that 
the simulation results may be sensitive to 
variations or errors in the ·initial conditions. 
In discussing computed heads, Trescott, 
Pinder, and Larson (1976, p. 30) state: 

lf initial conditions are specified so that traosient 
flow is occurring in the system at the start of the 
simulation, it should be recognized that water levels 
will change during the simulation, oot only in re­
sponse to the new pumping stress, but also due to 
the initial conditions. This may or may not be the 
intent of the user. 

Mass balance 

Mass balance calculations are performed 
after specified time increments to help check 
the numerical accuracy and precision of the 
solution. The principie of conservation of 
mass requires that the cumulative sums of 
mass inflows and outflows (or net flux) must 
equal the accumulation of mass (or change 
in mass stored). The dilference between the 
net flux and the mass accumulation is the 
mass residual (Rnl and is one measure of 
the numerical accuracy of tbe solution. Al­
though a small residual does not prove that 
the numerical solution is accurate, a Iarge 
error in the mass balance is undesirable and 
may ind;cate tbe presence of a significant 
error in the numerical solution. 

The model uses two methods to estímate 
the error in the mass balance. Both are based 
on the magnitude of the mass residual, RM, 
which is computed from 

R,.=c.M,-M1 (60) 
where 

c.M, is the change in mass stored in the 
aquifer, M; and 

M1 is the net mass flux, M. 

The two mass terma, AM, and M1, are 
evaluated using tbe following equations: 

c.M, = :Ub,,¡c.A.:r:Al/(C,_,_,- C,,1,,) 
• 1 (61a) 

where e,_,_, is the initial concentration at 
node (i,j), MIL'; and 

M,=:7;w,_,_,AxAyAt, e;_,_,. (6lb) 

The pPrcent error (E) in the mass bal­
ance is computed first by comparing the 
residual with tbe average of the net ftux and 
net accumulation, as 

E' 
100.0(M1-c.M,). 

(62) 
0.5(M1+AM,) 

This is a good measure of the accuracy of 
the numerical solution when the tlux and the 
change in mass stored are relatively large. 
However, equation 62 does not account for 
the initial tru1ss of solute in the aquifer. If 
total tluxes are very small compared to the 
initial mass of solute in the aquifer, then 
equation 62 might indicate a relatively large 
error when the numerical solution is actually 
quite accurate. Therefore, the error may also 
be computed a second way by comparing tbe 
residual with the initial mass of solute 
(M,) present in the aquifer, as 

E,-100.0(M1-AM,). (63) 
M, 

Equation 63 provides a good measure of the 
accuracy o! the numerical solution when 
tluxes are zero or relatively small. But wben 
M, is zero or very small in comparison to 
c.M., then E, becomes meaningless. This 
problem can be overcome by correcting M. 
in the denominalor of equation 63 for tbe 
net mass tlux, resulting in 

E,=l00.0(M1-c.M,). (G4) 
M,-M1 

Note tbat as M1 becomes very small, equa­
tion 64 approacbes equation 63, and as M. 
beeomes very small, E, beeomes just a com­
parison of the residual with tbe net ftux. In 
the latter case E, is a mass balance indicalor 
similar to E, in equation 62. Thus, E, is con­
siderad a more reliable and versatile indi­
cator of numerical accuracy than is E,. 
Either one or both of E, and E, are computed 
by tbe model, as appropriate. 

·é 
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Special problems 

There are a number of special problema 
associated with the use of the method of 
characteristics to salve the solute-transport 
equation. Sorne of these problema are asso­
ciated with the movement and tracking of 
particles, while other problema are related to 
the computational transition between the 
concentrations of particles within a cell and 
the average concentration at that nade. We 
will next describe the more significant prob­
lema and the procedures used to minimize 
errors that might result from them. 

One possible problem is related to no-ffow 
boundaries. Neither water nor dissolved 
chemicals can be allowed to croas a no-flow 
boundary. However, under certain conditions 
it might be possible for the interpolated 
velocity at the location of a particle near a 
no-flow boundary to be such that the particle 
will be convected across the boundary during 
one time increment. Figure 4 illustrates such 
a possible situation, which arises from the 
deviation between the curvilinear flow line 
and the linearly projected particle path. If 
a particle is convected across a no-flow 
boundary, then it is relocated within the 
aquifer by reflection across the boundary, as 
also shown in figure 4. This correction thus 
will tend to relocate the particle closer to the 
true flow line. 

Fluid sources and sinks also require special 
treatment. Because they tend to represent. 
singularities in the velocity field, the use of 
a central ditrerence formulation (eq 12) to 
compute the velocity at a nade may indicate 
zero or very small velocities at the nades. 
Therefore, the velocity componente · at a 
source or sink nade cannot be used for in­
terpolation of the velocity at a point within 

'or adjacent to that cell. To help maintain 
radial f!ow to or from a sink or source, re­
spectively, the velocities computed on the 
boundaries of source or sink celia are as­
signed to that nade. The appropriate bound­
ary velocities are determinad on the basis of 
the quadrant of interest. This can be illus­
trated by referring again to figure 2. If a 
point is located in the southeast quadrant of 
cell (i,j), the x velocity at nade (i,i) would 

•• 

• 

EXPLANATION 
Node ol fintte -dtflar..,ce grid 

• Pravtous location al paf1tCie p 
o Computad new location ol partu:la p 

D. Conectad naw location ol parttcla p 

._.. Flow lina and direction of flow 
Comp.~lad path of rtow 

~ Zaro transmiasivity ¡ar no·llow boundlryl 

Figura 4.-Possible movement of partlcles aear 
• impermeable (no·flow) boundary. 

be set equal to V .+ . and the y velocity to 
z(t %.J) 

V,(<i+~>l' Corresponding adjustments are 
made for points in other quadrants, 10 that 
the magnitude and direction of vel01:ity at 
the nade are not fixed for a given time in­
crement, but depend on tbe relative loeation 
of the point of interest within the oell. A 
similar approximation is made when • point 
of interest is located in a cell adjace11t to a 
source or sink. Thus, if the same point. p, in 
figure 2 were located in an unstressed cell 
but the adjacent cell (i+ 1,j) represmted a 
source or sink, then tbe y velocity at 
nade (i+l,j) would be approximated by 
V r(i+I.HIII in arder to estima te the y váocity 
at point P- A corresponding approximation 
for t.he x velocity at nade (i,j + 1) would be 
made using V•U+~>J+nif a source or sink 
were located at ( i,j + 1) . 

The maintenance of a reasonably uDiform 
and continuous spacing of points requires 
special treatment in areas where sources and 
sinks domínate the flow field. Points will con­
tinually move out of a cell that representa a 
source, but few or none will move in to re-

r( 



•• 
~~· 

16 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS 

place them and thereby maintain a continuous 
stream of points. Thllll, whenever a point 
that originated in a source cell moves out of 
that source cell, a new point is introduced 
into the source cell to replace it. Placement 
of new points in a source cell is compatible 
with and analogous to the generation of fluid 
and solute masa at the source. 

The procedure used to replace points in 
source cells that are adjacent to no-flow 
boundaries is illustrated in figure 5. Here a 
steady, u ni formly spaced stream of points is 
maintained by generating a new point at tht! 
same relative position in the source cell as 
the new position in the adjacent cell of the 
point that left the source cell. As an example, 
point 7 was convected from cell ( i -1,j) to 
cell (i,j). So the replacement point (22) was 
placed ata location within cell (i-l,j) that 
is identical to the new location of point 7 
wi thin cell ( i,j) . 

The procedure used to replace points in 
source cells that lie within the aquifer and 
not adjacent to a no-flow boundary is illus­
trated in figure 6. Here a steady, uniformly 
spaced stream of particles is maintained by 
generating a new point in the source cell at 
the original location of the point that left 
the source cell When a relatively strong 

source is imposed on a relatively weak re­
gional flow field, as illustrated in figure 6a, 
then radial flow will be maintained in the 
area of tbe source, and all initial and replace­
ment points will move symmetrically away 
from node (i,j). For example, after point 7 
m oves from cell ( i,j) to ( i + 1, i -1), the re­
placement point (18) is positioned at time k 
in cell (i,j) at the same location as the ini­
tial position of point 7. Although the re­
placemeut procedure illustrated earlier by 
figure 5 would work j ust as well for the case 
illustrated in figure 6a, it would not be satis­
factory for the situation presented in figure 
6b, whicll illustrates the imposition of a rela­
tively wak source in a relatively strong 
regionaltlow field. In this case the velocity 
distribulion within the source cell does not 
possess radial symmetry, and the velocity 
within tlle upgradient part of the source cell 
is much lower than the velocity within the 
downgndient part of the source cell. Re­
placemellt of points at original locations in 
source cells, as illustrated in figure 6b, will 
maintsia a steady stream of points leaving 
the souree cell in proportion to the velocity 
field. HCJWever, the use of the procedure illus­
trated iD figure 5 for the case presented in 
figure 6b would result in the accumulation of 

u..- a 
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points in the low-velocity area of the souree · 
cell ( i,j), with few points being replaced iDto 
the · high-velocity area, where convective 
transport is the greatest. 

Although we normally expect points to be 
convected out of source cells, figure 6b also 
demonstrates the possibility that points may 
sometimes enter a source cell. This can also 
occur when two or more source cells of dif­
ferent strengths are adjacent to each other. 
An erroneous multiplication of points might 
then result if points that did not originate 
in a particular source cell are replaced wben 

In sourca cena not adjacent to a 
regional flow (a) and lar ralatlvely 

they in turn are convected out of that source 
cell. Therefore, points leaving a source cell 
are replaced only if they had originated in 
that source cell. 

Hydraulic sinks also require sorne special 
treatment. Points will continually move into 
a cell representing a strong sink, but few or 
none will move out. To avoid the resultant 
crowding and stagnation of tracer points, 
any point moving into a sink cell is removed 
from the ftow field sfter the calculations for 
that time increment have been completed. 
The numerical removal of points which enter 

;e 
o v 



18 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS 

sink cells is analogous to the withdrawal of 
fluid and solute mass through the hydraulic 
sink- The combination of creating new points 
at sources and destroying old points at sinks 
will tend to maintain the total number of 
points in the flow field at a nearly constant 
val u e. 

Both the flow model and the transport 
model assume that sources and sinks act 
over the entire cell area surrounding a 
source or sink node. Thus, in etrect, heads 
and concentrations computed at source or 
sink nodes represent average values over the 
area of the ce!L Part of the total concentra­
tion change computed at a source node repre­
senta mixing between the source water at 
one concentration and the ground water at a 
different concentration (eq 39). It can be 
shown from the relationship between the 
source concentration (C:. ) and the aquifer 

•• ,,A: 
concentration (C,,1,,_,), as indicated by 
equation 44, that the following constrainta 
generally must be met in a source ceU: 

e <.J.• ~e· ;,;.• for 

and 

e~ .• >C .. _. , 
I,J, I,J -

(65a) 

C,."""C'. .• for C' .• <C ..• 
1
• (65b) 

"oJo 1,), I,J, I,J, -

If it is assumed that the sources act over 
the area of the source cell and that there is 
complete vertical mixing, then these same 
constraints should also apply to all points 
within the cell. Beca use of the possible devia­
tion of the concentrations of individual 
points within a source cell from the average 
concentration, the change in concentration 
computed at a so urce node ( AC,,1,,) should 
not be applied directly to each of the points 
in the cell. Rather, at the end of each time 
increment the concentration of ench point in 
a source cell is updnted by setting it equal 
to the final nodal concentratlon. Although 
this may introduce a small amount of nu­
merical dispersion by eliminating possible 
concentration variations within the area of a 
source cell, it preventa the adj ustment of the 
concentration at any point in the source cell 
to a value that would violate the constraints 
indicated by equation 65. 

In areas of divergent flow there may be a 
problem because sorne cells can become void 

•• 
~--~ 

of points where pathlines become spaced 
widely apart. This would result in a calcula­
tion of zero change in concentration at a 
node due to convective transport, although 
the nodal concentration would still be ad­
j usted for changes caused by hydrodynamic 
dispersion (eq 28). Also, sorne numerical 
dispersion is generated at nodes in and ad­
jacent to the cells into which the convective 
transport of solute was underestimated be­
cause of the resulting error in the concentra­
tion gradient. This might not cause a serious 
problem if only a few cells in a large grid 
became void or if the voiding were transitory 
(that is, if upgradient pointa were oonvected 
into void cells during later or subsequent 
time incrementa). Figure 6a illustrates 
radial flow, which representa the most severe 
case of divergent flow. Here it can be seen 
that when four pointa per cell are used to 
simulate convective transport, then in the 
numerical procedure four of the eight sur­
rounding cells would erroneously not receive 
any solute by convection from the adjacent 
source. lf eight pointa per cell were used 
initially, then at a distance of two rows or 
columns from the source only 8 of 16 cells 
would be on pathlines originating in the 
source cell. So, while increasing the initial 
number of points per cell would help, it is 
obvious that for purely radial flow, an im­
practically large initial number of pointa 
per cell would be required to be certain that 
at least one particle pathline passes from the 
source through every cell in the grid. 

The problem of cells becoming void of par­
ticles can be minimized by limiting the num­
ber of void cells to a small percentage of the 
total number of cells that represent the 
aquifer. lf the limit is exceeded, the numeri­
cal solution to the solute-transport equation 
is terminated at the end of that time incre­
ment and the "final" concentrations at that 
time are saved. Next the problem is reini­
tialized at the time of termination by re­
generating the initial particle distribution 
throughout the grid and assigning the "final" 
concentrations at the time of termination as 
new "initial" concentntions for nodes and 
particles. The solution to the solute-transport 

¡ ; 
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equation is then simply continued in time 
from this new set of "initial" collllitions until 
the total simulation period has elapsed. This 
procedure preserves the mass balance within 
each cell but also introduces a SDiall amount 
of numerical dispersion by eliminating vari­
ations in concentration withiD individual 
cells. 

To help minimize the amount of numeri­
cal dispersion resulting from the regenera­
tion of points, the program also includes an 
optimization routine that attempts to mllln­
tain an approximation of the previous con­
centration gradient within a ceU. The opti­
mization routine aims to meet tht following 
constraints: 

and 

N. 
e,,t¿e:Le,,m 

e,.J (66a) 

for e,,J,g;,_.. ( 66b) 

e,,mLe:Le,,J for e,,¡~,,.. (66c) 

where 

e• • 
N. 

e,,m 

is the concentration af the nth 
point in cell (i.j), MIL'; 

is the total number of points ini­
tially placed in a cell; and 

is the concentration at node (l,m), 
which representa a cell adjacent 
to (i,j) and on a line that starts 
at ( i,j) and extends through the 
coordinatea of the point (n) of 
interest, as illustrated in figure 
7, MIL'. 

Note that equation 66a simply indicates 
that a mass balance must be preserved in a 
cell regardless of the range in vlriation of 
point concentrations within the eell. Equa­
tions 66b and e indicate that the eoncentra­
tion of any point must Iie betwem e .. J and 
the concentration at the node asljacent to 
particle n. The coordinates of the adjacent 
node would take on values of l=ior l=i±1 
and m= i or m= i ±l. For example, figure 7 
shows that for point 2, the coordinates (l,m) 
would equal (i,j -1), while for point 3, (l,m) 
would equal ( i + 1.i -1). The optimization 
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Figure 7.-Ralatloa betwean possible inl­
llal locatlons ol polnts and Indicas ol ad­
jacent nodaa. 

routine is written so that if equations 66a-e 
cannot be satisfied aimultaneously for node 
(i,il within two iterations, then to avoid fur­
ther computational delay all e• are simply • 
set equal to e,,¡. 

Computer Program 

The computer prQII'am serves as a means 
of translating the nmnerical algorithm into 
machine executable instructions. The pur­
pose of this chapter is to describe the overall 
structure of the program and to present a 
detailed description of its key elements, 
thereby providing a link between the numeri­
cal methods and the eomputer code. We hope 
that this link will make it easier for the 
model user to undentand and, if necessary, 
modify the program. The FORTRAN IV 
source program developed for this model is 
listed in attachmenl I and includes almost 
2,000 linea. For reference purposes columna 
73-80 of each line contain a label that is 
numbered sequenti.ally within each sub­
routine. The definition of selected variables 
used in the program is presented in attach­
ment II; this glossary therefore also serves 
as a key for relatinr the program variables 
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to their corresponding mathematical terms. 
The computer program is compatible with 
many scientific computers; it has been suc­
cessfully run on Honeywell, IBM, DEC, and 
CDC computers. 

General program features 

The program is segmented into a main 
routine and eight subroutines. The náme and 
primary purpose of each segment are listed 
in Table l. Each program segment will be 
described in more detail in later sections of 
this chapter. 

Tabla 1.-llst of subroutlnes ror salute-transpon modal 

N ame PurpOM 

MAIN _____ Control e:r.ecution. 
PARLOD .. Data input and initialization. 
ITERAT ••• Compute head diatribution. 
GENPT ____ Generate or repoaition partides. 
VELO _____ Compute hydraulic gradiente, velocities, 

disperaion equation c:oeffic:ients, and 
time increment íor atable solution to 
transport equation. 

MOVE _____ Move particlea. 
CNCON ___ Compute change in chemical concentra-

tiona and compute masa balance for 
transport model. 

OUTPT ---- Print head distribution and compute 
masa balance for ftow model. 

CHMOT --- Print concentrations, chemical masa 
balance, and observation well data. 

The major steps in the calculation pro­
cedures are summarized in figure 8, which 
presenta a simplified flow chart of the over­
all structure of the computer program. The 
flow chart illustrates that the tracer particles 
may have to be moved more than once to 
complete a given time step, In other words, 
the time step used to implicitly solve the flow 
equation may have to be subdivided into a 
number of smaller time incrementa for the 
explicit solution of the solute-transport 
equation. The maximum time incrementa al­
lowable for the explicit ealculatlons are com­
puted automatically by the model. Thus, the 
model user cannot speeiíy an erroneously 
Iarge increment or an inefficisntly small in· 

crement for solving the solute-transport 
equation. For transient flow problema, sorne 
discretion is still required in the specifica­
tion of the initial time step and of the time­
step multiplier, as discussed by Trescott, 
Pinder, and Larson (1976, p. 38-40). 

The general program presented here is 
written to allow a grid having up to 20 rows 
and 20 columns. Because the numerical pro­
cedure requires that the outer rows and col­
umna represent no-flow boundaries, the 
aquifer itself is then limited to max.imum 
dimensions of 18 rows and 18 columns. If a 
problem requires a larger grid, then the ap­
propriate arrays must be redimensioned ac­
cordingly. Tbese arrays are contained 
in COMMON statements PRMK, HEDA, 
HEDB, CHMA, CHMC, and DIFUS, and in 
DIMENSION statements on linea C170, 
G200, H140, and 1160. 

Tbe program allows the specification of 
one pumping well per node. The wells can 
represent injection (recharge) or withdrawal 
(discharge). If more than one well exista 
within the area of a cell, then the flux spe­
cified for that node should represent the net 
rate of injection or withdrawal of all wells 
in that cell. The model assumes that stresses 
are constant with time during each pumping 
period ( NPMP). But the total number of 
wells, as well as their locations, flux ratea, 
and source concentrations, may be changed 
for successive pumping periods. The pro­
gram also allows the specification of obser­
vation wells at as many as five nOdes in the 
grid. For nodes that are designated as ob­
servation wells, at the end of the simulation 
period or after every 50 time incrementa the 
model will print a summary table of the head 
and concentration at the previous time in­
crementa. 

The program also includes a node identi­
fication array (NODEID), wbich allows cer­
tain nodes or zones to be identified by a 
unique code number. This feature can save 
much time in the preparation of input data 
by easily equating ench code number with a 
desired boundary condition, flux, or source 
concentration . 
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GENERA TE UNIFORM 
DISTRIBUTION OF 

TRACER PARTICLES 

COMPUTE DISPERSION 
EOUATION COEFFICIENTS 

DETERMINE LENGTH 
OF TIME INCREMENT 

FOR EXPLICIT 
CALCULA TIONS 

MOVE PARTICLES 

GENERA TE NEW PARTICW 
OR REMOVE OLD 
PARTICLES AT 

APPROPRIATE BOUNDARIES 

COMPUTE AVERAGE 
CONCENTRATION IN EAOt 
FINITE·DIFFERENCE CEU 

COMPUTE EXPLICITLT 
THE CHEMICAL 

CONCENTRATION AT 
NOOES 

COMPUTE HYDRAULIC 
GRADIENTS FOR 
ONE TIME STEP 

COMPUTE 
GROUND-WATER 

VELOCITIES 

ADJUST CONCENTRATION 
OF EACH PARTICLE 

COMPUTE 
MASS BALANCE 

TES 

NO 

Flgunt a.~lmpiiHed now clllllt llluslratlng the maJor stepa In 1118 calculatlon 
procadure. 

Program segments 

MAl N 
The primary purpose of the MAIN routine 

is to control the overall execution sequence 

of the program. Subroutines for input, ex­
ecution, and output aro ealled from MAIN 
and the elapsed time aimulated is compar~d 
with the desired total simulation period. 
Also, linea A600-A680 serve to atore ( or 

\ 
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record) observation well data for transient 
tlow problema. 

Subroutine PARLOD 

All input data are read through subroutine 
PARLO D. These data define the properties, 
boundaries, initial conditions, and stresses 
for the aquifer, as well as spatial grid and 
time-step factors. The values of many vari­
ables are also initialized here. After the data 
are read, sorne preliminary calculations are 
made, such as (1) determining time incre­
menta for the tlow model (lines B780-B890), 
(2) computing the harmonic mean trans­
missivities in the x and y directions (Bl670-
B1800), (3) adjusting transmissivity for 
anisotropy (B1810-B1820). (4) computing 
iteration parameters (B1840-Bl910 and 
B2880-B2980), and (5) checking for possible 
inconsistencies among the i n p u t data 
(B3140-B3290). A printout is also provided 
of all input data so that the data may be re­
checked and each run identified. 

Subroutine ITERAT 

This subroutine solves a. ñnite-difference 
a.pproximation of the flow equation (eq 11) 
using an itera.tive ADI procedure. The ma­
trix genera.ted by the finite-difference a.p­
proxima.tion is solved using the Thomas 
a.lgorithm, as described by von Rosenberg 
( 1964, p. 113). Row calcula.tions are made in 
lines C270-C610, and column calculations are 
made in lines C630-C970. The calculations 
are assumed to ha ve converged on a solution 
if the maximum difference at all nodes be­
tween heads computed along rows and heads 
computed along columna is lesa than·the spec­
ified tolerance. Convergence is checked on 
!in es C940-C950. Note that here ( for ex­
ample, lines C380, C700, C930, and C1150) 
and in other aubroutines the thickness array 
(THCK) ia used to check whether a node is 
in the aquifer. 

It should also be noted here that the tlow 
model, as written, assumea that the trans­
misaivity of the aquifer is independent of the 
head (or saturated thicknesa) and remains 
conatant with time. If this assumption is not 

appropriate to the particular aquifer system 
being modeled, then the solution algorithm 
presented in this subroutine should be modi­
fied accordingly. For example, tlow modela 
published by Prickett and Lonnquist (1971, 
p. 43-45) and Trescott, Pinder, a.nd Laraon 
(1976) include such a modification. 

All parameters involved in the calculation 
of heads are defined as double precision vari­
ables and all calculations involving these 
parameters are performed in double pre­
cision. The number of double precision vari­
ables and operations can be reduced sig­
nificantly if the program is to be executed on 
a high-precision scientiñc computer, thereby 
improving the efficiency of the model by re­
ducing computer storage requirements and 
execution time. 

The iterative ADI procedure used to solve 
the ñnite-ditference equations is not neces­
sarily the best possible solution technique for 
al! problema. For example, it may be difficult 
to obtain a solution using the iterative ADI 
procedure for cases of steady-state tlow when 
interna! nodes in the grid have zero trsna­
misaivity and for cases in which the trans­
misaivity ia highly anisotropic. In such cases, 
a strongly implicit procedure, such as the 
one documented by Tresc~tt. Pinder, and 
Larson (1976), should be substituted for the 
solution algorithm contained in subroutine 
ITERA T. 

Subroutine GENPT 

The primary purpose of subroutine 
GENPT is to generate a uniform initial 
distribution of tracer particles throughout 
the finite-difference grid. This is done either 
at the start of a simulation period or at an 
intermediate time when too many cells have 
become void of particles. In the latter case, 
the program attempts to preserve an ap­
proximation of the previous concentration 
gradient within each cell (lines D1420-
D2040). 

The placement of particles is accomplished 
in linea D510-D1410. The program allows 
the placement of either four, five, eight, or 
nine particles per cell. Of course each option 
will result in a slightly ditferent geometry 

!,_ 1 
1 



MODEL OF SOLUTE TRANSPORT IN GIOUND WATER 23 

A B 

. . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

e o 

Figure 9.-Parts of flnlte-ditference grids showlng 
the lnltlal geometry ol particle dlstribution lor the 
speclflcotlon of tour (A), five (8), elghl (C), and 
nine (O) panlcles per cell. 

and density of points, as illustrated by figure 
9. The most regular or uniform patterns are 
produced when four or nine particles per cell 
are specified. If a different number of par­
ticles per cell or a different placement geom­
etry are desired, this subroutine could be 

. modified accordingly. 
As particles are moved or convected 

through the grid during the calculation pro­
cedure, there is a need to remove particles at 
ftuid sinks and create particles at ftuid 
sources. A buffer array (called LIMBO) is 
created on Iines D430-D480 that contains 
particles that can be added later to the grid 
at sources and that also contains sp~ce to 
store particles removed at sinks or discharge 
boundaries. 

Subroutine VELO 

Subroutine VELO accomplishes three ob­
jeetives. First, it computes the ftow velocities 
at nodes and on cell boundaries by solving 
equations having the form of equations 12 
and 13. The velocities are computed on linea 
E420-E680. Second, the dispersion equation 
coefficients are calculated. These coeftlcients 
represent terms factored out of equations 37 
and 88, as follows: 

DISP(IX,IY,l) = (bD •• ) r;+IW/(6z)' (67a) 

DISP(IX,IY,2) = (bD,,) iü+~/(6!1)' (67b) 

DISP(IX,IY,3) = (bD.,) r;+~J/46.%6!1 (67c) 

DISP(IXJY,4) = (bD,.) lü+~/4.u6y. (67d) 

Note that each dispersion coefticimt (D .. , 
D,,. D.,. D,.) is computed on cell boundaries 
using the relationships expressed in equa­
tions s-10. Therefore, the equatian coeftl­
cients computed by equation 67 are stored 
as forwanl values from the indicated node in 
tbe DISP array. Third, this subroutine com­
pute:i..Jon lines E1050-E1240 and E1800-
E1930) tlle minimum number of particle 
moves (N110V) required to solve tile trans­
port equalion for the given time stE9 so that 
the maximum time increment for tbe trans­
port equatilon solution will not exceed any of 
the criteria indicated by equations 43, 49, 
58, and 59. 

Subroutlne MOVE 

Although this subroutine has onlyone main 
function, which is to move the traeer par­
ticles in aa:ordance with equatioiUI 22 and 
23, it is the Iongest and perhaps the most 
complex s~ent of the program. 'l'lle com· 
plexities are mainly introduced by the treat­
ment of ¡articles at the various types of 
boundary eonditions. To help illustrate the 
calculation procedure followed within sub­
routine MOVE, a ftow chart is presented in 
figure 10. The numbers in the ftow chart in­
dicate the corresponding Iines in &ubroutine 
MOVE wllere the indicated operation is 
executed. 

If a node representa a ftuid sour~ or sink, 
then partides must be respectively created or 
destroyed in these cells. If the value of 
pumpage (REC) at a node diJeS 110t equal 
zero, then the node is assumed to represent 
either a Huid source (for REC<O) u a ftuid 
sink (for REC>O). Recharge or discharge 
can also be represented by the RECH a"'ay. 
But it is &SSumed that this type of flux is 
sufficiently ditfuse so that it does not induce 
areas or points of strongly divergellt or con­
vergent ftaw and therefore particles need not 
be created or destroyed at these nades. Note 
that here and in other subroutines lhe pres­
ence of a constant-head boundary is tested 
by checkiDg the value of leakance (VPRM) 
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at each node. If VPRM exceeds 0.09, it is aa­
sumed that the node representa a constant­
head boundary condition and is treated as a 
fluid source or sink accordingly. At a con­
stant.head node the difference in head be­
tween the aquifer and the sourte bed is used 
to determine whether the node representa a 
fluid source or sink (for example, linea 
F2500-F2520). 

Subrouline CNCON 

This subroutine computes the change in 
concentration at each node and at each par­
ticle for the gi ven time increment. Equation 
39, which denotes the change in concentra­
tion resulting from sources, divergence of 
velocity, and changes in saturated thickness, 
is solved on linea G350-G610. On the G520 
the value of the storage coefficient is checked 
to determine whether the aquifer is confined 
or unconfined. It assumes that if S< 0.005, 
then the aquifer is confined and ob/ot =O. 
If $!o0.005, the model assumes that ob /ot 
= ohlot. If this criterion is not appropriate 
to a particular aquifer system, then line 
G520 should be modified accordingly. The 
change in concentration caused by hydro­
dynamic dispersion is compul.ed on linea 
G640-G770 as indicated by equations 37 and 
38. 

The nodal changes in concentration caused 
by convective transport are computed on 
linea G850-G940. The number of cells that 
are void of particles at the new time leve! 
are also counted in this set of statements on 
lines G880-G910, and then compared with 
the critica! number of void cel!s (NZCRIT) 
to determine if particles should be regen­
erated at initial positions before the next 
time leve! is started (linea G96G-G1020). 

The new (time leve! k) conomtrations at 
nodes are computed on the basis of the previ­
ous concentration at time k-1 and the 
change during k -1 to k. The adjuatment at 
nodes is accomplished on linea G1060-Gl180, 
while the concentration of particles is ad­
justed on linea G1210-G1360. 

A mass balance for the sol uta is next com­
puted (linea G1400-Gl730) at the end of 
each time increment. In computing the masa 

•• 
~;~ 

of salute withdrawn or leaking out of the 
aquifer at fluid sinks, the conceatration at 
the sink node is assumed to equ&l the nodal 
concentration computed at time !eYel k-1. 

Subroutine OUTPT 

This subroutine printa the resulta of the 
ftow model calculations. When iDvoked, the 
subroutine priuts ( 1) the new hydraulic 
head matrix (linea Hl90-H260), (2) a nu­
meric map of head values ( H300-H390), and 
(3) a"!lrawdown map (H510-H710). This 
subroutine also computes a masa balance for 
the tlow model and estimates itz accuracy 
(H42();..H820). A masa balance is performed 
both for cumulative vol u mes since the initial 
time and for flow ratea during !le preaent 
time step. The masa balance n!Sulta are 
printed on linea B840-H930. 

Sullroutine CHMOT 

This subroutiDe printa (1) maps of con­
centration (lines 1250-1380), (2) change in 
concentration from initial conditions (1440-
1580), and (3) the resulta of the cumulative 
masa balance for the sol u te ( 1670-1860). 
The accuracy of the che mica! masa balance is 
eatimated on lines 1610-1660 usi111 equations 
62 and 64. The former is not eomputed if 
there was no cllange in the total mass of 
salute stored in lhe aquifer. The l.tter is not 
computed if the initial concentrations were 
zero everywhere. Linea 1890-11140 serve to 
print the head and concentrati!ll data re­
corded at obsenation wells. These data are 
recorded after each time step for a transient 
ftow problem and after each particle move­
ment for a steady-etate ftow problem. The 
data are printed after every 50 time incre­
menta and at lhe end of the simulation 
period. 

Evaluation of Model 

Comparison wi+h analytical solutions 

The accuracy of the numerical.solution to 
the solute-tranBtKirt equation can be evalu-

:,, 
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ated in part by analyzing relatively simple 
problema for which analytical solutions are 
available and then comparing the numerical 
calculations with the analytical solution. 
Figure 11 preseDts such a comparison for a 
problem of ene-dimensional steady-state ftow 
through a homogeneous isotropic porous 
medium. The ana)ytical solution is obtained 
with the following equation presented by 
Bear (1972, p. 627): 

C(x,t) -c. x-qtj, ¡ 
(68) 

y4D.t . 
~rfc { C,-C, 

where 

erfc is the complimentary error func-
tion, and 

q=,V is thespecific discharge, LT-•. 

Bear (1972, p. 627) shows that equation 68 
is subject to the following initial conditions: 

t""'O, -«><x<O, C=C, 
O~<+oo, C=C, 

... 

.. , 

and to the following boundary conditions: 

X=± oo, 
:z=+oo, 
:Z:=- co, 

aC!ax=O 
C=C, 
C=C •. 

. The general computer program presented 
in this report was modified in three simple 
w::.ys for application to a problem equivalent 
to the one for which the analytical solution 
was derived. First, the program's arrays 
were redimensioned to 3 by 50 rather than 
20 by 20. The aquifer (or column of porous 
medium) was thus represented by a 1-by-48 
array of nodes. A grid spacing of 10 ft (3.06 
m) was used. Second, the ftow velocity was 
specified as a constant value, rather than be­
ing computed implicitly on the basis of 
hydraulic gradients and hydraulic conduc­
tivity. Third, the first ( upstream) node of 
the aquifer was specified as a constant-con­
centration boundary, so that the concentra­
tion at node (2,2) was always equal to C, of 

Em.ANATION 

AMfVIIC81 10lutlon 

• N\Mwll:lll 101utlan 
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Rgure 11.-comparison between analytlcal and numerlcal solutlons tor 
disperslon In one.<Jimensional, steady-state flow. 
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equation 68. In the analysis of ene-dimen­
sional test problema, it was assumed that 
porosity equals 0.35, velocity equals 3.0X lQ-• 
ft/s (9.1 x 10-• m/s), and time equals 10.0 
days. 

As shown in figure 11, comparisons be­
tween the analytical and numerical solutions 
were made for two different values of dis­
persivity. For the higher dispersion there 
was essentially an exact agreement between 
the two curves. In the case of low dispersion, 
there is a very small difference at sol!K! nodes 
between the concentrations computed analyt­
ically and those computed numerically. This 
difference is caused primarily by the error in 
computing the concentration at a node as the 
arithmetic average of the concentrations of 
all particles located in that cell. This is not 
considered to be a serious problem since this 
error is not cumulative. Also note in the case 
of low dispersion that the grid spacing (10 
ft or 3.05 m) was coarse relative to the 
width of the breakthrough curve between 
concentrations of 0.05 and 0.95. Neverthe­
less, the numerical model still accorately 
computed the shape and position of the front. 

In computing the numerical solutions 
shown in figure 11 the program was esecuted 
using nine particles per cell and with 
CELDIS = 0.50 (y in equations 54-55). The 
10-day simulation required 52 time incre­
menta and used about 40 seconds of cpu on 
a Honeywell 60/68 computer. 

An analytical solution is also available for 
the problem of plane radial tlow in which a 
well continuously injects a tracer at constant 
rate q,. and constant concentration c .. Bear 
(1972, p. 638) indicates that the fofiowing 
equation is appropriate for this problem (al­
though there are sorne limitations discussed 
by Bear): 

where 

G 

T 

•• 
'.-·-! 

C 1 lr'/2-Gt l 
- = ~rfc -;.;:::;;;;::::;~ 
C, 2 y'4/3a,? 

=~=Vr; 
2 ... b 

(69) 

is the radial distance from 
the center of the well, 
L; and 

r= (2Gt) ló is the average radius of the 
body of injected water, 
L. 

Again, the general computer program had 
to be somewhat modified to permit á suit­
able comparison lo be made between the 
analytical solution and the numerical model. 
One change in volved the direct calculation of 
velocity at any point based on its distance 
from the well using the following equation: 

- (70) 

The other significant change was made in 
subroutine GENPT to allow lhe initial place­
ment of 16 particles per cell, rather than the 
present maximum of 9. In the analysis of 
test problema for radial tlow, it was assumed 
that porosity equl!ls 0.35, the injection rate 
(q~) equals 1.0 ft'/s (0.028 m'/s), saturated 
thickness equals 10.0 ft (3.05 m), and longi­
tudinal dispersivity equals 10.0 ft (3.05 m). 

The application of the method of character­
istics, which was written for two-dimen­
sional Cartesian coordinates, to a problem 
involving radially symmetric divergent ftow 
representa a severe test of the model. Never­
theless, it can be seen in figure 12 that there 
is good agreemen t between the analytical and 
numerical solutions after both relatively 
short and long times. However, the presence 
of sorne numerical dispersion is evident, par­
ticularly for the longer time. The numerical 
dispersion is introduced in part during the 
regeneration of particles after the number of 
cells void of particles has exceeded the criti­
ca! number. The geometry of initial particle 
placement minimized this problem in. cells 
that !ay in the same row or column of the 
grid as the injection well. Tbe circles in fig­
ure 12, which indicate concentration values 
computed at these nodes, agree closely with 
the analytical solution. The greatest errors 
occur at nodes on radii from the injection 
well that are neither llarallel to nor 46' from 
the main axes of the grid. These resulta in­
dicate that this Cartesian coordinate model 
is not best suited for BPlllication to purely 
radial tlow problema. However, if radially 
divera-ent tlow la llmited to areas of severa! 

,· 
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Flgunt 12.--<:omparlson be- analyllcal and numerlcal solullana lar dlsperalan In plana radial staady-etata llow. 

rows and columna within a more uniform 
regional ftow field, the model will accurately 
compute concentration distributiona. To ap­
ply the method of characteristics to a prob­
lem of plane radial flow, it would be best to 
rewrite the program ia a aystem of radial 
coordinates, which ahoold improve the ac­
curacy for those problema to the same order 
ahown in figure 11 for the analyais of one­
dimensional ftow. 

Mass balance tests 

Tl\e accuracy and preciaion of the numeri­
cal solution can also be partly evaluated by 
computing the magnitude of the error in the 
masa balance. The masa balance error will 
depend on the nature of the problem and will 
vary from one time atep to the next. During 
the development of the program, the model 
was applied to a variety of hypothetical 
aolute-tranaport problema to assure its flexi-

bility, transferability, and accuracy under a 
wide range of conditions. To illustrate the 
range in mass balance errors tha t might be 
expected and sorne of the factors that affect 
it, severa! of these problema' are presented 
here. 

Test problem 1-spreedlng of a tracer slug 

The first test described here was designed 
to evaluate the· accuracy of simulating the 
processes of convective transport and disper· 
sion independent of the effects of chemical 
aources. Thus, a slug of tracer was initially 
placed in four celia of a grid whose boundary 
conditions generated a steady-state flow field 
that was moderately divergent in sorne placea 
and moderately convergent in other places, 
as illustrated in figure 13. The aquifer was 
assumed to be homogeneous and isotropic. 
Because flow was assumed to be in steady 
state, the storage coefficient was set equal to 
0.0. The parameters used to define problem 
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EXPLANATION 

~ No·llow boundery 

O Constant· head bc:uldwt 
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Figure 13.~rld, boundory condllions, end llow lleld lor test problem 1. 

1 are listed in table 2. The slug of known 
mass was then allowed to spread down­
gradient for a period of 2.0 years. 

Tabla 2.-Model poramelers lor test problem 1 

Aqqlfu propertle. 

K =0.005 ft/ s 
(1.5x 1o·• m/a) 

b=20.0 ft 
(6.1 m) 

S=O.O 
•=0.30 

.,, ... =0.30 

Num.rieal parameten 

""=900 ft 
(274 m) 

<1r=900 ft 
(274 m) 

CELDIS=0.49 
NPTPND=9 

The model first computed a steady-state 
head distribution, shown in figure 13, and 
velocity field. The model required 12 time 
incrementa (or particle movements) to simu­
late a 2.0-year period. The model was run to 
simula te conditions of no dispersion (ar. = 0.0 
ft) as well as modera te dispersion (aL= 100 
ft or 30.5 m). The mass balance error com­
puted using equation 64 is shown in figure 

·• 
1, ·! 

14 for both conditions. In these tests the 
error averages 1.9 pereent and i.a always 
within a range of ± 8 percent. Much of the 
error is related to the calculation of nodal 
concentrations based on the arithmetic mean 
of partide concentrations in each cell. When 
a partide moves across a cell boundary, its 
area of influence shifts entirely from the first 
node to the second. Thus, depending on the 
local density of points and local cancentra­
tion gradients, the use of an arithmetic mean 
to compute nodal concentrations may give 
too much weight to sorne particles and too 
Iittle weight to others. The use of a weighted 
mean, in which the weighting factor is a 
function of the distance between a node and 
a partide, reduced the error to some deglee. 
But the improvement in precision '11'88 small 
compared with the increase in computational 
requirements, so this algorithm waa not in­
cluded in the general program. Because the 
error caused by using· an arithmetic mean is 
not cumulative, it is not considered a serious 
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Figure 14.--Mass balance errors for tesl problem 1. 

EXPlANA TION 

• No- 1 low boundary 

D Const.ant ·head boundary 

e lnjection well 

m Withdrewel well 

-90- Computed potentiometrlc eltitude, 
Contour interval 2.0 feet 
(0.61 meler) 

4 z= 900 feet (274 11'111181'11) 

6 Y= 900 •••• (274 ll'lllteR) 

Figura 15.-Grld, boundary condillons, and llow lleld lor lesl problem 2. 
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problem. Furthermore, figure 14 shows that 
the error decreases for a higher dispersivity 
because dispersion smooths out sharp 
fronts and minimizes strong concentration 
gradients. 

Test problem 2-ffects ol wells 
The second problem was designed to eval­

uate the application of the model to prob­
lems in which the flow field is strongly in­
fluenced by wells. The grid and boundary 
conditions used to define this problem are 
illustrated in figure 15. The problem con­
sista of one injection well and one with­
drawal well, whose effects are superimposed 
on a regional flow field controlled by two 
constant-head boundaries. The parameters 
for problem 2 are defined in table 3. The 
aquifer was also assumed to be homogeneous 
and isotropic. The model simulated a period 
of 2.4 years and assumed steady-state flow. 

The model required 18 time increments 
(or particle movements) to simulate a 2.4-
year period of solute transport. Problem 2 
was also evaluated for conditions of no dis­
persion (a• = 0.0 ft) as well as modera te dis­
persion (a•= lOO ft or 30.5 m). The mass bal­
ance error was computed using equation 62 
and is shown in figure 16 for both conditions. 
The average of the 36 values shown in figure 
16 is -0.06 percent; the error always falls 
within the range of ± 8 percent. It can be 

Tabla 3.-Model parameters for test proble• 2 and 3 

K =0.005 ft/B 
(I.5x Jo·• mis) 

b=20.0 ft 
(6.1 m) 

S=O.O 
•:0.30 

ar/at.=0.30 
C'=IOO.O 
C,=O.O 
q~ ff!/s 

(0.028 m'/s) 

4==900 ft 
(2" m) 

4y=900 ft 
(27C m) 

CELDIS=O.IiO 
NPTPND=9 

seen tbat in this case the errors are essen­
tially coincident for almost 1 year, after 
which the error appears to be dependent on 
the magnitude of dispersion. However, the 
model output showed that when "• = 100 ft 
( 30.5 m), the leading edge of the break­
through curve (or chemical front) reaches 
the constant-head sink just prior to 1.0 year. 
When "•=0.0 ft, the leading edge of the 
breakthrough curve still had not entered the 
constant-head sink after 2.4 years. Because 
the two curves in figure 16 are essentially 
coincident prior to 1.0 year, it thus appears 
that the divergence of the two curves is not 
caused directly by the difference in disper­
sivity. Rather, it is related to the diflerence 
in arrival times at the hydraulic sinks and is 
a direct effect of the manner in which con-

10~r------------.------------r------------r----------~r-----------, 

TIME, IN YEARS 

Figura 16.-Masa balance arrors for test problem 2. 
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centrations are computed at sink nodes and 
(or) the method of estimating the mass of 
solute removed from the aquifer at sink 
nodes during each time increment-

Test problem ~ffects of user options 

In addition to the input options that con­
trol the form or frequency of the output, 
there are two execution parameters that 
must be specified by the user and influence 
the accuracy, precision, and efliciency (or 
computational cost) of the solution to a par­
ticular problem_ These execution parameters 
are the initial number of particles per node 
(NPTPND) and the maximum fraction of 
the grid dimensions that particles are al­
lowed to m ove (y in equations 54-55 or 
CELDIS in the program). The third test 
problem was designed to allow an evaluation 
of both of these parameters. As illustrated 

in figure 17, this problem consista of one 
withdrawal well located in a regional flow 
field that is controlled by two constant-head 
boundaries. The contamination sources are 
three central nodes along the upgradient 
constan t-head boundary. The model param­
eters for test problem 3 are the same as for 
test problem 2, as listed in table 3. However, 
for test problem 3 solutions were obtained 
using a range in values for CELDIS and 
NPTP:-10. 

The solution to this problem was found to 
be sensitive to the density of tracer particles 
used in the simulation. Figure 18 shows how 
the error in the mass balance varied with 
time for cases of NPTPND equal to 4, 5, 8, 
md g_ Table 4 lists the execution time and 
the mean and standard deviation of the mass 
balance error for each case. These data clear­
ly indicate that the accuracy and precision 

EXPLANA TION 

frJ No· flaw boundary 

O Conatant•heed bo&niery 

~'+""""'+~ Conatllnt·h•d boundlry 
l....J:...J and contaminant aowce 

ED Wlthdrawel well 

-90.0- Computad potentlometrlc altln.ie. 
Contour interval 2.5 feet 
10.78 meter) 

la. ":. 900 '"' (274 mete,.l 
llf: 900 leet (274 metera) 

Figura 17.--Grld, boundary condlllons. and now fiold lor 1011 problom 3. 
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20.0 

EXPI.ANATION 

15.0 
.,___.... NPTPND• C 
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0.0 0.5 1.0 1.5 2.0 2.1 

TIME. IN YEARS 

Figure 18.~ffect ol NPTPND on masa balance error lor taat problam 3; CELDIS=0.50 in all cases. 

Tabla 4.~ffect ol NPTPNO on accuracy. pracision. 
and eHiciency ol solution to test probiem 3 

NPTPND epu ... eeondl' 

4 -------- 12.8 
5 -------- 14.0 
8 -------- 17.9 
9 -------- 19.2 

Mau balaDCt enor 
(pft'ftllt) 

St.aada.rd 
M,.n dftlatloa 

1.49 5.33 
.90 2.29 
.48 1.53 
.26 .69 

1 Tbe Protrnm wu ~aecuted on a HoiiQ"Well 60/11 C:OIDPUIG': 
CELDIS=0.60. 

of the solution are directly proportional to 
particle density, while the efficiency of the 
solution is inversely related to NPTPND. In 
other words, a hetter sol ution will cost more. 
It is important to note that the oscillations 
or scatter shown in figure 18 decrease with 
time and that there is essentially no ditrer­
ence among the solutions and among the 
mass balance errors for times greater than 
about 1.5 years. 

Next the etrect of CELDIS (or y) was 
evaluated for test problem 3 by setting 
NPTPND=9 and running the model with 

severa) · possible values of CELDIS. Figure 
19 shows how the error in the masa balance 
varied with time for cases of CELDIS equal 
to 0.25, 0.50, O. 75, and 1.00. Table 5 lista the 

Tabla s.~ffect ol CELDIS on accuracy. pracialon. 
and efflciency of solutlon to test prablam 3 

CELDIS CP114KOII!cll 1 

0.26 --------- 34.6 1.60 2.911 
.50 --------- 19.2 .26 .. 69 
.76 --------- 14.4 .56 .69 

1.00 --------- 12.1 .25 1.48 

1 Tbe PI'OI'ram waa ~t:.:ecuted oa a Hone'71"U 60/61 e.-pg&a-: 
NPTPND=i. 

execution time and the mean and standard 
deviation of the masa balance error for each 
case. These data indicate that the relation­
ship between CELDIS and the mass balance 
error is not as simple and straightforward 
as for NPTPND. It is apparent that tbe re­
sulta for 0.50, 0.75, and 1.00 are similar, and 
of these, the resulta for CELDIS~ 0.60 ap-

{. /)-
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1&.or-----------,-----------.------------r-----------.-----------. 
EXPLANATION 

____.. CELDIS a 0,25 
0······-o CELDIS :0.50 
.o.---4 CELDIS:0,75 
o---a CELOIS•1.00 

-10.0~----------~----------~~----------~~--------~~----------~ 
0,0 O.li 1.0 1.5 2.0 2.5 

TIME, IN YEARS 

Figura 19.-Eifect of CELDIS on mass balance error lar test problem 3; NPTPN0=9 in all cases. 

pear to be the best. However, when CELDIS 
was red uced to 0.25, the error oscillated 
strongly for about 1.5 years before apparent­
ly converging to a small error within the 
range of the other curves. This oscillation 
occurred because the maximum distance a 
particle could move (25 percent of the grid 
dimensiona) was less than the spacing be­
tween particles (33 percent of the grid di­
mensiona for NPTPND = 9). Thus, convec­
tive transport across the boundaries of cells 
could not be adequately represented for any 
single time step in those parts of the grid 
where the ooncentration was changing sig­
niflcantly with time. But over two successive 
time incrementa the error would average out 
to a miniinum. As the contaminated area in­
creases in size over time, the error in com­
puted concentrations at cells near the front 
(that is, in areas of steep concentration 
gradient) becomes an increasingly smaller 
percentage of the total mass of solute present 
in the aquifer. Hence, the mass balance error 
generally tends to approach a minimal range 
with time for these types of problema. 

The effects of NPTPND and CELDIS on 
the mass balance error are problem depend­
ent. In problema for whicb CELDIS is not 

the limiting stability criterion, varying 
CELDIS will have no effect on the solution. 
Because of the possible tradeoff between ac­
curacy and efficiency, it is recommended 
in general that the model user specify 
NPTPND as 4 or 5 and CELDIS as 0.75 to 
1.0 for runs made during the early stages of 
model calibratiOn when frequent runs are 
made and maximum efficiency is desired. For 
final runs when maximum accuracy is de­
sired, set NPTPND equal to 9 and CELDIS 
equal to 0.50. 

Possible program modifications 

The program presented here representa a 
basic and general solute-transport model. 
Sorne program modifications may be desir­
able or even necessary to allow the model 
to be applied efficiently to a particular fleld 
problem. Sorne changes might require only 
minor adjustments, while others might in­
volve major rewriting of the program. The 
purpose of this section is to discuss sorne of 
the moditications that might commonly be 
considered, and that might be incorporated 
into the present basic model, rather than us­
ing an entirely different solution technique. 
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Coordinate system and boundary condilions 

After the finite-difference grid is designed, 
the first program modification that should be 
made is to modify the array dimensions for 
the specific grid used. This will permit the 
most efficient use of computer storage. The 
array sizes should be set equal to NX, NY, 
and NPMAX, which are specified on Input 
Card 2. The maximum number of particles, 
NPMAX, may be computed from the follow­
ing equation: 

NPMAX,.,.(NX-2) (NY-2) (NPTPND) 
+(N,) (NPTPND) +250 (71) 

where 
N, is the number of nodes that repre­

sent fluid sources, either at wells 
or at constant-head cells. 

The values of NX and NY should be substi­
tuted for the 20-by-20 arrays contained 
in COMMON statements PRMK, HEDA, 
HEDB, CHMA, CHMC, and D!FUS, and in 
D!MENSION statements on lines Cl70, 
G200, Hl40, and 1160. The value of NPMAX 
should replace 3200 in the P ART array in 
all the CHMA COMMON statements. 

Although this program is designed for ap­
plication to two-dimensional areal flow prob­
lems, it can be applied directly to two-di­
mensional cross sections. In this case the z. 
coordinate would replace the y-<:oordinate. 
Then the user would have to assume and 
specify unit width (THCK array) for ay 
and substitute hydraulic conductivity for 
transmissivity in data set 3 of attachment' 
III. If the problem involves transient flow, 
then specific storage (S,) should be sulisti­
tuted for the storage coefficient. Also, if re­
charge or discharge is to be specified through 
the RECH arra y (data set 5), values should 
be divided by the thickness of the layer (az) _ 
to reduce the dimensionality of the stress 
rate to (T-•) rather than (LT-•) as indi­
cated in the documentation. In applying the 
cross-sectional model to a field problem it is 
important that conditions meet the inherent 
assumption that there exist no significant 
components of flow into or out of the plane 
of the section. Because this assumption 
would probably be impossible to meet in the 

vicinity of a pumping well, the Ull! of the 
REC array (data set 2) should umally be 
limited to representing special or kmwn-flux 
boundary conditions. 

The program can also be applied directly 
and simply to one-dimensional problems. In 
this case one of the dimensiona (NX or NY) 
should be reduced to a value of 3, ñ which 
the outer two are used to represen! the no­
flow boundaries around the one-dimensional 
row or column. 
T~ost complex type of chani!R would 

involve rewriting the program for applica­
tion -1¡o other than a two-dimensional rectan­
gular grid. One possibility includes problema 
of flow to or from wells in whid radial 
symmetry can be assumed. This would allow 
variables to be expressed in terms r# T-z co­
ordinates. Another possibility is to simulate 
three-dimensional flow in x-y-z coordinates. 
A three-dimensional finite-differeJZe f\ow 
model is available (Trescott, 1975) aJd. would 
be compatible with the method-of-<:brracter­
istics solution to the solute-transpart equa­
tion. 

It is sometimes convenient to s~V&rately 

associate certain parts of the grid or certain 
boundary conditions with corresponcing field 
conditions or bydrologic units. The analysis 
of flow pattems and water-quality changes 
may then be aided by performing teparate 
mass balances ( or budgets) for eadl char- _ 
acteristic type of node. The nodal types 
or zones can be conveniently ilentified 
through tbe NODEID array. Then lile mass 
balance routines in subroutines CNOON and 
(or) OUTPT would have to be moofied to 
tally fluxes separately for each NODKID; for 
an example, see Konikow (1977). Similarly, 
if a coupled stream-aquifer system ia being 
considered, a separate subroutine may be 
added to route streamflow downstl'IILIIl and 
progressively account for grouad-water 
gains and losses and for tributary mftow or 
diversions. An example of such a IIIOdifica­
tion is discussed by Konikow and Bmlehoeft 
(1974). 

For certain types of problema it may be 
desirable to be able to specify a amstant­
concentration boundary condition. 'lhe pro-
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gram could be moditied to allow this by using 
a predetermined value or range in values of 
NODEID to identify this type of boundary. 
Then a statement . could be added between 
linea G1090 and GllOO to reset the concen­
tration at the node equal to the constant con­
centration where this condition is specified. 
The value of !he constant concentration can 
be stored in the CNRECH array. Note that 
the mass balance . calculation as presently 
written will not account for the mass of 
solute added or removed at a constant-eon­
centration boundary. 

Baalc equations 

The basic equations that are solved by this 
model were derived under a number of limit­
ing assumptions. Sorne of these assumptions 
can be overcome through moditicadons of the 
basic equations and corresponding changes 
in the program. 

The program assumes that molecular dif­
fusion is negligible. But if it is necessary to 
consider the procesa of molecular ditfusion in 
a particular problem, the coefficient of hy­
drodynamic dispersion (D,1) can be redetined 
as the sum of the coefficient of mechanical 
dispersion, which is defined by the right side 
of equ~otion 5, and a coefficient of molecular 
diffusion. The consequent program modifica­
tion would have to be made only in sub­
routine VELO (linea E1280-E1680)-

The solute-transport equation can also be 
modified to include the etfects of first-order 
chemical reactions, as was done by Robert­
son (1974). The reaction term could be in­
cluded in the right side of equation 39. The 
corresponding program modification would 
be required in subroutine CNCON. 

In certain problema the range in concen­
trations may be so great that the dependence 
of fluid properties, such as density and vis­
cosity, on the concentration may have to be 
considered because of the dependence of fluid 
flow on variations in fluid properties. In this 
case the flow eqaation ( eq l) would ha ve to 
be rewritten iD terma of fluid pressure, 
rather than hydraulic head, such as equation 
15 of Bredehoeft and Pinder (1973, p. 197). 
Then the program can be modifled to iterate 

between the solutions to the flow and solute­
transport equations if the change in fluid 
properties at any node exceeds sorne criterion 
during one time incremenl 

The flow equation can also be modified for 
application to unconfined aquifers in which 
the seturated thickness is a direct function 
of water-table elevation. This would require 
!he inclusion of steps in subroutine ITERAT 
to correct the transmissivity for changes in 
saturated thickness. Such a feature is in­
cluded in the two-dimensional flow model 
documented by Trescott, Pinder, and Larson 
(1976)-

Input and output 

The input and output formats have been 
designed for flexibility of use and general 
compatibility with the analysis of a variety 
of types of flow problema. lf any of the for­
mats are not suitable for use with a par­
ticular problem, they should be modified ac­
cordingly. All input formats, are described 
in attachment 111 and contained in sub­
routine P ARLOD in the program. 

It has been assumed that severa! aquifer 
parameters are constant and uniform in 
space, such as storage coefficient •. etfective 
porosity, and dispersivity. lf any of these are 
known to vary in space, tbey should be re­
defined as two-dimensional arrays. Then 
statements to allow these arrays to be read 
into the program should be added to sub­
routine PARLOD. Similarly, values of Jeak­
ance and source concentrations (CNRECH) 
are only read in data set 7, where values can 
be associated only with a limited number of 
unique node identitication codea. If the varia­
tions of these parameters are known on a 
more detailed scale, then they too can be read 
as additional data seta by adding appropriate 
statements to subroutine PARLOD. For ex­
ample, a typical sequence of statements for 
reading one data set is represented by linea 
B2650-B2750, where the initial water-table 
elevations (data set 8) are read. This se­
quen ce of statements can then be replicated 
for reading in a ditferent data set and in­
serted into subroutine PARLO D. 
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A labeled Iisting of the input data deck for 
test problem 3 is provided in attachment IV. 
This example illustrates the use of the data 
input formats specified in attachment III and 
shows that only a few data cards are re­
quired by the model to simulate a relatively 
simple problem. This example will also allow 
the user to verify that his program deck and 
computer yield essentially the same results 
as obtained by the documented program. 
Thus, selected parts of the output for test 
problem 3 are included in attachment V. Not 
all of the printed output from test problem 
3 has been duplicated in attachment III. In­
stead, it contains only a sufficient selection to 
illustrate the type and form of output pro­
vided by the model, as well as to allow the 
user to compare his calculated values of cri­
tica! parameters, such as head, velocity, and 
concentration, with the values computed by 
the documented model. 

Conclusions 
The model presented in this report can 

simulate the two-dimensional· transport and 
dispersion of a nonreactive solute in either 
steady-state or transient ground-water flow. 
The program is general and flexible in that 
it can be readily and directly applied to a 
wide range of types of problema, as defined 
by aquifer properties, boundary conditions, 
and stresses. However, sorne program modi­
fications may be required for application to 
specialized problema or conditions not in­
cluded in the general model. 

The accuracy of the numerical resulta can 
be evaluated by comparison with analytical 
solutions only for relatively simple and ideal­
ized problema; in these cases there was good 
agreement between the numerical and analy­
tical resulta. Mass balance tests also help to 
evaluate the accuracy and precision of the 
model results. The error in the mass balance 
is generally less than 1 O percent. The range 
in mass balance errors is commonly the 
greatest during the first few time incre­
menta, but tends to decrease and stabilize 
with time. For sorne problema the accuracy 

and precision of the numerical remta may 
be sensitive to the initial number of particles 
placed in e&~:h cell and to the size of the time 
incrementa, as determined by the stability 
criteria for the solute-transport equation. 
The results of severa! numerical experimenta 
suggest that the accuracy and preeision of 
the resulta are essentially independeut of the 
magnitude of the dispersion coefficill!nt, and 
comparable accuracies are attained for high, 
low, or zero dispersivities. -
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TECHNIQUES OF W ATER-RESOURCES INVESTIGATIONS 

Attachment V 

Selected Output for Test Problem 3 

U.~.G.S. METHOD-Of-CHAAACT~RISTJCS MODEL FOR SOLUTE TRANSPOAT IN GROUND wATER 

TEST PROBL[,'I NO. 3 <SlEAOT HQW, 

NI 
NY 
K DEL 
y DEl.. 

NflPI 
NPMP 

PJNT 
TI/'U 
ti N 1 T 

N lo) U T O A T A 

GRID DESCRIPTOAS 

(NUMB~A OF COLUMNS). a 

(UUHBER OF AOWS) a 
Cx-OJSTANCE IN FHT> • 
(T-OlSTANCE IN FEET) a 

TIME PARAME:TERS 

9 
1 o 

900.0 
900.0 

(I'IAI. ~O. OF TIHE STEPS> 
tr,O. Of PUMPING PERIOOS) 

<PUHPING PERICO IN YEARS) 
(TIME INCAEMENT MULTIPLJER) 
(INifiAL TIP:E STEP IN SE(.) 

HTOAOLOGIC ANO CHEMICAL rARAMETERS 

S CSTOkAGE COEfflCIENT) • 
PORO~ lEFFECTIYE POAOSJTT) a 

BETA ((HAAACTERISTIC LENGTH) • 
DLTRAI CRAI 10 OF TRANSVERSE 10 

LONGI TUOINAl OISPEASIVJTT) = 
ANF(1N (RAllO Of T-n TO T-Xll) • 

ElECUTION PARAMETERS 

• 

• 
• 

1 

1 
l • S O 
o.oo 
o. 

O.úOOOOQ 
0.3u 

100.0 

O.JO 
1.000000 

~ITP (NO. Of IT[RAIION PARA,.ETEAS) =r. 7 
TOL <tONVE~GEhC~ CRITEAIA - ADIPl • O.UOOl 
ITMU OU.II.NO.Of ITERATIONS- AOIP) • 100 
CELDIS (RU.CElL DISTANtE PE!< I'I)V[ 

Of PARTICLES- M.O.C.) • O.SUU 
NPIU . .II CNAI • NO. Of PART ICLESJ = 3200 
t.IP T P f.O C NO. PUTICLES PEA NOOE) • 9 

PAOC.AAH OPII ONS 

NPt.IT CTIME S TE P INTEAVAL fOA 
COMPLETE PNINTOUJ) • 

NPhTKV (NOVE INTERVAL fOA CHE ... 
COhCtNTRATION PRINTOUT) • 10 

NPNTVL CPAINT QPT 1 ON-VELOC 1 TT 
U• NO; 1•FIAST TIPlE STEP; 
Z•All l'l ME SIEPSJ • 

NPNTO CPIINT QPTION-OISP.COEF. 
O•NQ; 1•fiRST Tl"E SHP; 
l•All TII"'E STEPSJ • o 

NUMObS <•o. Of OBSERYATlON WELLS 
FOA HYOROGAAPH PRINTOUI) • 2 

NREC (NO. Of PUMPING WELLS) • 1 
NCODI:S C fOA NODE lDEfoiT.J • 2 
NPNI,:HV CPUMCH VELOClTlES) • o 
NPDELC CPIINT OPI.-CONC. CHANGEJ • o 
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o·o o·o 
o·o o·oz 
o·o o·oz 
n·o o·oz 
o·o n·oz 
o·o o·oz 
o·o o·oz 
o·o o·oz 
o·o o·oz 
o·o o·o 

oo·o oo·o 
oo·o n' ·o 
o o ·o o' ·o 
oo·o o' ·o 
oo·o o' ·o 
oo·o o L ·o 
oo·o o' ·o 
oo·o OL "O 
oo·o OL "O 
oo·o oo·o 

-

o·o o·o o·o n •o o·o o·o o·o 
o·oz o·oz o·oz o·oz n·oz o·oz o·o 
o·oz o·oz o·oz o·oz J"oz n·oz o·o 
n•oz o·oz o·oz o·oz o·oz n ·o z o·o 
o ·oz o·oz ~·oz o·oz ~·oz o·nz n·o 
o·oz o·oz o·oz o·oz o·oz n·nz o·o 
o·oz o·oz o•nz n·oz n·oz n·nz o·o 
o ·oz o·oz o·oz o ·oz o· oz o·~z o·o 
o·oz o·oz o·oz c·oz J"OZ o·oz o· o 
o·o o·o n·o o·o o·o n·o r·o 

( 1.f) SS3N)I)JH1 ~1unaw 

oo·o oo·o oo·o on·o ~~·o no·n oo·o 
OL"O OL"O OL"O o' ·o DL"O 0 L "O 00. o 
OL"O OL"O OL"O o L ·o o' ·o OL "O oo ·o 
OL"O OL"O OL"O o L ·o 0 L "0 O L "O oo·o 
OL"O OL"~ OL"~ o L ·o DL"O o' ·o DO "O 
OL"OOL"OOL"O o' ·n OL "O OL "O on·o 
OL"O OL"O OL"O o 1. o , L "0 o L • n oo·o 
OL"O OL"O OL"O o L ·o OL'"O OL "O no· o 
DL"O DL"O ~L"O o L ·o OL"O n L ·o 00. o 
oo·o oo·o oo·o oo·o oo·o oo·o oo·o 

O:U/1~•1.0 ••• U IAt SS IWSN'fU 

o·o· • 

•JNO) 

OO"JOo 
oo·ooo 

:I)NJ)'t'dS A-X 

a 113) 3N~ JO Y3HV 

o o· L l 
' 

csn NI>31Ytt 
' 

5113111. !JNid'•lnd ~0 N0t1Yl01 

l 
, 

1 
1 

z 

"ON 

5113~ N0)1YAH3S~O JO NOJJV)Ol 

90+P,6B9l"O • P101l'f'1nWJS .UOdSNVHJ ... ]lnl.OS !IOJ ()3S NI> 1Wfi!I3JN1 3WIJ 

AOl~ 31VJS-A0Y31S 
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