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FACULTAD DE INGENIERIA U.N.A_M.
DIVISION DE EDUCACION CONTINUA

f

A LOS ASISTENTES A LOS CURSOS

Las autoridades de la Facultad de Ingenieria, por conducto del jefe de la

Divisién de Educacién Continua, otorgan una constancia de asistencia a

quienes cumplan con los requisitos establecidos para cada curso.

El control de asistencia se llevara a cabo a través de la persona que le entregé
las notas. Las inasistencias seran computadas por las autoridades de la
Division, con el fin de entregarle constancia solamente a los alumnos que
tengan un ml’n[:ibmo de 80% de asistencias.

Pedimos a los agisteﬁies}'c;recogor su constancia el dia de la clausura. Estas 80
retendran por el pariodo de u'n“aﬁo, pasado este tiempo la DECFI no se hara1

responsable de \els;:ﬂ rj_*ogé?};\lg‘b\n 0. L : et
@ | ]MH STV

Se rocomlalfda Hﬁlos aslls':en”lﬁI ianiilp'ejﬁ% t.il\}:g:elg\te con sus ideas ~yM_

experiencias, pues_los-cursos: qua oce!la) Divisi6n estan planeados para quel

los profesorelss fei!l E'Ra'm:::\;ils, ptr;"qouiul nt'c‘:ﬁc:;:,‘ﬂ ;'ai:]\&;&u{e%oordmen Iaé
U Tlh II IiIEPl b i & h N

opiniones de todos Io 1tel aadosﬂconstituyend;: vardaderoaluamin

= HWWW | %
Es muy |mportanto que_todosios §?is‘l?]'!‘je?r H[n v:.e ?\” u hoja de
inscripcion al Qfﬁlﬂ‘“' cur!;&iml?rm 6 L_q #ir:gf#para Integrar un

directorio de asistentes, que- se. entregaré oportunamente
/“___‘-w-—"

Con el objeto de mejorar los servicios que la Division de Educacién Continua

ofrece, al final del curso "deberan entregar la evaluacion a través de un

cuestionario disefiado para emitir juicios anénimos.

Se recomienda llenar dicha evaluacién conforme los profesores impartan sus

clases, a efecto de no llenar en la dltima sesién las evaluaciones y con esto
sean mas fehacientes sus apreciaciones.

Atentamente

Divisién de Educaciéon Continua.

Palacio de Mineria Calle de Tacuba 5 Primer piso Deleg. Cuauhtéemoc (15030 México, D.F. APDO. Postal M-2285
Telélonos: 51289556 5125121  521-7335 521-1987 Fax 510-0573  521-4020 AL 28
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} GALERIA DE ACADEMIA

EXRECTORES p INGENIERIA g

®
'PALACIO DE MINERIA

CALLEJON DE LA CONDESA

GUIA DE LOCALIZACION

1. ACCESO
2. BIBLIOTECA HISTORICA
3. LIBRERIA UNAM

4. CENTRO DE INFORMACION Y DOCUMENTACION
"ING. BRUNO MASCANZONI"

5. PROGRAMA DE APOYO A LA TITULACION

6. OFICINAS GENERALES

7. ENTREGA DE MATERIAL Y CONTROL DE ASISTENCIA
8. SALA DE DESCANSO

SANITARIOS

* AULAS

DIVISION DE EDUCACION' CONTINUA
FACULTAD DE INGENIERIA U.N.A.M.
CURSOS ABIERTOS




VII CURSO INTERNACIONAL DE CONTAMINACION DE ACUIFEROS

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

2 AL 6 DE OCTUBRE DE 1995

MESA REDONDA

DIA HORA TEMA PROFESOR
LUNES 2 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. DAVID GLEZ. POSADAS
"PLASM"
MARTES 3 9:00 A 14:00 | MODELO DEL FLUJO ING. DAVID GLEZ. POSADAS
"PLASM"
| (CONTINUACION)
16:00 A 19:00 | MODELOS GEOFISICOS EN | ING. ALFONSO ALVAREZ
CONTAMINACION MANILLA
MIERCOLES 4 | 9:00A 14:00 | MODELOS DE M. EN C. FERNANDO LARA
16:00 A 19:00 | TRANSPORTE
JUEVES 5 9:00 A 14:00 | MODELO DE FLUJO ING. GUILLERMO HERNANDEZ
16:00 A 19:00 | "MODFLOW" ING. RODRIGO MEDINA
VIERNES 6 9:00 A 14:00 | MODELOS EN ING. JUAN M. LESSER ILLADES
GEOHIDROLOGIA
16:00 A 19:00 ||




1. ¢Le agradé su estancia en ia Division de Educacién Continua?

I —

Siindica que "NO" diga porqué:

NO

2. Medio a traveés del cual se enterd del curso:

Periddico Excélsior

Periodicawla Jornada

Folleto anual

Folleto del curso

Gaceta UNAM

Revistas técnicas

Otro medio {indique cuél)

3. (Qué cambios sugeriria al curso para mejorario?

4 ;Recomendaria el curso a otra(s) persona(s) ?

I —

5.¢Que cursos sugiere que imparta la Divisién de Educacion Continua?

NO

6. Otras sﬁgerencias:
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@ .-“" 1FACULTAD DE INGENIERIA, UNAM q,
g e temnaant L CURSOS AB[ERTOS AR :
;'{‘;“,f'?‘;” z;;_z;?‘:" D0 I PSRN
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FECHA: del 2 al 6 de octubre de 1995,

EVALUACION DEL PERSONAL DOCENTE
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COMUNICACION

PUNTUALIDAD
CON EL ASISTENTE |-

Ing. Rubén Chavez Guillén

Ing., Federico Meixueiro

Ing‘ . David Gonzéilez Posadas

Ing. Alfonso Alvarez Manilla

[M.C. Fernando Lara

Ing. Guillermo Hernandez

Inq . Rodrigo Medina

Inq. Juan Manuel Lesser lllades
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EVALUACION DEL CURSO

CONCEPTO
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1. El Método de Diferencias Finitas

El Método consiste en una aproximacién de derivadas parciales por expresiones
algebraicas envolviendo los valores de la variable dependiente en un limitado nimero de
puntos seleccionados.

Como resultado de la aproximacién, la ecuacién diferencial parcial que describe el
problema es reemplazada por un nimero 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 incégnitas, en vez de la
distribucién espacial continua de la variable dependiente. El sistema de ecuaciones
algebraicas debe ser resuelto y puede envolver un ndmero largo de operaciones
aritméticas. :

Antiguamente todos estos cdlculos eran realizados manualmente, o por el uso de
dispositivos mecdnicos. En la actualidad, con el advenimiento de las computadoras
electrénicas las operaciones son ejecutadas por medio de un programa de cémputo.

1.1. Flujo Estable

Para mostrar este método vamos a considerar el caso de flujo bi-dimensional de

un fluido en un acuifero homogéneo, isotrépico confinado, sin fuentes o sumideros. Para
este caso, el flujo es descnito por la ecuacidn de Laplace:

g’z‘_+§=0 : (1.1.1)
Esta ecuacidn debe ser satisfecha en todos los puntos dentro del dominio R del
acuifero considerado. En la frontera de R el nivel del agua, A, debe satisfacer ciertas

condiciones de frontera. Vamos a asumir que las condiciones de frontera son:

enS;: h=f, (1.1.2)

enS,: ,=—Tf—i:=0 (1\.1.3)
donde §) y S2 son partes complementarias de la frontera, las cuales juntas forman la
frontera total de la regién R. En la primera la altura del nivel es prescrito y en la segunda
la frontera es impermeable.

Una retfcula de cuadrados es trazada sobre la regién R (figura 1.1). El valor de la
variable 4 en un punto nodal de l1a reticula, o nodo, es expresada como 4; ;, donde i
indica la posicién de una linea vertical de la reticula (la columna), y j la linea horizontal
de la reticula ( el renglén).

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

.|



ﬁ?_zF(x+Ar,y)—F(x,y) .

Y Ax (1.1.4)
esta se dice que es la aproximacién de diferencia finita hacia adelante de la derivada
parcial.

La diferencia finira hacia arrds es obtenida de 1a forma siguiente:

JF Flx,y)-Flx-Ax,

OF _ Flx.y)-Fle-ax,) s

o Ax
Existen pequefias diferencias entre las dos aproximaciones. La diferencia finita
central es a menudo mas exacta:

OF  Flx+idx,y)-Flx-1ar,y)
ox Ax
La segunda derivada es la derivada de la primera derivada; y si utilizamos una

aproximacioén de diferencia finita central, obtendremos:

(1.2.6)

FF _Fx+Ax,y)-2F(x,y)+ F(x-Ax, )
o (ax)
., —2F, +F

1+,7 '
(Ax)y
La férmula se ilustra en la figura 1.2, donde la funcién mostrada tiene segunda
derivada positiva, por el incremento de la pendiente en la direccién x.
La aplicacién de (1.1.7) a las derivadas parciales el (1.1.1) nos da la
aproximacién del operador de Laplace. Si por razones de simplicidad se asumen
intervalos iguales en las direcciones de x e y: -

(1.1.7)

Z?+2? zha,;-l-{-hf,ﬁ-l +h:;;.;+hi+l.1q4hi.j . (1.1.8)
como la parte izquierda de la ecuacién se reduce a cero segin lo indica la ecuacién
diferencial bdsica (1.1.1), se puede hacer la aproximacién requiriendo que:

h,= '}(hu-l +h . th, "‘hm.x) (1.1.9)

Los nodos en la frontera requieren atencién especial para acomodar las
condiciones de frontera. Una posible condicién de frontera es la condicion de Dirichlet
(1.1.2), la cual establece que el nivel del agua subterrdnea sea el especificado a lo largo
de-parte de la frontera. En este caso ésta se prescribe a priori y ya no es una incégnita.

En un nodo de una frontera impermeable, a lo largo de la cual una condicién de
frontera de Neumann (1.1.3) es aplicada, el nivel es una incégnita y la ecuacién para ese
nodo debe reflejar la condicién de no flujo en la frontera.



Para un nodo en una frontera vertical esto puede ser expresado por la condicién de
que k.7 j=hj4 ] ;. La sustitucion en el algoritmo general nos da:

hi.; = %(2"‘4.;‘4 +hi—l.j +h.+|,,) (1.1.10)

Un ejemplo simple de una regién rectangular es mostrada en la figura 1.3. A lo
largo del limite superior el nivel se especifica como 100. En la esquina inferior izquierda
es especificado el nivel cero. La estimacién 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 ecuacién (1.1.9). Son corregidas aplicando la aproximacién en una siguiente
iteracion del programa, y el resultado se muestra en la parte central de la figura.
Tampoco se satisface la ecuacién (1.1.9).

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

El método descrito es denominado de relajacién, porque en cada paso los errores
son relajados. En terminologia matemdtica el método de relajacién es también conocido
como el método de Gauss-Seidel.

Como un ejemplo, el programa BV9-1 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 & = 1, a lo largo de las fronteras superior y derecha y un nivel dado de h =
0, en la esquina inferior izquierda.

El programa inicia preguntando el nimero de lineas en las direcciones x e y; aqui
¢l nimero 6 debe ser dado. A continuacién el programa pregunta las coordenadas x de las
lineas verticales; ese debe responder 0, 1, 2, 4, 8, 16, sucesivamente. Para las
coordenadas en y, la respuesta debe ser la misma secuencia. A continuacién las
condiciones de frontera deben ser dadas. Para el caso de la figura 1.4 existen 12 nodos
que especificar; por ejemplo, para i=1, j=1: A=0, para i=6, j=6: h=1, 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 ecuacién diferencial parcial bdsica para flujo no ‘estable en un acuifero
homogéneo e isotrépico, con la posibilidad de suministro de agua por infiitracién, puede
ser escrita como:



sP_q 7k 5")” (1.2.1)

-_+_

17 § & 4?

donde [ es una funcién fuente, representando la infiltracién (negativa para

evapotranspiracién). T es la transmisividad y S es el almacenamiento. La formulacién

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,

enS;: h=f,
‘ / (1.2.2)
en §;: Q,,=—T@=O (1.2.3)
én
Las condiciones iniciales son:
1=0h=H (1.2.4)

donde, A0 es una funcién conocida, especificada a través de todo el dominio R,

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 aproximacién:

h_H, -hl'o.l

—_— = 1.2.5

a At ( )

donde delta  es la magnitud del paso de tiempo y A’ es el valor del nivel al final
del paso de tiempo.

1.2.1. Método explicito.
La opcién de aproximacién mds 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 sustitucidn de varias aproximaciones en (1.2.1) se obtiene

W, =B+ IA IS+ alRE,, R, ~ 2K )+ AR, + B~ 2h),) (1.2.6)
donde las constantes se definen por:

a=Tat/[S(ax)'] 1.2.7)

p=TAt/ [S(Ay)’] : (1.2.8)

J La ecuacién (1.2.6) 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.



El programa BV9-2 se puede usar considerando el ejemplo de una regién cuadrada
de dimensiones 100 m. por 100 m., teniendo una transmisividad T = 10 m/d, un
almacenamiento § == 0.4 y una infiltracién de 0.001 m/d. Para este caso el programa
propone un paso de tiempo de un dfa.

Una posible malla para ¢l problema se muestra en la parte izquierda de la figura
.5. El orden en el cual los datos deben ser introducidos es: 100, 10, 100, 10, 0, 0.001,
10, 0.4, 1, 100. El resultado para el nivel en el centro como funcién del tiempo se
muestra en la parte derecha de la figura.

1.2.2. Método implicito.

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

= e, +(1- ek, 1.2.9)
donde £ es un pardmetro de interpolacién de valor entre O y 1. Cuando £ = Q el

valor de A; ; equivale al valor al final del paso del tiempo, 4’; ;. [En ese caso la
aproxlmacxén de la ecuaci6n bésica (1.2.1) es:

W, =K +IMIS+ ok, +h. -2 )+ BH,  +H,,. -2H,) (1.2.10)

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

W =8 w180 S+all 4h, )< B+ )| (4 2a+28) (210

El proceso iterativo definido por el algoritmo (1.2.11) produce un nimero de
célculos por paso de tiempo mayores comparados con el método explicito. Sin embargo,
esto es balanceado por el hecho de que el proceso es estable para todos los tamanios del
paso de tiempo. Asi, éstos pueden ser mds largos cuando el proceso se hace mds lento.

El programa BV9-3 realiza los cdlculos para el método completamente implicito.
Para resolver el problema ilustrado en la figura 9.5, los datos de entrada deben ser: 100,
10, 100, 10, 0, 0.001, 10, 0.4, 1, 10, 20, 1.5, si el nimero de iteraciones en cada paso
de tiempo es 20 y el factor de relajacion es 1.5.

Si en lugar de tomar £ = 0, se toma ¢ = 1/2, resultard una formulacién mds
exacta conocida como el Esquema Crank-Nicholson, ésta es muy exacta e
incondicionalmente estable. El método completamente implicito tiene la importante
ventaja de que también puede ser usado para estudiar problemas de flujo estable.



1.3 Convergencia y Estabilidad

1.3.1 Convergencia

La condicién de convergencia es dificil de verificar, ya que esta condici6n
establece que la solucién de la ecuacién numérica se aproxima a la solucién con ecuacién
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
dimensidén, para los cuales la solucién numérica puede ser expresada en forma cerrada.
En muchas aplicaciones en la prictica de ingenieria, es imposible probar la convergencia
en forma rigurosa. De allf que es usualmente considerado suficiente si el procedimiento
numérico ha sido verificado con respecto a una variedad de soluciones analiticas.

1.3.2 Estabilidad

Una condicién 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 condicién de
estabilidad. Es una condicién tan importante que implica ciertas restricciones al tamaiio
del paso de tiempo en un proceso explicito.

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

hu=wﬁwum+dﬁﬂ+m“—m)+du, -2 (1.3.1)
donde las a y P se definen por:

a= TA:/[S(Ax)’] (.3.2)

B=Tat/[May)'] 033

Como el sistema de ecuaciones es lineal, es suficiente investigar la propagacién de
la distribucién del error, considerado como la desviacién de la solucién particular A = 0
de la ecuacién homogénea (con I = (). Para acentuar el efecto se asume que €n cierto
tiempo los errores son:

'hlo—l.j =h1c:-lj =h

0 _ 0 _
1.)-1 ‘huu ==& h:_: =&

de (1.3.1), ¥, ,=(1-4a-4f)e. (1.3.4)

Para que los errores no crezcan, este resultado debe ser menor que €, y mayor que
-¢. De otra manera cada error serd mayor que el previo y crecer:i sin limite en el tiempo.
Con (1.3.2) y (1.3.3) esto conduce a la siguiente condicién para el valor del paso de
tiempo 4t

2 2
0<Af < S—(M—. | 1.3.5)

2T (ax)" +(Ay)



El proceso implicito presentado en 1a seccién 1.2 es incondicionalmente estable, lo
cual significa que para todos los valores (positivos) del paso de tiempo, los errores se
disipardn con el tiempo. Esto puede ser demostrado probando que la amplitud de
cualquier componente de una serie de Fourier decrecerd con el tiempo. El caso Mis
simple es el del equivalente en una dimensién de la ecuacién (1.2.10), en ausencia de
infiltracién,

W, =K +a, , +h. -2k,) (1.3.6)
Ahora considérese un componente del error, el cual puede ser descrito por
h° =4 expliox), h'= Bexpliwx) (1.3.7)

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

—g-: 1+2a{l—cos(a)Ax)]. (1.3.8)

Este cociente es siempre mayor que 1, para todos los valores de la frecuencia @ o
de la dimensién de tiempo a, sin dimensiones. De aqui 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 subterrdnea en el acuifero de transmisividad 7,
mostrado en la figura 2.1. El acuifero es fredtico, con flujo desde el acuifero inferior,
éste con un nivel conocido. La ecuacién diferencial bdsica puede ser escrita como:

ﬁ(ré)+i(rﬁ)+1-h"’ =0 (2.1.1)
ox\ &} oyl oy c

donde [ es la infiltracién, 4 es el nivel en el acuffero, A’ es el nivel del acuifero
inferior conocido, ¢ es la resistencia del matenial separando los dos acuiferos. El iltimo
término representa el flujo de infiltracién hacia el acuifero. La transmisividad del
acuifero superior es T=kb, donde k es conductividad y b es el espesor de la capa de
agua.

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

enS,:. h=/f, 2.1.2)

oh
S, T—=gb 2.1.3
€n o, n q ( )

En el método de elemento finito la R, en la cual se da el flujo, es subdividida en
un gran nuimero de pequefios elementos, en los que el nivel de agua subterrinea es
aproximado por alguna funcién simple. La forma mds simple de subdividir la regién es
mediante el uso de elementos triangulares (Figura 2.2).

Las formas mids simples de aproximar las variaciones de nivel dentro de un
elemento triangular es asumiendo que el nivel varia 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 subterrdnea en'un punto dentro de un elemento es definido por una interpolacién
lineal entre los valores en los puntos de la malla o nodos.

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

h=3 N (x, )k 2.1.4)



donde A; es el nivel del nodo i y Nj es una funcidn base definida por

N,=Lsi j=i, N, =0, si j=i (2.1.5)

con interpolacién lineal dentro de cada elemento. Una funcién base tfpica es

mostrada en la figura (2.4).

La funcién de interpolacién también puede ser usada para el nivel conocido en el
acuffero inferior y se puede escribir como:

h= iN,(x, k' (2.1.6)

En general, la aproximacién (2.1.4) no satisfard exactamente la ecuacién
diferencial parcial (2.1.1). Esta condicidn es relajada requiriendo que la ecuacién
diferencial se satisfaga sélo en el promedio, usando un nimero de funciones de peso,
igual al nimero de incégnitas. Este es llamado el método de residuos pesados.

Lo m4s conveniente es usar las funciones base también como funciones de peso,
éste es el Mérodos de Galerkin. Lo anterior conduce a las siguientes condiciones:

j{ 2 TﬁJ+ﬁ(Té)+l—h_h':|N,}dxay=0
Mal'a) o\ & c Q.1.7)
(ieC)

que deben ser satisfechas para cada valor de i, para el cual /; es desconocida. La integral
en (2.1.7) puede ser separada en dos partes:

i[r@.)+_‘?_(7@_) N, =£(N,T@-)+—£[N,T@)

x\ ) ¥ F\ L x] A ) 2.1.8)
ON, h _ 0N, ch

7L A _ X
x ox - Oy oy

sustituyendo (2.1.8) en (2.1.7), junto con (2.1.4) y (2.1.6), nos da:
o S+, + 0, =0 (ieC)

~

(2.1.9)

donde, J, J2 y J3 son tres integrales definidas por:

Iy



el af, .
J,-!{&[NT& (2.1.10)
&N, ON,  oN, AN, -
I{Tzh[ > a3 5 ]}drdy | @.1.11)
J,= j‘{m, -%Z NN (h —h’J)}dr dy 2.1.12)

La sumatoria en la segunda y tercera integrales, debe ser ejecutada sobre todos los
valores de j desde 1 hasta n, donde n es el nimero de nodos. La ecuacién (2.1.9) es la
ecuacion bdsica 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 linea a lo largo de la frontera S de la regién R por el Teorema de la
Divergencia (o Teorema de Gauss). Esto nos da

J = j{ (NT—- NT—}z&dyI é"}as (ieC) (.13

Los valores de i son restringidos a los nimeros de nodo donde el nivel es
desconocido, los valores de i{ para los puntos en los segmentos de frontera S; son
excluidos. Asi, la integral en la parte derecha de la ecuacién se restringe a valores
localizados en la frontera S7.

El valor de 1a funcién de suministro a lo largo de un elemento de frontera es gb
y la longitud de tal parte de la frontera es L;. A lo largo de dos segmentos de linea el
valor promedio de N; es I/2 y la integral serd la suma de dos valores, uno en la izquierda
y otro en la derecha del nodo i. Esta suma serd denotada por Q;. Fisicamente esto
significa que el agua total suministrada a lo largo de un elemento, de frontera es atribuida
a los dos nodos en sus extremos. Por lo tanto:

a ch) @ oh .
[ty glrghooe v o

10
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O, = 19.5L, (2.1.15)

2.1.2. La segunda integral.

La segunda integral puede ser definida formalmente como:

N, ON, aN ON,
=—I{Tzh[5x 5 dv % ]}dxaj; Z  h, (2.1.16)

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

B ON, ON, N, N, .
) f{ > o ay]}abrdy (ieC) 2.1.17)

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

Como las funciones base son lineales podemos escribir:

N,(x,y) =px+qy+r, Nl(x,y) =px+qy+r, (2.1.18)
donde los coeficientes p;, pj, etc., son constantes. Si los tres nodos R, son denominados
por j, k'y I (donde i puede ser cualquiera de ellos), entonces N;j debe ser 1 en el nodo j, y
0 en los nodos & y /, por lo tanto: -

p,x, +q,y, +r, = 1, px,tq.y, +r, = 0, px gy +r, = 0
este es un sistema de ecuaciones simultdneas con tres incégnitas. la solucién a este
sistema es:

p_,=bJ/D, qj=cJ.ID, rJ=d,/D( 2.1.19)
donde

by=yi—y, b=y-y, b=y,-»
€, =X =X, € =X,-X, =X -X

d, =00 XY dl- =Xy, XV, dr =Xy, Xy,
<~ D=xb +xb, +xb
La cantidad D es el determinante del sistema de ecuaciones. Para la evaluacién de la
integral (2.1.17) las cantidades necesarias son:

(2.1.20)

11



"z ON, N, _ ON,
E-—pn W =D @_qr"‘g_'q;

Si asumimos que la transmisividad T es constante, Tp a través del elemento Ry entonces
obtenemos:

P =Ta{bb +cc }/D?

donde A, es el drea del elemento R, cuya férmula alternativa es Ap = % {D|
La expresion formal para los coeficientes Pjj es:

T
P =W"J|{b,bj ree,} @2.1.21)

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

Jy==2Ph [(ieC) (2.1.22)
donde los coeﬁjcientes P,-j son definidos por (2.1.21).
2.1.3. La Tercera Integral.

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

Joo=[{IN}acdy (i<C)2.1.23)
4
La integral sobre un elemento R, expresa el promedio del producto /pN; en ese
elemento, muitiplicada por el 4rea del elemento. Como I, es constante, el promedio de
Nj es 1/3, y el drea del elemento triangular es %|D| la primera parte de la tercera
integral es:

J,=1|Dl/6 (ieR) (2.1.24)

Fisicamente significa que la infiltracién del elemento %IplDI, es distribuida en
los tres nodos del elemento triangular. Se puede también escribir:

J.=0Q (ieC) (2.1.25)
donde Q; ahora representa la parte de la infiltracién atribuible al nodo i. Para los
elementos para los cuales el elemento i pertenece tenemos:

Q=1,D/6 {ieR,) (2.1.26)

La segunda parte de 1a tercera integral es:

1 _

Ji; =_I{ZZN‘N!(hJ_h',)}dr@ (1 eC) (2.1.27)
R J

para el elemento Ry, separando los factores constantes tenemos:

12



S == ~(n - [{wN Jae dy (i eC) (2.1.28)

; ,

N(x,y)=px+qy+r, N(xy)=px+qy+r,

Estas integrales toman la forma mds 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 drea de primer orden se elimina:

jxdxay=o, jyabcdy:O (2.1.29)

R,
El momento de segundo orden puede ser expresado como:

[%* dedy={x? +x} + 2 }|D|124=4|Djz.,,

R

[y aeay={y2 +yi +y2}Dl124=4Diz,,, (2.1.30)
R.F

Ixy dx dy ={x;y,: +X Ve X)) }|D|/24=%|D|Z:y
R'

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

i =_ZR;(”; _h’,) (2.1.31)
}
donde
R ={bb2. +cez, +(be, +b,)z, +dd, }1{2Dlc,} @.1.32)

esto completa la tercera integral.

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

Z{Ps", +R(n-k)}=0 (ieC) (2.1.33)

2.2 Flujo estable en un Acuifero Confinado.
2.2.1. Un Programa Simple.
P;Lra mostrar el método de solucién y un programa simple considerando el caso de flujo

estable en un acuifero completamente confinado. Para tal caso, la ecuacién diferencial
bdsica (2.1.1) se puede simplificar tomando / = 0 y ¢ = «. La ecuacidn resultante es:

13



(. h) o(.ch
{2)413)

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

Ti{ant=0 (<0 2.2.2)

p)

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

P =2 {bp +cc ) 2.2.3
,J,—-2—|—5|wc,4:'J (2.2.3)
El programa BVI0-1 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
1. El nivel del lado izquierdo es de 10, mientras e! del derecho es 0. La transmisividad es
1 en todos los elementos. El nimero de iteraciones es de 50, y el factor de relajacién 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,10,1,0,N,0,1,1,N,0,2,0,Y,0,2,1,Y,0,

1,2,3,1,2,3,4,1,3,4,5,1,4,5,6,1

14
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3. EL MODELO COMPUTARIZADO DE
TRANSPORTE DE SOLUTOS
Y DISPERSION EN
DOS DIMENSIONES
de L. F. Konikow y J.D.Bredehoeft

Introduccion

El modelo calcula los cambios transitorios en la concentracion de un soluto no reactivo el
agua subterranea fluyendo. E! programa de computadora resuelve dos ecuaciones
diferenciales parciales de segundo orden. Una ecuaciéon es la de flujo de agua subterraneas
que describe la distnbucion de niveles piezométricos en el acuifero. La segunda ecuacion es
la de transporte de solutos que describe la concentracion quimica en el sistema. Acoplando
la ecuacion 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 concentracion que ocurren en un sistema dinamico de agua subterranea se
deben principalmente a cuatro procesos distintos:

1) transporte advectivo , en el cual los quimicos disueltos se mueven con el flujo de agua
subterranea,

2) Dispersion hidrodinamica, en el cual difusién molecular y idnica y variaciones a pequeiia
escala en la velocidad de flujo a través del medio poroso causa que las trayectonas de
moléculas disueltas y tones diverjan o se desprendan de la direccion promedio del flujo de
agua subterranea;

3) Fuentes o sumideros, donde el agua de una composicion dada se introducida a agua de
una composicion diferente;,

4) Reacciones, en las que una cantidad de una especie quimica disueita en particular sea
adicionada o substraida del agua subterranea debido a reacciones quimicas o fisicas en el
agua o entre el agua y los materiales solidos 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 distribucién

El acuifero puede ser

1} heterogéneo y -

2) anisotropico.



Fundamentos Tedricos
Ecuacion de Flujo
La ecuacion que describe el flujo transitorio bi dimensional de un fluido compresible y

homogénec a través de un acuifero no homogéneo amsotropico puede ser escrito en
notacion cartesiana tensorial como:

c h oh
&,(7'; 63‘,—) S&+W 3.1
donde
T; j e el tensor de transmisividad, L2/T;
h es el nivel piezométrico, L; _
S es en coeficiente de almacenamiento, adimensional,;
t es el tiempo, T,

W=Wx,y,z,) es el caudal volumétrico por unidad de area
de signo positivo para salida y negativo para flujo de entrada
Xj, Xj son las coordenadas cartesianas, L,

la expresion para velocidad de filtracion del agua subterranea puede ser derivada de la ley de
Darcy:

K r
V = __'fi _ (3.2)
E &
donde .
Vi es la velocidad de filtracion en la direccion de x;, LT,
Kg- es el tensor de la conductividad hidraulica, L/T,

€ es la porosidad efectiva del acuifero, adimensional

16



Ecuacion de Transporte

La ecuacion para describir el transporte bi dimensional y la dispersion de una especie
quimica disuelta y no reactiva puede ser escrita como:

aAck) & L) 7 cw
2 & (bD,J o’k,) x (bCV) —; j=12 (3.3)
donde
C es la concentracion de la especie quimica disuelta, A/L3
Djj  esel coeficiente de dispersion hidrodinamica, L2/T
b es el espesor saturado del acuifero, L
C’ es la concentracion del soluto en la fuente o sumidero, M/L3

En la parte derecha de-la ecuacion:

El primer término represente los cambios de concentracion por dispersion hidrodinamica;
El segundo termino describe el efecto del transporte advectivo,

El tercer término represente una fuente o sumidero de fluido.

Coeficiente de Dispersion.

El coeficiente de dispersion puede ser relacionado con la velocidad del flujo del agua la
naturaleza del acuifero usando la ecuacion de Scheidegger:

vy

D = m’ n
a7
Para un acuifero isotropico el tensor de dispersividad puede ser definido en términos de dos

constantes; la dispersividad longitudinal a7 y la dispersividad transversal a7 estas se
relacionan con los coeficientes de dispersion por:

(3.4)

D = a,_lVI

L 3.5
D; = a,|V| ¢.3)

Expandiendo la ecuacion de Scheidegger sustituyendo las identidades y eliminando términos
de coeficiente cero, los componentes del coeficiente de dispersion para flujo bi dimensional
en un acuifero isotrépico se pueden establecer explicitamente como:
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vy )

D,.=D +D
L ]V|2 T |VIZ
2
vy )
DW = DT |V12 +DL IVylz (36)
vy,
D,=D,=(D,-D;)—=%

vl
Métodos Numeéricos
Ecuacion de Flujo.
La ecuacion de flujo puede ser aproximada con la salvedad de que los ejes de coordenadas

se alineen con las direcciones del tensor de transmisividad por la siguiente ecuacion de
diferencias finitas:

hw-:._:.k _hv.;.k hh-l.;.k _hl._;,k hr-],;.t _hY.j,k h:,_; Lk _h!,_}.k
TH['-%-JI[WJ+ T“["}’:-Jl[ (Ax)z :|+ Tw[#-:-}éll: (Ay)2 :|+ Tw['-ﬁ%ll: (Ay)z ]

A —h . 9uip K,
"y 1.,k Suk- + w(i,j) fep H _
[ (Ar) AxAy m (i) hi..r.t],

3.7
donde i j,k son los indices de las dimensiones en x,y, y el tiempo, y qy, €s recarga.

Después de que la distribucion de niveles ha sido calculada, para un paso de tiempo, la
velocidad para el flujo de agua subterranea puede ser calculada en cada nodo usando un
esquema de diferencias finitas explicitas. por ejemplo para la velocidad en la direccion x:

K ko, —h
V = ﬂ(-ifl.J) K i+l 1k 38
x(+3.5) P (Ax) ( )

18
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Ecuacion de Transporte

Método de Caracteristicas

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

As?.w-e2\-cw
ac 10, &) . & a a
iy v Ty
a bal| ' | p

(3.9)

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

L 10Xl y X y X ¢ (3.10)
a b Z3 ox ¥ ok

La derivada material de-la concentracion, que asume la razén de cambio observada
moviéndose con las particulas es:

ac é'C+éCdx Ldy

311

dt & O dt oy dt 3.11)
Para las componentes x y y tenemos las velocidades como:
dx 7
—=V 3.12
=V (.12)
dy
ay _ 3.13
dt 7 3.13)
si sustituimos en la ecuacion (3.11) las (3.10), (3.12) y (3.13):

ac _1 9y X\ — (.14)

dt b c‘t I ox,
la solucion del sistema de ecuaciones (3.11-13) puede ser dada como:

x =x(Y); y =y C=Cry (3.15)

y son llamadas las curvas caracteristicas de la ecuacion.de transporte.

19



Seguimiento de particulas.

El método de caracteristicas consiste en poner particulas o puntos en cada celda de la maila
de elementos finitos formandolos en una distribucién uniforme en el area de interés. La
concentracion inicial asignada a cada punto es la concentracion 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 el la localidad del punto (fig. 3.1). La nueva posicion el
calculada siguiendo las formas de las ecuaciones (3.12) y (3.13):

Xpp =X, t0X, =x,, ,+ AtVr[fm)-yma] (3.16)
Yok SVpua +0Y, =Y ,uy +AtVy{‘m)-mn] 317

donde
p es el nimero indice para identificacion del punto; y
dx y dy son las distancias que se movio en las direcciones x y y.

Después que todos los puntos se han movido la concentracion en cada nodo es tomada
como el promedio de las concentraciones de todos los puntos localizados dentro del area de
esa celda; esta concentracion promedio es denotada como Cj;k* Los puntos en

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

La aproximacion por diferencias finitas de la ecuacion de transporte es expresada como:

h b ,
0.5A1| & Xy C("")[SE.'-W_EE)_C ¢
AC,,, == = 6D, — L |+
v b | &, ox,

i ]

(3.18)

La nueva concentracion al final del incremento de tiempo £ es calculada como:
Cra=CutAC (3.19)
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MODEL OF SOLUTE TRANSPORT IN GROUND WATER

./

O
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N

EXPLICACION

@® Posicion inicial de la particula

O Nueva posicion dé la particula

<> linca y direccion de flujo

--- trayectoria calculada de Ia
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Figura 3.1. Vista parcial de una
hipotética malla de diferencias
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entre el campo de flujo y el
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MODEL OF SOLUTE TRANSPORT IN GROUND WATER

( starr )

-~

y

READ GEOLOGIC,
HYDROLOGIC. &
CHEMICAL
INPUT
DATA

GENERATE UNIFORM COMPUTE HYDRAULIC
DISTRIBUTION OF - GRADIENTS FOR -—
TRACER PARTICLES ONE TIME STEP

COMPUTE DISPERSION | COMPUTE
EQUATION COEFFICIENTS | GROUND-WATER
r VELOCITIES
DETERMINE LENGTH
OF TiME INCREMENT
FOR EXPLICIT
CALCULATIONS
| MOVE PARTICLES e
GENERATE NEW PAATICLES
OR REMQVE QLD }
PARTICLES AT
APPROPRIATE BOUNDARIES ] ADJUST CONCENTRATION
+ QF EACH PARTICLE
COMPUTE AVERAGE [
CONCENTRATION IN EACH COMPUTE
FINITE-DIFFERENCE CELL MASS BALANCE
COMPUTE EXPLICITLY
THE CHEMICAL

CONCENTRATION AT
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SUMMARIZE AND
PRINT RESULTS
L

15
sTOP

END OF
SIMULATION ?

NO

Figura 3.3 Diagrama de flujo simplificado ilustrando las principales
etapas en el procedimiento de cilculo '



4. METODOS DE SOLUCION DE
ECUACIONES LINEALES

4.1 Métodos Directos de Resolucion de Sistemas de Ecuaciones Lineales

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

S{P1,NxFN}=6(1)  (1=1..N)

es el método de eliminacion Gaussiana. En este método la primera ecuacion es usada para
expresar la primera variable en términos de todas las otras vanables, entonces la primera
variable es eliminada de todas las ecuaciones subsecuentes. Queda un sistema de N-1
ecuaciones con N-1 variables; el proceso puede ser repetido hasta que solo una ecuacion con
una variable quede. Esta ecuacion puede ser facilmente resuelta y entonces las ecuaciones
previas pueden ser resueltas en una serie de sustituciones hacia atras.

4.2 Métodos Iterativos de Resolucion de Sistemas de Ecuaciones Lineales

En esta seccion se presenta el método iterativo de Gauss-Seidel, con el énfasis
puesto en la ejecucidn en una computadora pequefia. La teoria del Método puede ser
encontrada en libros de texto de analisis numérico. El sistema de ecuaciones lineales sera
escrito como:

S {P(1,9)x F(1)}=6(1) (1=1.N) (4.2.1)
donde la sumatoria debe ser ejecutada desde J=1 a J=N.

En el método de Gauss-Seidel una solucion inicial estimada es continuamente
actualizada corrigiendo la /-ésima ecuacion modificando la variable /. La estimacién inicial
puede ser arbitraria, por ejemplo, F(7) = 0 para todos los valores desconocidos de /(). En
forma alternativa, se puede hacer alguna estimacion razonable para las incdgnitas. En
- general {a ecuacidn. (4.2.1) no sera satisfecha por la solucion estimada. La variable (1) sera
corregida por una cantidad DF(I), de mido que la ecuacion 7 sea satisfecha. Si la solucion
estimada es representada por FA(7), esto significa que

S {P(1,7) x Fa(J)} + P(1,1)x DF(1) = G(1)
La correccion de la incognita DF(I) puede ser despejada de la ecuacidn
DF(1) =[G(1)- X {P(1,4) x FANY)/P(1.D) (4.2.2)

E! aigoritmo Gauss-Seidel consiste en la ejecugion repetida de la ecuacion (4.2.2) para todos
los valores de I. Puede ser demostrado que el proceso converge si la matriz es positiva
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definida. La convergencia es razonablemente rapida si la diagonal principal de la matriz es
dominante.

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

1000 FOR K=1 TO NI

1010 FOR I=1 TO N

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

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

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

1000 FCR K=1 TO N

1010 FOR I=1 TO N

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

Este procedimiento requiere un mayor tiempo de calculo y usa mas memoria a causa
de que el vector de incrementos tiene que ser almacenado. La convergencia es mas lenta. Es
por esto que el método de Gauss-Seidel sea usualmente preferido excepto por propositos
especiales. .

La experiencia practica con el método de Gauss-Seidel ha demostrado que la convergencia
puede ser mejorada multiplicando la correccion en cada paso por un factor algo mayor que
1. Esto significa que en cada paso el error no se hace igual a cero, sino que por un impuiso
extra se hace que cambie de signo. en anticipacion a futuras correcciones. El factor, llamado
factor de sobre-relajacion debe ser menor que 2 y, al menos, igual a 1. El algoritmo ahora
es el siguiente: :

1000 FOR K=1 TO NI

1010 FOR I=1 TO N

1020 A=G(I):FOR J=1 TO N: A=A-P(I,J)*F(J):NEXT J
1030 F(I)=F(I)+R*A/P(I,1):NEXT I:NEXT K
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4.3 Método Implicito de direccion Alternante (ADI).
Consideremos la ecuacion en dos dimensiones transitoria para un acuifero confinado:

Gh &h_Sohm

St =—— (4.3.1)

ox* oy Ta

Para el caso especial Ax = 4y = a, la aproximacion de diferencias finitas completamente
implicita es: |

_ Saz h'._,' _hnt_);
“TT AL

Poniendo la incognitas del lado izquierdo de la ecuacion y los valores conocidos a la
derecha: '

R +h. . +h', _ +h

=1 ity iy-l el

4k (4.3.2)

o, +h ., L R

i+l ij=1

7YY (e v @39

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

| sat),,  Sa*h
1.4+ e

'S bl 2 1,0
, Sa* 1}y, , Sa* h,
h =1 +\_4 - TAr)h [N +h 1.1+ = —_T--A_;—hlo_Lj -hrool_l (434)
( Sa* . Sa? h,o.
h i-1f +k_4 - TAL )h is +h il = —Tj-hfjol _h.(_,,q (4.3.4)

Y
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SIMULACION COMPUTACIONAL DE FLUJO EN HEDIOS POROSOS SATURADOS

Rodrigo Medina Bafiuelos

Introduccidn:

El apilisis del comportamlento observado de un acuifero, y la predicclén
de su evolucldn futura, son objetivos importantes que se pretende alcanzar
medlante una serle de estudlos multidisciplinarios que permlten simular el

movimiento del agua en medlos porosos.

La implementacién de un modelo numérico de simulacién requlere de
informacién proveniente de dlversas disciplinas. Los resultados
proporclonades por estudios geolégicos.‘ geof {sicos, hidrogeoquimicos,
hidriulicos, climatolédglcos, etc. constituyen ios archivos de datos que

caracterlzan al acuifero estudlado.

La metodologfa que se emplea en el proceso de modelacién numerica,
conslste en obtener una solucién aproximada de la ecuacién diferenclal gque
gobierna el movimiento del agua en un medlo poroso saturado. La regién de
simulacion se define de acuerdo a la geometria del sistema acuifero
estudiado, y se le Iimponen condicliones de frontera justificables por la
geologlia y la hldraullca subterrinea. Adicicnalmente, para la solucién
transitoria se requiere de condiciones iniclales (ebservadas o deducidas)

para el tlempo de inlcio de la simulacidn.

Una vez que se dlspone de los archivos de datos, el algoritmo numérico de
solucién de la ecuacion de flujo, condiciones iniclales y de frontera
especificados, se procede a ejecutar las simulaciones de callibraclién del
sistema, enfocadas a reproducir el comportamiento ocbservado. La
incertidumbre en los valores asignados a los parametros hidrdullcos y a la
recarga del letema. entre otros factores, pueden conduclr a una
discrepancla entre los nlveles plezométricos obsef@ados y los simulados.
La calibracién del modelo consiste en modificar los archlvos de datos
propuestos orlglnalmente.-hasta obtener un funcionamlento del slstema que

sea similar al obseryado histéricamente.



Las simulaclones predlctivas se reallzan utillzando los archivos de datos
calibrados y permiten prever el comportamiento que el sistema acuifero

adoptara en el futuro al ser sometido a diversas politicas de explotacién.

Las conflguraclones de nilveles plezométricos obtenidas medlante
simulaciones predlctivas, son determinantes en la toma de decislones para
el manejo raclonal de los recursos hidraulicos y para el diseciio de las

estructuras requeridas.

En los subcapftulos sigulentes se presentan algunos aspectos Iimportantes
del proceso de simulacién numérica, entre estos la deducclidén de la
ecuacidén diferencial que describe el movimiento del agua en medlos
porosos, algunos comentarios acerca de los problemas con valeres a la
frontera, un ejemploc del procedimiento de solucldén analitica de wun
problema con valores a la frontera, y finalmente un articulo referente a
la simulacién numérica del acuifero de San Luis Potosi que 1lustra

concretamente la metodologia expuesta.



DEDUCCION DE LA ECUACION DIFERENCIAL DE FLUJO EN MEDIOS POROSOS

La deduccién de la ecuacién de flujo para un medio poroso saturado se

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

pvy - dd_z {pvy)

)
Py T 35 {pvy)

-2 v
7:‘“’: I PV

P¥e

Segin la ecuaclén de continuldad (Ley de Conservacién de la Materia), las
entradas (E) menos las salidas (S) en un sistema, son iguales al camblio de
volumen almacenado dentro del mismo (AV).

E-5=4V

La masa que pasa por unidad de tlempo a traves de hna cara del volumen de

control —g-— se puede expresar como pvA
L™T
( 3
donde: p = Denslidad del fluido H3
\ L ¥
r 3
v = Descarga especifica L
. T !

Las entradas menos las salidas en la direccién x seran:

-

d{pvx) A

X Ay bz
ax

pvx Ay Az - [ pVx +



Analogamente:

en la direcclén y:

pvy 8% Az - [ pvy + —gigiz)ny ] ax Az
dy

en la direccidén z:-

pvz Ax Ay - [ pvz + —éigii)ﬂz ] Ax Ay
dz

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

E-S=- dlpvx) | dlpvy) | dlpvz}
ax ay az

] aAx Ay Az

Dividlendo entre el volumen Ax Ay A4z, se obtiene el camblo en el

almacenamlento por unidad de volumen del sistema:

AV = -

dlpvx) | d(pvy) _ alpvz) ] (1)

dax ay dz

Para un sistema en estado estaclonario la variacién del volumen almacenado
con respecto al tlempo (Av) es lgual a cero:

avy =0

Suponiendo densidad del fluide constante:

_ dvx . dvy . dvz =0 (2)
ax dy dz

Sustltuyendo la .ecuacién de Darcy:

v=-K gh en cada compenente

- aL



a
—_ | Kx a_h + g_ Ky ﬂl— + -a-—- Kz ?_l} =0 (3)
ax dy ay dz

Suponlendo que el material es isotréplco (Kx = Ky = Kz) y homogénco (K =
cte).

> -+ + = 0 (4)

Esta ecuacién es conoclda como la Ecuacién de Laplace y es de gran
utilidad en hldrogeologia. La soluclién de esta ecuacion describe el valor
de la carga hldrdulica en estado estacionario en cualquier punto en una

reglén tridimensional.
Flujo transitorio en medic saturado.

La ley de conservacldn de masa requlere que la masa que se almacena por
unldad de tlempo por unldad de volumen dentro del volumen de control, sea
igual a la variaclén con respecto al tlempo de la densldad p del fluido
que se encuentra dentro de los poros del materlal limitado por el volumen

de control

alpvx) 3(pvy) . alpvz) _ d(pn) (5)
dx dy dz ot

donde n es la porosidad del material.

Desarrollando el lado derecho de la ecuacién.

alpvx) . a(pvy) . alpvz) |_ n ap o an 6)
ax dy dz at ot
n ge es la masa producida por la expansioén del agua por unidad
at -

de tiempo cuando cambla su densidad.

o] én es la masa produclda por la compactacién del medlo poroso

dat



por unidad de tiempo cuando cambla su porosidad.

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

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

mecanismos cuando la carga hidraulica h disminuye una unidad,

(coefliclente de almacenamiento especifico (L)

Ss = pgla+nf)

o = compresibilidad de la matrliz sélida
3 = compresibilldad del fluido

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

AV = p Ss gh
at
La ecuaclion (6) se puede expresar como:
- dlpvx) _ dlpvy) _ dlpvz) _ p Ss dh
ax ay dz at

es Ss

(7)

(8)

(9)

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

L ovx
cadena, y conslderande que los términos p - Son mucho mayores que los

VX g&, y sustituyendo la Ley de Darcy, se obtiene:

8 |edh |, 2 g en]| .o g, on
ax ax dy ay dz adz

ax>  ay* a2’ K at
8°n 3 a° s an 7
— Y — W — - — —

- ax® ay® az° T at

]=55

(10)

(11)

(12)



Esta ecuaciéon se conoce como la ecuaclén de difusion. La soluclén
h{x,y,z,t) describe el valor de la carga hidriullca en cualquier punto

(X,¥,z) de la regldn para cualquier tlempo t.
Problemas con valores a la frontera

Un problema de valores a la frontera es un modelo matematico

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

proceso de 4 pasos:

1) Examen del problema fislco

2) Planteamiento del problema fislco en términos de un problema
matematico equivalente

3) Soluclén del problema matematico con técnlicas matematicas

4) Interpretacidon de los resultados matematicos en términos del problema
fisico.

Los problemas  de flujo en medlos porosos dan lugar a un preoblema

matematico de.la forma de problema con valores a la frontera.

Para deflnir completamente un problema transltorlo de valores a la

frontera en flujo subterraneo se neceslta conocer:

1) El tamafio y forma de la reglén de flujo (geometria del sistema)

2) La ecuacién de flujo dentro de la reglén

3) Las condiciones de frontera alrededer de la region

4) Las condiclones lniclales en la reglon

5] La distribucidén espacial de los parametros hidrogeoldgicos que
controlan el flujo :

6) Un método matemitico de soluclén

‘Sl el problema con valores a la frontera es para estado estaclonario, no

se requlere conocer las condicliones iniclales del sistema.

Los métodos de soluclén para un problema con valores a la frentera pueden

ser clasiflcados en 5 enfoques:

1) Soluclén por- lnspeccldn

2) Solucién por tecnicas graficas (redes de flujo)

3) Soluclén por modelos analégicos (circultos eléctricos)

4) Soluclén por técnlcas matematicas analitlcas

S)- Soluclén por técnicas matematicas numéricas (modelos computacionales)



Ejemplo de una solucién analitica a un problema de valores a la frontera

Conslidere el problema de flujo subterraneo mostrado en las fliguras:

VL adi e ddds
Y=Y A B

k =K

= b =
h ho E h hi

D s/r777/7/777/77777 C

X=0 X =XL

La ecuacldn de flujJo en dos dlmenslones para flujo en zona saturada y

estado estaclonarlo es:

La expresidon matematlica de las condiclcones de frontera es:

g% = 0 en y=0 y y = yL - - - 1(2)
h=h0 en X=0 - - =1(3)
h=m en X = XL - - -1(4)

Se obtendrda h (x,y) usande la técnica de separacién de varlables:
Se supone en el método de separacién de variables que la solucidn es un

producto de la forma:

hix,y) = X(x) Y(y) - -- (5)

La ecuacién (1) se expresa ahora como:

- 2 . 2




Dividiendo entre X Y se obtiene:
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El lado lzquierdo es lndependiente de y. El lado derecho, a pesar de su
aparlienclia, debe ser lindependlente de y, deblde a que es lgual al lado
izquierdo. Andlogamente, el lado derecho es independiente de x, vy
también el lade lizqulerdo. S1 los dos términos de la ecuacién son

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

entonces:

2 2
= G y

xa ady

Q
tod

= G - - - (8

-<|--

1
X

1]

La constante G puede ser positiva, negativa o cero. Los 3 casos conducen
a una solucion tipo producto. Pero sélo el caso G = 0 da lugar a una

solucién que tlene significado fisico para este problema. Por lo tanto:

2 2
L =0 y a2t -0 - - - (9)
a x ay

Q
>

LY
L.

Estas son ecuacliones diferenclales ordinarias cuyas soluciones son blen

conoclidas:
X =Ax + B Yy Y=Cy +D - - - (10)
La soluclién producto (5) es:
h (x,y) = {(Ax + B)(Cy + D) - - - (11)

Los coeficlientes A, B, C y D se evaluan mediante-”las condlcliones de

frontera. Dlferenclando (11) con respecto a y se obtliene:

Sh - (ax + B)C - - - (2}

dy



S ——

La condicién de frontera (2) implica que C = 0. La ecuacién (11) queda
como:

hix,y) = ({Ax + BJD = Ex + F - =-=-1(13)

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

F=ho y E=-(ho -~ hl1)/xL. La solucién es entonces:
= - - X - - - g
h(x,y) = ho -(ho - hl) TN (14)

Se aprecia claramente que la ecuaclén (14) satisface las condiciones de
frontera (3) y (4). La derivada con respecto a y es lgual a cero
satisfaciendo la condlcién (2). La segunda derivada de hix,y) con
respecto a X tamblén es 1gual a cero. Por lo tanto la soluciéon (14)
satisface la ecuaclén de flujo (1).

10
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EVALUATION OF HYDROTHERMAL SOURCES THAT SUSTAIN AN
OVEREXPLOITED AQUIFER AT SAN LUIS POTOSI, MEXICO.

I. HERRERA, R. MEDINA, L. CHARGOY & J. CARRILLO
Instituto de Geofistca, UNAM, Mexico City
Apdo. Postal 22-582, 14000 Mexico, D.F., Mexlco

ABSTRACT. A numerical model is implemented for the aquifer of the Clty of San
Luis Potesi, which takes into account the contribution of an underlylng
thermal source. Previously, it was thought tc be overexploited. By means of
the numerical model, it is shown that this is not the case, because there is a
contribution from the underlying thermal source. Since the properties of the
thermal source are not known, the procedure used to incorporate them is to
ad just the values of the vertlical hydraullic conductivity between the thermal
source and the aquifer until the actual plezometric levels in the aquifer were
reproduced. For thls case study, such a procedure has produced useful results,

INTRODUCTION

The Valley of San Luls Potosi, is located in the high plateau of the Republlic
of Mexlco {Fig.1) and it lies in the semi-arid region. The water demand of the
City of San Luls Potosi, capital of the state of the same name, for
agricultural, urban and industrial uses, has been steadily increasing. Most of
the water supplied to the city 1ls from underground sources, because due to the
reduced rainfall, the surface water contributlon is small (only 8 %).

There is concern with respect to the future evolutlon of the aqulfer.'because
in the last few years the observed speed of drawdown has reached the rate of
1.3 m year . However, if the hydraulic balance of the aquifer is carr%;d out
taking into account only what 1ls known about the aquifer, the predicted rate
of drawdown 1is even larger. On the basis of thermal, chemical and hydraulic
evidences, in a previous study: Instituto de Geofisica, UNAM (1988), it was
established that the differences between the observed and the predicted rate
of drawdown is due, to water supplied by deeper geologlcal formatlons with

thermal activity.

Taking inte account these facts, it was decided te implement a numerical model
of the aquifer to improve the understanding of 1ts-behavior, speclally with
respect to the deep thermal sources, and to predict the system behavior under
dlfferent exploitation pollcies for the next twenty years.
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.Flgure 1: Locatlon map of San Luls Potosi Basln
HYDROGEOLOGIC MODEL |

_DOn the basis of the avallable geologlcal, geophysical, plezometric ao
hydrochemical Information, the proposed hydrogeological model of the systs
includes a "shallow aquifer' of reduced yield and poor quality water. Thl
aquifer overlies a "clay formation"” which In turn conflines a deeper aquifer
Most of the water 1Is produced at this "deep aquifer”, which has therm
activity (Fig.2). Below it, lay the "thermal sources". '
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Flgure 2: The hydrogeological meodel

In this flgure, it can be observed, that the system of regional flow lis
important for aquifer performance, producing a vertical component of hot
water. For a detalled geological description of the system, the reader 1s
referred to the previous study: Instituto de Geofislca, UNAM (1988).

MODELLING OF THE SYSTEM

For the 1lmplementation of the numerical model, a conceptual model of its
behavior was defined, suitable differentlial equations were adopted, a computer
progran was selected and 1ts callbration was carrlied out uslng the avallable
information., The plezometric levels produced by the program, were interpolated
using the package SURFER: Golden Software, Inc., (1989) to obtain a more
convenlent graphical representation. -

-

The cenceptual model.

The lisits of the area included in the model, are shown in Flg. 3 and were
based on geologlcal considerations.
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The San nguelito range at the west and the San Pedro range at the east,’
constitute natural boundarles because they present conditions of no flow, and
at some places constant head (Flg. 4).
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Figure 4: Area covered by the clay formatlon

The northern and southern limits were selected on the basls of the plezometric
information that was available and they were taken as impermeahle, because
there is evidence that the flow there, is negligible. The shallow aquifer,
located on the upper part of the system, functions as a unit independent of
the deep aquifer, because the clay . layer that separates them 1s sensibly
Impervious. Taklng into account that most of the water is produced at the deep
aquifer, the purpose of the model s the prediction of Iits behavior
excluslively, leaving aslde the shallow aquifer.

The Basic Equatijon

The governing equation.used was:

3(p.2n) , _3(c.2n) , 8., 3h) . oh
= [KXE; -é-— [Ky—a-g] + Ei [KZEE] Ss t (1)
where . Ss = specific coefficient of storage (A
= Hydraullc conductivity [LT ']
h = Hydraullc head {L}

Time (T)
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However, the analysis of the flow was malnly two-dimensional, because only two
horizontal layers were incorporated in the model.

The computer code MODFLOW: McDonald & Harbaugh, (1984), was used 1n all
calculatlions. This model applies the cells method which ylelds finite
differences approximatlons.

The deep aquifer can be satlisfactorily modelled using a 2x2 Km grid and
applying finlte difference schemes on them, as lllustrated in Fig. 4. Layer |
includes the best known part of the system, where the value of the hydraulic
properties are known or at least can be estimated. Layer Il was lntroduced to
model the deeper, less known geological formatlons which supply the thermal
water. The flow and interaction between layers I and 1I, 1s due to the
differences of hydraulic head between them. In layer II, 1t was assumed a
constant hydraullc head that remained greater than the head of layer I,
throughout the runs. This induces a vertical component of flow whose magnitude
can be adJusted varying the ratle of the hydraullc conductivity (Kz) to the
thickness of the layer where the flow takes place.

An upper boundary conditicn of no flow was consldered 1ln layer I, which
corresponds to the clay layer whose hydraulic conductlivity is neglected. In
the horizontal limits of the aquifer, either constant head or no flow boundary
conditlons were conslidered, as indicated in Fig. 4.

CALIBRATICN

In the perlod January 1987- July 1989, heads were measured monthly In
observation wells 'distributed throughout the region that was modelled. At the
same time, the pumping rate was measured in some cases and estimated by
indirect means ln others.

In additlon, the piezometric ‘head dlistributlon corresponding to 1960, lis
avallable and there are estimates of the historical eveolution of the pumplng
rates.

The hydraulic propertles of the known part of the aquifer were obtalned by
means of pumping tests and also some pumping tests available from previous
studies were Interpreted. Transmissivity varies between 1x10 and
8x10 *m®s™!. The calibration for layer I, started with these values and then
were modified on the-basis of the results of the callbration. The propertles
of layer 1l were adjusted until the behavior of the system was reproduced in a
satisfactory manner.

In splte of the additional piezometric information that was available, the*

calibration was based on the period 1987 - 1989, which covers 30 months only.
This was due to the better quality of the data for that pericd. Once the
results of the callbration were obtained, the data of less quality that wvere
avallable for the perlod 1960 - 1988, were'used to verlfy 1t.

In the evaluation of the storage coefflclents of the reglon modelled, 10
values that were determined by pumping tests were incorporated. The extension

W e e—ar pmaan
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of the confining clay layer was determined by means of the analysis of the
prevailing geclogical conditlons (inferred from well logs) and geophysical
surveys. The values of the storage coefflclents that were used for the cells
that behave as confined, are between 2x10 = and 710", In the case of cells
that perform as unconfined, values between 0.02 and 0.15, were used.

The initlal runs, using the estimated wvalues of S and T, led to the
distribution of the plezometric heads shown in Fig. 5.

4

la 2 -4 ?
ok hm

Head in observation well + 1700 masl

Flgure 5: Contour map of predicted ptezometric heads, without thermal sources
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In this flgure the predicted drawdowns deviate drastically from those
observed, the greatest deviations occurring in the area where the thermal
manifestations have been observed (Fig. 6).
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Figure 6: Location of thermal sources




The general conclusion drawn from these results, was that the observed
behavior cannot be predicted satisfactorily using the observed values of S and
T, when only horlzontal flow ls modelled. The ylield of the actual system is
much larger than the one obtalned in such model.

The discrepancy between the observed and predicted heads, can be reduced in
one of the following manners:

a.- Increasing the storage coefficlent of the aquifer, considering it as
unconflined In all the reglon modelled.

b.- Incorporating addltional sources of water Iln the cells, where
required.

The first option 1s unrealistic, since it contradicts geologic evidence
directly supplled by well logs and must be discarded, in spite of the fact
that it was used in a prevlious study: Niedzielsky, (1990).

On the other hand, the inclusion of additional sources ln the model 1s fully
Justified 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 option that was adopted in the
model. It was incorporated by means of an additiocnal layer (layer II) whose
properties were adjusted 1n the calibration of the model, assuming the
plezometric head of that layer is constant.

Since the hydraullc properties of the main aquifer (layer I) are the best
known, in the callibration, emphasis was placed in determining the properties
of the thermal sources. A flrst guess of the values of the hydraulic
conductivity in the vertical directlion (Kz) between layers I and II, based on
the temperatures and well dlscharges measured in the fleld, was used in the
initial simulations, and then they were adjusted until the actual pliezometric
distributions In the thermal area were reproduced. The stopping criterlion for
the calibratlon process was that the actual heads should be predicted with an
error of less than one meter in the thermal zone, as shown in Fig. 7.

Using the calibrated model, a global mass balance of the region was carrled
out. The results obtained are listed in Table 1.

Table 1: Mass Balance of the Aquifer

Concept . Q(mas-l) %
Aquifer storage 0.34 13
Lateral recharge (cold water) 0.36 . 14
Upward supply (hot water) 1.50 73
Total well extraction 2.60 100

The distribution of the supply, shows clearly that the most important
contribution comes from the vertlcal flow which originates in the reglonal

system and exhiblits thermal anomalles.
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Flgure 7: Contour map of predicted plezometric heads, after calibratlon

Long period verification

As was already mentioned, the information avallable for the perlod 1960 -

1988, was used to test the results of the calibration. Thus, after the
calibration was completed, a run covering that perlod was carrled out.

Taking the known 1nltial conditlons for 1960 and estimating the evolutlon of
the rate of pumping Iln the period, the piezometiic heads were predicted, usling

the calibrated model. The results of the simulation after 29 years, had-
differences of less than 3 meters between the observed and computed heads, ln.

the thermal area. This Indicates, specially taking into account the low
quality of the information available for the period, that the parameters that
were obtained 1n the calibration, are acceptable to make predictions of the
behavior of the system, within a moderate range of accuracy.

10
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TESTING DIFFERENT PUMPING POLICIES

The analysis of a wlde range of explolitation policles of the system 1s
necessary, to quantify the potential of the thermal scurces, as a water supply
for the city of San Luls Potosl. '

Predictions of the behavior of the system for a period of 21 years (1989 -
2010), under different exploitation pollcies were carried out. The optlons

consldered were:

[.0- Keeping the present extraction rate fixed during the whole period.
I.1- Increasing the rate of extraction 5 % every S years.

I.2- Increasing the rate of extraction 10 % every 5 years.

[.3- Increasing the rate of extraction 20 % every 5 years.

I1.1- Increasing the rate of extraction in the thermal area excluslvely
(13 cells) 5% every S years.

II.2- Increasing the rate of extraction iln the thermal area exclusively
(13 cells) 10% every S vears.

II.3- Increasing the rate of extraction in the thermal area excluslvely
(13 cells) 20% every S years.

I11.4- Increasing the rate of extraction in the thermal area exclusively
(13 cells) 40% every S years.

In Table 2 the results obtained for the different policies that were tested
are shown. For each pollicy the total volume extracted during the perliod of 21
years 1s given and then the percentages which originate in the thermal
sources, the storage of the aquifer and the neighboring reglons is indicated.
Finally, in the last column the total volume of drawdown produced during the
whole perlod in the modelled region, is given in millions of cubic meters.
These results are also illustrated In graphical form, in Fig. 8. Clearly, to
ensure a drawdown as low as possible, locating the additional demand in the
thermal region ls the best option.

Table 2: Predictions for the period 1989 - 2010 under different policies

Policy Total Pumped Of Thermal From Aquifer From the Drawdown
Volume Origin Storage Boundary Yolunme

(m’x10%) (%) (%) (%) (n°x10°)

I.O 1698 81 3 16 3440

When increments in pumping are uniformly distributed
I.1 1915 - 81 5 14 6000
I.2 2153 76 7 17 8800
2702 77 11 12 -- 16000
“" When all increments of pumplng are taken from thermal area

I1.1 1866 83 4 13 4800
IT.2 2069 81 5 14 6400
II.3 2184 82 6 12 7600
I1.4 2946 82 ] 10 13600

11
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Figure 8: Comparison of simulated policles

CONCLUSIONS

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

Initially, it was Intended to implement a model without thermal sources. -
However, 1t turned out to be impossible to achieve a model capable of
predicting the observed behavior, when only horizeontal flow was modelled. This
peinted out the need of incorporating thermal sources in the model, 1n order
to explain the vertical flux coming from deeper geological formatlons, whose
hydraullc propertles are unknown. This vertical supply was lncorporated in the
medel, Introducing a layer of constant hydraullic head in the lower aquifer.

Since the propertles of such layer were unknown, it was necessary to derive
them during the callbratlion process. The maln parameter that was adjusted was
the vertical hydraullc conductivity that exists between layers I and II. At
the same time, the hydraulic propertles, T and S, of the aquifer and the
boundary conditlons were also adjusted. The fact that an additlional parameter
was introduced in the callbration, made this process more complicated than is
usual for this kind of applications. However, this form of proceeding s
similar to what is usually done when applying modelling techniques in the
horizontal plane, for which it 1s standard to eliminate nelghborlng regions
with Insufficient hydrological information by Imposing sultable boundary
conditions. In many cases, the supply coming from such reglons is quite
significant for the behavior of the part of the aquifer whlch 1s modelled.

12
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The results of the callbration were satisfactorily veriflied by reproducing the
observed behavior 1in a longer perlod (1960-1988) of exploitation of the
aquifer, for which Incomplete hydrometrlic information was avallable. The
results of this study indicate that the procedure used here, to study a deep
geological formation for which no information is avallable, may be useful more
generally. In particular, In the case study here reported, 1in spite of the
insufficient knowledge of the deep formation, 1t was possible to make
recommendatlions for the policles to be followed in the production of the
aquifer. These recommendations are better founded than Iif the lack of
information about the thermal sources, had Inhibited the development of such

model.

The distribution of plezometric heads predicted on the assumption that the
present rate of pumping is contlinued through the whole period, 1989 - 2010
(Fig. 9 optlon I.0) Indlcates that the present extraction can be contlinued

without producing exceedingly large drawdowns.
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Figure 9: Contour map of predicted plezometric heads (1989 pumping rate)
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Flgure 8, clearly illustrates the fact that if the pumplng rate is to be
increased, the most convenient option from the point of view of keeping the
drawdowns as small as possible, is to concentrate the demand in the thermal
area. However, 1f such policy is adopted, the supply would contaln a greater
volume of thermal water, which would deterlorate its quality. Thus, in such
case, 1t wouid be \important to monitor the dissolved lons and the water
temperature. If thls ls done, it should be recommended that the informatlon
gathered in this manner, be used to lmprove the numerical model and to test
the assumptions on which it s based. ‘
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Updati notes

Since December 1990, many of the programmes have bheen
corrected, and improved. The latest corrections were made in June
1991. The following are notes on features that have been added or
changed in the programs after the manual was printed.

1. DOS Versions

The GW programs now work under DOS.3, DOS.4 and the new DOS.S5.
In the revised 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 DOS3.X and upgraded your system to DOS,.50 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 computer 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
calor monitor. The higher resolution of 1024 X 756 may or may naot
work 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,

3. Text Editor —

A text editor DAVE 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
correctly 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.

GWé (well logs) program is set up to call the DAVE Editor
automatically for preparing a new well log 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 longer
than 80 characters. This may not ke enough for all the comments
that one may have in a well log. To overcome it, replace the DAVE
editor by another editor which can work within the GWé 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
solve this problem is to use DAVE editor as 1t is and later edit



the file created by the GW6 program 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, GW3, GW5, GW6 and GWll are found in a subdirectory
GWD. It is on diskette No.4 of the 5 1/4" 1.2MB diskettes, on
diskette No.8 of the 5 1/4" 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 GW3 - pumping test is named India, that for GWS -
hydrographs is Sample. You call the data files for GW6 -
hydrographs by *.1th. The data files for GW1ll - mapping appear on
the screen automatically. ’

The data files for the modeling programs GW7, GWB, GW9 and

GW10 are always in separated subdirectories GW7D, GW8BD, GWSD and
GW10D.

S. Moncgraphic (Hercules) Users

In GW6 on the graphic screen for digitizing the cross section
line with the mouse, the text message on 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,

3. 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 computer uses diskettes of another format than Yyou
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 Department of Technital Co-operation for Development assumes no respoansibility an.
shall have no liability, consequential or otherwise, of any kind arising from the use of this program material.

The programmers have used their best knowledge and judgment in making the programs. Any suggestions
for program improvement and/or correctiun shall be gratefully appreciated.-

3. List of Programs

The Ground Water Software package (Part One: Data Base and Utilities) consists of the following programs:

GW2 Ground Water Chemisary

GW3. Pumping Tests

GW4. Well Hydraulics and Well Consouction

GW3. Water Level Data Base and Hydrographs

GW6. Well Logs and Lithological Cross-sections
GWI11. Graphics

The major features of each program are briefly described betow.

GW1. Permeability Calculations and Conversions
This is a utility program cousisting of the following components:

Conversions

Calculations from graig sizes using empirical formuias (Hazer, USBR, Slichter, Kozeny, Zamarin,
Terzaghi)

Average values in layered media (horizontal and vertical flow)

Permeameter 1ests (constant head, falling head, no discharge)

Pumping tests (steady state)

Thbles

GW2. Ground Water Chemistry

This is a data base program, with severa! retrieval (applications) options and a report printing capability. The
following options are dvailable:

Select input for data base

Input data ) -
-Edit data

Browse

Delete

Stiff diagram (screen display and printout)

Piper diagram (screen display, printout, ptot)

Wilcox diagram (screen display, printout, plot)

Reporting -

ASCII file for reporting

UN/DTCD. “vater Resources Branch USER'S MANUAL
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GW3. Pumping Tests

This is a data base program, with data analysis and presentation capabilities (screen graphics, printout). It is -.
made up of the following componexts:
® Define units

e Data input and editing, et

® Test analysis (Jacob, Theis, Hantush, recovery, dug wells; screen graphics, printing, plotting)

/

GWd. Well Hydraulics and Well Construction

This is a utility program with the following major components:

¢ Define units

& Well functions (standard "Theis” well function, leaky well function, Besse! functions, error fuaction)

® Pump tests (step drawdown test with second and nth power well loss, orifice weir, flowing well discharge,
etc.)

¢ Well construction (recommended well diameter, optimum screen length, eic.)

GWS5. Water Level Data Base and Hydrographs

This is a data base program which creates a water level data base, displays results on the screen, print or plots
a hydrograph.. The user conwrols what is to be edited, input, displayed, or printed (depth 10 water versus

absolute ‘vater level elevation, whole hydrograph or oaly a selected time interval, individual data connected
by a line or left as scattered points, cic.).

The program has the following components: ’
Define units

Data input, editing, deleting, etc.

Data analysis (dispiay, print, plot)

Working time interval

Change depth for altitude and vice versa

Select connecting interval in days, hours, minujes

GWE6. Well Logs and Lithological Cross-sections

This is a data base program which is used 10 cTeate a drilling data base; update and edit it; create, display,
print or plot well construction and lithological log; display, print or plot lithological cross sections in any
direction and length as selected by the user. The user inputs and edits data using his/her favorite word
processor from inside the program. The program has about 30 built-in lithological symbols, but the user can
create almast any additional symbol. This manual offers guidelines for creating additional symbols.

This program has the following components:

Edit data

Well log

Select files g
New file

Delete a file

Cross sections (calculation, dispiay, print, plot)

Edit generat data

Produce a table with data summary-

Percentage of permeable versus impermeable layers

,
o090 000 00
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GW11. Graphics

This is a utility program which is used by GW6 (Lithology) to create maps with wells, boundaries, river
roads, etc. It is made of the following components:

e Create or edit a coordinate system

e Display, print or plot a graphics content

® Add lines, points, text, and contours 10 the coordinate system

® (Creale contour lines

In this package, the contouring portion of the program cannot be used.

4. Program Files

* . _To run this software packnge you must creaté & divectory GW-braiiching from the roat

" direttory (that i5 \GW). Each of the programmodilesis comprised of at least four files:
- ‘one; with extension EXE, {5 executable file; thiree files arewith extensions MST, CMN and
- AR F e Ay S b s o BV oY q-..-‘;_-w’d”'[ﬂ

e Th AT A T IR
" —WND- oty Rl ISy . AT B N e

LR e WA} STy < ey = oy end 0 LR -
. W

The following files must be copied from distribution to the \GW directory on the hard disk.
GWEXE
GWALEXE
GWBL.EXE
UNMST
UN.CMN )
UN.WND
DEFCNE.EXE
DVIRX120.EXE (driver for 9-pin printer),
DVILQ180.EXE (driver for 24-pin printer). .
DVISCR.EXE
DVIHPGLE.EXE (driver for Hewlett-Packard compatible plotter)
CGA.DRV, EGA_.DRY, VGADRY, ATLDRV, WYSE.DRV, HGCDRV
GW1.EXE, UN1L.WND, UNLCMN, UNLMST
GW2EXE, UNZWND, UN2Z.CMN, UN2MST
GW3.EXE, UN3.WND, UN3.CMN, UN3MST
GW4.EXE, UN4.WND, UN4.CMN, UN4MST
GWS5.EXE, UN5.WND, UNS.CMN, UN5.MST

GW6.EXE, UNG.WND, UNG.CMN, UNGMST, GW6.DLT, GW6CFEXE, GW6.STM,
DIGXSCEXE

GW11.EXE, UN11.WND, UN11.CMN, UN1LMST
PLTCSY.EXE, PLTLIN.EXE, PLTPTS.EXE, PLTTXTEXE, PLTCNTEXE

The main program, GWED{E. which ties ail of the others together, requires the files GW.EXE, GWALEXE,
and GWB1.EXE t0 rup, plus the files UN.MST, UN.CMN, UN.WND 1o &stablish communications with the
user. "MST" stands for *menu structure”, "CVIN“stands (or “communication®, "WND" stands for “windows".

In order to display graphics on the screen one of the screen graphics drivers (one of the files with a.DRV
extension, such as CGA_DRV) must be preseat in the \GW directory. The screen driver executable file,
DVISCR.EXE, program must also be present. If you wish to save space on your hard disk, you can remove
all of the .DRYV files from the GW dircc1ory except the one that you need for your computer.

Also, to print any of printouts one of the two printer drivers must be copied to the \GW directory:
DVIRX120.EXE (for 9-pin EPSON-compatible printer), DVILQI180.EXE (for 24-pin EPSON-compatible
printer). To plot graphics on a Hewlett-Packard compatible plotter, the executable file DVIHPGLFEXE is

UN/DTCD, Water Resources Branch USER'S MANUAL
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used. It plots directly to the plotter or creates an ASCII file. Such an ASCII file can be edited and/or used
later on when a plotter becomes available.

Prior to running the program you must create a configuration file, CONFIG.CFG. You can create this file in
cither of two ways:

(1) Execute the file DEFCNF.EXE by typing DEFCNF, and provide answers 1o three prompts: (a) Screen
driver, (b) Printer driver, (c) Color monitor [Y/N}.

(2) Use a text processar or the DOS *COPY CON CONF1G.CFG" command, and create the file CON-
FIG.CFG. The first line of this file contains the name of the screen graphics driver you will use; the
second line contains the name of the printer driver you will use; and the third lipe contains a Y or N,
depending on whether your computer has a color monitor. The CONFIG.CFG file may look as follows:

EGA.DRV

$VH_0180.EXE

CAUTION: If you attempt to run the program GW without first creating a CONFIG.CFG file in the GW
directory, you will be prompted by the program 1o answer thres questions and as a result a CONFIG.CFG

file will be created, but the program will terminate abnormally and the computer will hang. You will have to
reboot the system.

All files in the GW software package occupy about 3MB of hard disk space. However, each of the six programs

plus the seventh, graphics, can run independently. For that you need only four program-dependent files
(GWxEXE, UNxMST, UNx.CMN, UNx. WND), plus DVISCR.EXE and one of screen drivers, one of printer

drivers, and a plotter driver. Only the GWé6 program (Well Logs and Lithology) needs also the files GW6.DLT
and GW6.STM for the program to run correctly.

For more instructions on individual program maodules check chapters 1 through 7 of this manual.

5. Hardware Requirements

The GW programs are written for personal compnters running under the PC-DOS or MS-DOS operating
system. This section describes the hardware requircments for running the programs.

Mathematical Co-processor. Although you can run amy of the programs without a math co-processor, some of
programs will run very slowly if the system is pot equipped with a co-processor. For example, the pumping
tests program (GW3) may take about one hour 10 process a pumping 1est with 99 test points (time-drawdown
pairs) using the Hantush leaky method if a co-processoris not used. By comparison, the same test completes
in several minutes with a co-processor. Likewise, the GW6 (Lithology) program involves extensive calcula-
tion in rasterizing drawings for screen display or printout. Writing the textual part of a graphics screen can .
also be very slow unless a co-processor is installed

Memory Requirement. Some of programs require ail available memoyy accessed by DOS Version 3 or 4. The
executable files (those with extension of .EXE. such as GW1.EXE) are distributed in compressed form; the
minimum memory required for running each program is normally equal to the actual size of its executable
- file. However, the screen driver demands am additional 140 KB of memory, and the printer driver about the
same. Both drivers share the same memory space, aud are ncver engaged at the same time. If you run this :
program through the GW shell, an additional 16 KB of memory is used in keeping the track of all modules.

With the exception of the GW1 and GW4 modutes, which do not have presently graphics routines, the
programs are very memory-intensive. It is almost mandatory that these programs run from a computer
equipped with 640 KB of RAM (random access memory).

UN/DTCD, Water Resources Branch Trer o resnrned
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The following instructions should normaily be observed:
(a) Run the program GW in a computer with at feast 640 KB memory.

(b) Remove all memory-resident programs.

(c) Modify your CONFIG.SYS file and reduce Buffers and Files to a small number. The maximum number
of open files (by DOS and the program) is 10 (for the GW6 program). Buffers couid be 5. Remember
that each file and buffer uses about 500 bytes. The “shortage” of several kilobytes of memory may be
critical in ronning the GW6 program.

" WARNING. Memory problems may appesr-in: GW6 program. It printout fails or appears In-
. complete, you have 8 memory problem! GW6 will not run on & computer equipped with less than
GO KBRAM. - o T e A ERRRER T AR S R e T T

P SFinga e
L4 -!' .lu-' - -".:.'!"'-» I-;-

B T L e DT DO e
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Hard disk. Although all programs except GW6 can be run from a floppy disk, it is highly recommended that
all programs be installed on a hard disk. Some of programs write some scratch files to disk, and erase them
later. The capacity of a floppy (except high density 3.5-in 1.4 MB drive, or 5.25-in 1.2 MB drive) may not be
sufficient to hold this additional information. One megabyte free space on hard disk is normally sufficient to
kold scratch and output files. '

Mouse. The programs GW2, GW3, GWS, GW6, and GW11 have graphics routines which may be enhanced
by using the mouse. The programs have beea tested witha Microsoft Mouse, a Logitech Mouse, and a Genius
Mouse. The mouse is very useful in zooming the Piper trilinear diagram (GW2), and in zooming the
lithological log and/or cross section in GWG. Its primary importance is in selecting a lithological cross section
line directly from the map of wells in GW6. However, all program can run without the mouse, so its use is
optional, although strongly recommended.

Video Display Adapter. The following video adapters are supported by the programs: color graphics adapter
(CGA), color eghanced graphics adapter (EGA), Hercules, a special SGA for AT&T 6300 or Olivetti
computers, VGA, the high-resolution WYSE adapter. T run the programs with a Hercules graphics adapter
you must have the command *HGC full® in your AUTQEXEC.BAT file, or you should execute that command
prior to running the GW software. Note: the WYSE driver is not completely correct in the miked alpha-
numeric and graphics mode. Also, the CGA display card or a color monitor will produce black and white
graphs. This is explained by the fact that to have the resolution of 620x200 CGA mode 1 is used which is
two-color mode, that is black and white. :

The programs will run without video display adapters, but you will not be able to see any graphics display on
the screen. Nevertheless, you will be able to process most of the information and print it (pumping tests,
hydrographs, etc.), Each program first looks for a filte CONFIG.CFG in the \GW directory. This is the file
which contains the information on the type of video adapter you have selected to work with.

Printer. Programs GW2, GW3, GW5, GW6, GW11 can dire«x their output to a printer. 9-pin and 24-pin
EPSON-compatible printers are supported. With some other printers it was noted that there was double line
spacing due to the printer and program both issuing a carriage return and line feed. If you have a printer
which is not EPSON-compatible, try to eliminate printer-generated line feed if possible by setting a switch
on your printer. . .

Plocer. Each graph can be either displayed, prinizd or plotted. Only the Hewlett-Packard plotters using the
HPGL (Hewleti-Packard Graphical Language) or emelating it, arc supporied. The output is directed to
COM 1 serial port, which should be configured with DOS command MODE as follows:

MODE COM1:9600,N,8,1

If you sometime experience dropouts in data, you might reduce the baud rate (instead of 5600 try 2400) and
try sending the data again. You may also try the mode command as
MODE COM1:9600,N,7,1

UN/DTCD, Walter Resources Branch USER'S MANUAL
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6. Software Requirements

DOS 2.11 or higher is required. In your CONFIG.SYS file there must be a line "DEVICE=ANSLSYS". The
device (file) affects cursor movement, erases specific areas of the screen and sets the graphics mode.

If there is a CONFIG.SYS file on your disk or diskette, which is read during booting the system, you must

modify it by adding the above line “DEVICE=ANSLSYS", provided your ANSLSYS file is in root directory.

If it is in a subdireciory, for example the DOS subdirectory, modify the line by establishing the path, such as:
DEVICE=\DOS\ANSLSYS

If CONFIG.SYS does not exist on your disk, create a new one. The modification and/or creation can bedone |
using the COPY CON routine in the following way (COPY CON is a standard DOS routine which is used to
create small fles by typing lines directly from the keyboard):

a) First check whether you have the file CONFIG.SYS onr your DOS disk directory by typing DIR. If
CONFIG.SYS does exist, view its contents by typing TYPE CONFIG.SYS (and RETURN). Write down
the contents of the CONFIG.SYS file or memorize its contents. Use the DOS routine COPY CON to
rewrite the CONFIG.SYS file by typing:

COPY CON CONFIGSYS (RETURN)

Retype all existing lines in your CONFIG.SYS fle and add the following:
DEVICE=ANSLSYS

followed by RETURN. You will terminate this file by typing either Ctrl Z (which means End-of-File) or by
pressing F6 (which meags the same), followed by RETURN.

b) If the CONFIG.SYS file does not exist, create one by typing:
.- COPY CON CONFIGSYS (RETURN)

and eater only one line of text: DEVICE=ANSLSYS, followed by RETURN, F6 and RETURN. At the end,
your CONFIG.SYS file will most probably look like this: :

FILES=10

BUFFERS=10

DEVICE=ANSLSYS

DEVICE=MOUSESYS

—

or simply DEVICE=ANSLSYS

You can view the conteats of the file by typing TYPE CONFIG.SYS.
As mentioned earlier, the GW software needs the *configuration® file, CONFIG.CFG, to identify the video
adapter, type of printer, and whether you are using a color or monochrome moaitor.

Add the subdirectory \GW to the DOS PATH command in your AUTOEXEC.BAT fle. This line may read as .
follows:

PATE =C:\;C:ADOS;CAUTIL; C:\GW;CANORTON

7. Units | ~

Most of the programs offer you a choice of units for distance, time, pumping rates, and transmissivity. When
you select a unit, you are expected o use the same unit throughout the program, unless directly instructed
by the program to differently. Each of categories of units has a provision for user-defined units. This makes
the program more flexible. However, you will be prompted for iwo additional parameters, should you decide
{0 use your own units: (1) unit notation, (2) scaling factor, which is the conversion from your unit to the
program’s buiit-in default units, which are metric.

UN/DTCD, Water Resources Branch UST™" MANUAIL
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The program has several built-in units for each category. For exampie, the distance can be input as meters
and/or. feet. Any other choice requires a conversion. If you select inches as the basic input unit, you must
provide the scaling factor of 00254, which is the number of meters per inch. The conversions from somr
other popuiar units are given here below.

Transmissivity: 1 feet?/day = 00931098 m?%/day
1 m%sec = 86400 m%/day

Pumping rate: 1 lsec = 864 m3/day
1 m3mr = 24 m/day
1 Bfsec o 2446.78 m*/day
1 cm3fsec = 0.0864 m*/day

The program built-in units are the following:

distance: m, feet

time: da;, hr, min

pumping capacity:  m-/day, gpm

transmissivity: m?/day, gpd/ft

8. General Hints

(a)
)

(©)

(d)

(e)

0

First of all back up programs. This is to say that before you inst2ll the prog;ams. make back-up copies
of all the programs on the distribution diskertes.

Back up data files. It is highly recommended that you keep a back-up copy of your data files. Data bases
for programs such as GW2, GW3, GWS5, and GW6 especially need to be backed up.

All programs have a full-screen user interface. Normally, the bottom two lines are reserved for messages
and instructions to you. All programs are designed to be user-friendly; that is there is enough instruction
on the screen to guide you without too much need for a manual Likewise, most of the programs are
transparent to you, that is, you are informed what the-program is doing at any given moment. [n all but
the GW1 program, there is a list of options on the right side of the screen. Each option is activated by
pressing asingle key. The program branches 10 a subroutine depending on the key you press.

Restore control with ALT -F10 key sequence. If, while you are running any of the programs, the screen
appears corrupted, or some messages are printeg at the very bottom of the screen below the message
line, simuitaneously press the ALT and F10keys. In most cases the screen will return to the correct form.
This works only when the program is waiting for your input. If the program is running and computation
is in progress, you will have to wait until it stops.

Use the ESC key to back up. The ESC key is normally used to back one step, or 1o clear the current
window and return to the previous window. The CTRL-F3 key sequence normally deletes all characters
after the cursor (to the end of field). The Page Up and Page Down keys are used in the normal way, the
same as Home and End. [n some programs Ctri Hame moves the cursor to the first line in the data file,
and Ctr] End moves the cursor to the bottom line.

You may delete any files in your subdirectories which have the form FORTx, where x is any number.
You may view the contents of these files, since they are ASCII files, burthe contents will be meaningiess
to you. (These files are generated by a routine which programmers used to follow the performance of
programs, but which has not yet been removed from the code.) The same applies to files GRAF.AGR,
which is a graphics scratch file, and some other scratch files.

I, after starting a program, you sce some characters at the scyeca bottom, such as (2] or any combination
of letters and numbers with [, you must have forgotten 1o add the line DEVICE=ANSLSYS into your
CONTFIG.SYS file. Or, the file ANSLSYS was not properly located. If it resides in the DOS subdirectory,
the command should be DEVICE=\DOS\ANSLSYS.

UN/DTCD, Water Resources Branch USER'S MANUAL
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(b) All ASCII (or DOS) files can be viewed with the routine SHOW , the use of which was made possible by
. kind permission of Summit Information System Inc.

() Itisadvisable to have 2 memory mapping utility (file) installed on your computer to tell you how much
memory is available for user programs. This is especialy important when running the GW6 program,
which requires almost 590 KB of memory when used with a screen and/or a printer driver. One such
utility is MAPMEM ("map memory”) by TurboPower Software.

() You must create the directory GW directly from the root directory. If this is done or the hard disk
partition which is in the same time the boot drive, there is already COMMAND.COM file in the root
directory. However, if you decide to instail the software in DAGW directory, and D drive is not the boot
drive, you must copy COMMAND.COM into the root directory of the D drive.

(k) Itis recommended that you keep your data files and/or examples separate from the \GW directory. For
example, if you are working with a lithological data base for a district calied *DISTRICT", you are advised
to create a subdirectory DISTRICT, create your data files in or copy them into that directory. Before

running the GW§ program, log in to the directory DISTRICT (you musz also have the GW6.GEN file
In that directory; sec Chapter 6), and type GW or GW6.

(1 Check for Non-ASCII characters in data files. The final hint is probably the most important. In some
programs you may use your favorite text editor to create ASCII files, which are than input into the
program. For example, this is an option in GW3 (pumping tests), GWS5 (hydrographs), and GW6
(lithology). However, some text editors, such as WordStar, do not automatically produce an ASCTI file,
whether you use a Nondocument or Document option. You may notice some strange characters (above
ASCII code 128), which you must remove by editing the file or by converting the file to an ASCII file. To
check whether such characters are preseat, use the utility SHOW supplied with this package. The
command is "“SHOW fllensme". In the case of WordStar, you must priat the e, selecting for the printer
ASCIL, and renaming the WordStar-created ASCILWS file to something that is meaningful to you. For
further explapation see Chapter 6, Section 6.5.1. .

t

Report Problems to Authors

The programmers attempted to provide you with the fuil coatrol over program termination. Ideallv the
program should always warn or inform you thatsomething went wrong. Much less idea] is when the computer
hangs and you have 10 reset jt. This may happen in some insiances which the programmers were not aware

of Any such case should be brought to our attention either directly, orvia UN/DTCD, Water Resources Branch,
New York

The most problems were experienced in the pumping test program, GW3. The Hantush, and sometimes the
Theis method will cause the program to abort. This wili happen in rare occasions when there is either
underflow or overflow (too large or 100 small exponent, negative logarithm, etc.). You are advised to check
pumping test raw data and eliminate suspicious data, such as fluctuations of level, or zero decline of leve.

near the end of test. Chances are that evea such a test will provide useful results using the Theis and/or
Hantush method.

9. Graphics Routines

The following graphics routines are available in this version of the Ground Water Software package:
.- GW2. Chemistry Piper and Wilcox diagrams .
GW3. Pumping Tests Screen display of raw data; data fitting with Jacob, Theis, Hantush, recovery
methods, Rushton & Singh dug well matching method
GWS. Hydrographs Water level graphs
GWG6. Lithology Well log, map of wells, lithological cross sections

GW11.Graphics Coordinate system, superimposed boundaries, rivers, roads and other lines; points
. ' such as wells; text; contours (not used in this package).

1IMNDDTCD Water Resource Amnek
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Each of the graphics screens atlows the zoominga detail using a mouse. Zooming can be repeated severs’
times.

10. Summary

To use this Ground Water Software package to its greatest potential you need an MS-DOS compatible
computer with 640 KBytes of memory, a fixed disk with at least 10 megabytes of storage capacity, a
high-resolution moaitor (monochrome or color), a video display adapter card, apd a mouse.

The following table shows the memory requirements for individual program modules. In order to conserve
disk space, each EXE file is distributed in a compressed form. However the minimum memory requirement
is controiled by its normal or yncompressed size.

Amoang Co-processor Disk Video
GW1 235 152 Not required - Floppyhard Not required
GwW2 292 208 Recommended Floppy/hard Recommended
GW3 427 314 Recommended Hard rec’d Highly rec'd
GW4 298 y o) Not required Floppy/bard Not required
GWS 400 281 Highly rec’d Hard rec'd 'l Highlyrec'd
GWé 447 27 Highly rec’d Hard mand. Highly rec’d
GWI11 20 156 Highly rec'd Hard rec’d Highlyrtec'd

Abbreviations: "Compres’ - compressed, “rec’d” - recommended
‘req’d” - required, "mand.” -~ mandatory

11. Future Improvements

The improvements will be in two directions: (a) hardware/software, (b) program universality and additional
routines. .
In the first group come various additional screen drivers (notably super VGA); printer drivers (notablya laser
driver); plus various fonts to make printout more attractive and usable. More plotter drivers could be
included.

The chemical program, GW2, may have more retrieval routines, such as bar diagrams piotted directly onto
the map; the data base may include coordinaies, land surface elevations, and some other well construction

ters, which will make contouring of random data passible; and a contouring routine (gridding from
random data) may be added. -

‘The pumping test may include corrections for partial penetration, improved handling of Hantush and/or
Theis method in the case of unexpecied input.Programs could also detect the presence of a recharge or
impermeable boundary during pumping test, etc. Especially in pumping test program, GW3, improvements
are needed. :

The weil hydraulics and construction program, GW4, may add the design of gravel pack on the basis of aquifer
grain-size analysis. Cost of pumping and energy tequirements could make the program more versatile. The
step-drawdown test should be visible on the screen.

The hydrographs-progmn, GWS, needs a better control over printout, such as title of drawing in different
fonts and sizes, format larger than A4, €&

i

UNDTCD. Water Resouress Braneh
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Well logs could be made user-defined as far as their content is concerned. Likewise, lithological symbols could
be edited on the screen.

Plotter output, which was added at the !ast moment, is not yet fuily tested. You are advised to read addmonal
comments on the ploiter use. These will be found at the end of this Introduction.

12. Running the GW Program

To start this software, you shouid log to a directory in which you keep your data files (GW2, GW3, GWS, -

GW6). For GW1 and GW4, which are the utility programs, it is not important in which directory you may be, °
You may log to the \GW directory as weil,

Type GW. After few seconds the screen as shown in Fig. A will be displayed. This is the program'’s Main Logo,
with the software package title, United Nations, and authors.

?
H
F

f
¥
i
i
i
i

2 UNITED NATIONS 4
e DEPARTMENT OF TECHNICAL CO-OPFERAT ION FOR DEVELOPMENMI ﬂ;g
= DIVISION OF MATURAL RESQURCES AND EH.ERG‘! b
g WATER RESOURCES BRANCH 4
5;; I A TaE - CROUND NATER ‘g
:f— - ENNE W SOFTUARE %
TN R— — - — ~_ DATA BASE and UTILITIES %
3 e——— EmEs IR - *ﬁ;
B —— AmmE Verzion 1.88 - December 1989 i
:

Writtan by: J.Karanja=, Ph.D. (Gealogy & Civil Engineering) 3§
D.Braticevic, Ph.D. (Mathematics & Computer Sciences) 5

‘

% ESC to exit to DOS. fAny key to continue.
< R I e e Oh : it e Ao RO e S SR
Fig. A

IRFEOY

o,
Py

3

Press any key to see the second screen, Fig. B, which is the copynght notice and instructions on whom to
contact if you have problems or need assistance with the sofrware.

" Press any key. The program comes 10 the Main Program Selection Menu, Fig. C. From here the program
branches to one of 6 working modules or the graphics utilicy.
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13. Additional Comments

The plotter output is not yet fallytested. Almost every graphics screen can be either directly plotted to the
COM 1 (serial) port, or an ASCT1 plot file can be created for later editing. The following should be observed:

. Use A3 (ISO) or B (ANSI) fommat of paper. (Some programs may be plotted to A4 or A format) buz you

must edit the ASCILplt file by adding the HPGL command RO90 after the initial two HPGL commands,

IN;DF;.)

. Modify, if you wish, the pen selzction numbers. When viewing the ASCILplt file you will notice the HPGL
command SP 1, SP 2, or like. This is interpreted by the plotter as Select Pen, i
. Well logs can be plotted oniy in the default size, that is the A4 format (21 cm horizontal by 29 cm vertical;

or 8.5 by 11 inch).

. Ouly graphical characters wiil be plotied. Thus, some !cttering that may appear on the screen, will not be

plotted if the characters are from the ASCII alphanumeric set.

. You will have to press the key R every time the plotter changes the pen. There will be a message displayed:

Write fanit error writing device COM1
Abort, Retry, Ignore, Fail?

Answer with R and wait unti! another halt. This will be fixed in the semnd.l:e!wse.

For your reference, the HPGL standard commands most often used in this program package are:
IN .. a command to initialize plotter

DF .. acommand to return the plouer to a predefined (default) state

PA .. sets absolute plotting

PU .. raises the pen

PD .. lowers the pen

RO%0 .. rotazes the coordinate system 90 degrees. —-

UM/MDTCD, Water Resources Branch R



1.1. General

This is primarily a utility program for calculating permeability values (hydraulic conductivity) from grain-size
analysis (grain-size distribution curves) and for convesting permeability values from one system of units to
another, etc. '

Since there are no graphics routines in this program, a video adapter is ot required. A mathematical
CO-Processor is not required. T run this program, you must have copied the following files to the \GW
directory: GWLEXE, UN1.CMN, UNLMST, UNLWND. You may log to any subdirectory, provided you
have a path to the GW directory in your AUTOEXEC.BAT file (see the Introduction). Alternatively, you
may run this program by ryping GW1 and RETURN. The total disk space occupied by the four required files
is 247,884 bytes. The memory requiremeat for the GW1.EXE program is 235 KB; the program comes in a
compressed version occupying 155,476 byes.

1.2. Program Overview

The GW1 program consists of 6 parts (see Fig. L.1):
Conversions

Calculation from grain sizes
Average values in layered media
Permeameter tests

Permeability from pumping tests
Tables
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1.3. Conversions

The first part converts permeability values (hydraniic conductivity) from one system of units to anotl
system. The options are: US gpd/ft2, Imp gpd/it, mMday, cm/s. Press ESC to terminate this part of the program.
Place the cursor on the top lize (Conversions) and press RETURN (ENTER). The window titled FROM
appears offering the choice of units 10 convert from. Select a unit using cursor up and down keys. Press
RETURN. The right part of the window titled TO, as shown in Fig.12, is displayed offering you the choice
of units to convert to. Select a unit and press RETURN. The cursor shail come to Input data. Type a value
and you will see the converted resuit. In this example, 1000 US gpd/fi? is equal to 40.74140 m/day.
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1.4. Calculation From Grain Size

The second part calculates the permeability coefficient (hydraulic conductivity) using one of six available

empiric formulas:
HAZEN ZAMARIN
CREAGER, JUSTIN, HINDS (U.S.B.R. formula) KOZENY
SLICHTER TERZAGHI

Each calculation requires some or all of the following input parameters: (a) effective grain diameter (dio or
d20), or the total grain-size distribution; (b) temperamure of water in aquifer formation (due to viscosity
depeadence on temperature); (¢) empirical coefficient which distinguishes berween smooth and clean sand
on one side and angular and clayey sand on the other side; (d) total porosity of sand. When in doubt as to
what 1o accept for formation water temperature, type 10. (The corrections are probably not important; the
empirical formulas produce onlya correct order of magnitude considering the way in which formation samples
are usually collected.) ¢

You run this portion of the program by moving the cursor one line down 10 Calcnlations from grain size and
pressing RETURN. You will be given 6 options. elect one with carsor keys (up/down) and press RETURN.

The HAZEN formula applies to sands and graveis with effective grain diameter between 0.1 and 3.0 mm and
uniformity coefficient dgo/dip less than 5. To select the empirical coefficient which takes care of grain
uniformity, sorting, and cleanness, have in mind that typical values are as follows:
" 0.4 - 0.8 for clayey and nonuniform sand
0.8 - 1.2 for clean and uniform sand

- The more uniform sand, the higher the cocfficient. An example is shown in Fig. 13,

UN/DTCD, Water Resources Branch USER'S MANUAL
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The U.S.B.R. formula (due to Creager, Jus*in ~ad Hiads) requires the dzp as the effective grain diameter (in
mm), without any correcions (temperatu. -, empiricc. oefficient).

The Slichter formuia applies 1o sands and gravels with effective grain diamerer between 0.1 and 3.0 mm and
uniformity coefficient dso/d1o less than 5. The formula requires the knowledge of total sand porosity, and
there is aiso a correction for formation water temperature. With the Slichter formula, the porosity (total)

must be typed as a fraction of 1.0, temperawure in °C, and d1o in mm (Sareen diameter of 10% of the towal
sampie retained on the screen).

The Zamarin formula requires the input of the whole grain-size curve in the following ranges:

less than 0.01 mm (288.60) QS0-L00mm (138)
0.01-005 mm ( 40.25) 100-2.00mm (0.69)
0.05-0.10mm ( 13.80) 2.00-3.00mm (0.27)
0.10-0.15mm ( 805) 3.00-5.00mm (0.25)
0.15~025mm ( 607) 500-7.00mm (0.17)
025-050mm ( 276) 7.00-100mm (0.11)

Each fraction of sample analysis (typed as, e.g., 0.12 if 12% of the whole sample falls within the interval) is
multiplied by a corresponding weighting factor which assigns a greater imponiance to finer than to coarser
fractions. These factors are shown in the above table in brackets, The effective diameter is obtained as one -
over the sum of the products of weighting factors and fractions of each interval. The temperature correction
is also introduced in the sane way as in the Slichter formula.

The Kozeny formula requires the following input: total porosity as a fraction of one, effective diameter (dlb) :
in mm, and the formation water temperature. :

The Terzaghi formula, which applies mostly to coarse-grained sand and gravel, needs the input values of dio,
porosity as a fraction of one, and temperature. There is alsa a correction coefficient which takes into account
two categories of sand grains: smooth and angular.

1.5. Average Values In Lavered Media

This section of the program calculates an average permeability coeflicieat for horizontally stratified terrain.
The flow may be either parailel or perpendicular to the layers of different permeabilities.

UN/DTCD., Water Resources Branch
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(1) Flow parallel to layers ' ) -

layer 1 Ki, Hi Ki and H; are hydraulic conductivitie
Pd and thicknesses of individuai layers, re-

layer 2 Ka. Ha spectively

layer 3 K3, Hs -

From the continuity-of-flow consideration, the specific flow through each layer is equal to:
qi=KiHii @=KHi @=KiHi

where i is the gradient of flow. The total flow through all layers is equal to
q=qi+QR+q3+..+q or q=KiH; +KeHz + K2Hs + . KoHp)

The same total flow can be expressed in terms of an average hydranlic conductivity, Kqy, as
= KavHi

where H is the sum of all individuai thicknesses (H1+Hz2+H3+..+Hs). Equating the two expressions the
following is obtained:
Kav = (KiH1 +Ka2H+KsHa+ . + KaHo)/(H1+Hz+ Ha+ . +Hy)

The GW1 program prompts for (a) the number of layers, (b) hydraulic conductivity of each layer, (c) thickness

of each individual layer.

(2) Flow perpendicular to layers
layer 1 Ki, Hh .
layer 2 K2, Ha
layer 3 K3, Ha

In a similar way one obtains the following cxprcssinn for the average hydraulic conductivity when the flow is
perpendicular to the stratification:

K = (H1+Hz+Ha+..+Ha)y/(HuK) +HUK2 + Phdh +..+ Ho/Ka)

The input is prompted for from the screean in the same way as in the flow parallel to stratification. An example
is shown in Fig. 1.4,
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1.6. Permeameter Tests

Permeameters are used for laboratory determinations of permeability from small samples of permeable
materials. Several types have been developed, such as constant-head, failing-head, and nondischaroing
permeameters. The first submenu that appears when you seleq "Permeameter tests® from the main menu
prompts for the system of units; the options are American units (US gallon, foot, second) and metric units
(cm?,cm? sec). The next window prompss for the type of permeameter. Three types can be handled by the
program: () constant head, (b) falling head, (c) nordischarging permeameter.

The constant-head permeameter is used to measure permeabilities of consolidated or unconsolidated forma-

tions under low heads. The

eters needed for calculation are the following: Vis the flow volume in time
t, L is the length of sample, A is the horizontal area of sample, r. is the water leve! difference between two
cylinders. You are prompted to input all these values in units you have selected two windows before.

In the falling-head permeamerer, water is added to the tall column, flows upward through the medium cylinder
and is collected as overflow. Both consolidated and unconsolidated sampies can be tested in this manner. The
permeability coefficient is calculated from the following parameters: de, the sample cylinder diameter; dy, the
water tube diameter; L, the vertical length of sample; t, the time in which water level drops in the tall water .,
tube from initial h, 10 end value b. One example is:shown beiow and in Fig. LS. :

Sample cylincer diameter = 4.8 [cm]
Water tube diameter = 1.3 [cm]
Vertical length of sampie = 7.9 [cm]
Initia} water head = 11.3 [cm]

Water head at end of test
Test duration

= 73 [cm]
= 12.7 [am)

PERMEABILITY = 0.01994 [c/sec]

The third type of permeameter, the nondischarging permeamerer, is used for measuring permeability of

17.2 {m/day]

unconsolidated formations under very low head.The parameters 10 define the permeability coefficient are ~
the following: A, the area of supply and discharge reservoirs; L, the total length of the “U” tube; a, the area
of the sample in the "U" tube; ¢, the time at which the difference of levels berween supply and discharging -
reservoirs becomes equal to h, starting from some initial head difference ho at t=0. '
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1.7. Permeability from Pumping Tests

[n this section the permeability coefficient is calculated from pumping tests in steady radial flow t0 a well,
under both confined and water table conditions. The first window that appears whea you setect “Pumping
tests” is selected from the main menu, prompts you to select pumping rate uaits. Five options are buitt into
the program: (a) gpm, (b) gpd, (¢) Usec, (d) m>/day, (¢) m*/hr. The second window prompis you to select the
type of aquifer, confined or unconfined (water table).

If you select “confined aquifer” , you are expected to supply the following data:

(a) pumping rate, (b) aquifer thickness, (c) distance to first observation well, (d) distance t0 second ’
observauon well, (e) head in first observation well, (f) head in second observation weil. If onlyone observation

well is used during the pumping test, the distance to the first observation well becomes the pumped well
diameter.

The coefficient of permeability K is calculated from the “equilibrium’ or Thiem formuia.

In the case of "unconfined* or water-table aquifer, the information supplied is the same except there is no

prompt for aquifer thickness, which does not appear in the equation for pumping rate or permeability. An
example is shown in Fig 1.6,

FEIS AR IS M i 4 R e i RS W T B o e e e O O s
U/DTCD — CHOLI) UATER SOTTUARE Vareion 1.88 i
o 1. FMOPRANILITY CALCINATIONS AND CORUERSIONE Pecanber 1999 3
Steady radial flow s & weil - uf
= Cowenre Lo in & warsr tahla euifer . by
% Calouiations 4
nE fprage valusl INPUT DATA Ftd
i Peremanatar o Pusping rets « 3 t1it/emn) i
2 Pusrving tamtsl e
% Tabhlon v it
3 Bistance Huad :E
e RETUN TO Dosy (a) wl b
4 3 *1 ]S 2.5 i
5: brogier S B -9 “.7 3
% i
ETUT DATA K 2.16 (ada) ki
5 .0mNE {onseac) 3]
E o =
o Extar data, ar press EIC to enit.
M e T T
1.8. Tables
Several tables are included in the GW1 program for your reference. The selection window for the tables looks
as follows:

SELECT TABLE

Average values of permeability

Average values of k and K -

Represeriative values of k and K

Units for length, area and flow rate

Conversion factars

UN/DTCD, Water Resources Branch USER'S MANUAL



2.1. General

This is a utility program that allows you to create, manage, and display or print reports for a ground water.*
quality data base.

ES

The program requires about 300,000 bytes of memoty. A video display adapter is required (see Introduction) -
for viewing the Piper and Wilcox diagrams. The Stiff diagram printing program uses only ASCII characters -
and can be used with any dot matrix 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 Wilcox diagrams. A
mathematical co-processar is not absolutely necessary, but it speeds up the writing of textual part on graphics
screetts. A mouse is not required, but is useful for zooming in on details in the Piper diagram.

In order to run the GW2 program you must copy the following files 1o the \GW directory: GW2.EXE;
UNZ.CMN, UNZMST, UN2ZWND. The executable program, GW2EXE, comes in-a compressed form,
occupying about 213,000 bytes. As an option you may copy TABLE EXE plussix TABLExfiles (xis 1,2,3,4,5,6)
10 any subdirectory in which you wish 10 keep your chemical data base. (TABLE.EXE is independent from
the GW2 program.)

You can start the GW2 program ejther by typing GW2 at the DOS prompt, or by selecting GW?2 from the
main meou of the GW program.

The {ollowing keys have special functions: o
The F2 function key erases the data field completely
The F3 function key erases the data field from current cursor position to the end of the field
The ALT-F10 key, pressed simultaneously , "Bx” the screen if {1 appears cormupt

PgDn ("Page down") and PgUp ("Page up”), display on the screen one page down or up, respectively,
provided the data base has more than 14 samples

The HOME key positions the cursor to the top of the screen

The END key positions the cursor to the bottom of the current screen
The CTRL+HOME key sequeace brings up sample number one

The CTRL+END key sequence brings up the last sample in the data base

-

2.2. Creating Ground Water Quality Data Base

The creation of a ground water quality data base is the most important portion of this program. The program

“starts with an Opening Screen (Fig. 2.1) prompting you to type the name of a Chemistry Data File. Here, you
are given two allernatives.

UN/DTCD, Water Resources Branch NCODIC 1 aanrttat
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i S “~ - - i
: UN/DTCO — CROLND WATIR SOFTHARE Vareion 1.08 :
2. GROUND MATER CHEMISTRY Dacember 1969
E Chanical Data Hasa Contewt Waber of sanplies = Z
& Mo SAMPLE [DENTIFICATION :
4]
H Clamistry Data Flla : \guiguZ'wistnas i
B Traject : UNDP PROJECT ~ RYD RIVER & WERONG ;
i Organization : GENERAL DEPARTMINT QF CEDLOCY §
. .
E Frous REIURN to move domm. E5C t0 wuitt 5
E g
* Fig. 2.1 ,
e ey e Y Sttt Y i TN AR BT - ob iR V2 T b oo e A AR W ; o R At

(1) Ifthisis the first time a Chemistry Data File is being created, Le. ifsuch a file had not been created before
and does not exist on the disk, there will be a message displayed at the bottom of the screen, after the
name of the file is typed:

This file does not exist.

Press C to create new file or Esc to exit.

(2) If the file exists on the disk, the program displays two lines identifying the e ( Project and Organiza-
tion), and the cursor moves 10 the second line (Project:). You may modify the title of the project and
then press RETURN. The cussor then moves to the third line (Organization:) which can also be edited.
When you press RETURN, the screen displays another window with the total number of samples in the
data base shown at the top of the screen (Number of samples =), and lists the first 14 samples (sequential
number and identification), as shown in Fig. 2.2 -

% UN/DTCD — GROUND WATER SOFTWARE Vorsion 1.88
2. GROUND WATER CHEMISTRY Deconber 1989 i
o s
Chemical Data Base Content Number of zamples = 18 || FUNCTIONS : ' £
2 No SAMPLE IDENT IFICATION S=Calect Input 4
o 1 28 PHUC YE I=input Data i
i 2 21 PHUC YE E<Edit Data
3 22 PHUC YE BaBrouse Data i
o 4 23 PHUC YE D=Delete B
% . § 24 PHUC YE T=Stiff diagr.
] 6 25 PHUC YE PaPliper diagr.
i 7 44 HANOI W=Mllcax diag. E
8 45 HANOI R=Reparting
5 9 46 HANOI A=RSCI! file i

18 47 HANOI '

11 4B HANOI . . X=Exit &

12 49 HaNOl o

13 SB HANOI - v

14 51 HANOI :
i Use cursor keys to zalect a zample, :;
i then press S,1.E.B.D,T,P,W,R ar R to select the function. %
i Fig 22
BRSO - SRS T e o
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2.3. Procedure to Create a New Data File (Data Base)

After you enter the name of the new file and prus'lhe Ckey to create the file, you are prompted to fill in :
- the “Project’® and "Organization” fields.

The screen then displays the choice of constituents (parameters) that mpay be entered into the ground water
chemistry data base (Fig. 2.3). The table is divided into three colamns. The first columa, cations, contains Ca,
Mg, Na, K, Fe, and Mn. The second column, anjons, contains HCOs3, CO3, 804, C1, NO3, PO4, F, and B. The
third column, others, contains $iOz, TDS, Hardness, Alkalinity, Conductivity, pH. A total of 20 parameters
can be entered into the data base. , L

Since not all of these constituents and/or parameters are anatyzed and/or collected in all projects, the program
enables you to select the parameters you wish 10 enter into the dat= ile. You may select parameters by moving
the cursor and pressing Y witenever you wish to add a parameter 10 the data base list. Pressing any other key
will skip the current line. The data base will contain internally ail 20 fields, regardless of the selection you
make. This means that the data base can be updated with new sasaples by changing the contents, i.e. by adding
new parameters to the data base. This selection is programmed to make input of data easier, that is, to allow
you 10 input only the data which have some pasitive value.

After you select the data parameters you are given two options: (1) you can reselect the parameters by typing
~ *S". (2) you can begin to input data input by typing “T". The first option returns you to the beginning of the
parameter selection procedure described above. The second option allows you 10 eater your actual data from
field notes or laboratory forms into the computerized data base. After you type °T", the screen displays the
following (Fig. 2.4): Sample No appears in the upper right corner, the Identification field in the second line,

e Wﬂ e SN S ) iﬁ._ " o st o g S -I_zm%‘-;-mx-mg--::m.—';;-::53-1@?3-3_$§.:.:$;.:.-.L .:::
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1z
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.
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followéd by the list of parameters that you have selecied. The program enters the sample number for you,
starting with the number 1 for a new data base. The cursor moves to the second line - [dentification, and the
following message appears at the bottom of the screen: “Enter sample identification®. The sample identifica..
tion can be up to 46 characters long. It is used by the program only to identify a sample. You may type the~
number, laboratory sample mumber, locality, name, depth of a well, date of sampling, etc. Any combination
of ASCII characters is permirted. After the identification is entered, the cursor moves to the first of the
selected parametcrs (normally it will be Ca). Type the values, one by one, using the back arrow key to erase
errors. After the last parameter is input (normally pH value), the screen displays Sample N° 2, and the cursor
moves 10 the new identification field. (Any error can be corrected later in EDIT mode.)

Once you have entered the initial data for your data base, the remaining procedures are identical 1o those for
already created data bases; these are described below.

2.4. Available Program Functions

B b et oo e
I ————— R :

As mentioned above, if the data file had been created before and exists on the disk (directory), the Project
and Organization which are associated with the file will be shown antomatically. After you press the
RETURN twice, the total number of samples consined in the data file will be shown in the right corer of
the first line, and the identification of the first 14 samples is displayed sequentially.

The right portion of the screen displays the list of available functions. The following functions can be selected
(see Fig.2.2): .

- select input

- input data

-edit

- browse

—delete

- Stiff diagram

- Piper diagram

- Wilcox diagram

- Rgpomng —

- ASCII file

The role of the "S” ~ select input function was explained before. Likewise the “I" - input data function was
used 10 start creating a new data file. The T" function can be used in an existing file to continue with the input
of new samples. For example, if an existing data file contains already 20 samples, by pressing *I* the Sample
N° 21 will be displayed in the first line and the cursor will be at the Identification field. The parameter fields
shall be blank waiting for you to input data.

The "E" - edit function allows you t0 make corrections and modifications 1o be made in data files. Before
pressing the E key , first move the cursor to the sample number that you want 10 edit. The screen i0oks as
shown in Fig 2.5, The sample number is displayed, its identification shown and data values reproduced as

>HEgVHOLM—®

Fig. 2.5
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input into the data base. Any parameter can be changed by pressing RETURN and moving down the data
analysis form. The previous value can be erased either by using DEL key or the F2 and F3 function keys.

The "B” - browse function permits you to view the contents of the data base. Pressing the up/down arrow keys
displays one sample ata time cither toward the beginning or end of the data base. Likewise, HOME and END
keys display the first or Jast sample in the data base, respectively. Browsing is shown mFxg. 26.

PR . T st P T R WA T P R A 2 U S A S T G AN L NNt
£ UR/DTCD — SO UATIR SOFTUARE Varaion 1.08
i 2. GROUND NATER CHINISTRY December 1999 7
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bz Use upr/doamn arrow iy to sous ous saswelie 4t & tine
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<
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The "T" - ST[F!'-‘ diagram key starts one of retrieval programs, that of displaying/printing the STIFF diagram.
The STIFF dxagram is shown in Fig. 2.7. Before you press the key "T* you must place’the cursor on the line

with the sample for which the S'TIFF diagram is required. The STIFF diagram processing will be explained
later.

The “P* - PIPER diagram key is used to view on the screen, or to plot on the printer/plotter, the PIPER *
diagram. The PIPER diagram processing will be explained later.

The "W* — WILCOX diagram key is used to view or 1o print/plot the WILCOX diagram. The WILCOX
diagram processing will be explained later. :

The "R key is used to activate the reporting subroutine.

The "A" key is used to make a copy of the data base in ASCII format. Such a file may then be used as input
file t0 other retrieval programs, or it may be edited by a text processor.
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5. Application Programs

STIFF Diagram. Narmed after H A _Stiff, Jr. (STIFE, HA.Je, 1951. The imerpretation of Chemical Water Analysis
by means of Parterns, ] Perrol, Tech.pt. 15.) the STIFF graphical method plots four major cations (Ca, Mg,
Na+K, Fe) on the left side, and four major anioas (HCO3+CO3, SO4, C1, NO3) on the right side. The original
STIFF plot connects the points on the diagram and produces 2 pattern which, when compared to another
analysis, can be useful in making comparisons of waters. This program presents a modified STIFF diagram
in which the length of each line defines the concentration of 2 panicular cation and anion. Concentrations
on the diagram are expressed in equivalents per million (milliequivalents per liter). One example is shown
in Fig. 2.7. Since iron and nitrates are normally present in insignificant concentrations, most natural waters
can be represented as solutions of three major casions (calciam, magnesium, sodium with or without
potassium) and thres major anions (bicarbonate pius carbonate, suifate, chioride). If any of these is missing,
the program decliares such analysis as incomplete.

After a sample is highlighted (selected) from the list of all samples in a data base, and the key "T" pressed,
you will have several options where to direct the output — to screen ("D" for display), to printer (*P* for
printer), and to an output disk file ("W" for write) for lner editing and/or printing.

Provided that the analysis is complete (at least Ca, Mg, Na or K, HCO3 0r CO3, SO4, Cl present with nonzero
positive values) and the analysis is balanced (the sum of anions matches the sum of cations within 5%, or
within any other tollerance specified by you), the ourput, composed of two parts, will be generated. The first
part is a graphical presentation of the analysis in the form of the modified STIFF diagram. The second part
contains ail important parameters and/or constituents, such as total dissolved solids (TDS), type of water
(defined by the dominant cation and dominant anfon), all major cations and anions (expressed in ppm and
epm), and other parameters if available (hardaess, electrical conductivity, pH, alkalinity, etc.). The program
also caiculates and prints the SAR value (sodium adsorption ratio). .

If an apalysis is ircomplete, the program displays the message “Analysis incomplete® and shows the constit-
uents which are missing or zero. Nothing else will be displayed in the case of an incomplete, analysis.

If an anaiysis is not balanced, which in the context of this program means that the sums of anions and cations
expressed in epm differ by more than 5% (or anything specified by you), the message *“CATIONS AND
ANIONS DO NOT BALANCE" is displayed, followed by the sums of cations and anions and percentage error.
The error is expressed as twice the absolute difference of cations and anjons divided by the sum of cations
and anions, all in equivalents per million, multipiied by 100. The diagram will not be shown, but the rest of
information (constituents, type of water, SAR, etc.) will be printed and/or displayed.

PIPER Diagram. Named after AM.Piper (PIPERAM, 1953. “"A Grophic Procedure in the Geochemical
Interprerarion of Water Analysis," ULS.Geol Surv. Ground Water Note 12.), the trilinear diagram (see Fig. 2.8)
presents graphically a group of apalyses on the same plot. The text that explains the suucture of the PIPER
diagram is taken from Walton ("Groundwater Resource Evaluation®, McGraw-Hill, 1970).

“Piper (1953) developed a form of the milinear diagram which is an effective tool in segreguting analysis daa for crinical saudy
with respect to sowrces of the digolved constituents in groundwesers, modificazions in the character of a water as it paszes
through an area, and relazed geochemical problems. For the PIPER trifinear diagram, groundwaer is rreated subswnsially as
though it coreained three cation constimenss (Mg, Na, and Ca) and three anion constitients (Cl, SO4, and HCO3).~

The PIPER milinear diagram combines three distnet fields of plogting, o miangular fields at the lower left and lower right,
respectively, and an iuervening diamond-shaped field All three fields have scales reading in 100 pare. In the triangular field
ar the lower left, the percentage reacting vaiues of the three cation groups (Ca,MgNa) are plonied as a single point according
to conventional trilinegr coordinates. The three anion groups (HCO3, SO4, Cl) are plonied likewise in the sriangular field as
the lower right. Thus, rwo points on the diagram, one in each of the wo triangular fields, indicae the relative concenmrations
of the several dissolved constituents of a groundwater.. The central diarond-shaped field is used to show the overall chemical
character of the groundwaser by a third single-poirt ploming, which is az the intersection of rays projected from the plottings
of cations and anions. The position of this ploming indicates the relazive camposirion of a groundwater in rams of the
cation-anion pairs that correspond to the four vertices of the field. The three ilinear plottings will show the essential chernical
character of a groundwaser according (o the relagive concenmraxion of its constituents, buz not according to the absolute
concenmranons”.

When you press the “P* key, the message Enter drawing identification appears on the screen. Type an
identifying title for the Piper plot The identification will be centered on the 80-column wide paper (standard
A4 format, width 210 mm). One may type e-g PIPER TRILINEAR PLOT, or the name of the project, district,
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etc. After the plot is identified, you are prompted to select water sample analyses to be plotted on the PIPER N
diagram. This is one of major advantages of the program - you are ab_le to seiect analyses 10 be shownon a
PIPER ptot. Thus, you may create a rather large data base, and retrieve on one PIPER plot oniy samples

that belong to the same project, or the same area, Or that were taken 4t a certain date. You may use the cursor
keys. or CTRL+HOME (to move the pointer to the beginning of the file), or CTRL+END (to move the

. poin:=r to the end of the file), or PgDa (PgUp) keys. When you have selected a sample 1o be plotted press

"P*, move the cursor 10 another sample, ang repeat the operation of sample selection. When the last sample
is selected, press "X" to start the plot.

After pressing the *X" key, you will have four options: (1) to print the graph (préss P), (2) to view the graph
on the screen (press D), (3) 10 send the graph directly to the plotter through COM1 seriai port (press H), (4)
to create an ASCII piot file to be used on another plotter or in another application (press A). Normally you

-will want to see the graph first. Press D. After the graph is shown you may eniarge some dewil by zooming a

rectangle. For this you will need a mouse. Read the message on the right side of the screen. If you seiect P to
print the graph, provided that there is paperin printer and printerisswitched on, a table identifying all samples

(X B
\:-L‘:'
’ a4
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to be plotted will be printed first. The programmers decided to convert all small numbers and ideatifications
to one.character only. This is for the sake of readability of the plot in the case of many samples with similar
chemical content. However, this limits the numbes of samples that can be shown on one PIPER diagram to;,
59 (numbers 1 through 9, capital letters A through Z, small lesters a through z). Yey, it is believed that one™
PIPER diagram should not contain more than, sxy, 20 to 30 samples for the diagram 10 be conclusive. Before
and after the first table identifying samples is printed, the program pauses giving you the chance to replace

or re‘;elig)n the paper. Samples are located on the Piper diagram in the center of the respective character (letter,
number).

You may plot the graph on a plotter using or emulating the Hewlett-Packard Graphical Language (HPGL) .
You must have configured your COM1 serial part according to instructions in your plotters’ manual, or

following the instructions in Introduction. The plot shail not display the table. Only the graphical screen shail
be reproduced in the plot

Wilcox Diagram. A diagram for use in studying the suitability of ground water for irrigation purposes, named
after Wilcox (Wilcax, LY, 1955. *Classificasion and Use of Irrigation Water,” U.S. Dept. of Agr. Circular 969), is
based on the sodium adsorption ratio (SAR) apd conductivity of water expressed in micromhos/cm at 25
degrees Centigrade. The SAR value is defined by

SAR = {Na/[0.5x(Ca+Mg)]}?
High content of exchapgeable sodium is highly undesirable for agriculture, and likewise is the high total

dissolved solids content, expressed as conductivity of water, An example of the Wilcox diagram is shown in
Fig 2.9.

The processing of the Wilcax diagram is very similar to the routine used in creating the Piper diagram, After
selecting the function W (for Wilcox), you have to choose which samples 10 include in the diagram. This is

B T S T OS2 e o s e SR B N e e I
LIS chrpn *

t J 100 .= |w .,-'
o w =" l' E-:.‘i
o . - %
2 -t = -\ .
r} [ ¥ Eo
i po- bl i
o LR 1 — o
" A 8 \ ' %
i o 1 :\ i
‘ (reane \ i
A "k e
s L .- ".-'ﬁ'
3
18 r\ \ ) J =3
frad ] \ [
e L= Lan \
5 - ap
Ti‘% T e J
:::: T Y F. ] -]
o Ot | vt by T | oommbnn/an ot B .
i [ - -] as aa
g [ Tt "y "H
s ) al lntby Maneee
-~ e A I ARG w‘ e T A S e, A

done, as instructed on the bottom line of the screen, by moving the cursor up and down and pressing the key
P for each sample to be included. The program checks instantly whether both SAR and conductivity are
nonzero positive values, If either of the rwo is missing apd/or zero, there will be a message
Not enough data for Wilcox diagram
Press any key to continue

In either case, continue with the selection of other samples. Afierselecting the lastsample press X to process
the Wilcox diagram. The rest of the processing is very similar to the Piper diagram subroutine,

-
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2.6. Reporting

With the "R" key you can print a report on your chemical data base. When you type R, a window entitled
*Select Output Items" pops down. showing all output items that are currently included into the data base. As
shown in the example from Nepal, Fig. 2.10, there is a total of 20 items currently in the data base. Ir addition

S LA M3 rongrrarerrrerggrerrer e errorerr oot TSR oot eeeremeemmeemeameestrereroeemreeeeervmpreemarerrererrp SN
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0 ma]or cations and anions, which were manually input in pPpm, the program calculated epm values of cations
and anions, the SAR value, and sums of cations and anions in epm. In some other cases, there may be more
input parameters, ¢.g. conductivity, alkalinity, boron, manganese, etc.

Table 2.1. Example of Reporting -

2| Mentification Ca Mg Na |[HCO3 so4 @ |c A TDs pH SAR
1 |267-SEMARI % 2 39 | 276 6 S5 |480 479 206 830 136
2 |268-SARAHAWA |20 33 17 | 258 9 .3 |445 450 226 820 o054
3 {269-ASNIYA 35 31 S6 | 374 2B 5 |673 675 398 830 1.66
4 |270-GULARIA 30 21 12 |26 6 3 375 335 280 810 041
5 |271~CHIVPURWA |38 27 22 4 5 412 370 242 810 ,
6 |272-BAIDULI 2% 37 61 | 278 5 8 |69 703 200 840 1.80
7 |23-CHAVNARTO {26 & 59 | 265 5 5 |452 459 360 820 260
8 |274-S.POFFICE 80 6 7 ]210 13 4-[479 431 340 820 020
9 |275-DHARMANAGA |20 27 34 [ 278 2 4 1470 471 248 830 117
10 |276-BELAHIYA 30 23 25 | 264 2 4 |448 448 260 810 084
11 |277-DUMRAHA 2 23 32 | 270 4 2 {458 456 240 800 110
12 |278-AMUWA 23 30 188 2 4 361 324 280 800
13 |279-PACHHEDAWA 116 28 22 | 234 6 4 406 407 210 790 077
14 |280-SONBRASA 24 33 18 S 5 391 320 210 800

C - Cations

A -~ Anions
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Each of the parameters to be reportid, exciuding the Sampie identification, hasa default column width, All
cations and anions in ppm are 6 characters wide (including blanks between two parameters) and all cations
and anions in epm are 7 characters wide. The TDS is also 6 characters wide (with separating blanks), the SAF
and pH values are each 7 characiers wide. You may decide on (1) content of repart, (2) width of report, (..
number and place of vertical lines to separate parameiers.

Each vertical line occupies 2 characters (one for fine, one for blank), the Sequential number (1,2,3...) occapies
5 characters, and Sampie ideatification 14 characters by defauit. This may be altered as prompted by the
program. Table 2.1 is an exampie of a repart form for the data base from Nepal, Incinded are the following:
Sequential number, sample identification, major cations and anions in ppm, sums of cations and anions in
epm, TDS, pH, SAR. Several vertical lines separate groups of itemss. The total width of the report is 112
columas. After you select all the items to be included in the report, the program prompts first for Report
title, then for Number of lines per page, and finally for Left margin. If the width of the report is limited to 80
or less characters, the whole data base may have to be printed in more than one page. Thus, identifications
can remain the same on two-page report, with constituents reported in ppm on one page, and epm on another
page. TDS, SAR, pH, alkalinity, conductivity, hardness, ¢1c. can be reported on either of the two pages.
Alternatively, the whole report can be condensed on a standard A4 format by instructing the printer to print
in condensed mode (15 or 17 characters per inch ~cpi). For this you can use any of available routines (printer’s
Escape codes, PC-PRINT or similar utitity, SIDEWAYS, and so forth).

2.7. ASCII File

You can copy your data base file to an ASCTI disk file by pressing the A" key. You have the option to sefect
jtems from the data base to traasfer to an ASCII file. The procedure is similar to selecring items for reporting,
except that the output goes to a disk file from which you can retrieve it by any of available DOS routines
(TYPE, for example), third-party utilities (e.g., SHOW), or text processors. You can use the ASCII file as
input file for other ground-water quality retrieving programs that are not contained on this diskette.

2.8. TABLES

The program TABLE EXE can be used to display several water-quality related tables:
1. Conversion faciors (PPM 1o EPM)
2 Maximum permissible concentrarions of radio-nuclides in ground water
3. Standards - U.S. Public Health Service 1962
4. Boron in frrigation water
5. List of inorganic constiments
@ List of organic consatuents
You execute the program by typing the following command at the DOS prompt: TABLE.

The menu with options for 6 tables appears on the screen and you may select any one of these. Since all 6
tables are written in ASCII format in disk files TABLE1, TABLEZ, ., etc., they can be viewed with the utility
SHOW, or ryped with DOS utility TYPE TABLE& > LPTI1, where & is any number from 1 through 6. You
can edit these tables just like any 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 presentation capabilities (screea graphics, print,
plot).Although this program will run on computers without 2 mathematical co-processor, absence of a
co-processor seriously impairs processing speed. This is especially noticeable in the Hantush leaky theory
analysis, which works in iterative cycies and requires a large number of floating-point calcuiations. Because

mcredaare several screen-display graphics routines a video display adapter is highly desirable, although not
mandatory. ;

The program’s output to printer was tested on EPSON LQ800/1000 printers. Although not tested, any matrix
printer with graphics capability emulating the EPSON Escape Sequence code should be sufficient. The data
base editor is independent of the printer, and so are all procedures xcluding printing out results. In other
words, the program can be used and resuits obtained without a printer. All-data contained in the data base
can be shown on the screen in either aiphanumeric mode (time, dtawdowns, levels, pumping rates, calculated
paramueters, etc.), or in graphics mode (time-drawdown diagrams). Pumping test graphs can aiso be plotted |
on a Hewlett-Packard (HPGL) compatible plotter. . :

The distribution program comes with several examples. These are contained in files INDIA.PT1, INDIA.PTZ
The examples are from a current UN/DTCD project in India. The pumping test data base is prepared by this
program in such a way that two files are created, with extensions PT1 and PT2, respectively. One contains
general information about weils (location, aquifer, static water level, pumping rate, rype of aquifer, type of
well, etc.), while the other contains pumping test data (pairs of waler levels or drawdowns versus time).

At ceruain places during program execution the program may appearsiow. Either edited data are being written
to the disk file, a scratch file is being created, or calculations are being performed. Depending on the main
processor clock rate, and the availability of a mathematical co-processor, this time lag may be from several
seconds to a minute or two. Please be patient. If the program is not running correctly a message will be
displayed on the screen. In some cases, though rarely, the program will terminate without producing results.

Moreover, the termination might be abnormal, and you might need 10 reset the computer. This will be
corrected in the second release. '

In order to run the GW3 program you must copy the following files to the \GW directory: GW3.EXE,
UN3.CMN, UN3.MST, UN3.WND. With the GW3.EXE file in a compressed version occupyingitself 317,216
bytes, these four files occupy about 369,000 bytes. The memory requited for running this program is 437,000
bytes for the program without graphics screen and/or printer support. For the maxdmum memory see
Introduction. While running the program it is advisable that you prepare your exampie or actual data base
files in a directory other than the \GW directory. You may log into that directory and type GW to start the
ground water software. Then select *3. Pumping Tests® with cursor and press ENTER.

- .

3.2. Program Overview

The program creates a pumping test data base. Once data are transferred into the computer, several methods
of analysis should be attempted, and standard deviation of the fit recorded. The method which p_roduws the
least standard deviation should be accepied as being most representative, pravided this agrees with the local
hydrogeological situation.
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The tést dau file is limited 1o 100 time-drawdown or time-leve! pairs, - ~

The methods selected for analysis are the classical THEIS, JACOB and HANTUSH type-curve matching or,
semilogarithmic approximations, pius the recovery method and large-diameter dug well pumping tes-:
method. Only corrections for water-table aquifer are incorporated in the program. There is no correction fof
partial penctration, neither for boundary effects nor for variable pumping rates. The dug-weil test routine
differs from the others. While in the classical theory the program fits the data with assumed values of
transmissivity and storage coefficient, in dug-well test you should supply *guess values® of transmissivity and
storage coefficient. The program fits test values (levels) with guessed values and generartes a drawdown curve
which is plotted along with test drawdown curve. You select the pair of coefficients with the best fit.

3.3. Running Program

The program starts by displaying the screen as shown in Fig. 3.1; you are prompted to type the name of a
pumping tests file. The cursor is at “Pumping Tests File®. Such file, whether existing or about to be created,
may contain One Or many pumping test data. This file may contain up to 200 pumping tests from any number
of different wells. The idea is to group all pumping tests from a project or an area into one data base,
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Type in the name of a pumping test file without extension. After you type the data file name the program
checks whether such a file exists in the directory that you have specified. If i1 exists the cursor moves to the
second field: Project, and then to the third: Organization. You may type anything that will identify your project
and/or organization, or you may press RETURN on both prompts. However, if the program discovers that -
your data file name is incotrect or nonexisting, there will be a message at the bottom of the screen (message
window):

This file does not exist.

Press C to create new {ile or ESC to exit.

This message is quite clear. Typing C brings the cursor 10 the second line: Project, to which you may type
anything identifying your project or you may press RETURN to move further, If you typed the data base file
name incorrectly, you may correct this by pressing RETURN on the first prompt. The cursor is again on the
first line and the program waits for another file name.

In the case you are working with an existing data base, you may edit (change, :;xodify) your project
identification and organization title. This screen may have a final look as shown in Fig.3.1.

The next screen is the main menu (Fig- 3.2). From here the program branches into three directions: (1)
defining units, (2) input and editing data, and (3) analyzing test data. The main menu has several
*working® sections. The program identification remains on top. The main portion is filled with oaly two items:
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(a) Data base name, and (b) Number of tests in the current datz base. The bortom (message) section contains
the instruction “Press U,D or A to select a fanction group”. The funttion groups are defined on the right side
of the screen. Unless the default units are seiectad as shown on the right side lower corner, which are in
essence the standard metric units, you should select the letter U to define another set of units. The selection
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of units is explained in Introduction. The corner with curreatly selected units will remain visible throughout
most of the program. Only from this main menu you may return to the main menu of the Ground Water -
Software program and/or exit to DOS by pressing X .

3.4 Data [nput, Editing, Screen Display, Deleting Analysis, etc.

The second group of operations is activated by pressing the letter D from main menu In the case that the
data base exists with one or more pumping test data in it, the next screen shall display the list of tests (wells)
in the current data base. The example shown in Fig. 3.3 is from india, from a Central Ground Water Board -
UNDP project in the Kasai-Subarnarekha area. If you are creating a new data base, only the list of functions
will appear on the right side, whiie the message on the top shall display "Number of Tests: Noae®.
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UNDP project in the Kasai-Subarnarekha area. Ifyou are creating 2 new data base, only the list of functions
will appear on the right side, while the message an the top shail display "Number of Tests: None".

New Test. If you are creating a pew data base, type the letter N. The cursor appears on the message li

prompting for test identification. You can type anything that identifies the test, but the identification cannc. .
2o beyond the light line. In the example shown in Fig. 3.4, the identification "New Test, date 1/2/87° was
entered. After pressing RETURN, you will be prompted for pumping rate and distance from the observation
well. All programs are prepared for constant pumping raie during a test. When the prompt for "Distance
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from Pumping Well® appears, you should type either actual distance or well radius in the case that no
observation wells are available. (In the latter case, the distance is hypothetical, since the storage coefficient
cannot be obtained from the pumped well alone, but the program demands that a distance be input.)

The next prompt is for the type of aquifer, confined or unconfined. The program adjusts drawdown data for
decrease in the transmissivity using the formula derived by Jacob: _
s’ =2 s - (s22m)

where: s’ = drawdown that would occur in an equivalent nonleaky artesian aquifer;
s = observed drawdown under water-table conditions;
m= initial saturated thickness of aquifer.

[f you type the letter U, indicating an unconfined aquifer, the next prompt will be for initial saturated thickness
of aquifer. Ifa confined aquifer is indicated, the next question asks if you will input drawdowns or water levels.
Possible answers are the letters D (drawdowas) and L (levels). If yon select L (water levels), the next question
asks for Stauic Water Level and a message is displayed at the bottom of the screen telling that when the SWL
is above land surface (flowing wells) it should be typed as positive value; when the SWL is below the land
surface a negative sign should precede the value, :

The next prompt asks whether that well s a standard or dug well *Standard® here implies any well excepr a
dug well for which assumptions on which the classical Theis, Jacob and Hanrush theories are based apply.
The main difference between these rwo categories of wells is that in a *standard” well water is instantaneously
released from the aquifer and nostorage in the well is allowed. In the case of a dug well, most of water during
the abstraction phase is takea from storage in (he well, but when the pump is switched off, water continues
to flow from the aquifer to refill the well If standard well is the response, the general data input phase is
finished, and the scresa may display something similar 1o Fig. 3.5. If dug well is the answer, four additional
parameters should be inpur:

Well Radius 10 Face of Aquifer

Well Radius of Storage Portion

- Pumping Duraton
Test Duration
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"Pumping duration” is the duration of abstraction (pumping) phase, while "Test duration” is the total duration
of the test, including abstraction phase and level recovery phase.

You have two opuons for inputting test data: (1) from kevboard, one by one; (2) from ASCII file created
either by a word processor or text editor, or from another program. The optioas are invoked by letters K or
F as shown in Fig. 3.5 in the function section. .

_ After you type the letter K to select keyboard input, the screen looks as shown in Fig. 3.6. You should type
time and drawdown vajues. You may speed up the input by first typing all the time values, using the down
arrow key to move the cursor, and thea return to the drawdownflevel column and repeat the input for
levels/drawdowns. Or, you may type one pair of vaiues after apother. Tb switch from time to drawdown or
vice versa, you should press RETURN. Several function keys are also available for inpuv/editing (F1, F2, F3,
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Cusl F2, etc.). Their functions are shown on the right side of the screea. Since the same screen is used for
editing ap existing data file, the bottom message line describes the function of some other kevs. Eg.,
simultaneous pressing Ctr]l HOME brings the data file to the top of the file (data pair number 1), Citl END
brings the cursor to the last data pair, HOME and END move the cursor to the top or bottom of the current
screen, and Page Up or Down bave usual meaning.
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You can terminate input either by pressing the ESC key for normal termination, or Ctri C to abort the ifiput
process. In either case the program returns to the Edit/Input menu. The program will notice if you have made
a mistake by typing 2210 or negative time, or if you have not completed an input line with both time ane
drawdown/level values,

The second possibility is 1o transfer an existing data file created bya text processor. In that case at the submesnu
with two fuactions K and F, type F The da file must be prepared in ASCII format, with time and
level/drawdown data separated by either 2 comma or a blank. There will be a prompt displayed at message
line: Enter (nput file name, After you type the file name, you will be prompted to specify in which way the
dara file is prepared: with time data as the fisst entry or with level/drawdown data in the first place. The answer
can be Y (time data first) or N (leve! or drawdown data first). The program reads the data file and writes in
the message line:

Number of input pairs = .

Press any key to continne,

After a key is pressed, the data file is rransferred into the data base and the screen displays the list of all tests
in the data base, including the new entry at the last line, In the same time the count "Number of Tests” in the

upper right corner is updated,
An example of an ASCTI data fie is given below:
1 7350
2 8300
3 8o
4 9.120
5 9.330
18 10450
19 10500 ,
20 10520
1200 14.210
1740 14.430
1800 14.440

In this example the order of data is time followed by level; time is in minutes.

Editing Existing Data. You select the edit function placing the cursor on the test sample you wish to edit, and
pressing the letter E. The screen shown in Fig. 3.7 appears. The data are divided into two categories: (G)
general data, (M) measured data. If you type the letter G 10 edit general data and supplying the answer
BAHRGORA for the test name, the screen may look as shown in Fig. 3.8. If you type the letter M to edit
measured data the screen may appear as shown in Fig. 3.9.
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Editing data is straightforward. Several function keys may assist. Their functions are shown on the screen, As
a reminder the following keys can be used:

F1 - Inserts a row. Repeated pressing of F1 key makes space for several rows (time-level or time-drawdown
data pair).

F2 - Inserts a fleld in a column. It is normally used when ail time data are typed first, followed by the column
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of drawdown data. If you accidentally omit a value, you can create an exra space for the missing value by
pressing F2.

F3 - Erases all numbers in a fleld to the right of the cursor position.

Ctrl F1 - Erases a row.

Ctri F2 - Ernses a field.

Editing is terminated by pressing the ESC key (nermal termination after which the new version of the test
overwrites the oid one) or by simultaneous pressing of CONTROL and C keys (edit abort). In the case of
normal termination of editing, the program rertrns first 1o the screen which offers editing (functions G and

M), and then, after another ESC is pressed, to the Data [nput/Edit Menu. In the case of aborting the editing
operation, a message

v
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"All entered/edited data will be lost!
Is this what you want? (Y/N)

will be displayed. Pressing any key except *Y® will bring back the dax file for repeated editing. Pressing 1
"Y" key returns the program to the Data input/Edit Menu.

Delete Test. An eatire test can be deleted by placing the cursor 1o that particular test and by pressing the
letter D. Once deleted a test cannot be restored. It is advisable to have a floppy disk copy of the data base
prior to editing and/or deleting test data.

Print Data. [ order 1o print your 1est data, place the cursor on a test and type the letter “P*; the selected
data file will be printed in the following form: (a) data base and project identification, (b) general data about
that particular test, (¢) time-drawdown (leve{) data.

Write to ASCII Flle. From the Data Inpuv/Edit Menu a test file from the data base can be written in 2n ASCI]
format. First place the cursor on the test to be saved in an ASCTI file. Then type the letter “A°. The message

line shall display: "Enter Cutput File Name". After you enter a file name press RETURN, an ASCII file shall
be created.

Screen Display. One of main objections to using the computer t0 analyze a pumping test stems from the fact
that a hydrogeologist cannot see the data, how they fit on an arithmetic or logarithmic scale, whether there
may be boundary effects, etc. [n other words, if the computer is [eft alone to make interpretation, the resuits
may be erroneous without the user kpowing or appreciating it. For this reason in this program there are
several checking possibilities. One is to view the raw input data in a semilogarithmic scale, another is to
eliminate some time.drawdown pairs from interpretation, and the firal check is to compare the standard
deviation (Toot-mean-square) and accept only the best fit

‘You may view input data from this Data Input/Edit Menu by pressing the [etter *S* (screen display).
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Print Graph. The displayed screen can be printed, along with the project and data base identification, by
returning to the Data Input/Edit Menu (any key pressed in the Screen Display mode) and pressing the letter
*G". An example is shown in Fig. 3.10. i

Plot Geaph. The displayed screen can be plotted 10 2 Hewlett-Packard (HPGL) compatible plotter. Only the
dispiayed graph shail be reproduced, without project ideatification and results. (Tb obtain a complete hard
copy of a test, use printer.) Press letter B. Have your plotter connected to COMLI serial port, which must be
properiy coafigured (see Introduction).
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3.5. Test Analysis

The third group of procedures is the analysis of pumping test data from the existing data base. After you rype -«
the letter "A" on the main menu, the screen shall look something like the one shown in Fig. 3.11. The cursor
is always on the first lige (test No.1). The following functions are available:

Select Data. This offers you a possibility to eliminate some unwanied data pairs, either because of ar evident
error in measuring or because such data do not fit into the method sei.: ted for analysis (¢.g., carly data in
Jacob’s approximation).

Jacob Method. Semilogarithmic approximation of the THEIS nonequilibrium method. In some cases it may
offer a better fit than the THEIS method due to some restrictions involved in the THEIS method

Recovery Method. This is the Theis method used to determine the aquifer constants from the analysis of the

recovery of a shutdown well The test data prepared for the recovery method cannot be analyzed with another
alternative method.

Theis Method. Theis nonequilibrium type curve matching method, one of principal methods of pump test
data analysis.

Hantush Inflection Point Method. One of methods of testing a leaky aquifer using the inflection pointona i
semilogarithmic time-drawdown scale. The method is less accurate than the next one, but sometimes it works -
whean the type curve method fails. It is much faster than the next one.

Hantush Leaky Method. This is the classical Hantush type curve matching method {or nonsteady-state .
time-drawdown.

Dug Well. A recent method of analyzing pumping and recovery phases of large-diamezer dug weils, with the
consideration given 10 the secpage face. The method is due to Rushton and Singh.

Screen Graphics. Viewing of test data and the best fit line produced by the method selected.
Print Graphics. Printing the time-drawdown test data along with the best-fit line and 1est results.

Print Results. Printing project and test identification and a table with field data, caiculated daua by the
computer and differences. Printing results of analysis and standard deviation.

Plot Graph. Plots the displayed screen, without project and test identification, and results. Use only plotters
emulating HPGL (see Introduction).

UN/DTCD. Water Resources Branch I L
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3.6. Method of Analysis

Selection of Data, Wheg you type the letter A yon will be given a possibility to eliminate some of erroneow,
data pairs. The cursor is in the column labeled S. Move the carsor using up and down cursor keys 10 the row
you wish to eliminate. Type the sign ***. This eliminates the pair of daa from computation. (The message to
that effect is displayed in the message line.) An cxample is shown in Fig. 3.12,
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Theis Method. The Theis method is activated by typing the letter T. The method of analysis is well explained
in any text book on ground water. The method of computer interpretation is based on the Kansas Geological
Survey Groundwater Series 3 publication “The Theis Equation: Evaluation, Sensitivity 1o Storage and Trans-
missiviry, and Automated Fit of Pumpiest Daza”, authored by CD.McElwee. The antomated fit is an iterative
process in the course of which the transmissivity and storativity coefficients are changed until a "best" fit is
obtained. As a measure of the error in fitting, the root-mean-square in drawdown is calculated forthe "best*
transmissivity and storage coeflicient. The root-mean-square is actually the standard deviation defined as the
square root of the arithmetic mean of the squared differences between field and calcuiated drawdowns.

The results are reported on the screen in the way as shown in Fig.3.13 for American ynits and in Fig. 3.14 for
metric units.
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The scteen displays the following resulis:
Transmissivity Number of points Storage Coefficient
Number of iterations Standard Deviation

The standard deviation is the criterion of the goodness of the it The fit in the case of Bahrgora well (India)

is very good, 0.113 m, considering that 69 poinis were invoived in the calcuiation (see Fig. 3.14). However,
the goodness of the fit is best demonsu=:2d in Fig. 3.15, which is obtained by selecting the G option from the "+
Test Anaiysis Menw

The number of iterations is an indicator of convergence of the solution to an acceptable level of error. In the
case of the THEIS program, the criterion is that between 1wo successive iteratons the *Imp: -vement® of
relative transmissivity and storage coefficient is less than 0.000L

You should expect 2 relatively small rumber of jiterations, since the initial guess for transmissivity and storage
coefficient is already a good guess, i.e. the values ebuined from Jacob's semilogarithmic approximation.

JACOB's Method. This is a semilogarithmic approximation which is good for smafl values of well function’s
argument u (ie., for smail r and/or large t). The method is also well documented in any text book on
hydrogeology. The method of solution is the least square regression analysis and the fit of a straight line
through the test data in a semilogarithmic diagram. The computer method provides very quick resuit.
However, one shouid check whether initial test data satisfy the condition that
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where!r = distance from pumped well to the observation well; S = coefficient of storage; T = transmissivity;
t = time since pumping started.

The early data which do not satisfy this condition should be eliminated from computation using the opt;

A (Select) and typing * in the appropriate rows. A fypical 1est result is shown i Fig, 3.16. The parameters Aq
and A; are the coefficients in the linear regression equation, from which transmissivity and storage coeffi-

cients are calculated.
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HANTUSH Inflection Point Method. This method will aot work in all cases. Most probably, it will not work
in the case of the pumped well without observation weils, in which the drawdown in the first two or thre
measurements is greater than 50% of the final drawdown. The method assumes that the steady-state
drawdowm h15 been reached at the end of the test, or that steady-state drawdown can be extrapolated at the
end of the st data. The method is fast, although not that accurate as the classical HANTUSH rtype-curve
matching method, which is explained next.
Both this method and the next method (HANTUSH leaky type-curve method) produce the values of
transmissivity, storage coefficient and {eakance (alternatively defined as leakage coefficient). The latter is the
ratio of vertical permeability of semiconfining layer to its thickness. If the thickness of the semiconfining fayer
(through which the leakage occuss) is known, the ventical permeability (hydraulic conductivity) of that layer
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is calculated by muitiplying the leakance with thickness. An example is shown in Fig. 3.17. The fit is relatively
acceptable, considering that 99 poiats were involved, although the standard deviation amounts 10 030 m.
The leakance of 0.01287 day ! is interpreted in the following way. If the thickness of the semiconfining layer

is about 20 m, its vertical permeability will be about .26 m/day, which is characteristic for a mixture of silt,
clay and sand.

HANTUSH Leaky-Aquifer Type-Cusve Method. The method of solution is an improved version of the
method reported by PM.Cobb etal, in the 1982 publication of Kansas Geological Survey titled “An.Automared
Numerical Evaluation of Leaky Aquifer Pumping Test Data: An Applicarion of Sensinivity Analysis.” The
procedure for solution is an iterative algorithm in which the valoes of transmissivity, storage coefficient and
leakance are modified between iterations until an accepable cogvergence is obtained The criterion of
coavergence is the relative stapdard deviation. In ail tested cases the solution converged in less than 70
iterations. The maximum allowed number of iterations is 100. The processing may take considerable time if
a test includes many test points (over 50) and if the number of jterations is larpe (over 50). However, in a
system equipped with a numerical co-processor and in which the main processor works at, say, 12 MHz clock
rate, the processing is remarkably fast Tb speed up the processing, the imitial guess of transmissivicy and
storage coefficient is takeq from the Theis method which is called first. The solution will not be achieved only
if the test data do not follow one of leaky-aquifer formulas even approximately. Whea testing the program,
this happened in one out of 30 tests.

The example in Fig. 3.18 is the same as the one shown in Fig. 3.17. The Hantush Leaky-Aquifer Type-Curve
method (Fig. 3.18) is superior to the Hantush Inflection Point method (Fig. 3.17). This is reflected in the
valye of standard deviation which is 0.16 m in the former compared to 0.30 m in the latter. Otherwise, all
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other parameters are very close and the differences are quite acceptable.
Well SAGAR-IT (Kasai-Subarnarekha project, India) T

Leaky Type-Curve Inflection Poing
i Transmissivity _ 266 m?#/day 247 m?/day
Storage Coet -0.00686 0.00618
Leakance 0.0134 1/day 0.0129 1/day

The fit in the case of the HANTUSH Leaky-Aquifer Type-Curve method is demonstrated in Fig. 3.19.
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Recovery Method. Afteryouselect the recovery method by typing the letter R, you must apswer two additional
questions (Fig. 3.20):

Pamping Phase Time
Final Drawdown
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The first is the duration of the pumping phase (from the moment 2 pump is started unuil it is switched off),
and the second is the total duration of the test, both pumping and recovery phases included. The method of
solution is a regression anafysis of the system “residual drawdown" on the ordinate axis versus the logarithm
10 the base 10 of the "modified time’. The modified time is defined in the following way:

lmod = (1 + U)A°

where:

t = time since the test started
" ¢'s time since the pump was shut down and levels started to recaver.
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The equation for residual drawdown has the following form:
Se = A log(tmod)

which is a straight line tn the semilogarithmic diagram passing through the origin set at infinite time or at
logarithm of 1. The slope of the line allows for the determination of transmissivity. Storage coefficient is
determined from the value of the drawdown at the time of shutdawn. The method may provide an acceptable
value for the value of transmissiviry, but the storage coefficient determination, based on only one value,
inevitably may or may not be correct

One example is given in figures 321, which is a test from the EEJohnson,Inc. book "Ground Water and
Wells®, 1966, page 138. The computer fit is shown in Fig 3.21a. The values of transmissivity reported in the

book are 10,200 and 10,400 gpd/ft, while the computer program reparted 11,089 gpd/ft (Fig3.21b). The
storage coefficient in the computer program is 0.0027 while the book reports none.
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Dug Well Pamp Test Method. A method of analyzing the pumping and recovery phases of large diameter
wells based on a Kernel function was recently (January-February 1987) presented by K.R.Rushton and
V.S.Singh in the journal of Ground Water. The method was selected by the authors of this software packag.

for the following two reasons:
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(1) In India alone in carly 1985 there were about 8.7 million dug wells. The forecast was that another 1.3
million dug weils shall be constructed over the period of next five years, implying that by the year 1990
there may be about 10 millions dug wells in India aione. [t was also reported that in India about 71% of
the total ground water draft comes from dug wells.

(2) The method of testing and interpretation needs improvements and a computer program which speeds
up the processing may be of great kelp. As originally programmed by Rushton and Singh, the user was
to draw the computer-caiculated curve on top of his/her field data every time he/she made a computer
run. With this program the whole procedure becomes extremely fast and the interpreter learns in the
process about the behavior of test data whea either transmissivity or storage coefficient are modified.
Yet, as the authors state, the method needs same additional verification.

The use of the test is explained in Figs, 3.22, 3.23, 3-24 and 3.25, Figure 3.22 shows the input data (general)
for the well used by Rushton and Singh in their original paper. (As explained before, when you elect to answer
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in the Data Inpuv/Edit mode with D the question “Standard or Dug Well?", you must answer several more
questions prompted from the screen.) In the Test Analysis mode you are prompted for initial guesses of
Lransmussivity and storage coefficiear The screea looks as shown in Fig. 3.23. The height of the seepage face,
which may be corrext only in the case of meric units, is still a week point of analysis, as admitted by the
authors by'saymg that *further careful work in a variety of field situations is required [0 gain a greater
understanding of the significance of these coefficients.® The coefficients referred to above are G and
G, which describe the height of the seepage face in the following way:

f=Gi1xQ +G2xQ*Q

where [is the height of seepage face, Q &5 the withdrawal rate from the aquifer, and G1 and Gz are deduced
from Geld measurements.

The test results are presented in Figs. 3.24 and 3.25. Accepting the trapsmissivity of 160 m2/day and storage
coefficient of 0.005, with fixed G1 and G coefficients (0.001 and 0.0001, respectively) the standard deviation
for the whole test equals 0.07 m, and the secpage face height at the end of pumping phase equals 0.25 m. The

fit is as shown in Fig. 3.25.
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Screed Graphics. The difference between this Screen Graphics and Screen Graphics from the Data Inpuv/Edit
Menu is in the following. In the latter, only test data (from data base) were shown on a time-drawdow.

scmﬂoganghmic graph (arithmetic, in the case of dug wells). In the former, both test data are shown plus the
*best fit® with the method selected (calculated with reported values of transmissivity, storage coefficient and,

eventually, leakance). it is easy 10 see whether the parameters calculated by the program satisfy. They will be
acceptable if the fit is acceprable,

Print Graphics. The screen discussed above can be printed. The 10p part of printout is the identification of
the project and test, plus some of general data (pumping rate, distance from observation well, aquifer type,
etc.). Then the graph is shown, followed by calculated transmissivity, storage coefficient, standard deviation,
and, eventually, leakance. The iast line is the number of points included in the graph.

Printing Results. Tke printout of results starts also with project and test ideatification, plus some general
data, followed by calculated values of transmissivity, storage coefficient, standard deviation, etc., and a table

with the values of test data in one column, computed drawdawn in another column, and difference in stiil
another column.

Plotting Graph. The graph displayed on the scareen can be plotted using a HPGL -compatible plotter. The
plot size is fixed, that is A4, and only graphical part is drawn,

3.7. Pu—mping Tests Reported In Literature

The programs presented in this package have been tested against many published pumping tests. The sources
of information are the following:

WALTON, W.C, 1969. Selected Analytical Methods for Well and Aquifer Evajuation. linois State Water
Survey Bulletin 49. Third printing, 1969.

WALTON,W.C. 1970. Groundwater Resource Evaluation. McGraw-Hill

DeWIEST, RJ.M.,, 1967. Geohydrology. John Wiley & Sons, Inc.

E.E.JOHNSON, INC. 1966. Ground Water and Wells. UOP Johnson, first edition.

LINSLEY,R.K. and J.B.FRANZINI, 1964. Water Resources Eagineering. McGraw-Hill Book Co.

Both published results and computer produced results-are presented herein for comparison of methods.
T = Transmissivity P’ = Verucal Permeability of Confining Bed

S = Storage Coefficient  S.D.= Standard Deviation

L, Well No.19 near Dieterich (Walton, 1969, page 32)

Method: Leaky Artesian Conditions

Walton: Computer:
T=1510 gpd/ft T = 1791 gpdMt
$=0.0002 $ = 0.00018
P'=0.11 gpd/fi? P’ = 0.16 gpa/h?

S$.D. = 01271t

2. Well No.1 at Gridley (Walton, 1969, page 33) -
Method: Nonleaky Artesian Condinans

Walton: Computer:
=107 0 gpd/ft T = 9908 gpd/t
S=0....02 $ = 0.000021
S.D. = 00911t

Comment. [n the computer program, leaky aquifcr method gives slightly better fit. Standard deviation is 0.082
ft, T=9391 gpd/ft, S=0.000022

UN/DTCD, Water Resources Branch USER'S MANUAL
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3. Well No. 15 near Mossville (Walton, 1969, page 35)
Method: Water-table conditions with partial penetration

Walton: Computer:
T=315.000gpdfﬁ T = 386,712gpd.rft
5$=0.082 S = 0019

SD. = 00571t

4. JOENSONs book page L11
Method: Nonleaky confined aguifer

JOHNSON: Compu(cr:

T=100,000 gpd/ft T = 100,630 gpd/tt

$=0.00019 S = 00002 ’
S.D. = 0.007ft

5. JOHNSON's book page 138
Method: Recovery

JOHNSON: Computer:
T=10,400 gpd/ft T = 11,089 gpd/t
S = 0.00275
; 8D. = 0711t

6. DeWIEST's book, page 265
Method: Theis nonequilibrium
DeWIEST: Computer:

T=20,500 gpd/ft T = 26210 gpd/ft
S$=0.000315 S = 0.00030
SD. = 0671t -

Comment: Hantush leaky method provides better fit. The results are the following:
T = 15,991 gpdt
S = 0.00043
SD. =0135f
P'/m’ = 0.02 1/day

7. DeWIEST's book, page 267

Method: JACOB

DeWIEST Computer:
T=4860 gpd/ft - T = 4933 gpd/ft
$=0.0045 S = 0.00427

SD. = 014611

8. WALTON (1970, page 283)
Method: Theis nonequilibrium method

WALTON: Computer:
T=2358,000 gpd/ft T = 358,889 gpd/fi
S$=0.00047 S = 0.000395

' S.D. = 0.043 11
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9. WALTON (1970, page 286)
Method: Leaky artesian aquifer

WALTON: Computer:

T=182,000 gpd/tt T = 219227 gpd/ft

$=0.002 S = 0.0M

P'=0.87 gpd/fi? P '= 054 gpdife?
SD. = 0008f1

10. LINSLEY & FRANZINT (1964, page 88)
Method: Theis nonequilibrium

L&F Computer:
T=11,800 gpd/ft T = 10,752 gpd/ft
5=0.0478 S = 0.0495

S.D. = 02581t

Method: Jacob'’s approximation

T=12000gpd/ft T = 12283 gpd/te
$=0.0402 S = 00388
S.D. = 0.145ft

Comment: First five minutes are exciuded 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.
maltical co-processor is not required. There is oo pripter output. Four files are mandatory and each of them
must be copied 10 the \GW directory: GW4.EXE, UN4.CMN, UN4.MST, UN4.WND.

4.2. Program Overview

The program GW4 - Well Hydraulics and Well Construction - has three major parts: (I1). Well Functions, (2)
Pumping Tests, and (3) Well Construction. Each of the three parts has several subprograms. Primarily, it is
a utility program for pumping tests, well hydraulics and wel] construction.

This program is a collection of many problem-solving routines from everyday well-construction an ! testing
practice. It will not save input data in a form of a data base. The results should be hand written i needed.
Same as in other programs in this serics, pressing ESC returns the program (screen) one step back, or exits
to the main program. Functons are activated by selecting the appropriate single letter command.

When you start the program by typing GW and selecting "4. Well 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,
then select either FUNCTIONS, PUMPING TESTS and WELL CONSTRUCTION.
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FUNCTIONS, shown in Fig. 4.2, are well functions frequently used in ground water hydraulics. The first one,
W(u), is the well function for the infinite artesian aquifer in which a well is pumped ar a steady rate. The
second well function is the function used in Hantush leaky aquifer theory. The next one is a well function
used in partially penetrating weils pumping from anisotropic aquifers. Further, two Bessel functions are also
included, same as error and complementary esror functions, which are used it many specific cases.
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PUMPING TESTS program, shown in Fig. 4.3, contains two subprograms dealing with step-drawdowns tests
(also called well-production tests; Q to power 2 and to "n* power), a routine to calculate pumping rate from
a circular orifice weir, a routine for estimating discharge from a flowing aresian well, etc.
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WELL CONSTRUCTION, shown in Fig. 4.4, helps to calculate maximum permissible entrance velocity 1o
screen. Actually it offers a recommendation for selecting optimum screen length as a function of discharge,
well diameter, open screen area, and aquifer permeability. There are also some other subprograms that make
recommendations as to which drilling diameter to select for a particular pump discharge, etc.

All the time, in every program or subprogram, the right lower corner displays currently selected working
units.
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4.3. Well Functions

After you select WELL FUNCTIONS by typing the leter F from the main meau, you can choose among the
following functions (Fig. 4.2):
W = W(u)
L = W(un)
P = W(urb.P/m)
K = Besse| Function, modified, 2 kind,0 order.
I = Bessel Function, 1 kind,0 order.
E = Eror Function and Complementary Error Function
S = Sketches
ESC = Exit MMeau

43.1. W(u)

_

You select this function by ryping W from the well funcrions menuw. W(u) is the weill function for a nonleaky
isotropic anesian aquifer fully penetrated by wells and constant-discharge conditions. In other wards, this is
the standard well function for the most common case of ideal representation of confined aquifers. When this
function is muitiplied by Q/(12-5664 T), where Q is the constant pumping rate and T is the transmissivity of
the aquifer, the drawdown in the well is obtained.

You can display the sketch of a confined aquifer on the screen by typing the letter S (skeich), followed by,
letter A (see Figure 4.5). '

The theory leading 10 the nonequilibrium equation, or Theis theory, is well documented in every ground
water textbook, and will not be repeated Irere. The weil function is tabulated as a function of the argument
u, which lumps together two most important aquifer parameters (transmissivity and storage coefficient),
distance from pumping well at which the drawdown in calculated, and time since the start of pumping.

Thus, the argument u is equal to
u = $S/4TY

where, r is the distance from pumped well to observation point or to paint at which drawdown is being
calculated; S is the storage coefficient; T is coefficient of (ransmussivity; t is time after pumping starred.
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Drawdown, as a function of r and t, is expressed as follows:
3 = (Q1256 T) x W(u)

This part of the program prompts you to input all parameters that define the argument u. First, you have to
input the distance from pumped to the observation point, then the storage coefficient, the transmissivity, and
the time of pumping. At that point the argument o and well function W(u) are displayed on the screen (Fig.
4.6). You will be finally prompted for well discharge if the drawdown is 10 be calculated Alternatively you
may press ESC-key to terminate this portion of the program.
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The calcuiation of the well function W(u) and drawdown at a specific point may be repeated over and over
to produce a total drawdown at a point which may be under influcnce of pumping from several wells. You
may add individual drawdowns by writing them down on paper.

The correspondence between computer-produced well functions for particular vajues of the argument u and
‘tabulated values in textbooks is demonstrated with following cxampies.
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(1) r=10m 2 r=10m
S = 0.001 S = 0.001
T = 1000 m?/day T = 3000 m*/day
t = 10days t = 30days
u = 25x10% u=28x107
W(u) = 123220062  W(u) = 14.5192289
Tabuiated values (Walton, 1970;
Wenzel, 1942, De Wiest, 1965; etc.)
W = 1232 o = 25x107 W(u) = 14.62

u = 3.0x107 W(u) = 14.44

4.32. W(u,r/B)

You select this function by typing the letter L (stands for “leaky”) from the WELL FUNCTIONS menu. This
rcutine caiculates the well function for a leaky artesian aquifer with fully penetrating wells without water
released from storage in aquitard 3nd under constant-discharge conditions. Although the vajues of W(u,i/B)
in terms of practical range of u and 1/B arc given by Hantush (1956) in tabular form, this portion of the
program calculates not oniy the function W(u,r/B) but also the arguments u and /B from basic hydrogeo-
logical and pumping parameters.

These parameters are, in the following order:
.S, Tthm
where:
r = distance from pumped well
S = storage coefficient
T = transmissivity
t = time of pumping
P = vertical permeability of semiconfining layer
m = thickness of semiconfining layer.

Of course, all units must be consistent, or as selected at the beginning of the program (see right lower corner:
Working Units). Storage coefficient is dimensiogless (fraction); time, distance and transmissiviry are reported
in the units you selected at the beginning. Permeability and thickness of semiconfining layer must be in
working units of length over time (permeability) and length (thickness). Thus, if American or British units
are used, you may not input for permeability gpd/ft. The correct units would be ft/day if foot was selected for
distance and day for time. Some conversion hints are shown on the message line.

The sketch of a leaky system is shown in Fig. 4.7. The same display can be obuained by selecting letter S (for
Sketch), followed by letter B. The situation could be reversed: the upper layer may be leaky (semiconfining)
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providing water from above, and the lower layer could be absolutely impermeahle. The solution is still the
same.

The parameter B, which is important in the Hantush leaky aquifer theory, is defined as follows:
B2 = (T/P/m)

The ratio 1/B is dimensionless.

After you answer all prompts for input parameters, the program displays the vaiues of the arguments B and
u, and the value of the function W(w.1/B). Finaily, you will be prompred for pump discharge and the value for
drawdowa is Qalculated and displayed (Fig. 4.8)-
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As an example, the following parameters are inpat:

r=15m

S = 0.001 -

T = 2000 m?/day

t = 30 days

P = 1 mMday

m = 5 days

The program-calculated values are the following:

B =10000m

u = 0.00000094

W(u)=4.06005.

(The "book® value for W(u,i/B) is 4.0595.)
For pumping discharge Q=22000 m3/day, the calculated drawdown is 0323 m.

43. P(u,r/B,Pv/Ph)

You select this function by typing the letter P from the WELL FUNCTIONS menu. This is the well function
for 2 nonleaky anisotropicaquifer with partially penetrating pumping and observation weils, and steady-state
o zaitions. The following parameters are required (in this order the program prompts for input):

R = distance from pumped well

m = aquifer thickness
_ Py= vertical permeabiiity of aquifer

Pu= horizontal permeability of aquifer

UN/DTCD, Water Resources Branch
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L = penetration length (leagth of penetration of pumping well from the top of aquifer)
D = distance 10 screen (vertical distance from the top of aquifer to top of screen)
Y = observation well length

A sketch of definitions for paramezers is shown in Fig 4.9.

The program returns several ratios (R/m, L/m, D/m, Y/m), and a well function which, when multiplied by the
value of 0.16°Q/T, returns the value of drawdown under steady-state conditions.
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4.3.4. Ko(r/B)

You select this function by typing the letter K from the WELL FUNCTIC NS menu.When discharge from a
well (aquifer) is balanced by leakage in the case of a leaky aquifer and water levels stabilize at permanent
stages, asteadystate is reached. Thesolution for drawdown under such conditions is described by the following
equation:

s = [Q/6.28 T]xKo{r/]

where Ko(1/B) is the modified Bessel function of second kind and zero order. This function is frequently used
in leaky aquifer theory. This is also a tabulated funaction, but in this program the input parameter is not the
argument of the function, /B, but a value calculated from hydrogeological and pumping information.

You will be prompted to provide ce values of vertical permeability and thickness of semiconfining laver
through which the leakage takes place. The storage coefficient is of no importance under steady-state
conditions because the eatire yield of the well is derived from leakage only. For example, when

r=100m

P = 0.1 m/day

m=5m

T = 1000 m%day

1/B shall be 0.4472, and Ko(r/B) 1.0182. The "book” value for Ko(1/B), when r/B=0.45, is 1.0129.
In this case, if the well is pumped at 2000 m3/day, the sieady-state drawdown will be equal to 0.32 m.

-

4.3.5. To(r/B)

You select this function by typing the letter  from the WELL FUNCTIONS menu.This is the zero-order Bessel
function of the first kind. It appears in several equations describing unsteady-siate radial flow in isotropic or
anisotropic leaky artesian aquifers. The argument 1/B is defined in the following way.

Bé'= T/P/m
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where: .
.T = transmissivity of aquifer
P = coefficient of permeability of aquitard (semiconfining layer)
m = thickness of aquitard
1 = effective radius of well, or distance 1o observation weil

43.6. Error and Complementary Error Functions

You select these functions by typing the letter E from the WELL FUNCTIONS menu. The error function,

erf(x), and its complementary function, erfc(x), frequently appear in ground water hydraulics. They are
defined in the following way:

erf(x) = 1-erfc(x) = 1.1283778 x o ("Integral [exp(+y?) dy]}

The program promp!ts for only the value of x and returns the values of error function and complementary
error function for x. The erzor function is used, e.g.in calculating unsteady-state radial flow in isotropic leaky
artesian aquifer with fully penetrating wells with water released from storage in aquitard.

4.4. Pumping Tests

The pumping tests program offers several subprograms for testing well performance and/or measuring
pumping discharge during a pumping test. In addition, one subprogram makes possible the determination of
aquifer parameters (transmissivity and storage coefficient) if three or more observation wells are available.

The following menu appears when you select letter P (pump tesy) (Fig. 4.3):
S=S5tep-Drawdown
R=Radius/Depression
Q=Discharge Orifice Weir
F=Discharge Flowing Well
I= S=((r) --
T=S81ep-Drawdown C;,C.P
ESC=Exit M/Menu

Step-Drawdown Test. Since this is a test of productivity of a well, it is often called well-production test. This
is a variable-rate well-production test. Well is pumped a1 a constant rate for a certain period of time (between
one and 24 hours) and drawdown is recorded at the end of the pumping step. Pumping rate is then changed,
normally increased, and well is pumped for the same period of time. Water level is measured and drawdown
calculated. The same procedure is repeated with differeat pumping rates one or more times (minimum 3
steps). It is understood that each step must be of the same duration as the others.

According to classical theory, the total drawdown in a production well has two major components: the
drawdown s, (aquifer loss) due to laminar flow of water through the aquifer toward the well and sw (well loss)
due to the turbulent flow of water through the screen or well face and inside the casing to the pump intake.
Other components, such as additional drawdown duc to the partial penetration of an aquifer, or the drawdown
due to0 barrier boundaries of the aquifer or the build-up due to recharge boundaries of the aquifer, are

normally contained within the aquifer loss. .

According to Jacob (1946), well loss may be represented approximately by the following equation
Sw = C2Q?

where

Sw = well loss, [L]
C2 = well-loss constant, [TZILS]
Q = discharge, [L¥/T]

_ Aquifer 10ss, 5y, is linearly proportional to pumping rate, ie.
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sa = C1Q

Thus the equarion of tota! loss during pumping may be written as
s = CiIQ + CQ?

When a well is pumped with three or more steps, the computer subprogram makes it possible to estimate tt
values of coefficients C; and C2.

You are prompted to input the values of drardowns and pumpingrates for each step. The minimum require

uumb;:r of steps is three and the maximum is five. (In most cases, three is the acuual number of pumpir
steps.

After all pairs of vatues are input (Fig. 4.10), the screen displays the values of coefficients for aquifer loss (C:
and well loss (Cz). On the second screen, which is shown after any key is pressed, there will be a table showin
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actual drawdowns for each step, pius aquifer loss-and well loss {or particular step. In addition, weil efficiency
will be calculated and displayed for each step (Fig. 4.11). Well efficicncy, in this cse, is defined as the ratic
of aquifer {oss 1o measured drawdown. This is equivalent 10 saying that aquifer lass is unavoidabie but ail well
losses could have been avoided provided that the well had been correctly constructed (large enough casing

diameter, befow-critical eatrance velocity, proper gravel pack, proper development, pumping rate com-
mensurate with well construction and aquifer potential, etc.).
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The use of the subprogram is demonstrated with an example from the Walton's book

pumping-rate well-production test was congucted with the following resuits:

Step Pumping rate Drawdown
gm ft
1 100 325
2 151 572
3 199 353

(1970, p_357). Avariable

Before entering the test values, you should select as working uits feet for distance and gpm for pumping
rate. After you input all thres pairs of drawdown-discharge values, the screes displays the values of
coefficients C; and Cz

Agquifer loss = 9.959397 sec/ft®

Well loss = 21.371817 secfis

After you press any key, the second screen displays a table of measured drawdowus and calculated aquifer
loss and well loss. Finally, the last column displays well efficiency defined as a ratio of aquifer loss 10 measured
drawdown. The results are 2s follows: - -

Measured Aquifer Well Well
Step drawdown loss loss efficiency
ft ft ft %

1 3.25 22044 1.04698 67.3

p3 572 33286 238723 582

3 3.53 43867 4.14616 514
Average efficiency = 59.13%
In Walton (1970), the well loss coefficient equals 21.6 sec?/ft5, and well lass for pumping rate of 152 gf
equals 2.46 ft. :

Radlus of Depression. You select this fuaction by typing the letter R from the PUMPING TESTS menu.The
formula for the radius of depression, which is derived from the nonequilibrium equation in the case of an
infinite artesian isotropic and homogeneous aquifer without aoy recharge from the surface, is equat to

R = {Square Root of} (225°T*1)/S
where

T is aquifer transmissivity

t is duration of pumping

S is storage coefficient

The expansion of cone of depression during constant-rate pumping 10 almost infinity is a rather ideal
situation. It does not consider any boundary, whether recharging (which might slow down or stop the
expansion of depression) or less permeable (whick might make the cxpansion faster). The use of the fornula
should be restricied 10 rather limited spread of depression, say of at most severai ten kilometers.

The program prompts for the values of transmissivity, storage coefficient and time. The output is the radius
of depression for ideal conditions of an artesian, isotropic, homogeneous, infirite aquifer.

Example: .
T = 2000 m¥day T = 50,000 gpd/ft
S = 0.001 $=00001
. t=10days t = 30 days
R =67082m R =67,1657H

Clrcular Orifice Weir - Pumping Disciiarge Measurement. The circular orifice weir is one of most com™.only
used devices 10 measure the rate of discharge from a pump. The details of construction of an orifice and the
measuring setup are explained in several books (Ground Water and Well: “>hnson Division, 1972). The
program contained in this ground water software helps to calculate the discaarge rate when discharge pipe
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iameter, orifice plate diameter and the height of water column in the piezometric tube (head) are known.
Numerous combinations of pipe and orifice sizes and applicable tables are available. This program closely
follows a standard developed a1 the Engineering School of Purdue Universiry.

The program prompts for pipe diameter, orifice diameter and water column height This is the only
subprogram ia this package which overrides the working units. No matter which units you have selected, the

input for pipe and orifice diameters, as well as for the head, must be in inches. The output is in gpm, m3/day
and l/sec.

Example (Fig. 4.12): Pipe diameter = 6 in.
Orifice diameter = 4 in.

Head = 5in
Discharge rate = 142.8 gpm
= 7783 m’/day
= 9.01lsec

The values obtained from the program correspond within 2-3% to the vajues reported in 103-D-1468
("Measuremen: of Waser Flow through Pipe Onificewith Free Discharge", Purdue Universiyy, Lafayerte, Ind., 1949).

=
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orifice dlasstar to pire dlasetar. d [a)
t [day)
Press amy key to contimus. Q [adrdayl
—_ Ir{aZ/dayl
Fig. 4.12
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Discharge from Flowing Wells. The dimension of a stream flowing from an open pipe, either vertical or
horizontal, can be used 1o obtain a rough estimate of the flow rate. This subprogram calculates the free flow
from a veruical pipe when the diameter of the pipe and the height to which the water rises above the pipe are
known. The basis for the estimate is the classical formula for velocity head, V2=2gh, where gis acceleration _
due 10 gravity, and h is the head. The final results, with appropriate correction factors, are close to flow rates
from Lawrence and Braunworth data (“Fountain Flow of Water in Vertical Pipe®, Transactions, 1906,
vol57,p.264, ASCE). '

The major prerequisite for the appiication of the program is that all water from the well flows upward through -
the pipe and that there is no any flow bypassing the pipe and reappearing at the surface from the borehole
annulus. The flow must be sufficiently constant so that the height of water does not vary appreciably. The
vertical pipe shouid be a straight length, not less than 0.9 m (3 ft) long, so that the apen end is at least this
far above from the nearest elbow, bend, or valve. Also, the values are for standard stee!l pipe with smooth
inner surfaces.

-

The program produces rather correct values for the height of water of at least 10 cm (4 inch), from a pipe
diameter 2 to 8 inches.
Example: Nominal diameter of pipe = 6 in.
Height of crest = 10in.
Q = 57632 gpm

(Value from a table in "Grouad Water and Wells, 1972, is 580 gpm.)
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NOTE: In this program you may select any units. The flow will be displayed in selected units for discharge. |

Distance-Drawdown Method for Calculating Aquifer Parameters. When Jacob's approximate solution 1o
Theis nonequilibrium formula is solved for drawdown as a function of distance, for a fixed time, the followin’

is obtained:

s = [(0.183xQ)/T)xlog(225TVS) - (0366Q/T)xlog r
where

s = drawdown at a distance r

Q = constant pumping discharge

T = aquifer transmissivity

t = time of pumping

= storage coefficient

r = distance from pumped well
Since this is an equation of straight line in the *s® - “log r* system, one may calculate aquifer parameters T
and S if threec or more observation wells are available during the pumping test. It is a standard routine in
aquifer evaluation tests to plot drawdowns on a semilog paper, with drawdowns on arithmetic scale and
distances on logarithmic scale. The straight line equation becomes equal to

s= Ao+ Arlogr
Transmissivity is calculated from the slope (coefficient A1) of the straight line "delta s* (change of drawdown
berween any two points one log cycle apart)

T =0366Q/delta S

and storage coefficient from the coefficient Ap 2nd known T,
S = 225 Ttx exp(-12.56 A,T/Q)
Example:
From Walton's book (1972, p.234, problem 4.2)

Distance from
production well Drawf:!own
ft
100 840
1,000 5.65 -
10.000 234

When these three pairs are input as prompted by the program, the following values are obtained:

" - 94,78439 gpd/ft
3 = 0.000527
and the fit between measured and caiculated drawdowns is displayed:
Well Meas. drawdown (t) Calc drawdown (ft)
1 8.40 841
2 5.65 5.683
3 2.34 2.85

The results in Walton's book are: T=93,000 gpd/ft; S=0.0006.

Step-Drawdown Test with Well Loss Proportional to "n® Power of Q. This program differs from Step-Draw-
down part of the program (letter S) in the foilowing way. The first program assumes that aquifer [oss is linearly
proportional to pumping rate, while well loss is proportional to Q raised 10 second power. This part of the
program is in line with Rorabaugh’s (1953) (inding, according 1o which n is not fixed to 2, but varies according
to aquifer and well situation from less than 2 to 3.5. Values of n less than 2 may occur if Q is relatively low
and full turbulence has not yet developed in the entire well-entry flow. For very low values of Q, the flow may
even be laminar throughout the sysiem, in which case the well loss coefficient will be zero. To conclude, the
basic forrnula forw:  .;awdown is
s=AQ+BQ
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The computer program prompts you for three or more pairs of drawdown - discharge values. After all values
are input, the aguifer and weil loss coefficients are dispiayed, together with the power of ts Q term. The
measured drawdowns are compared with computed drawdowns, and the average well efficiency is displayed.
Efficiency is defined as the ratio of aquifer drawdown (0 total drawdown, "declaring” all well losses as

inefficient and unnecessary.
Example.

From Bouwer (1978) book "Groundwater Hydrology" (Fig. 4.13):
Q(m’/day) 1000 2000 4000
s(m) 456 10.74 29.48

graphical calculation produced the following values:
8=23 A=0004 B=7x10%

The program calculates the following:
n=23
A=0.004
B=6.76x 108

and an average well efficiency of 76.5%. Thus average well loss component is about 23.5% of ihe drawdown.
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STEP DRANDOWM TEST "P** POMER

Step Drawdowm Aq. Loxas Waill loss Efficiency
| 4,568 4.5232 B8.83678 99 2%
2 1B.748 9.8465 1.69352 04, 2
3 29.4880 13.5697 15.918398 46,8«
Avarage Mell Efficiency = 76,52
- Working units
Chack data L|f efflciency above 188x¢ or Bt d (m] "
t [day] s
Woll Efficicncy Is dofinod as a ratio of aquifer loxs to Q (a3vday] - :
scasured dravdown. Press any key to contime. Trin2/dayl
. . g |
Fig. 4.13
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The step-drawdown test gives information regarding the relation between pumping rate and drawdown of 3 *
given well. This is important in selecting the optimum pump and depth of pumping. The 1est also shows how
much head loss occurs in the aquifer, and how much in and around the well. Excessive well losses indicate
poor design and construction, poor development of the well, or deterioration of the screen.

4.5. Well Construction

e

General. This poniion of the program deals with several subprograms that h;:lp to sclect proper casing
diameter, proper screen length, 1o evaluate whether the screen entrance velocity is eventually above a critical

velocity, etc

UN/DTCD, Water Resources Hranch
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The following menu appears after you type the letter C from the main meny (Fig. 4.4):
D=Casing Dia
S=Screen Length
L=Entrance Velocity
ESC=Return 1o M/Menu

Casing Dlameter. The program relates the design pumping rate of the well with optimum casing diameter.
The diameter of the production-well casing should be two nominal sizes larger than the bowl size of the pump
to prevent the pump shaft from binding, 10 reduce head losses, and 10 allow measurement of water levels in
the well The casing diameter may be reduced bejow the maximum anticipated pump setting depth. Suggested

casing diameters for various pumping rates are caiculated by this subprogram according to recommendations
in Walton (1972, p.299).

The program prompts for only one parameter, the pumping rate of the well (Fig. 4.14). When this is answered,
the optimum (recommended) casing diameter is displayed in inches. (This is one of rare routines in this
package in which the result is in inches no matter what is the unit for length.)
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Uareion 1.99
4. WELL HYDRAULICS aMD WILL COMSTRUCT IOM . Decesher 1989
WELL CASING DIAMETLIR
- RECOMMEMERD WKF1lL CRSIMG DIAMETER
Pumping Rate = 1728 [a3’day)
Ortimun Casing Disasmtar = 18.8 (in)
Horking units
Suggestad casing diasnter for above puaping rats d (=l
t (day]
Q (m3/dayl
7 Frese ary keay to continue. Trial/dayl
. Fig. 4.14 '
Examples:
Pumping rate Casing diameter
1728 m3/day 10in
3000 gpm 24in
35 lfsec 12 in.

The open area of a screen increases with the diameter of the screen. Thus selection of the production-well
diameter may depend upon the desired open area rather than the probable pump required. Yet, the result of
this program may be a first step in selecting the correct casing diameter.

Screen Length. The recommended screen length is a function of entrance velocities into the well. The screen
length as calculated in this program is based in pan on the effective open area of a screen and an optimum
(critical) screen entrance velociry. [f the length of ascreen is less than recommended, implying higherentrance
velocities than permitted, there will be a possibility of clogging screen openings by migration of finer particies
from aquifer toward the screen. This process, and critical screen entrance velocity, depend largely on the type
of aquifer maierial, which is reflected in aquifer permeability. Thus the input 10 the program consists of two
components: (a) open screen area, (b) selected critical (optimum) ertrance velocity. The first may be known
for a particular screen, or it may be calculated from another subprogram in this package (section L -entrance
velocity) in which the parameters are screen diameter, percentage of open area of the screen, and screen
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length. If "1 is selected for the screen length, with known screen diameter and percentage of 0zen area, the
screen open shall be calculated and displayed per one unit length of the screen (e.g. m/m). This value can
then be used in the °S* portion of the program to calculate a recommended optimum screen length.

The second input parameter, optimum (critical) screen entrance velocity, as a function of aquifer permeabil-
ity, is displayed on the screen suggesting to you which value to choose.

Example: From program "L" - screen diameter = 0.2m (8 in.)
screenlength = 1lm
open area = 11%

Result: Opea screen area = 0.069 m%/m

In program *S" ~ openscreenarea = 0.069 m%/m
entrance velocity = 2600 m/day (this is a value for K=80 m/day - coarse sand)
well discharge = 1728 m¥day, or 20 Usec.

Result: Screen Length = 9.63m

Another exampie is shown in Figures 4.15 and 4.16.
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6 care (8.2 ftrg), Press a key to contimue. Iria2/dey]

R AN A AR = A MR B I £ A TR IAL N T L AN Y KRR s e A
T ST e g o e e e e g

WA e 5 PO RETYPrETeS
ST e e NN AT L 8 B R D S iR e e ere L

UN/DICD — CROUMD WATER SOFTWARE Veraion 1.88
4. WELL HYDRAULICS AMD WEILL CONSTRCT1ON Decenber 1969

RECOMMDOID SCRIEM LINGTH

Opon Scresn Avwa z 8.0569 (al/m}
Eniranco Velocity = 2688 {nday] N
Optimus screen entrancs welocity. Functloo of
- perwaahility. Morhing units of length and Lime.
| § v 1 X v | I v ]
ord] ad emsn | wdl wd cars | wdl w/d caral
<20t 1398 1.5 ! 481788 2.0 | G8I268A 3.8 1 Morking unita
180! 3008 3.5 | 16813988 4.5 | 25815288 5.5 | d (m)
t [dayl)
Typo ontrencer welocity to screen. Seloct from ceasplcs abowe. Q {ndrday)
: In m2/s or ft2/Ft depanding on warking unit for lamgth. TrinZ day)
. Fig. 4.16
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The relationship between optimum screen entrance velocity and the coefficient of permeability of the aquifer
which is used in this program, applies mostly tonaturally gravel-packed wells, Thesame procedure is followed
in selecting the optimum screen length for an artificially packed production welf except that the average of
the permeabilities of the aquifer and pack is used to determine the optimum entrance velocity.

Entrance Velocity. This program calculates the acteal entrance velocity to the screen as a function of pumping
rate, screen diameter, length and percentage of openings. It involves simple arithmetics. Input parameters
are:

screen dizmeter

screen length

percentage of open screen area

The result is the entrance velocity to screen in several units. For comparison, at the message line a comment
is displayed suggesting critical permissible eatrance velocities as a range from 3 cr/sec to 6 cysec depending
on aquifer permeability.
Example (Fig. 4.17):

Screen diameter =02m (8in)

Screenlength =6m

% QOpenarea =11%

Well discharge 2000 m*/day

Results:
Open screen area = 0.415 m?
Entrance velocity = 4822 m/day
= 5.582 cm/sec

The message at the bottom line suggests that the critical entrance velocity for less permeable medium could
be about 3 cm/sec and for more permeable medium up to 6 cm/sec, [n this case the decision whether thr
entrance velocity is above or not the recommended maximum entrance velocity will depend on the permes
bility of the aquifer.
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Screen Diamater = 8.2 (m)
Scresn Langth a6 {m)
Porcant Open ARrea = 11 (#4]
Pump Diccharge = 2088 (m3d/day]
Open Screan Ares = 8.415 [aZl
Entrance Valocity to Scresn = 4822.B66 [(mrdayl
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5.1. General

This program allows you to create, edit, update 2 ground water level data base, and to display hydrographs
on the screen, print or plot them.

In order 10 run the GW$ program you must copy the following files to the GW directory: UNS.WND,
UNS.CMN, UN5.MST, and GW5.EXE. The minimum memory required for running the program is about
400 KB. In order to view hydrographs on the screen and/or to priat them, you will need at least £50 Kbyies
of memory. A video display adapter is required for viewing hydrographs on .he screen; a dot-matrix printer
with graphics capabilities is required for printing and a HPGL -compatibie piotter for piotting hydrographs.
The four mandatory files take up about 355,000 bytes of the disk. B

Program Features

(a) You can input irregularly observed water levels. The program will find the correct time of obsetvations
on the time scale. You determine the interval for connecting the points on the hydrograph

(b) Youcan inputdata cither as water levels in absolute elevations (above mean sea leve!) or as depths from

a certain measuring point. Hydrographs are aiways displayed with double scale: depth to water on the
left, absolute elevation on the right.

(¢) Regardless of the time interval used in a ground water level data base, you can select the time interval
10 dispiay, print or plot

(d) One data base can contain a maximum 500 observation wells, and each well may have up to 500 water
levels (depths).

() The program automatically determines the time and level scales to fill one screen with the graph.

(D Thedatainput is twofold: (1) from an ASCI1 file prepared either by a word processor with Nondocument
or ASCII option, (2) directly from the progsam.

(g) When the data are input interactively from the program, the input must be vear by year. This means that
you shouid select the time interval for the starting year, type in the data {or that year, change the time

interval to the next year and type in the data for that year, etc. In a similar way you may edit the data,
year after year.

Water levels and/or depths must be input in a time-sorted order. Thre program will notice and displaya message
to the effect that some values are not sorted.

5.2. Running the Program

After you select this program module from the main progr=— menu, and press RETURN, the opening screen
is displayed and you are prompted for the file name of the ,ound water level data base, as shown in Fig. 5.1
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You are prompted to supply the name of the data base (standard DOS fle aame, without extension). If the
file with such a name exists (or, has been created before) the program will Gl in the other two felds (Project
and Organization). These wo fields are used oaly for labeling the printout. If this is your first attempt to
create a data base, such a data base file name shall not exist and the program will display a message:

This file dos not exist.

Press C to create new file or Esc to exit.

Press C. The first line will display the file name (data base name) which you have just typed, and the cursor
shall be on the second line: Project. You may rype anything you want, or skip by pressing RETURN. Press
RETURN anyway whether you typed something or not. The cursor moves to the third line: Organization.
Enter a value and press RETURN. After you press RETURN, if this is your first attempt to create a data
basl:g_. the screen will prompt you for units for distance, followed by the *Working Time Intervai® prompt, as
in Fig. 5.2

The preprogrammed default unit for distance (depth, elevation, aititude) is meter, but you may select either
meter, foot, or define your own unit The idea of defining the working time interval is to have the possibility
of creating a large data base, with water levels input over a long period of time. However, when it comes to
editing, analyzing, displaying, or printing hydrographs, you may reduce the interval by assigning a shorter
period of time, the one that you may have interest in.

The program has several logical controls built in. E.g., the program will notice that you have not specified
the month or date. [n the case of a wrong input the message will warn you that "month must be between 1
and 12°, Likewise, you cannot specify the ending date earlier :zan the stanting date. Since both “Units for
Distance” and "Working Time Interval® exist as functions on the Main Menu, you may change either at any
time. However, care should be exercised in selecting the time interval. Most of errors are due to improper
working time interval
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Main Menu. The main menu, shown in Fig. 5.3, contains the following functions:
U = Define Units
D = Daua Input, Edit, etc.
A = Data Analysis
T = Working Time Interval
* = Change Depth (-) Altitude

X = Exit 1o DOS
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Notice aiso the message in the lower right comer:
Working Units :
Depth
d ()

indicating that the data base contains levels in the form of depth (from a measuring point), aﬁd that the unit
for length is meters. ' '

The message line at the bottom contains the instruction: Press U,D,A, or T to select a function group.

In preparing a new data base, you should first type the letter U to define your default units. You should select
meters or feet as units for length, select a time interval large enough to accommodate all presently available
data, and change *altitude"® for "depth” if levels are already expressed in absolute ejevations above the mean
sea level. Then go to option D to input data.

5.3. Data Input

After you type the letier D, the menu shown in Fig. 5.4 will appear. The following functions are available:

I - {or input from an ASCII file
O - foroutputto an ASCli file =
- N - for new data input from keyboard
E - for editing data
A - for data analysis (display and printout of hydrographs)
D - for deleting data
Esc - to return to Main Mena
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Option [ is used when data are to be read from an existing ASCII data file. The file could have been
created either with a word processar (WordStar, Word, WordPerfect, Personal Editor, etc.) or
from this program using the option N.

Option O is'used whea the data that have been created from the program (option N) or edited (option E)
are to be stored in a separate ASCII file.

Option N is used for interactive input of new dara and creation of a data file.

Option E is used for editing existing data, or far extending the period of record.

Optlon A is used for displaying the graphs, or their printing.

Option D is used for delcting one or more data files (individual wells). .

Option T  is used to modify the time interval. It is very imporant because depending on the time interval
selected the data will be displayed and available for editing. For example if a wrong time interval
is selected the data may not be “visible® and corrections or extension of data will be impossible.

Pressing Esc wiil return you to one menu backward, i.e. to-main menu.

Input from an ASCII Daza File. To input data from an ASCII file, type the letter I and answer the program’s
prompt for a file name. You may have created the file with a word processor in which case the file should have
the following format and appearance:

line 1: file name

line 2: description of observation well, any character

line 3: description of aquifer (e.g. Quaternary, dolomite, Ogallaia)

line 4: X, ¥y coordinates, {and surface and measuting point elevations, format 4F10.0

line 5: the starting year, tryped with four digits in columns 1 through 4

line 6: the starting month, typed with one or two digits in columns 1 and 2 (if the month is one from
January through September the one-digit value is typed in the column 2)

line 7: day, hour, minute, and the level or depth, in the format 12,213,F10.0

line 8: continue input in the same month _ ’

line 9: same as above__,

When one month is terminated the next line contains only one **® character typed in the column 1. The next
month follows same as in line 5. The year is terminated with two *** characters. The entire daa file is
terminated with three **° characters. An example is shown on the next page.

UN/DTCD, Water Resources Branch USER'S MANUAL
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“Pitpur
- Observation Well Pitpur
Quaternary

1000 1000 0.00 0.00
1987

5

1120 -1.77
L}

6

1120 0.46
7

1120 121
8

1120 1.28
9

112 0 136
10

1120 1.03
.

11

112 0 1.70
12

112 0 154
1988

1

1120 0.04
2

1120 -1.84
3

1120 3.15
a4

1120 -5.00
L

5

1120

[ ]

.li.ne

line
line
fine
line
line
line
Bne
line
line 10
line 11
loe 12
line 13
Hne 14
Ene 15
Gne 16
line 17
Bne 18
line 19
line 20
line 21
fine 22
line 23
Ene 24
Ene 25
fine 26
Ene 27
Ene 28
ine 29
Ene 30
fne 31
line 32
Ene 33

Yoo i W=

kne 34

§mne 35
fine 356
line 37
Ene 38
ipe 39
line 40

fne 41

line 42
Ene 43
ine &4
Line 45
line 46
Ene 47
Ene 48

Daza Bases and Usilies .. Chapter § (GW

Immediately after you enter thedata file name and press RETURN, the first line on the screen shows Number
of P/W = 1, The letters P and W stand for "piezometer” and “well”, respectively. Also on the same line the
name of the data base is showan

Important instructions: (a) Eachmonth must terminate with one star; (b) each year must terminate with two
stars; (c) <data file must terminawe with three stars; (d) press RETURN after the last entry (three stars).
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~ column 1, there will be an error message “End of file before end of line*. If you accidentally leave
.. one biank line at the bottom of the data file (one zdnlnnnal RETURN was p:med), the error J

However, most errors occur if your word processor does not produce an ASCII file. (Witk WordStar, unless
you “print® the file to ASCII printer, you will not always get a 100% ASCII file. Check this with the utility

SHOW.COM that is appended to this software paciage. If you see some strange character, such as a light
rectangle, heart, or the like, you have problem!)

You may prepare several hydrographs in the same daia file. After three stars (***), which implies the end of
one hydrograph, you may continue with second well name, followed by description, aquifer, coordinates, etc.

Inpus from keyboard (inside the program). If you want 10 create a data file interactively frominside the program,
the N option (for "new daia“) should be used. Prior to pressing N be sure that the time intervai is the right
one. The program will respond by prompting for identification. Type any meaningful name. The program
ignores characters beyond the 16th.

Next a table for general data will appear (Fig. 5.5). The message at the screen bottom is as follows:
When you finish editing, press Esc. Table with
time-level data will come next.
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Although such a message may not be quite relevantai this moment, this routine is used also for editing existing
general data (option E). *‘Description” and "aquifer” eatrics are optional. You may press RETURN for either.
Their conteat is used only for labeling the printout, if so selected. Likewise, X and Y coordinates shall be
used in future program’s revision, for creating a water jevel contour map from available observation wells.

You may type actual coordinates, or press RETURN twice. The last entry, “Measuring point elevation, Z1°,

is important, if observation well efevaticn is available. Each graph displays and prints two scales: on the left
the depth from measuring poiat, on the right absolute elcvation of the water level. If Z1 elevation is not
known or input, both scales shall be the same, starting from 0. (One incoasistency is noted in this version of
the program. When the ievel goes above the land surface, one should type the level with minus sign. Yet, the

scale on the left side of the graph is somewhat pecutzar plus sign down from “0" ordinate, minus sign above
the "0° ordinate.)

The table that will come next looks as shown in Fig, 5.6. Before typing or editing time-level data, confirm o1
modify the year on the top left. (The program notices the last year of your "Working Time [nterval® and otfers

the last year t0 start the input The logic is the following. In updating a data base, one normally continues
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from the last available information. So, if the data base was last lime updated in June 1989, when the job is
taken up, the next month shall be July of the same year. However, in creating a new data base, if you specify
the time interval spanning a two-year period, say 1988-1989, the year that is displayed, that is 1989, should -
be modified to 1988, "

You may move along rows or columns using the cursor control keys, space bar, return, page up and down,
home, and end. After you finish your input, press Esc to return 10 the Data Menu. It is a good practice to
write the new data to an ASCII file. Press O and supply the name for the file. .

Warnings. Remember to terminate the last line in the data file with RCTURN before exiting (Esc).
Do not try to continue after tl.2 12th month. (Program will ignore the input beyond the month 12.)
. ‘Data must be in time sequence. After one year is finished, the year displayed in the top left corner
-is opdated for one, and you will be prompted to confirm or modify it. You may also escape now by
pressing ESC, o oo e TR

5.4. Editing Data

The procedure for editing data is almost the same as the procedure for entering new data(option N). The
difference is that the cursor should be placed an data file which is to be edited. (The program will not ask for
the file name or identification.) The table with general data will appear filled with old values. Edit the data
or escape. The time-level table will come next. Remember that editing is waiting for your confirmation of the
year which is displayed on the top left. The real Lable with time-lcvel data will not appear until you confirm
the year. Nothing prevents you from editing one year afier the other.

Writing Data to an ASCII Data File. The option O allows you to write the data, both general and time-level,
into an ASCII file. Place the cursor on the line 10 be copied to an ASCII file and type the letier O. You are
then prompied for the name of the file to which you will write the data.

Deleting a File. In order to delete a file, place the cursor on the line with the file to be deleted and press the
letter D . Remember, there is no way to "undelete” the file. As a precaution, have al] dau files transferred to
ASCII files one by one prior 10 deleting any file from a data base. The program warns you that you have
pressed D for *Delete”, and asks you to confirm this operation.
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Changing Time Interval. This is a critical concept in this_snftware package. All *evil" will normally come from '
an erroneous time interval No matter how large is the time span in the data base, only the available data will
be shown when editing is invoked.

5.5. Analysis

' Fig.5.7

ECNERUTEPARLY

You may display and/or print hydrographs from this menu or from the main meau. Ir either case the option
is invoked by pressing the letter A. The procedure is explained here below.

Typing the letter A will take you to the Darta Anaiysis Meau (Fig. 5.7). The following options are available:
D - for displaying hydrograph
P - for printing hydrograph
Q - for printing a table with data
T - for selecting the time interval to be displayed and/or printed.
C - for changing the size of connecting interval
B - for plotting hydrograph ,
A - for creating an ASCII plot file, to be eventually edited and/or used in some
commercia] piotting program.

First select a file with the cursor. Next check the time interval which will be used. Type T and modify the time

interval if necessary. [n some cases, when you type A from Main or Data meny, the program automatically

asks you to confirm the Time Interval for displaying the data. If you wish details, reduce the time interval By

modifying the time interval you may eniarge or squeeze the graph Display the bydrograph by typing D. Print

hydrograph by typing P. The first prompt will ask you to make printer ready and press RETURN. After that

you will be given chance to select berween two formats for printing hydrographs. You may print hydrograph

with all the information (general data) i~ data file, such as project name, organization, coordinates, clcmiong&
aquifer description. In this case the graph itself shall be centered on a A4 page with general data precedirs..
the graph. However, you may opt for only graph and its identification. In this case you may have "
hydrographs on one A4 page. Answer this prompt by either F for full page with data, or R for *reduced” data.

Print data table by pressing *Q". Plot hydrograph by pressing B. :

You may decide whether you want to connect some missing intervals or not. If, e.g, data in two months are
missing but you still want 10 have 2 continuous (connected) graph, press C and type 61 for *Connection
“~terval (days)®, followed by two returns. The program scans the time interval between two successive time
-1lues and connects them if the time clapsed is less than 61 days.
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UN/DTCD — CROWMD WATER SOFTUARE Version 1.88 ¥
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ldentif lcation l Dezcription ]
B=Displ Hydrog A

J81 SOmaruR = PaPpint Huydrog
JE2Z2 GRLRADAMA w QaPriot Tahla
JS3 JURAPANIT xx TsTime Intarva:
JS4 HURAGACHHI XX CsConnecting
JSS EARJIBARI . XX tiaa span i
J55 BAIGUNDHARA XX BaPlot Hydrog
JS7 BANSRARI x . || A=asCIt plet s
JSB BHALUGAON XX f1le
J318 CHALADHHUBA XX - Eac=Exit to '{'.
JS11 DAMNGIBARI x Prov BNoma ?:’
JS12 PHULBARI x .
<4813 RAJGADH b+ Horking units i
J814 GHODMARA x ‘D-n‘ :
. -

Press D.P,Q.I.C.B ar A to salect a function group.
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5.6. Example

To run this example, create 2 data base from the keyboard containing one data Gle. The data are real (Nepal,

UNDP project NEP/86/025, executed by Department of Technical Co-operation for Developraent, Water
Resources Branch).

Type GW and press RETURN. Wait for the opening screen, press any key except Esc. Read, if you wish, the
copyright notice and press any key except Esc. Select the module 5. Hydrographs, and press RETURN. When
prompied for Data Base File type NEPAL. The cursor is now on the Project. Type NEP/86/025 GROUND
WATER [N TERAL Press RETURN. For Organization type GWRDB, UNDP, UN/DTCD. The screen is as
shown in Fig. 5.8. The line (m) is highlight ed. Press RETURN. The screen Define the Working Time Interval
appears next. Type 1988 for the starting year, 5 for the starting month, I for the day, press twice RETURN

bypassing starting hour and minute. Type (989 for the ending year, 2 for month, 28 for day, press RETURN
followed by Esc.
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UM/DTCD — GQROUMD WATER SOFTWARE

Varzion 1.88
S. WATER LEVEL DaATA BASE

Decenbher 1989
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Data Baxge File : NEPAL B o ;
Project : NEP/86/82% ; T
Organization : GURDB - UN/DICD

ESC to quit, RETURM to continue. =-
. Fig.5.8
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promp: with STW-3 PARASI UN and press RETURN. The screen as in Fig. 5.5 will appear. On the line
Description type *Shallow, 38.4 m, drilled Jan. 88" and press RETURN. Type "Quaternary” at the Aquifer
prompt. Press RETURN. Type for X 762900, and for Y 3048000. For LS Elevation Z type 111.39, and for MP
Elevation Z1 type 112.03. LS and MP are abbreviations for land surface and measuring point, respectively.
Press Esc. Modify the year 1989 offered by the program to 1988. Press RETURN and wait a while untilanother
able with columns for time and level is displayed. The cursor is in the first row, first column. We start with
May 1988, actuaily the ievel on 2 May 1988 is 3.08 m. Type 5, press RETURN, type 2, followed by two returns
(or several cursar right-arrow keys). Type 3.08 in column Depth. Press RETURN. You are now on the second
line. Type 6 (June), 9 (day), RETURN for hour and minute, 3.6 for depth t0 water wble from measuring
point. After all months in 1988 are processed the table will ook as follows:

You are now on the main menu. Type D for data input, and select N for new data. Answ

) S 200 308
6 9 00 36 b
72 100 18
8 300 07
9 2 0 0 062
10 300 195
11- 3 0 0 212
12 15 0 0

228
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Do not forget to press RETURN after typing 228 The cursor must be in column 1 on the blank line. Press
Esc. Notice that the program updates the yeas to 1989. Confirm that year by pressing RETURN. Type 1 for
month; 15 for day, rwo returns for hour and minute, and 2.57 for depth. Press RETURN. On the second lic. -

type 2 for month, 3 for day, press twice RETURN, and type 336 for depth. Press RETURN. Do not forg‘”
this! PrssEsc.AndataarenowmtheﬁleSTWéPARASIUN

Type A to select data analysis. Type T to confirm the time interval. If you selecs the time interval to start with
May 1988 and terminate with December 1988, the bydrograph will be as shown in Fig.5.9. View Lhe hydrograph
by pressing D. Print it by typing P. Print the data in table form by typu:g Q. The daua are printed in the table
as shown in Fig. 5.10. You may also plot this graph. Press letter
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6.1. Program Overview

The program GWS6 is Lithological Data Base, which includes several retrieval subprograms: (1) Well
construction data with lithological column in graphical form; (2) Lithological cross-sections; (3) Table with
all wells in data base, including well Rame, xy,z, depth, and screened interval; (4) Calculation of the percentage
of permeable intervals; (5) Map showing the location of all wells in the data base. The program has built-in
many graphical symbols for lithological units (sand, clay, gravel, hard rock, etc.), but you may also design
almost any kind of symbols and assign to them different names. You may edit all data from inside the program
using your favorite editor. You mayview on the screen individual well logs and whole cross sections. You may

also use a mouse and select the lines of cross sections directly from the screen map. You may print or plot
well logs and cross-sections. .

The GW6 program contains the following files:
GW6EXE - run file, command file, executable file
UN6.CMN - communication file

UN6WND  -windows

UNG6.MST - menu strecture

GW6.GEN - general data file MUST BE EDITED BEFORE STARTING NEW PROJECT)

GW6.DLT — description of lithelogy file, with various symbois preprogrammed and/or designed by the
user

GW6.STM - codes for permeable members
DIGXSC.EXE - file called from main program to create coordinate system with map of wells

GW6CEEXE - file called from main program (GW6,EXE) which is used in creating new files in lithological
data base

BL#.LTH - examples from a recent project in Nepal, where # is the aumber of tﬁe well

The following files must be copied to the \GW directory: GW6.EXE, UN6MST, UN6.CMN, UN6.WND,
GW6CF.EXE, DIGXSC.EXE, GW6.DLT, GW6.STM. They occupy about 330,000 bytes of disk storage. The
minimum memory requirement for the GWAEXE program is about 430 Kilobytes, but, with screen and
printer drivers, the maximum memory requirement is about 580 KB. This means that you must eliminate any
memory-resident program, and even reduce your CONFIG.SYS fle, if you wish t0 use screen display and
printing capabilities of the program. ‘

You will need a video graphics adapler, if you wish to view welf logs, well map, and cross sections on the
screen. A mathematical 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 of screen presentation is greatly
improved by running the program on a fast microcomputer, preferably the one with clock speed of 12
megahertz or more. A typical well log is calculated and displayed on the screen in about 35 seconds on a 25
MHz computer equipped with a 25-MHz co-processor. It may take 5 minutes if the program is run on a
computer running at § MHz, without a co-processor. You may find a mouse useful in selecting the lines of
cross sections directly from the screen map.

In this manual you will be instructed to create the data base, 10 run the program, to design additional
lithological symbols,

—
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The program is written in such a way that it can be installed on a hard disk drive other than C. However,
shouid you select a hard disk panition other than the boot disk C, you must copy the COMMAND.COM fle
into the root directory of the bard disk partition where your data base shall reside. The COMMAND.COM
file is used by the program to read other files (GWAGEN, lithological files, e1c.).

You do not need to have your text editor in the same subdirectory (e.g. \gw\gw6). However, be careful, if you
specify the path to the editor correctly, this still does not mean that the program will be able to use that editor.
Almost every text editor or word processor has, in 2ddition t0 one EXE file, speller and thesaurus, several
message or overlay files. These cannot be found by the program with ordinary DOS PATH utility. You need
something like "SEARCH" utility which will search specified sutdirectories and find any required file, no
matter what is its extension. If you are an inexperieaced computer uset, it is advisable that you copy your text
editor files into the \GWAGW6 subdirectory (without speller checker, thesaurus, or printer files). However,
data files (data base) can be physically separate from the program subdirectory. When you are asked by the
program to select files, specify the compiete path. E.g,, if your daua base iles are on hard disk subdirectory
catled NEPAL and cach well file is terminated with extension ®.1th, specify the path C:\NEPAL\*Jth.

The maximum number of individual data files (well logs) is 300.

6.2. General Program Files

6.2.1. General Data File, GW6.GEN

The first step in ruaning the program is 10 tel! the computer which text editor you want to use and where it
is located. This information is contained in the file GW6.GEN. The file GWA&GEN must be in the current n
directory. Since you must have the files such as GWAEXE, all three LIN6 files, and GWS DLT, GW6.STM,
GW6CF.EXE, in the \GW directory, you may 0pt 10 create a data base directory in which you will have all
your data base files (we recommend the extension ®.Ith for each) plus the file GWS.GEN. .

- It!s important and MANDATORY that you log onto that directory In which your GW6.GEN file
- - is located before you run the program GWorgW ' ﬂ" LD “_'F’“;__.,_ L,
i ,. VI T e e TR T e g T ela Y T T ‘1:_"—':":'::' Aot ?..:l‘,-' —n = 14‘!:‘_ IRt

This file contains the information identifying the project (two lines), vertical and horizontal scale for cross
sections, and most of all, the path to your text editor. The project identifications are not that critical, neither
are the scales for cross sections. But the path 10 the text editor is crucial, whether you want to use that editor
or not. Take note now, that the name of the executable text processor file must be typed with extension. If
this is WordSlar, type WS.COM. If this is WordPerfect, type WP.EXE, etc. Youmayedit this file independently
from the program using amy screen editor, or, you may do it from inside the program. Before you use the
program for the first time, you must edit the GWAGEN file with a screen editor outside the program. The
file GW6.GEN, as supplied on the distribution diskette, looks as follows:

PRQIJ: NEP/86/025

ORG: GWRDB-UN/DTCD
EDITOR: CAUTIL\PE.EEXE
HSCALE: 100000

VSCALE: 1000

There are five lines in this file. You supply the ipformation starting with column 11. Do not change words
before a colon. The first two lines are project name of symbol and orgagization. In this version of the program,
these two lines are used 10 identify well logs only. (In earlier version they were also identifying lithological
¢Toss section. This was eliminated to make more space for real cyoss section. Titles and identifications can
be added by printer later!)

-

On the third line you should provide the path to and the name of text editor that program will use. In this
example, [BM's Personal Editor is used, and it is located in the hard disk subdirectory \UTIL (for utilities).
Again, be careful. If your 1ext editor's main executable file is in this subdirectory, the program will fiad it, but
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‘0Ot its overlay or message fles, unless you have some *SEARCH" utility in your autoexec.bat file. (Some
«editors need only one executable file, such as Bariand's SideKick, Norton's Editor, etc.)

The last two lines specify the scale for cross sections, horizontal and vertical The horizontal scale of 100000
means that 1 cm on the printout will represent 1000 m in nature. The horizoatal scale of 1000 means that 1
cm on the printout will represent 10 m in nature, Thescaie is for lithological crass-sectious. You have a choice
of having lithological cross section printed on A4, A3 format, or user-specified format. In A4 format the
maximum length of a cross-section is 26 cm, and the maximum height is 16.5 cm. Thus, witk horizontal scale
100,000, one may display a cross-section of maximum length 26 km; with scale 200,000 the length can be as
big as 52 km; with scale 50,000, the maximum length of the section can be 13 k. Vertical scale of 2000 is used
for cross-sections up 1o 332 meters or {eet vertical difference; scale of 1000 can display up to 165 m or feet.
Iz A3 format the maximum length of the cToss section (along horizontal) is 36 cm, and the maximum height
is 21.9 cm. Thus, in A3 format in 100,000 horizoata - zale, the total length of cross section can be as much as
36 km. (If you select A3 format, paper should be placed into printer with shorter side horizontal.)

6.2.2. Lithological Symbols Default File, GW6.DLT

The file GW6.DLT contains preprogrammed symbots for various lithological units (about 30). You can use

these symbols without modification, or you can make your own. One part of the file is reproduced here belc:
CLAY Clay
315
20.000.75
00.75 1.50
11.500.75
02.250.00
13.000.75
L ]

SILT Silt
22
20.00.0
11.01.0

ROCKI Hard rock
22

20.00 1.00

1 2.001.00

[ ]

The list of all symbols and instructions to prepare additional symbols are conuained in Appendix A. The
symbols can be simple (horizontal line, diagonal line, €1c.) or very complicated (e.g., mixture of fine sand with
gravel).

Each symbol is defined with symbol name, which is the first word in the GW6.DLT file (CLAY, SILT: up to
10 characters, sensitive to the case of letters, 1hat is upper case and lower case are not the same), and
description which will show on the printed well Jog. This is one or more words after the symbol name {with
maximum of 100 characters). [n the above example the description of clay and silt is the same as the name of
the symbol, but for the symbot ROCK1 the description is “Hard rpck®. You may modify in this file the symbol
name, or description, 1o suit your praject better. You may also add to this list new symbols using the procedure
explained in Appendix A. .

The important thing to remember is that in data files to be created by you, one file for one well, symbol names
are matching with symbol names in this file. If the program does not find a symbol name specified by you in
_dara files, that portion of the lithological log will remain blank (no symbols). In lithological cross-sections, a
message shall be displayed that erTor was noticed in reading lithology. (The name of the file with error shall
be also displayed.)

-~

You have also the option 10 have the default description of lithology typed on the well log (such as Clay,
Rockl, or Silt), or to type something different and/or expaaded. Ifin the weil log data you type only the name
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of the symbol next to the depth, e.g. CLAY, the program will use the default description (Clay). If you type -
something eise, the program will reproduce this *something else’. Thus, aext to CLAY symbot the foliowing
can be typed: Clay hard with some siit and sand.

6.2.3. File with Codes for Permeable Units, GW6.STM

Oane more file must reside in the \GW directory. This is the file which contains the codes for permeable units
or members. It is used in several application routines: (a) for displaying permeable units in blue, and all other
units (interpreted as impermeable) as yellow, in well logs and Lithological cross sections; (b) for creating a
table with percentages of permeable versus impermeable Layers in each and all wells in the data base. The
current GWG.STM file 100ks as follows:

SAND

SANDV

SANDF

SANDM

SANDC

SCWG

GRAVEL

GRAVELF

GRAVELC

GWS

SRGRAV

6.2.4. New File-Creating File, GW6CF.EXE

This file must reside in the \GW directory. It is needed only if and when you want 10 add new files to the data
base.

6.2.5. Digitizing Coordinates File, DIGXSC.EXE
This file, which must also reside in the \GW directory, is needed for digitizing the wells’ coordinates, displaying

a map with wells, and supporting the mouse-defined cross section lines. Without this file, you may specify the
beginning and end coordinates of a cross-section line manually, without using a mouse.

6.3. Running the Program

Copy the files GW6.EXE, UN6MST, UN6.CMN, UN6.WND, GW6.DLT GWESTM, GW6CFEXE,
NIGXSC.EXE into the \GW directory. Create a subdirectory, say GW6, and copy the GW6.GEN file plus all

~2H files into that subdirectory. Log into the GW6 subdirectory (the one in which is your GW6.GEN filef).
.ype GW to stan the whole package, or GW6 to start only the lithology program.

After you sclect the mndule "5, Well Lithology® press RETURN. The next screen displays two lines with
Project and Organiza:.on identification, Fig. 6.1-This information is read from your GW6.GEN file. If there
is any error you will see either a message ‘Please, edit file GW6.GEN first, then call again.” or “Text editor
given in \GM\GW6.GEN does not exist. Prepare \GW\GW6.GEN and call again.* The first message appears
if you do not have any GW6.GEN file in your currently logged directory. The second message is displayed
if the path to the text editor is wrong or its executable file gpame is Dot complete, ie, without extension. (The
list of error messages is appended in Appendix B.)

If you do not see these messages, and the project name and Orgapiz ..aappear on the screen, you may edit
these two lines now or modify them by editing the GW6.GEN fle. The changes you make shall be reflected

UN/DTCD, Water Resources Branch USER'S MANUAL
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not only in the headings of your printout (well log.'s, cross-sections) in the current run, but will also be copied
to your GW6.GEN file.

Press RETURN twice. The main opening screen with the main menu will appear (Fig. 6.2). On the right side
of the screen are shown various functions available in this program,
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E=Edit Data,

This is used for editing existing data files. You will normally first select one or more files, place the cursor on

the name of the file that you wish to edit, and type the key E for editing. Then your selected screen editor will
be activated (in this case Personal Editor) and the file contents are displayed automatically.

W= Well Log.

This function is used for displaying/printing/plotting a well log from the data file which is currently
highlighted. In order for this 10 work properly, the priater driver in CONFIG.CNF must be correctly selected
(9-pin or 24-pin printer) agd its EXE file must be in the \GW directory (options: DVIRX120.EXE and/or
DVILQ180.EXE, see Introduction). Likewise, a correctly selecied screen driver must be present in the \GW
directory (options: CGA, EGA, VGA, ATT, HGC, WYSE). You cannot plot the log unless you bave the
plotter driver in \GW direciory. The plotter driver executable file is DVIHPGLEEXE for plotting through
the COM1 serial port, and/or for creating an ASCII plot file 10 be used later, in edited form, when a plotter
becomes available. .
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S=S8eject Fles.

This will normally be the first process to perform after the general data flle (GW6.GEN) is edited. After S is

typed, the program will prompt you for the form of data file aames. If you have prepared all dara with tg-,;i:

same extension, say .LTH, the answer o the prompt can be *.LTH. The program searches through

giyrectory and reads all data files with the maiching exteasion .LTH. Alternatively you may add file names Gl
one.

N=New File.

To create the data base, you must use this function. The program prompts for file name, and displays the
default (preprogrammed) list of entries to which you must supply answers. In order that this portion of the
program works correctly, there must be the file GWSCEEXE in the \GW directory.

D=Delete.

Place the cursor on the file name to be deleted and type D. Warning! The file with that name will be deleted
not only from the dasa base but from the computer directory. This is actuatly the DOS command which is
incorporated into this program. Unerase accidentally erased file using one of commercially available utilities
(Norton Utilities or PC-Tools, e.g.). A recommended practice is 10 have a copy of your data base on adiskerte.

C=Cross Section.

If more than one well data file is available in the data base pressing the C key will initiate the procsssing of
cross sections through the project area. You will be asked for the title of cross section, for the initial x
coordinate, the ending x coordinate, the initial y coordinate, the eading y coordinate. The final question is
how far from the cross section line eventually existing wells should be projected onrto the line. If you have a
mouse you will be able to select the cross-section jine with the mouse. If you have a graphics adapter you may
also create a map with all selected wells and view it on the screen. Lithological crass sections can be viewed
on the screen, printed, plotted.

G =Edit General Data,

‘You may edit general data in this file at any time during the program execution. Once the gencral data are
correctly selected, the only changes that may be required by the program or user are horizontal and vertical
scales for cross sections.

T=Thable of Data,

This is used to write 10 a file, from which you can print the data, the basic data identifying the data base: well
name, x and y coordinates, elevation, total drilled depth, screened metrage (footage). At the bortom of the
file you will find the basic statistics: (a) total number of wells, (b) total drilled metrage or footage, (c) total
screencd intervals, (d) percentage of screened interval.with respect to total drilied metrage (footage). The
same fina| statistics will be displayed on the screen

%= Percentage of permeable

materials in selected interval of depth. As in the previous tabie, the information is copied to a disk file, with the
surmmary displayed on the screen.

X=Exit to Main program.

As in any other program in this Ground Water series, typing X will return you to the Main Program.

v

6.4. Example

6.4.1. Start the Program
By running the example supplied on the distribution diskette you will master the program and understand
its features. Log to the subdirectory in which your data files are locared. The file GW6.GEN must also be
there. Type GW, press RETURN twice, move the cursor 10 the line "6. Lithology". Press RETURN again,
The following screen will appear: .

Project: Shallow Ground Water In Terad

Organization: GWRDB — UN/DTCD NEP/86/025

The program gets this information from the first rwo lines in GW6.GEN. Press RETURN twice. The main
_menu with available functions comes next. On the right side of the screen the display is as follows:
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FUNCTIONS;

E=Edjt Data

W Well Log

S=Select Files

N=New File

D=Deiete (for deleting file)
C=Cross Sect. (for cross-section)
G =Edit General Data

T=Table of Data

%=% of Permeable (for perceatage of permeable materials)
X =Exit to Main Program or DOS

Press S to select data files. The program prompts for file name format. Type *.LTH. This is interpreted by
the program "l00k in data directory and find all files with extension LTH. Then transfer these files into
computer memory”. After a few seconds the screen will display the first 13 data files and show the total number
of wells in the data base (Fig. 6.3). In this example the number is 15. The cursor is on the first line. Move the
cursor 1o file BR4.LTH and press E to edit cata. (You may need to answer the prompt of your text editor.
E.g., if you are using IBM’s Personal Editor, you must press RETURN.)

The following is displayed:

WELL: BLII/4

LOC: MAHADEVA

ELEV: 993

X 730240

Y': 3050000

SCREEN: 51.8,56.9,65.1,68.1,76.2,81.3,87.4,90.5,104.1,113.3,117.9,120.9,154.4,157.5,178.9, 1849 191.0,197.1
DRMETH: RIG -

DR.DATES: 16.2.87 -93.87 a
COMM: WELL SIZE:16"10%M.P:0.6m;SCRN:W.WRAPED\SCREEN POS:51.8-56.9,65.1-68.1,76.2-

81.3\87.4-90.5,104.1-113.3,117.9-120.9\154.4-1575,178.9-184.9,191.0-197.1\DRILLED UNDER BLdW
PROJ.

PLDATE: 34437 -
Q: 11115
DUR: 20h -
TRAN: 1780 m2/d
METHOD: THEIS
STORAGE:
SWL: 8.48 m(A.GR.L)
DWL: 9.0 m(B.GR.L)
PTCOMM:
LITH:
11.0 CLAY
22.0 SAND :
43.0 CLAY Clay with thin\gravel layer
68.0 GRAVEL Grave! with thin\clay iayer
75.0 CLAY
81.0 GRAVEL Gravel
86.0 CLAY
~ 91.0 GRAVEL Gravel =
103.0 CLAY
134.0 GRAVEL Gravel with thin\clay layer
152.0 CLAY
173.0 CWIOS Clay with sand\& gravel
198.0 SCWG Gravel and sand\with thin clay\layer
203.0 CLAY
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Abbreviations are for the following:

LOC - location

ELEV - elevation

DRMETHOD - drilling method

DR.DATES - drilling dates

COMM - comumnents

PT. DATE - pumping test date

DUR ~ duration of pumping test

TRAN - transmissivity value

SWL - static water level

DWL - dynamic water level ’

PTCOMM - pumping test comments

LITH - lithology

Some of the fields must be input in correct format, some are just for the record and can contain anything.
That “anything® will be printed on the well log, however. The first field, WELL, is important because its
content will be printed on the cross section exaculy as-t-is typed. If you want number to be shown on your
lithological cross section, type the number. Type the pame if this is what you want.

Elevation and coordinates must be correct, that is only numbers without blanks or any textuaj character. A
typical mistake is to type elevation with m (meters) or ft (feet). This will not create a problem in printing the
well log, but it will be noticed by the program whea a cross-section is attempied, or when a table of data
printed.

Several comments are in order.

1
@

3

)

All da1a in data files are typed from column 11 on, although you may start at any column after the tenth.

You may specify several well screen sections in one well by ryping beginning and ending depths of the
first section, followed by the beginning and ending depths of the second section, etc., with each value
scparated by a comama. In the above example (BR4.LTH) there are nine screen sections, the first at
51.8-56.9, and the last at 191.0-197.1 m. Typing the interval such as 24.5-30.5 will create error. Likewise,
you must not type textuzal comment such as “Uncased®, or "Screen position unkpown*. Only aumbers
separated by commas are allowed!
The "total depth® information does not appear explicitly in the data form or file. The final depth of the
last lithological unit is interpreted by the grogram as equivalent to the total depth. You may write in
‘Comments” if this is not the case.
On *Comments:* line in data form (fle), Gve lines of information can be accommodated. The instruction
marker for the program to start with next line is the backslash characier ", For example, if you want the
following comments 10 appear:

Screen: 40.2455 m.

Type: Wire-wrapped, slots 0.5 mm.

M.P.: 96.95

UN/DTCD, Water Resources Branch
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the comment line should be typed as follows:
Screen: 40.2-45.5 m.\Type: Wire-wrapped, slots 0.5 mm.\M.P:: 96.95

(5) Exactly the same principie is used in typing lithological descriptions for various units (layers) for which
YOU want 10 use a description otber than the default. For example, for the description "Alternate bands
of clay and gravel® you may type "Alternate\bands of clay\and gravel® next to the symbol selected 10
represent such lithology. In order not to type over the vertical line ending the well log, you should not
have lines longer than 20 characters in the lithological description. Lithology may be typed with the
default values for symbols, or with additional text of your own.

View the data with your editor, and quit editing by using your editor's command to quit and return 1o the
main program. Instead returning to the main program you wiil be back in the main menu ready for further
action. You will see the message "Error in {lle edit® if the program discovers that something is wrong.

Before you continue, it is good practice to write the table with ail general dara to a disk file. This routine will
detect most of errors in your input. Type the jetter T. Supply a file name as an answer to the program prompt:
*File name to accept data’. As an example type "TABLE". The program will inform you what it is doing, Also
if the program detects an error, it will display the name of the file in which the error was detected. If no errors

are detected, you may view this table by exiting the program (letter X) and using the DOS command "TYPE
TABLE". The table shall look as follows:

DEPTH
No. | WELL NAME X Y yA SCREEN
1 BR1.LTH 730560. 3045600. 95.95 ) 193.00 43.7
2 BR2LTH 728000 3044160, 9280 194.00 48.7
3 BR3.LTH 730560. 3047040. 9730 163.10 - 1635
4 BR4.LTH 730240. 3050000. 99.30 '203.00 43.7
5 BR5.LTH 727600. 3044720. 94.80 180.10 56.2
6 BR6.LTH 728480, 3048560, 9898 182.00 312
7 BR7.LTH 729280. 3047280. 100.70 163.00 45.5
3 BR8.LTH 729120. 3048720. 93.70 167.00 43.7
9 BRY.LTH 728480. 3047120, 93.10 166.10 386
10 BR10.LTH 727920. 3045920. 95.99 195.00 43.5
11 BR11.LTH T28480. 3048320. 96.90 22200 39.8
12 BL32.LTH 734320. 3057920. 119.40 136.00 473
13 BL33.LTH 733360. 3056640, 115.90 143.30 49.8
14 BL41.LTH 732400. 3054000. 11030 176.00 58.8
15 BIA9.LTH 731280. 3052240. 109.80 168.00 493
Number of wells in data base: 15
Total drilled depth in dawa base: 2651.6
Average depth per well: 176.8
Total screened interval: 6613
Average screened interval: 4.1
Number of weils with screen: 15
Number of wells w/out screen: 0

Now you may check the percentage of permeable materials in each well and in the whole area (data base).
Select *%". You will be asked for a depth down 10 which you wish to calculate this percentage. If you wish to

_ get the percentage of permeable versus impermeable materials for all wells, regardless the depth, answer this
prompt by a number greater than maximum drilled depth. In our case type 230. Supply the name for the file
to receive this information as ‘PERCENT". The program now offers you an opportunity to select a cernain
portion of the area with wetls in which you might be interested. For eample you may want 10 obtain average
percentage of permeable materials in a certain quadrant. Supply initiat X and Y ¢coordinates, and final X and
Y coordinates. Actually you are specifying the coordinates of the lower left corner and the upper right corner
of a rectangle, respectively. You may override this option by pressing RETURN four times, While processing,
the program will inform you what is it doing. Aftera while, the following table shall be written 10 the disk file
PERCENT:
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[ werr __NAME __DEPTH PERMEABLE | PERCENT
- BR1LTH 193.0 490 254

BR10.LTH 195.0 : 350 17.9
BRI1LLTH ‘ 220 94.0 423
BR2LTH 194.0 110.0 56.7
BL32ZLTH ' 136.0 885 65.1
BR3.LTH 163.1 54.0 33.1
BI33.LTH 1433 8.7 517
BR4.LTH 203.0 113.0 50.7
IRS.LTH 180.1 821 45.6
BR6.LTH 1820 74.0 40.7
BR7.LTH 163.0 8.0 34.0
BR3.LTH 167.0 50.0 2.9
BRO.LTH , 186.1 79.0 47.6
BLALLTH 176.0 107.0 60.8
BL49.LTH 163.0 113.0 673

DEPTH OF CALCULATION: 2300

Cumulative depth down to selected range: 26516 -

Total permeabie thickness in selected range: ‘ - 12093

Average percentage of permeable materials: 45.6%

However, it may be of interest to calculate the percentage of permeable materials to a depth less than the
one reached by the deepest well Say, you are interested in upper 60 m. Without exiting the program. seiect
% again, and answer with the depth of 60. Suppiy the file name as PERCS0. Type this file after exiting the

program. It looks as follows:

WELL NAME DEPIH PERMEABLE PERCENT 1
BR1.LTH 60.0 a0 0.0 ’
BRI10.LTH 60.0 ' 0.0 - 0.0
BR11.LTH 60.0 16.0 26.7
BR2.LTH 60.0 a.0 0.0
BL32.LTH 60.0 39 56.5
BR3.LTH 60.0 . 26.0 433
BL33.LTH 60.0 285 44.2
BR4.LTH 60.0 28.0 46.7
BR5.LTH 60.0 9.0 15.0
BR6.LTH 60.0 210 450
BR7.LTH 60.0 33.0 55.0
BRE.LTH 60.0 6.0 10.0
BR9.LTH 60.0 43.0 7.7
BL41.LTH 60.0 330 633
BLA49.LTH 60.0 370 61.7

DEPTH OF CALCULATION: 60.0
Cumulative depth down to selected range: 900.0
Total permeable thickness in seiected range: 3234
Average percentage of permeable materials: 359%

The program has given you an analytical tool that will tell you which interval contains the most permeable
materiais. In our case, all wells down 10 60 m depth display an average percentage of permeabie mateniais of
only 35.9, while going deeper, to 230 m, this percentage becomes higher, 45.6. Likewise you may analyze a
ccrtain area, not only a certin depth interval

However, it is important to understand how the program distinguishes between permeable and impermeable
materials. The program checks each layer in cach well and evaivates against all lithological symbols in the
file GW6.DLT If 1he interval is described by one of the following 13 codes, the interval is permeable:
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SAND, SANDV, SANDF, SANDM, SANDC, SCWG, GRAVEL, GRAVELF, GRAVELC, GWS, PEBBLE,
BOULDER, GWS,

(You may redefine some of descriptions for these 13 codes, but keep the same codes in the file GW6.DLT.
You will notice that SCWG means *Sand Coarse with Gravel®, that GWS stands for *Gravei with Sand®, etc.)

6.4.2. Display, Print or Plot Well Log

Press W 0 display and/or print 2 well log. You will be offered four choices: (1) to display log (letter D), (2)
to print log (letter P), (3) to plot log directty through the COM1 serial port to plotter (letter A), (4) to create
a plot file in ASCII format 10 be edited and/or used by another commercial graphical program (letter B).

Whatever you select, there will be 3 message: Change Length of Log [Y/N]:. You will see also the following
text to remind you what you may do.
The default vertical size of well log is 16 ez You may increase the size by pressing Y and supplying any leagth
between the default and 40 cm. However, display shall be impaired, letiers will become squeezed, and it will
take time to dispiay and/or prepare for printing. Use mouse to zoom. Use continuous computer paper 10 print
long logs.

This option gives you the possibility t0 create larger well logs than A4 format. As an exercise press Y. The
new message will be: Type new log length (max. log iength = 40 am). Type 20 and press RETURN. You will
be prompted to change scale that otherwise will be automatically selected by the program. (The progizm
always selects the scale in such a way that the whole space allocated for the log, normally 16 cm or whatever
you specify, is filled with the log) The message is: Your Scale {Y/N]. There is also a text displayed on the
screen to inform you about this possibility. The text is as follows.

Answer with Y if you wish o override autamatic scale selecuon. Program normally uses a scale such that whole

16 cm, or whatever you defined one step before, is filled with lithoiogy. Type only denominator of scale. E-g.,

for 1:1000 type oaty 1000. You may check maximum scaie by typing small gumber. Program will display
maximum scale.

Tipe Y and press RETURN. The message is Type your scale. Remember well log length = 20.0 em. Now you
may find out what would be the program-selected scale that would fill in the whole space. Type 10 and press
RETURN. The program displays Scale greater than max permitted: 742.49. Any key to try again. When
prompted again for your scale press N and acceps the program’s scale,

If everything is in order, your lithological symbols correctly typed and selected, and your printer or plotter
properly connected to the computer, after a few seconds the message line at the screen bottom will display
the message "Creating page layout ...", followed by another message *Rasterizing and printing -.*. Remember
this is a graphics program ard the whole page must be laid out, and rasterized for displaying and/or printing.
This takes time - on Toshiba 1600, which is equipped with 12 *MHz 80285 processor and 10 MHz 80287
CO-processor, it Laxes about 2 minutes to set up and print well log; on AST Premium, running at 25 MHz and
equipped with INTEL 80386 processor, it takes only 35 seconds to display a well log). If there is an error,
notably in lithological part, the program displays the message "Error in log print®. The rypical error will be if
you havt in your data file (weil file) some lithotogical codes that do not match the list in the program file
GW6.DLT

If you opt to display the log on the scTeen you will notice that the screen resolution is insufficient to allow
you to see derails. Yet, with a mouse connected to the sysiem, you have an opportuniry to zoom a portion of
the log and sce all details clearly before you decide to print or plot the log. Type Z for zoom; move the cursor
to the lower left comer of the rectangle you wish to enfarge. Press the left mouse button. Move the cursor to

the right upper corner to define the rectangle. Press the left mouse button again. The screen may look as in
~  Fig64A. b

On the color monitor, you may note that all permeable layers arc shown in blue, while impermeable parts
are yellow.

The printer prints first two lines of project identification (Project and Organization), followed by General
Well Data, Well Construction and Lithological Log, and pumping test data (Fig. 6.4). In the Pumping Test
portion only information that is available will be printed. The plotier will plot everything except the first two
identification lines. :
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'6.43. Display and Print Cross-Section

Select C for cross section. At the very beginning of this portion of the program you are asked the followin

"Save well positions for plotting [Y/N]". If you answer Y (Yes), the program will use the DIGXSC.EXE fi
in \GW\GW6 1o createa mapofwell locations in the actual coordinate systent. Type Y. The following promp
follow. Answers are shown to the right.

Qutput file Example
Plotwell labels? [Y/N] Y
Circle diameter (cm) 0.10

Cross height fem] 0.0

Symbal color 4 (red)
Label height [em] 0.1

Text color 6 (yellow)

Labelx-offsetfem]  RETURN
Label y-offset : 1m} RETURN

When you select to plot well labels, you should supply the size (label height) and color of the label, The cole
numbers are the following: 0-black, 1-blue, 2-green, 3-blue/green, 4-red, 5-pink, 6-yellow, 7-white.

Label offset means the shift of writing labels with respect to the location of circles.

The program starts reading coordinates and elevations of atl wells, and displays the message to that effec
"Reading coordinates and elevations. ESC to stop.® After all wells are checked for coordinates and elevation:
provided that errors are pot detected, the program prompts for the format of printout:

"What is the format of the paper you use?. Press 4 for A4, or 3 for A3, or [ENTER] for other format.”

Type 4 and RETURN. Wait a little bit, while the program creates a mag of well locations. The next promp
is for the cross-section title that will be dispiayed/printed *Enter cross-section title”. Type "CROSS-SECTIO!
[I-II' RUPANDEHI DISTRICT", or skip the title by pressing ENTER.

The program now asks you to select the cross-section line. You may do it in two ways: (a) with a mouse, 0
(b) by supplying coordinates for the beginning and terminating points of the line. The prompi is as follows
Do you want to digitize ending points? [Y/N]

If you answer Y, the map will be displayed with location of all wells in the data base. You will notice a cros.
which you can move with mouse to the beginning point of the cross-section line. Press the left mouse buttor
at the beginning point. Move the mouse away. You will notice a "rubber-band®. Press the left mouse buttot.
ar the ending point of the cross-section line.

In this example you shou!d answer N. The dialog between the program and you will be as follows:
*X-coordinate for STARTING point’.. Type 735000.

*X-coordinate for ENDING paint® —. Type 725000.

Note that program suggest the same number for ending point as for the initial point. This is for the case 0
north-south cross-section, in which both X coordinates are the same.

“Y-coordinate for STARTING point’ — Type 3060000

"Y-coordinate for ENDING point® ... Type3040000.

After the program "learns” from you which cross-section line you want to make, either with 2 mouse or b
typing the cootdinates, there will be one more prompt: :
Max. distance of cross section line

The number you supply is interpreted by the program as the spacing on either side of the cross-section lin
” within which the wells will be used and projected onto the section line. Type 400. This means that all weil
thart are less than 400 m far from the czoss-section line will be projecied onto the line. Always press RETURD
after cach number. The program scans coordinates, elevations, and distance from the cross-section line, an
displays setected wells on the right side of the screen, writes a message at the bottom "Confirm or edi
minimum elevation®, and shows in a rectangle in the middle of the screen the following (Fig. 6.5):

Horizontal Scale: 100000.0
Vertical Saale: 500.0
Cr. Sect. Length: 2360.7
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The first message "Confirm or edit minimum elevation® informs you that you may select a portion of the cross
sectiont, down 10 a certain depth specified by you, or the whole depth controlled by the bottom of a well which
is at the Jowest elevation. This is important if you wish to get details for shallower part of the cross section.
In your example the minimum elevation of the crosssection will be -125.10. The program automatically checks
the scale (the one you have input in GW6.GEN file). If the scale, either horizontal or vertical, is too large, a
message t0 that effect will be displayed, and you will be given a chance 10 modify the scale, until you find the
size of the drawing that suits you best. You may experiment with scales. If you select 1000 for vertical scale
the vertical size of the graph will be 28.0 am, which is more than the A4 format. You will notice that th

appropriate scales shall be 2100 for vertical, and 100,000 for horizontal,

In this example 10 out of 15 wells will be plotted on the crass-section: BL32, BL41, BL49, BL33, BR4, BR10,
BR11, BRS, BRE, BRY. The names of ail files 1o be piotted are shown in the right window, Due t0 limited
space on the screen the maximum number of files 10 be-displayed is 18. (Hardly ever you will have more than
18 wells on one cross section. Wells would overlap one on the other.)

If the program notices any error in lithological description (code, depth) there will be a corresponding
message and the file name will be displayed. Thus you can locate the error and correct it. Should you decide
to stop the processing, you may do so by pressing ESC. However, wait until the processing comes to next well.

It may take a while, depending on the speed of your processor, and number of layers in the well that is being
read!

In this portion of the program, lithology is checked for files to be shown on the cross section. The message
dispiayed in the first "message line" is the following:
"Reading lithological description. Selected wells are shown above right.”

The second line displays file names:
“Now reading .. BL32LTH ... ESC (and wait') to quit.”

If everything is in order there will be a message “Display [D], print {P], plot [A), or create ASCI! plot file [B]
of this X-section?" If your computer is equipped with a graphics adapter, you should selecx *D* 10 view the
cross-section. Notice that all permeable layers aze shown in blue, while all impermeable layers are in yellow.
Thus on a glance you may notice which parts of thecross section are more permeable. Youmay zooma portion
of the cToss section 10 see details. Follow the instructions as discussed in the Introduction.

After viewing the cross section press ESC to escape. There will be a message “Print or plot this X-section
[Y/N)". If you select “Y™, you will have 10 direct B¢ output 10 either printer [P), plotter [A], or ASCII plot
file {B]. The output shall be of the size as sclected carlier by modifying the vertical and horizontal scales.
During the printing there will be a message "Rasterizing and printing ...* which stays on the screen as long
as the real printing is done.
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The cross section looks as shown in Fig. 6.6. You must draw a land surface line, either directly connecting
wells, or by consuiting the topographic map and interpolating correct elevations. In additicn to vertical scale
shown on the left, the cross section is identified with X and Y pairs of coordinates for beg:aning and ending
points. Each well is identified by the description supplied by you in the first line in data form (WELL:).

Same as in the case of well log, you may use the mouse 10 enlarge a detail. Type Z. Move the cursor 10 the
lower left corner of the reciangle you wish to enlarge. Press the jeft mouse button. Move the cursor to the

upper right corner to define the rectangle. Press the left mouse button again. The screen may look similar to
Fig.6.6A.

After one cross section is printed, the prompt is back at "Eater cross section title®. ‘
Now, type anything on this prompt and press RETURN. To the next prompt “Max. distance of cross-section
line® type 1000. Select Y to digitize ending points. Wait until the well map appears on the screen, Fig. 6.7.
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Use the mouse to select the line from the southwest to northeast Experiment with differeat scales, view the '
Cross-section on the screea, and print or plot when you are satisfied.

6.5. Create Data File

To create a data file using your text processor, type the letter N from the main menu. The program responds
with "Enter new file name*. Type "TESTLTH" and press RETURN. After a few seconds your editor’s familiar *
logo will appear and well format data input will be displayed. The cursor will be on the W in the line Well..
Move the cursor 10 column 11 in this line and type the well identification. What you type here will appear on
top of the well when it is shown in cross sections. Restrict the WELL NO. to a maximum of 8 characters. Type
"Well 1°. Press the down arrow to move the carsor down. The cursor is set at column 11 (if you use WordStar)
or under the last character of the previous line (if you use Personal Editor) in the second line defined with
LOC: Type for weil location "Kapiivastu”. Keep in mind that not more than 20 characters can fit the printout.
Press the cursor down key. Type 96.68. Press cursor down. Type 656500 for X, press cursor down; type 3046750
for Y and press cursor down. On SCREEN line 155,21.0,40.0,455. This means that this well has two
screen sections; one from 15.5 10 21.0, and another 40.0 to 45.5. Press cursor down key. On DRRIMETH:
line (drilling method) type ROTARY RIG. Press cursor down. On DR.DATES: line (drilling dates) type
15/3/89 - 18/3/89. After pressing cursor down key you will be on COMM: line, Here type several comments,
all on one line, separated by backslash. For example, start with “Screens at 155-21.0 m and 40.045.5
m.\Measuring point +0.5 m above LS.\Screen type: Wire-wrap with 1.5 mm openings. The space reserved for
comments permilts five lines 1o be printed. Press cursor down key. On PLDATE lice (stands for Pumping Test
Date) rype 22/4/89. Press cursor down key. For Q type 5 Vsec. For DUR: (duration of pumping test) type 60
minutes. Next line is TRAN: (transmissivity), followed by METHOD: (test interpretation method), and
STORAGE: (storage coefficient). Type one after another: 125 m2/day, THEIS, 0.004, and press cursor down
key after each entry. For SWL: and DWL: (static and dynamic water levels, respectively) type 3.45 m and 5.65
m. After SWL the form contains one additional *comments® line, PLCOMM.. The information you supply
shall be printed in one or more line, depending whether you split the comments with backslash . Type
the following under PT.COMM: Discharge fluctuates\Level unsteady\Test interrupted.

The final query is LITH:. Go to one line below the LITH: line. It is not important whether you start in column
1,2 or any. Suppose your lithological log looks as follows:

0-34 m CLAY -
3.4-63 m SAND fine-grained
63~9.2 m SILT mixed with some sand
9.2-133 m Sand coarse with coarse gravel
133-162m CLAY hard, layered
16.2-212 m Mewamorphic rocks, dense, hard

If you do not want to create your own symbols for lithology (for explanation see Appendix A), select for
*CLAY" the symbol from GW6E.DLT file also labeled as CLAY, for “SAND fine-grained® symbol SANDF, for
*SILT" symbol labeled SILT, for *Coarse sand with gravel® symbal SCWG, ard for "Metamorphic rock” the
symbol ROCK?7. However, the description of lithology that you want 10 appear on the log is not the same as
default in GW6.DLT, except for CLAY. Type your own description in data (ile after the symbo: code, separating
lines of text with backslash %\".

Afier LITH: line, type as follows: .
3.4 CLAY .
6.3 SANDF SAND fine-grained -~
9.2 SILT SILT mixed\with some sand
13.3 SCWG SAND coarse with\coarse gravel
16.2 CLAY CLAY hard \Mavered
21.2 ROCK15 Metamorphicirocks, dense,\hard

After each line press RETURN. Before exiting check that the cursor is on the line below the last lithological
layer.
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“The program is prepared in such a way that it checks for code for lithology, and uses its own description fron
.GW6.DLT if there is nothing typed after the code, or it uses your own definition if there is something afte
the code. Only in the case of the first layer, CLAY, there is nothing typed and the definition "Clay* from the
GW6.DLT file is used. [n every other line, you have supplied your own defnitions. Make note that o mor
than 20 letters can fit the space on the log and split the text into two or more lines, provided that scale anc
thickness of a layer permits it. Notice also that the program is case sensitive, Le. lower case letter is differen-
than the upper case letter.

Save this file in the way you would normaily use your editor. Read explanatioa for various text editors in tex
to follow. If everything was correct, press P to prini this well log,

6.5.1. Work with Various Editors

This program was tested with the following editors: WordStar release 4, IBM’s Personal Editor (PE),
WordPerfect version 4.2, PFS Write, Norton Editor. Theoretically every editor skould work. The importans
thing to remember is that before returning to the program’s main meat, the file created by any editor must
be converted to DOS text format or ASCIL With Personal Editor and Norton Editor there were no problems.
since both create automatically an ASCII format. With other three editors a conversion was required. If you
do not convert the file, you wiil have some incompatible characters, usually from ASCII set above 128, Should
such a character occur the program either displays the message "Error in well 1og®, or hangs. Should this
occur, exit the program (or reboot the system), us¢ the SHOW *filename® program supplied on the
distribution diskette, and detect such characters. Or, alternatively, type the DOS command GRAPHICS, and
use the standard DOS command TYPE "flename” to view the data file which is corrupted. Remember the
corrupted characters, return 10 your text editor and correct them. Run the GW6 program again. Yetitis better
to avoid the problem by following the procedure cutlined here below. ~

Hordstar 4.0 .

Fiil-in the form on the screen, or edit data, in a standard way. Do not exit by typing CONTROL+K.X but
save the file by CONTROL +K.D. On WordStar prompt type P for "Print file”, and supply the name of your
data file which you just have created. Suppose that you supplied the name TEST]1 after pressing N from Main
Menu. Now reply to WordStar prompt “Document to print?” with TEST], and press several returns to come
to the prompt “Name of printer?”. Type ASCIL There will be 2 message in the upper right corner of WordStar
menu "Printing". When it disappears rename the-fle ASCILWS, which was created by WordStar (and which
is your file!). Press E (for rename file), supply the name of the file to be renamed ASCII. WS, press RETURN,
and supply the name of the new file (converted), say TEST2.LTH. Now press X 10 exit from WordStar and
to return to the main menu of the GW6 program. The list of files still does not display this newly created file.
Press S o select a file, and supply the name TEST2.LTH. Now everything is in order and you can print the
well log, or continue with input of other wells. WordStar has a rather awkward ‘vay 10 create an ASCII file.

WordPFPerfect, ver. 4.2.

With WordPerfect it is much easier to create an ASCII file. In your GW6.GEN fle on EDITOR: line type
the path to your Wordperfect directory, say \WPAWP.EXE. Press N to create a aew daia file, give the name
TEST3, and fill in the form automatically displayed on the screen. After you finish do not exit the WordPerfect.
Press CONTROL +F5, followed by number 1. Confirm the name of your new data file with Y (YES), press
F7 to exit 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 version. You may print TEST3 well log, or continue with the work.

-

PFS WRITE

There is also an integrated software package, PFS First Choice, which in addition to text editor has
spreadsheet, calculator, and data base. GW6 will not work with this program because of memory problem
(there will be a2 message *not enough memory*). With PFS it is simple 10 create an ASCII daua file. Select F2
10 save file, and supply the name of the data file with extension not displayed. Use S to select file, and supply
the name TEST4.ASC.

NORTON EDITOR, XTPRO and many other editors create directly an ASCII file.
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List of Lithological Symbols (see Figures 6.8, 6.9, 6.10, 6.11)

ROCK1 Rockl

ROCK2 Rock2

ROCK3 Rock3

ROCK4 Rockd

ROCKS Rocks

ROCKS Rocks

ROCK? Rock?

ROCKS . Rock$

ROCK9 Rock9

ROCK10 Rock10

ROCK11 Rock11

ROCKI12 Rock12

ROCKI13 Rock13

ROCKI14 Rock14

ROCK15 Rockls

CLAY Clay

CLAYH Qlay hard

SAND Sand

SANDV Sand very fine

SAND Sand

SANDF Sand fine -
SANDM Sand medium

SANDC Sand coarse

SCWG Sand coarse\with gravel
GRAVEL Gravel

GRAVELF Gravel fine

GRAVELC Gravel coarse

GWS Grave! with sand

MIXED Mixed sand\and siit

SILT Silt

CWIOS Clay with\interbeds\of sand
SRGRAV Semi-rounded gravel
CWG. Qlay with thin\gravel layer(s)
LIME " Limestane

DOLO Dolomite

GWC Gravel with thin\clay layer(s)

for example the symbol for SILT. The block for silt is copied here below.
SILT Silt

22
20.00.0
11.01.0
.-

The creation of symbols shall be :xplaine; first using simple examples from the default file GW6.DLT. Take

UN/DTCD. Water Resources Branch
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The first line contains the code for silt “SILT", and the default description that will be typed in well log if you
do not override the default. (You can aiso modify this default file by adding a word or more to Silt 1o better
identify the unit. This will than become the defauit for SILT) The code may have up to 10 characters. Upper
case and lower case letters are not the same. In other words, the program is sensitive to the case of lette%

The description may be any combination of up to 100 characters.

The second line contains two numbers which define the size of a block. The philosophy of creating syrmbols
is related to the size of blocks. One block is repeated in both horizontal and vertical direction in the log. One
may think of small building biocks, such as bricks of exactly the same size and shape, which are laid on top and
side one from the other to fill the whole space. Thenumbers 22 implya square, so that any symbol defined in such
a square shall be symmetrically repeated horizontally and vertically. We will demonstrate this concept later!

The block for silt, as well as for any other symbol, terminates with ***. Between the first line and the asterisk
sign, there may be one or many lines. The first number in each such line can be 2, 1 or 0. The number 2 defines
the starting point, aumber 1 means "connect this paint with the previous®, number 0 means "make an arc
through this point without actuaily passiag through it". n the third line of the SILT block, the remaining two
sumbers (0,0) define X and Y coordinates of the starting point within the block defined by 2 by 2. The number
1 in the next line is interpreted as *connect the starting point with this point®, and the coordinates of this
second point are 1.0 and 1.0. When this is interpreted, the diagonal line appears in the lower one half of the
square, connecuing the point with coordinates (0,0) with the point with coordinates (1,1). Since the small
block which defined the symbol is repeatedly used, the final appearance of this symbol is as is usually used
for SILT. If one wants to create a symbol for horizontal lines widely spaced, such as the default symbol ROCK1,
the design would be as follows: '

ROCKI1 Rock1 (you may type something else)

22

20.01.0

12010

-

This is equivalent to saying *draw a straight line from starting point with XY coordinates (0,1) to ending
coordinates (2,1)", which is along the middle of the block of size 2.2, If one wants Jdenser horizontal lines, tf
block to define should be smaller, and so will be the spacing berween repeating blocks. For example,

ROCK2 Rock2

11

20005

11005

Very narrowly spaced horizontal lines can be obtained by assigning even smaller size to the block, say 0.5 by
0.5. Thus the design for ROCK3 may be as follows: .

ROCK3 Rock3

0505 This is interpreted as ‘connect the point with

20.000.25 coordinates 0.00,0.25 with point coordinates 0.50,0.25°

1050025

In addition to connecting two points with straight lines, you may create an arc between two points. This is
done by inserting a line with the first number 0 between two lines starting either with the aumber 2 or 1.
Suppose we want to create a sinusoidal line with amplitude 1.5 and period 3.0. The block to define shall be
3 by 1.5. The fixed points should be at coordinates (0,0.75), (1.5.0.75), (3,0.75). These will be the three lines
defined with starting number either  {for the fisst point) or 1 (for the remaining two poinis). The top of arc
shall be at the point (0.75,1.5), and the bottom of arc at the point (225,0). Thus the block to define a sinusoidal
line, which may be used to describe clay, may ook as follows:

CLAY Clay

315

20.000.75

00.75 1.50

11500.75

UN/DTCD, Water Resources Branch USER'S MANUAL
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02250.00
13.000.75
L

By reducing the height of the block from 1.5 to 1.0 the waves will become more *ironed" and lines closer. For
example, one may design the following block for schist or shate:

SCHIST Schist

310 _

20.00050

00.75 1.00

1150050

02250.00

1150050

You may connect several points to create a circle, or any rounded or semirounded object. Let us create 2,
design for semurounded fine gravel. Define the block as 3 by 2

SRGRAY Semi-rounded gravel

32

20.700.40

10.70 150

01.401.90

11.901.40

02.001.00

11.60050

01.150.20

10.700.40 -
. .

-

As an exercise, double the size of this block and create gravel grains in checkered position, i.e. second line
shifted to middle berween two grains in lines above and below.

Now we will create a symbol for *Clay alternating with fine sand®. Define block as 3 by 2.5, and use the upper
1.5 units for clay (actually, duplicate the design o CLAY), and lower ~ ¢ unit for sand. Start with *Clay line”
in the upper 1.5 units. The starting point will be at coordinates (0.00,1. 5), and fixed points at (1.50,1.75) and

(3.00,1.75). The arc should pass through the points (0.75,2.50) and (2.25,1.00). Thus, the first part of the block
would be as follows:

325

20.001.75
00.75 250
1150175
02.251.00
13.001.75

The “sand"® portion of the design wiil be in the lower 1.0 unit, i.e. within the block defined by coordinates 0,0;
0,1; 3,1; 3,0. The sand "grains® are created by connecting points through small distance. For example,

20.000.00

10.100.00

20500.00

- 10.600.00

21.000.00

11.100.00
etc
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The final design for "Alternating bands of clay with fine sand® could be as shown here below. (In your file, .
this should be typed line after previaus line, continuously. nnt in three columns )
ABOCWFS Alternating\bands of day\with fine sand

325

20.001.75
00.752.50
11.501.75

02.251.00 .

13.001.75
20.000.00
10.100.00
20.500.00
10.600.00
21.000.00
11.100.00
21.500.00
1 1.600.00
22.000.00
12.100.00

22500.00
12.600.00
20200.40
10300.40
20.700.40
10.800.40
2120040
11300.40
2170040
11.800.40
22.200.40
1230040
2270 0.40
12.800.40

202000.80
1010080
2050080
1060080
2100030
1110080
2150080
1 1.60 0.80
22000.80
1210080
22500.80
1250080

If you wish to have two'lines of clay before a small interbed of sand, extend the "clay” part for one more ugit.

For example, the design such as follows creates the shape used in Figure 6.5 for "CLAY with interbeds of
sand".

CWIOS CLAY with\interbeds\of sand

34
20.003.25
00.75 4.00
1150328
02.252.50
13.003.25
20.001.75

. 00.752.50

1150175
02.251.00
13.001.75
20.200.40
1 0.40 0.60
2120040
1 1.400.60
22200.40
12400.60
L ]

All symbols currently contained in the GW6.DLT fle are shown in Figures 6.8, 6.9,6.10 and 6.11.
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well Ng, Location:
Elevation: X a Y =
Methog of Dr1111ng:
Or3113ng Datas :
Total QJepth : 80.00
Commants :
WELL LOG
SCREEN | DESTH [LOG | 'L I THOLOGY
Rock1
10 — 12
:_,_l
E Rackr2
Rock.3
Racwd
i Rock.5
50 =i ag
ﬂ. L
:' L] :
= S Rock.B
60 ———160
o e .
EII:Z: Rock.?
g SR D
37
I
- RocwB
:W
- 7 .
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well No. Lacation:
Elevation: re Y =

Method of Dri111ng:

Ori1)ing Dates
Total Deoth : 80,00

Commants @

WELL LOG

SCREEN { DEPTH | LDG L!THOLGGY

- s
7
:/ Rack9

10 = ‘Aé%IO

EENN
ENN
3 ki\ Rock10
-l\ ‘\
j\\\ .

20 “\Q\ 20
= A
2 soa
:;Ill’
300

30 —fm—eeel 30
2R ER} -
e RN ERY
3&\\\\
_E:::: Rock12
i RN
= NN

40 e
EEEEEE Rock13
o AL
LN

50 ~J <0
E Rock.14
=

60 — 80
3 .
3 Rock. 15~

’ >¢ =il o0

==
I PICURE 6.9

g0 —~—fsnd gQ
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Well No. Locatton:
Eievation: X = Y =
Method of Orilling:
0ril1ing Dates
Total Oepth : 80.00
Comments @
WELL LOG
SCREEN | DEPTH | LOG L]1THOLOGY
==
Clay Harg
Sang
Sana very Fine
Sand
EQﬁifﬁ Sand Fine
50 —
=1,
:: Sand Medium
i
60 —=
) .
E: Sand Coarse
20 — 20
3
= Sand coarse
ju wilh gravel
3 . ] FICURE 6.10
30—- ‘EO
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well Ng. Locationi
Elevation: = ¥ =
Method of Dri11\ng:
Orilling Dates :
Total Deoth : 100.00
Comments !
WELL L OG
SCREEN [ DEPTH [LOG | L1THOLOGY
o o
CGravel
10 410
Cravel Fline
20 29
Cravel coarae :
30 30
Gravel =ith sand
a0 = -
3.-
. Mixed aand
= and 311t
5 —
°3
3 L8
E $11t
80 <
3 CLAY with
interbeds
- of sang
70 ——pe
1
I {
= Limesatone
i =t 1 -
ol
80 —F=mem= 80 -
i rTL;r - Ocieomite
90 =290 :
-Z:%;‘;J‘::; Cravel with thin
aremad clay layer(s)
100 :&’Q’Ewo FICURE 6.11
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Appendix B

= "Ugable 10 load comm. group.
Cause: Errorin UNG.*.
Action: Copy original UNG.* files from distribution disk. ‘

Message:  Unable to load window.
Cause: Error in UN6.WND
Acuion: Copy original UN6.WND file from distribution disk.

Message:  There is no 0Open comm group.
Cause: Error in UN6.CMN.
Action: Copy original UN6.CMN file from distribution disk.

Message:  Unknown port.
Cause: Error in UNG.".
Action: Copy original UNG.* files from distribution disk.

Message:  Please, edit file GW6.GEN first, then call again. .
Cause: GW6.GEN file is missing in current directory, or path to tex editor is incorrect.
Action: Check your GW6.GEN file, establish correct path to text editor.

Message:  Text editor is not defined in GW6.GEN.
Cause: There is no text editor specified :a GWGLGEN
Action: Check the patk and name of text editor in GW6.GEN.

Message:  Text editor given in GW6.GEN does not exist.
Cause: Incomplete or wrong definition of text editor.
Action: Type the text editor file name with extension (EXE or COM).

Message:  Invalid format or value of horizontal scale.
Cause: Wrong information in GW6.GEN.
Action: Correct the input in GWG.GEN.

Message:  Invalid format or value of vertical scale.
Cause: Wrong information in GW6.GEN.
Action: Correct the input in GW6.GEN.

Message:  Unsuccessful coordinate digitization.

Cause: File DIGXSC.EXE is not in \GW directory.
" Action: Copy DIGXSC.EXE to \GW directory.

Message:  Unsuccessful well map plotting.

Cause: File PLTCSY.EXE is not in \GW directory.

Action: Copy PLTCSY.EXE 10 \GW directory.

Message:  Thereis no active file.
Cause: You have not selecied any lithological file.

UN/DTCD, Water Resources Branch USER'S MANUA
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Aciom:
Message:
Action:

- Message:
Acton:
Message:
Action:

Message:
Cause:

Action:
Message:
Action:
Message:

Cause:
Action:

Message:

Action:

M;:ssage:

Action:

Select existing data file or create new file,

Lithology description file \GWAGWADLT does not exist.
File GW6.DLT is not in \GW directary.
Copy GW6.DLT file 10 \GW directory.

Premature end of file \GW\GW6.DLT
Last line in GW6.DLT not terminated with RETURN
Edit GW6.DLT file. Cursor must be in column 1 of the first biank line.

Maximum number of active files surpassed.
More than 300 data files setected and copied to curreat directory.
Reduce the number of selected files 1o 300.

Error in log print.

In creating Well Log some information missing or wrong. This is normally in lithological codes
and descriptions which do rot match with codes in GW6.DLT Characters other than ASCII
(1-128) discovered.

Edit data fles. Use ASCII version of a data file,

Error in file selection.
Wrong name, or file is not an ASCII file in required format.
Check the file name or file format -

Computer hangs when attempting to display well log.
Insufficient memory for both program (430 KB) and screen display (140 KB)

Eliminate all memory-resident programs; reduce, if necessary, CONFIG.SYS file; check AU-
TOEXECBAT file,

Computer hangs when attempting to print weil log or cross section.
Insufficient memory for both program (430 KB) and printing driver (140 KB).

Eliminate all memory-resident programs; reduce, if necessary, CONFIG.SYS file; check AU-
TOEXEC.BAT file. - ’

Computer bangs when attempting to run GW6 program.
Lnsufficient memory for program (430 KB).

Eliminate all memory-resident programs; reduce, if necessary, CONFIG.SYS file; check AU-
TOEXECBAT hle.
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7.1. General

This is a utility program that, in this Ground Water Software Package, is used by the GW6 module, Lithology
to create maps with wells, boundaries, rivers, roads, and other features. The following files must be copied to
the \GW directory: GW1LEXE, UN11.CMN, UN11LMST, UN11.WND. There are several executable files
which are used by certain portions of the graphics program. These files are the following:

PLTCSYEXE . for Plotting coordinate system

PLTPTS.EXE . for Plotting points

PLTTXTLEXE . for Plotting text

PLTLINEXE . for Plotting line

PLTCNTEXE .. for Plotting contours

The total disk space for all files in this module is about 514,000 bytes, out of which the five executable graphics
files (PLT..) occupy a total of 284,611 bytes.

The graphics package is flexible. You mnay display (print or piot) a coordinate system only, or well location~
superposed onto the coordinate system. You build up your final graph by superposing individual parts. Yo
may add individual lines (district boundary, rivers, roads, e1¢.), add text, add some other points. You may ac
contour lines, but the contouring is not a part of this package. Some of drawing elements, such as well poinL
and lines, may be prepared beforehand, by a text processor. Well points may be also prepared by the GW6
program (lithology). Contours are prepared by modeling programs.

7.2. Coordinate System-

After you select the Graphics Module from the Main Program Menuand press RETURN, the program checks
in your carrent directory whether there is a coordinate file in that direcrory. A coordinate file has an extension
.CSY. If acoordinate file exists, the program lists all .CSY files on the left side of the screen, while the usual
Function window contains the following options, as shown in Fig. 7.1:

N=New Coord.s
D=Display
P=Print/Plot _
E=Edit Coordinates
C=Copy ~
K=Contours .
L=Plot line
T=Plot text
S=Plot points
R=Clear
=Delete
ESC=Exit
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However, if there is not a single coordinate file, there will be a messape: "Enter coordinate system name (8
chrs). Esc to quit!” You are expected to provide a name for a new coordinate system file, after which there
will be a message: "To edit coordinate system description press RETURN. ESC to abandon.”, which gives you
a chance to skip editing acd exit. Should you decide to continue with editing, press RETURN, after which
the following is displayed (Fig. 7.2): ‘

Mipimom Y =

Maximum X =

MaxmumY =

Sale =

Heading =

Axis Labeling Distance =
Lines Color = 7

Axis [abeling Color =3
Heading Color = 15

Coordinate Grid Color =1 -

Grid Cross Height [cm] =02

e B 2 epwsnac om0 T - el
6 @
i
b UN/DTCD — CROUMD WATER SOFTWARE Unreion 1.08 %
5 11. SAMAICS ; - Decynher 1909 . i
E}Z b
= Alninus X 5
& Alnimes ¥ = o
i Raxiomm X = =
. Raxiomm ¥ = !’,2
g Soale » g
; Heading = =
i fniec Labailley Distaron = =
Limes Calar ® 7 ®
4 Auin lakeling Color = 3 - 3
. Hasding Colos = 1S - Ed
14 Caord lnata Geid Coloe & 1 g
% Grid Cross Height (cm) * 8.2 &
3 ‘,«“
E4it coordinats sywtam dewcriptiow. i
5 Fig. 7.2
P " et ; TP 7o A et
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“You may select the coordinate system size, scale of printout, and the headingofprintout. Axis labelingdistance
is the distance in real coordinates, for example, 5000 m, after which the Jabel will be shown and/or printed.
The program offers by default the colors for lines (trame) of the coordinate system 7 (white), for axis labels
igdlmen). for heading 15 (intensive white), for coordinate gtid 1 (dark blue). You may change this if you

Whenever you select in the GW6 program to “Save well positions for plotting®, a file with wetls’ coordinates
will be created with the file name that you supply. You may read again Chapter 6, and notice that your answer
to that prompt should have been 7Y™ followed by the file name "EXAMPLE", T

For tlie present eampie, you may create a new coordinate system as follows. Select N from the menu. Enter
the name TEST Type 717000 for minimum X, 3024000 for minimum Y, 761000 for maximum X, 3073000 for
maximum Y, 100000 for scale, RUPANDEHI DISTRICT for heading, and 5000 for axis labeling distance.
Change the color for lines color from 7 to 2 After you finish, you will notice that the size of the printout is
48 by 53 cm. You are prompted t0 confirm the scale or 10 modify it. Press Y and change scale to 200000. Move
to the last line by repeatedly pressing the RETURN key. You will notice that the size of the printout is now
26 by 285 cm. Press RETURN, After that a graph with the new coordinate system will be displayed. Notice
the colors that you have selected. Press ESC. Type § from the main menuand supply the filename EXAMPLE.
Wait a while and type D to display the drawing, You will notice that 15 wells are superimposed onto the
coordinate grid. A coordinate system file may look as shown in Fig. 7.3, After editing is completed and
RETURN pressed on the last line, the program displays the following message (Fig. 7.4):

Drawing dimensions {cm]: 20.0 (H) 21.8 (V)

To change data press Y; otherwise press any key
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7.3. Composite Drawings °

Several data files that demonstrate the use of this graphics package are inciuded with the GW11 files on the
distribution diskerte. The file names are BOUNDARY for the diswict boundary, RIVER for one of major
rivers in the district, ROAD for major roads. There are also files named BLWELLS, BRWELLS, and
USWELLS, each with differeat groups of wells. Try to build a composite drawing by adding points, lines and
text onto your coordinate system.

Remember that the coordinate system is duplicated ina file with the pame same as the name of the coordinate
system file, but with a PLT extension, meaning 2 plot file. The conteat of this file may be eliminated by typing
R to clear, It may be copied to another file by pressing C and supplying another file same.

For this exercise type GW11, move the cursor 1o TEST, press R to clear TESTPLT. After a while you will see
the coordinate system displayed on the screen. Edit the file TEST by pressing E Change only the color of
*coordinate grid®, Replace the defauit color 1 with 9 (light blue). Press RETURN several times, and wait until

the coordinate system is displayed. Press ESC. Press L and supply the file name BOUNDARY. Answer the
prompt “Color” with 6, and answer the next prompt “Enter line thickness® with 3. Wait until the plot is

created. See the result by typing D (display). You will notice that the boundary of the district has been added
in brown. Press ESC 10 return to the main menu. Add the river by typing L again and supplying the file zame
RIVER, followed by the color 1, and thickness 1. You may see the river added to the previous drawing by
typing D, or you may continue with adding the conteat. Type L again. Type ROAD. For color type 4, fc
thickness confirm 1. See the plot by typing D. You have now the boundaxry, river, and roads.

Now you may add some wells. There are three grougzgwcus: US wells (drilled by USGS), BL and BR wells
(Arst and second stage of an ir-gation system). well position group has been created during the
lithological processing (program GWS), and three files have been created: USWELLS, BLWELLS, and
BRWELLS. These files are ordinary ASCII files. The USWELLS file looks as shown below:

000 01 03 6 14 007 0.02
T38375. 3042500. US53
731500, 3041750. US&s?
732375. 305762S. US&/12
732875, 3063750. US&/13
T22625. 3064000. US 8/6
T22125. 3036750. US8S
T21625. 3048500, US8/4
T20625. 3042125, US83
752750. 3041250. US4n
752375. 3048500. US43
755875. 3059250. US4/6
742500. 3043625. US5/4
752000, 3052375. US4/5
742625. 3048500. US5/10
743125. 3056625. US3/14
742875. 3061875. USSNs
743375. 3064000. USS5/19
730500. 3026500. US62
731250. 3035375. US6/5

_ The numbers in the first line of this file have the following meaning:

UN/DTCD, Water Resources Branch
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DmammUﬁEm-cﬁap‘v?(Gﬁ'},

Cross height 0.0
Circle diameter .. 0.1
Label height 03
Symbol color -5
Text color 14
Labelx-offset _. -007
Label y-offsetr . 0.02

From the second line, the values are as expected: x coordinate, y coordinate, label Although the program
GW&6 creates this file, you may make it 0a your own, using a text processaor, Likewise, you may edit and modify
it if you wish. For example, you may alter the symbol: from circle (diameter 0.1) to a cyoss. Change the first
value (0.0) to 0.1, and change the second value (0.1) 10 0.0

Add groups of wells, one by one, by typing S (Plot points), and supplying file name USWELLS. Repeat by
typing S and BLWELLS, § again and BRWELLS. Now see the whole drawing. Type D.

Add some text by typing T (for text). Type TINAU RIVER, press RETURN, and confism the height of letters
1o be 0.25. For angle type 52, for coior 13 (intensive white), and for thickness 2. You will establish the position

of the text string by pressing ENTER (RETURN) when prompted by the program, and supplying for X 728000
and for Y 3055000,

Another text string is prepared as follows:

Text BUTWAL

Height 0.40

Angle 0

Color 14 (yellow)

Thickness . 2

Coordinates - RETURN

X 743000 ' '

Y " 3070500 ' : B

Type D 10 display the composite drawing. :should look as in Fig. 7.5. 'You may enlarge a detail by pressing

Z Move the mouse and piace the cursor . the left corner of the rectangle to zoom. Press the left button.
Move the cursor 1o the night upper corner o the rectangle and press the left button agaiz. The screen may
look as shown in Fig.7.6. Repeating the zooming procedure, even larper detail is produc. -:.s shownin Fig.7.7.
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O - PRICKEIT LONNQUIST AQUIFER MODEL SYSTEM (PLASM)

MODELO MATEMATICO PARA SISTEMAS ACUIFEROS

DESCRITO POR EL METODO DE DIFERENCIAS FINITAS PARA RESOLVERSE POR
(METODO NUMERICO) UNA VARIANTE DE METODO IMPLICITO EN DIRECCION
ALTERNANTE.

AUTORES. T.A. PRICKETT Y C.G. LONNQUIST
ILLINOIS STATE WATER SURVEY
U.S.G.S. BULLETIN 55, 1971.

FUNDAMENTOS MATEMATICOS.

J.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

| T(Toz) (TDW 5 e+ &

T=  TRANSMISIVIDAD

h=  ALTURA PIEZOMETRICA

t=  TIEMPO

S = COEFICIENTE DE ALMACENAMIENTO

Q=  DIFERENCIA DE CAUDALES (EXTRAIDOS Y RECARGADOS) POR UNIDAD
DE AREA.

X.Y= COORDENADAS RECTANGULARES

DONDE:

PLANTEAMIENTOS DE LAS ECUACIONES.
CONDICION DE CONTINUIDAD O CONSERVACION DE MASA
CAMBIO EN EL FLUJOS DE - FLUJOS DE

ALMACENAMIENTO - ENTRADA ' SALIDA
Q5

Gn + QL +-Q3 - Q8 - Q4 - Q2

-

Ql a Q4 => TRANSFERENCIAS DE AGUA DE UN NUDO A OTRO. FLUJOS
DEL ACUIFERO.
Qs => CANTIDAD DE AGUA INCORPORADA O LIBERADA DELALMACENA
MIENTO POR UNIDAD DE TIEMPO. POSITIVO CUANDO
SE LIBERA AGUA. 2.



- -

FLUJOS DEL ALMACENAMIENTO

Q8 => CAUDAL CONSTANTE DE BOMBEO
Q(I,J)

A T T e

— e

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 vy 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 (NUMEROC DE RENGLONES)

2) ASIGNACION DE VALORES COMUNES
T, FACTOR DE  ALMACENAMIENTO (S)
ho (NIVEL INICIAL) Y Q DE BOMBEO

3) ZONAS ESPECIALES

A) BORDE DEL ACUIFERO ->T = 0O -
NO SE PUEDE S=0 (DIVISION CERO )

B) ADEMAS DE AGUAS SUPERFICIALES
LAGOS, MARES =>» § = 1

~ ( FIG. NO. 12 p 33. DIAGRAMA DE FLUJO)
as
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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) NRy NC = 31 ; LADO DE MALLA 302 m

2) T = 100 m2/dia.
. S =e.o1

. W = 900 m3/m
H=0 '

Qo = 0 m3/dia

3). DELTA = 0.5 dias
NSTEPS = 40

4) Q(16,18) = 49000 m3/dia

9¢
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DIVISION DE EDUCACION CONTINUA

VIT CURSO INTERNACIONAL DE CONTAMINACION DE ACUIFEROS

MODULO ITI. MODELOS EN GEQOHIDROLOGIA Y CONTAMINACION
DE ACUIFEROS

TEMA:

MANUAL DE USUARIO PARA EL PROGRAMA DE
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1. INTRODUCCION:

Para la solucién en la interpretacion de las curvas de resistividad aparente en los
sondeos eléctricos verticales (SEV) se ofrecen dos opciones: "directa” e "inversa”.

La solucion directa calcula la curva de resistividad aparente de un corte geoeléctrico
tedrico, mientras que la solucién inversa encuentra el corte geoeléctrico de la curva de
resistividad aparente obtenida en campo. 9

La solucion directa es por medio de la teoria del filtrado lineal desarrollada por Ghosh,
1971. El programa inverse aplica el algoritmo de Marquart, 1963 para iniciar la
obtencién de! modelo, lo modifica mediante iteraciones hasta que produce el mejor
ajuste entre las curvas de campo y tedricas.

Los programas fueron modificados del articulo técnico de Philip A. Davis de la
Minnesota Geological Survey por J. Cuauhtemoc 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 isotrdpicas y de extension infinita (figura 1), los
parametros incluyen a la resistividad (Ri) y espescores (Hi-1) de cada capa.

Los errores producidos pueden ser todavia disminuios con un proceso de
retroalimentacién; la interpretacion con el programa inverse no manipula los
problemas de equivalencia y supresidon, 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.

FILTRO1 y FILTRO 2 contiene los filtros de Ghosh, los cuales pueden ser cambiados
por los de Oneil, u otros.

NOB87.BAT es un subprograma para simular la existencia de coprocesador matematico
en caso de que no tenga el propio ia maquina donde opere.




2.1 INICIO (RESIST)

Con el programa en la unidad de disco comrespondiente, se teclea:
NO87 RETURN

y se visualiza el MENU PRINCIPAL con !as opciones de:

1. CAPTURA

2. RESIST

3. INVERSE

4. FIN DE CAPTURA

PROGRAMA SELECCIONADO: _

primero es necesario capturar los datos, poriequeseteclea ( 1 ) RETURN
observando PROGRAMA CAPTURA con las opciones de:

1. RESIST

2. INVERSE

0. FIN DE PROGRAMA

PROGRAMA SELECCIONADO_

2.1a si se tiene la interpretacion o presuncién de un corte geceléctrico determinado se
oprime ( 1 ) RETURN

donde la pantalla muestra DATQOS PARA EL PROGRAMA RESIST
NOMBRE DEL ARCHIVO DONDE SE ALMACENAN LOS DATOS:_
se teclea el nombre del archivo dénde son guardados los datos, por ejemplo
DUAQ RETURN
aparece DATOS PARA EL. PROGRAMA RESIST
TIPO DE ARREGLO: 1. SCHLUMBERGER

2. WENNER

3. BIPOLO-BIPOLO
. 0. FIN DE CAPTURA

-~

NUMEROQ DEL ARREGLO DESEADO:

se teclea el nimero al arreglo electrédico correspondiente:

A)-



( 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 numero de lecturas corresponde a los espaciamientos generados

por la regla de correspondencia A = Ai10™(k/6) con 0=k =M

donde Ai es el espaciamiento inicial, k un entero y M el total de
espaciamientos deseados 10 RETURN

aparece ahora == AGREGAR PUNTOQO DECIMAL A LOS SIGUIENTES VALORES ==

ESPESOR (1) =_ 1. RETURN
ESPESOR (2)=_ 10. RETURN
RESISTIVIDAD (1)=_ 1. RETURN

RESISTIVIDAD (2)=_  10. RETURN
RESISTIVIDAD (3)=_ 0.1 RETURN

pregunta en la pantalla ESTAN BIEN TUS DATOS? (S/N)._

Si fue cometldo algun error en la captura de cualquier dato debe teclearse N,
exclusivamente este SEV no sera codificado; caso contrario oprimir S RETURN

aparece: DATOS PARA EL PROGRAMA RESIST

TIPO DE ARREGLO: 1. SCHLUMBERGER
2. WENNER
3. BIPOLO-BIPOLO
0. FIN DE CAPTURA

NUMERO DEL ARREGLO DESEADO:_
como |la captura de datos para el programa Resist ha concluido, se tecla 0 RETURN
preguntasi QUIERES OTROS DATOS (S/N)_

-

si se desea conacer las curvas de resistividad aparente de otros cortes, deberd
continuar con |la secuencia inicial oprimiendo S RETURN, caso contrario N RETURN

aparece ol MENU PRINCIPAL



OPCIONES DE PROGRAMAS

1. CAPTURA

2. RESIST

3. INVERSE

0. FIN DE PROGRAMA
PROGRAMA SELECCIONADO: _

como los datos capturados son del programa Resist, el nimero seleccionado debe ser
el 2 RETURN

PROGRAMA RESIST

ARCHIVO DE DATOS: teclear DUAQ RETURN '
ARCHIVO DE REPORTE: teclear un nombre diferente a DUAQ; RUAQ RETUIR'INI-
aparece FAVOR DE ESPERAR UNOS MOMENTOS

al ser concluido el proceso, el MENU PRINCIPAL es mostrado en la pantalla
debiendo teclear 0 RETURN

Para observar los datos en ia pantalla, teclear

TYPE RUAQ RETURN y detener con la tecla de PAUSA

para impresién de los datos teclear '

TYPE RUAQ>LPTH:

'/
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2.2 INICIO (INVERSE)

El modelo de inversién contiene errores significativos al no considerar el principio de
equivalencia y supresion de capas, lo cual hace a la "resolucién Unica" imposible de
axistir.

La solucién de la inversién no representa el modelo geolégico real, lo que debe ser
calibrado con los conocimientos de geologia.

El método de inversién fue originaimente desarrollado por Merrick en 1977, se han
hecho algunas modificaciones para incrementar la flexibilidad propia det programa.

Con el programa en la unidad de disco correspondiente, se teclea:

NO87 RETURN

y se visualiza el MENU PRINCIPAL con las opciones de:

1. CAPTURA

2. RESIST

3. INVERSE -
4. FIN DE CAPTURA

PROGRAMA SELECCIONADO:_

primerc es necesario capturar los datos, por le que se teclea ( 1 ) RETURN
observando PROGRAMA CAPTURA con las opciones de:

1. RESIST

2. INVERSE

0. FIN DE PROGRAMA

PROGRAMA SELECCIONADO_

2.2a si se tiene la interpretacién o presuncién de un corte geoeléctrico determinado se
oprime ( 2 ) RETURN

donde la pahtalla muestra DATOS PARA EL PROGRAMA INVERSE
NOMBRE DEL ARCHIVO DONDE SE ALMACENAN LOS DATOS:_
s’é teclea el nombre del archivo dénde son guardados los datos, por ejemplo

DAUAQ RETURN



aparece DATOS PARA EL PROGRAMA INVERSE

TIPO DE ARREGLO: 1. SCHLUMBERGER
2. WENNER
3. BIPOLO-BIPOLO
0. FIN DE CAPTURA

NUMERO DEL ARREGLO DESEADO:

se teclea el numero al arreglo electrédico 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 numero de lecturas corresponde a los espaciamientos generados

por ia regla de correspondencia A = Ai10™(k/6) con 0=k =M

donde Ai es el espaciamiento inicial, k un entero y M el total de
espaciamientos deseados 10 RETURN

NUMERO DE PARAMETROS FIJOS (NUMERO ENTEROQ):

Si se tienen conocimiento de algun estrato, sus valores de espesor

y resistividad quedan fijados y el programa no los manipuia; informacién
adicional es pedida subsecuentemente. Si no se tienen datos teciear 0 RETURN

PORCENTAJE DE ERROR (NUMERO REAL):
Es el error en la aproximacién numérica deseado : " 1. RETURN

TIPO DE LECTURAS

1. SI LAS LECTURAS SON LOGARITMICAS
2. DE OTRO MODO

si las lecturas estan tomadas en funcién a |a regla de

correspondencia A = Ai10™(k/6) con 0=k =M son

logaritmicas y se debe teclear 1 RETURN, caso

cantrario en la pantalla apareceran preguntas acerca

dél espaciamiento y resistividad aparente para cada

estacién de medida, en esta dltima opcién debe ser

tecleado el nimero 2RETURN 1 RETURN

{



aparece ===TECLEAR SOLO NUMEROS 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 algun error en la captura de cualquier dato debe teclearse N,
exclusivamente este SEV no sera codificado, caso contrario oprimir S RETURN

aparece:  DATOS PARA EL PROGRAMA RESIST :

TIPO DE ARREGLO: 1. SCHLUMBERGER
2. WENNER
3. BIPOLO-BIPOLO :
0. FIN DE CAPTURA -

NUMERO DEL ARREGLO DESEADO:_
~ comola captura de datos para el programa Resist ha concluido, se tecla 0 RETURN
preguntasi QUIERES OTROS DATOS (S/N)_
si se desea conocer las curvas de resistividad aparente de otros cortes, debera
continuar con la secuencia inicial oprimiendo S RETURN, caso contrario N RETURN S
aparece el MENU PRINCIPAL
OPCIONES DE PROGRAMAS

1. CAPTURA

2. RESIST

- 3. INVERSE
0. FIN DE PROGRAMA

PROGRAMA SELECCIONADO:
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- N

como los datos capturados son del programa Inverse, el nimero seleccionado debe
serel 3 RETURN -~

(

b

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 0 RETURN

Para observar los datos en la pantalla, teclear

TYPE REUAQ RETURN Yy detener con la tecla de PAUSA

para impresion de los datos teclear

TYPE REUAQ>LPT1:

BIBLIOGRAFIA

Davis, P.A., 1979, Development and aplications of resistivity sounding inversion for
several field arrays: M.S. thesis, University of Minnesota, Minneapoilis.

Ghosh, D., 1971, Application of linear filter theory to the direct interpretation of
geoelectrical resistivity sounding measurements: Geophysical Prospecting, v.19.

Ghosh, D., 1971, Inverse filter coefficients for computation of apparent resistivity
standar curves for horizontally layered earth. Geophysical Prospecting, v.19.
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1.0 GENERALIDADES

La reduccion de datos geoeléctricos es de suma importancia, de ellos es obtenida la
curva de resistividad aparente de donde sera interpretado el corte geoeléctrico; de
acuerdo a la distribucién del potencial, las anomalias detectadas con los sondeos
eléctricos verticales (SEV) con cualquiera de sus arreglos electrodicos -Schlumberger,
Wenner, Bipolo-Bipolo- no ubican correctamente en el subsuelo a los eventos
geclogicos que las producen ocasionando " pifias .

En el programa gque fue desarrollado por J. Cuauhtémoc Orendain Munguia con
algoritmo de A A. Manilla (1983), se presenta |a reduccion de datos de geoelectricidad
basado en el articulo de G. Hernandez 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 sl es descompuesta la resistividad aparente
de un volumen de masa en sus componentes. serie, paralelo y media cuadratica,
obteniendo de igual manera los valores de anisotropia y profundidad real de
investigacion.

El programa esta compuesto de cuatro archives, dos corresponden al sistema
operativo y son:

COMMAND.COM
GWBASIC.EXE

en tanto que los programas que se refieren a la reduccién de datos sor:

SCHLUMB.BAS
DIPDIP.BAS

El primero reduce los datos del arregio electrédico Schlumberger y el segundo al

arreglo. Bipolo-Bipolo. Con la misma secuencia y de manera amistosa en la
comunicacion 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 tipica de basic, se oprime la tecla F3, y pide el nombre del
programa a cargar



"

- LT T Trema TR
Ry,

LOAD" SCHLUMB  RETURN

aparece

CK, la tecla F2 debe ser oprimida y el programa ha dado inicio mostrando
la pantalla de presentacion 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; voitios-amperios, milivoitios-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 ovi

1 10 RETURN 10 RETURN

2 21 RETURN 2 RETURN

3 32 RETURN 0.8 RETURN

4 46 RETURN 0.2 RETURN

5 si no se t:enen mas datos debe ser tecleado RETURN apareciendo

REPORTE EN PANTALLA O IMPRESORA (P/I)_

si se desea visualizar exclusivamente los datos debe ser tecleado una P, si es imprimir
solo se oprime | seguido de un RETURN.

En la presentacién de datos aparece



A=5 que es la distancia entre los electrodos de potencial MN

L Espaciamiento electrédico AB/2

K Factor geométrico

DV Diferencia de potencial observada en M,N
RHOA Resistividad aparente

RMCN Resistividad media cuadratica natural
RSN Resistividad serie natural

RPN Resistividad paralelo natural

AAN Coeficients de anisotropia

IRR Intervalo y profundidad real investigada

QUIERES OTROS CALCULOS (S/N)

en el caso de no tener mas datos que procesar oprimir N, situacién contraria volver a
empezar,

Para el Arreglo Bipolo-Bipolo, que aparece en la figura 1b, n corresponden a las
distancias x que separa al dipolo de potencial de! de corriente, x es la distancia entre
los electrodos de potencial y los de corriente, son siempre numeros enteros.

BIBLIOGRAFIA

Barnes Layer Method Technical Memo No. 6 Instruction for use whit Bison Earth
Resistivity Meter.

Orellana E., Prospeccién Geoeléctrica en corriente continua, 1972.

Heméandez Moedano G., 1983. Calculo de la Resistividad Media partiendo de las
mediciones de campo de sondeos eléctricos verticales para una interpretacién

geoldgica cualitativa cercana a la real. XV Aniversario de la Creacidn de la Carrera de
Ingeniero Geoflsico, Palacio de Mineria de la UNAM.

Vo



A=5 que es la distancia entre los electrodos de potencial MN

L Espaciamiento electrédico AB/2

K Factor geométrico

DV Diferencia de potencial observada en M,N
RHOA Resistividad aparente

RMCN Resistividad media cuadratica natural
RSN Resistividad serie natural

RPN Resistividad paralelo natural

AAN Coeficiente de anisotropia

IRR Intervalo y profundidad real investigada

QUIERES OTROS CALCULOS (S/N)

en el caso de no tener mas datos que procesar oprimir N, situacién contraria volver a
empezar.

Para el Arreglo Bipolo-Bipolo, que aparece en la figura 1b, 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 numeros enteros.

BIBLIOGRAFIA

Bames Layer Method Technical Memo No. 6 Instruction for use whit Bison Earth
Resistivity Meter.

Orellana E., Prospeccién Geoeléctrica en corriente continua, 1972,

Hemandez Moedano G., 1983. Calculo de la Resistividad Media partiendo de las
mediciones. de campo de sondeos eléctricos verticales para una interpretacion
geoiégica cualitativa cercana a la real. XV Aniversario de la Creacién de la Carrera de
Ingeniero Geofisico, Palacio de Mineria de la UNAM.
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PROGRAM DESCRIPTION
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CPLAN ,___// Phickness wr 15 Knewn, program vses “thick dike'
. equatdbdns ; if unknown., pmjrnm wses “fhin dike”
—_ S e;uaham (befows).
9, § 22382 7 maunTions For Tiuex DiKE:
S , o __AT'=2KTA%s/n D [sin@1:D)-06- ¢os (21¢D)- MnR]
- -~ I OH’=2kTh sin D [sin(1LD)-Od- cas(1+-D)- A.EMRJ
Z O£ 8S<180° __AV'=3same as AH' with I'eI'+q0°

- EQUATIONS FoR THIN Diks: . —
I I o _I" z!rﬁ’SmD[sm(zr )—-cnS(ZI'-'D)
- V/ - ea =zmﬁ st[sm(r—D) ws(I'-D)'%.,] :

- ___Q.Y. = 3ame as h_::. 'uﬂh I"--I_'*‘éof . e o

R E 4;4,,, ARz IR ; A2l-cos"s s’

—-VIEW \ = A incdinale
. k\\\ tan I --lwnl/: j_::“ :miim"_,m ?\.y

kfercnu_. s. Parhrﬁsg,:’:., 1161 G..rv:s for n-dquhium of majm.hc. Anmuhu
i Mindng ng_jm v 1T by of Exploration Geophapsreishs, Tulsa, 0K, pps. S12-590. -

Operating Limita and Warnings G ENERAL: % uatons wed assume neglis :b’c. dema ndij ahaon

efffect and ﬂn.t' > AT"<< T, TAcse condions arc u.rua.{fy met 77 Swseepii h{y f(“l

14081

Courtesy of Texas Instruments Incorporated
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MAG 4

ProcrAmMM ER's PoiNTs:

)
program lis-h'nj on\:j store and echo-print The ribben parameter J

values. These steps may be dropped (in favor of infial direct -
storage of the parameters nto the appropriate

Steps ©oo through 130 of the.

rtﬂfs‘cer:‘s ) when

altecring ~The program for a cadlanlator with fewer steps.
S{mi\a:j, if no pnivit cradle is available., all printout steps

(mark

in The l'IS“Hr:j with a verhical bar)  become super-

Hoous.: I This case;, some

obvious cha

may also be

made after present step 355,
The. flow chart at right

Shows The rcmim‘nj . 2
bare-bores ™ prograf, X - Req 06
Subroutne D.

e
i

-

Get I'—>Reg 08
Get ‘h* -+ Reg 03

I490°-> Reg 08

2KT sin D« Reg OF. sin (Reg 08-D)~»Regof | "0 7
2KT sinD: Rcg 07-coS (Regop-D)> Régro |~ 7

4 I

—%-—r%ejﬂ

64>;>Re5 1

_Ea_,. Req 12 ‘/\‘ AnR-> Reg 12

AN

Reg 0. Reg 11 - Req10- Reg 12 -+ AF’

2 of 10
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TITLE .Magnghi'._&;afiks_aur_m&spms B3 or10 Tl Pogrammable  MAG 4
procramver D.L Camphell éDNtaiessre_ Program Record o
Paruuomng {Op 17) Lﬂl&&ﬂ_l Library Moduleﬂ__m.d__,PnnterQ‘ﬂmmLCards | -

. (Standard)

. A USER INSTRUCTIONS
STEP PROCEDURE ENTER PRESS DISPLAY
d |Kead in sidet.and side 2. of card.
R | Set flags as needed. .

N (a).?b_calca{aft_ﬁonjonm Fed, AH] . |2rdSRd 1 L
- { ()75 Calculate vertical field, AV! _. 2™ 9% 2. | ... ..
: ‘Q:fmut._cqnddmn_({mss 1 and R cleared) [catdulates tpta) field AT

. clear. flag_m.,_press. o o TInv|2MPR| | L L
.\ dﬂ‘lpamma&njaa ar)- N _F", N

| _ka) befic. susceptibiliby ﬁdumgm RT_CLoT)| . [2™MA° ] RT. _
- 'b)bn? mftbneﬁmnjm:: | I ldegl| . |2%8°) L.

- C)Aglc.énn:tnkf.q‘_d:kcb | S [degd| ._ 2dlc! | s
i of dike, pasitive dow m_+ 1 Ddegl)| | 1A D . __
,,,,, ibinp_f_dmkc___.____-____. Zo_ | | 1B 7. —-
. F)Amamnt_uumaﬂdnkl_(opﬁamf)_ W 1. ¢ |wa '
s 1f_no valve of 1 is_tput, or if wr is. ml:kq}uudi_l 4o 3ero, the. _
— pmsrnm_;m:lbz._‘hndnkz equaiwrrs <. pns qive [littie error as_ )
/or&_ﬁu ur< @, _Nate_n his case_output fdd vad ard ne malgcdﬁ_y '
| ,dtkt.l'_ _weflh. W) .. .. N -
. Jtnrﬁnjym;ér#q‘/c__.. - A D | AF
: uh:ip.xt_dlsp!nﬂ rmats at fthisipoidt. [For e.xampk
d mal_,plm e | 209 Rx| 2 e

EXI .m
R

‘E.
i.
5;'
%é<
15
s

o /f 5t3 of parrs ([ AF ‘0] along. e
|profile, where_x ran ﬁnm_?raf Fo. X 1N Ax.
- |# flag O_is_nal”_sel; rogram |SB0S_ at jea fite pornt _ ..
|wirh. AF_ad_m_dup R e t-regitter] (Fress| Xatfo____
- d:.rplag_.z.)_&:ﬂact wfile. pant, lpress, | L |BST . L o
Y — Qanﬁmxd.mxtpajg-— . e R
i B LT T ETSVIRSNIPSRRY PRSPPI PR ol —— - . J—
N BT | CARD. LAYOUT o2l . .
X T oL I 3 P, Xp A RSA O
L D Z w Xo Xn, AX

Courtesy of Texas lnst.ruments‘ Incorporated
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| )
me Magnebic Profiles over Dikeseace 4_or 10 Tl Pogrommable [y ]
MAG 4 wwven DL Campbell £ b.N. Hainepate Program Record
Partitioning (Op 17) L.} Library Module Printer Cards
USER INSTRUCTIONS
STEP PROCEDURE ENTER PRFESS DISPLAY
6}( Oph'oml) Same users may wish 10 atempt tg mqater) parficular
fie\d profiles_vsingthis. program. | Fictd profiles ate lifkely to have
The addittonal features: . . . | . +x
_ e Brofike direction is_not perpendiculdr.
... [fo strike,, but et an angle p do i optipal
Cldwechon. . _ ... |.
_|.. . @ Poofile coondinades X start at an.
_larbifravy origin, a dishince Xy ffom The
- dikc.’s..c?ntzr:'_!&bct_____i____
| —2 Dike anomaly ic superposed an.a
~ vbral. or background megnchic. . .
< ] _....g. - ;e e
- | . . These vaciables  be ertered..
. fat .stgp.3 ,-dnyhine. ) 1ne.
- \The ollowing stpSe ...
\.? Pofile. R ¥ -
Frofife 77 ‘EP -
M&ckfma' ﬁdd_[a.m‘umd@mt) = [n7].
e I S
| i bt s i T sk o5
sty : ¥ ; _
T get AM,|
Ke| _AHZ AR’ 30NS |
=<.-o_9rr_gn e CO.SE '
rface, wter . vutl

i .




.
LS

nme ﬂﬂgmmw& pace_9 010 T| Pogrammab MAG 4

procrammeR DLL.Campbedt ¢ D. N. Haines pare

Coding Form

/&

LOC [cODEl KEY | comMmenTs [[uoc fcooe]l  xev | comments [[rocfcobel  key | commenTs
SH0D TE L Fnp’: |j0se v OF ~ 110 OE 06
an1 16 A | —A' 0Se 0F D » %:1 1 F/S
002 42 3TO re. nse 0% 3 i 2 e LEL :
| o0z Q0 Q0o ‘?f?_‘_, r 0se 0z 003 _P 112 12 € Ffas N
o004 g2 o ) nSa &3 Op 114 42 =70 |Store wr.
ans 0o on o oDED 04 Qg 115 032 032
ane oz - et 3z o b 115 14 4 T
ady. 08 & N1 0 42 110 | Store pl1T 0z 3 T
opos o3z =z | . T NS - M =t [ .. —e
Q0% 07 7 ned k3 ofF L 112 03 04 Fowh T
110 &% OF a 0es o6 e ) 120 4% RCL -
11 04 04 i 066 _ 92 FTN 121 02 0% T
012 43 RCL Ueo 76 LEL |fen & | 132 €3 OF T
013 o0 00 | nEg€ 10 g o 123 06 06, o
014 e30p | _ 069 42 3T0 |Shwe A& 124 02 2 .
015 06 08 ) 076 16 16 [ T |135 2 v |Replacew
Q0 250 071 02 2 o, .. .|12€ 49 PRIV bj wh
M o TFen B87:.l|072 01 1 "FO” _|127 02 o2 | Yr
o018 172B* |, - 073 o0z 2 _ 122 43 RECL _|cale. of
019 42 STO |Sfore T ||O74 02 2 _ 122 02 02 _|coor
020 0! Ot o grs £% OP ) 120 9} ErS.
021 02 2 } 76 04 04 ) 130 76 LBL .. .
022 04 4 v ar?7 43 RCL 132° 14 D "_-f"r_g‘_
023 69 OF i 0F8 16 1 f 123 42 sTO! |Sfore
024 04 04 79 69 OP i 124 17 17 T
025 43 RCL {. 030 06 0Ce _§ 125 75 - _|_ _._ ..
026 0! 01 g1 92 RTH 136 43 RCL. .| Get x'
027 &9 QP oo |[UE2TELBL g (137 18 18 [
n2g8 o0& o0& P_ - lloe2 11 A | - 1233 95 = |_.=___ ]
>/ 084 42 ST0 | Sbredip}139 65 x | . (o
"W LEL [fen C’s [|08S 05 o5 | _ 7. l140 43 RCLs X-Kp)ec
031..18c* [ = |loge 01 1 A I S U B T £ A
032z 42 STO |Sfomz s.||057 06 6 e oa-|142 390087 | _cospr
.033 02 02 | ..__...._||los8 02 2 |- DPT 143 95 = | __ " __
024. 02 2 ... l{oe? 04 4 . 144 42 sTO!.| ...
035 '0é& 6 . > |leeoi 03 3 .. |145 06 Q6 —m . ....
036 €30 f-.. . lost. 02 3 J_.. _ 146 42 sSTO! |[Sef default
037 04 04 § _ ____|lo92 e9Oor L. __ _. |147 15 15 |- Xn. wm
038 43 RCL ). _ 'oea! 04 o4 |.. _ . 142 43 RCL- | ... _... :
039 0z oz f_.____ ||lo94' 43 rRCL |..... . 143 01 01 Py
‘040 69 0P -|__"__. [095° 05 05 f__. _..|150 30 TAN! | Get X'
04t 06 e . l096r 69 0P ... |15t s5 <+ | ._..-.
0 ‘- S 09?: 06 o0& J__. .. 152 43 RCL- |.----

3 1Fen D’. | 028! 25 153 02 02! | .. _,. -
044 15D |TEE | FEHTE An&: |154 38 sIn! lan™
045 42 STh 100! 1z E == 155 95 = (m:
046 18 12 101: 42 S70 Store = 1156 22 1wy | Agps)
047 04 4 102' 04 04 o 157- 30 TAH - | .
048~ 04 4 103! 04 4 Pz |158 42 STOD
049 03. 3 104! 08 £ ) 159 08 08w
050 03 3 105" €9 OF - 28
051 69 OF . 1051 04 D4 S el aeo
052. 04 04 . 107 42 PCL AL T4pwl EF  52|ew) sl
033 -43 RCL -. 108! 04 104 TEXAS INSTRUMENTS
. 054 18 18 L 103! 69 OF L xS —

Courtesy of Texas Instrumeants [ncorporated )
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MAG 4 Mﬂgmhc.fmﬂlﬁ_m_ak_u_
pace_6_or 10 T| Programmable

P

PHOGHAMMEH C d
DATE (o)
‘1'?0 69 DP COMMENTS LOCEDEI KEY COMMENTS ] Ing Form
ig é a0 oo Clcear Phnt|[ 215 o5 S - ' c')?'nm?lE.‘. "—ff-’ COMMENTS
43 RCL | e A - Irh oo 00
iE'S oz 02 _qs. 3170 D:E;--.r o] :“ i ~h
€4 39 COS 21z 22 T ITE 43 RCL
ig-g £S5 X =12 @ IFF 'fcf‘;' Aog| 22 D OF -
66 43 RCL zz0 02 0z S G B R V-
167 01 0! |Gt Fxl &7 IFF | Zos o 4% FRD ‘M,S,a—‘-—-‘
162 39 CO3 22X 09 a {if so, cLfotE M —> Reg 09
162 35 = | o 23 06 0 | XeT'w0]its 4% PRI x cof
70 33 X2 223 44 sy 1208 1o 10 rReyse
71 75 " s 0 e £ e TEL Do £y
7z o G el 0
5 = ] S el <7 L .
i7s a2z so i [133 64 4 253 05 0z (Euands
P 176 .07 07 |V 230 04 4 o =34 7 €0 | ™whdlke
B\ "178 01 . 01 |Are. AH) 232 a7 7 e I8 T0 RAD bt ]
. ‘179 .7 a7 ps7 »- 1232 04 4 XVER" 287 4% FCL |- —
o7 D32 . _A\{!M an - - 2% £ ODPerwi
180 . 87 IFF | set2d 1338 05 & Aw sge o9e 2 o e
18}__. 02 02 f.eoe T 01 1 n Pnnt 90 43 RCL o
182 97 DS 236 07 ._blod:kz. z f -
| 4 Sl s 537 0% £ 21 03 02
83 - 43 RLL 338 g5 = k-1 S-S
g4 o0& 0% 3 eaun o ZA3 iF it | T
ie3 ss oy TR I R R
127 G4, q° 1231 76 LeL |dffL - £33 04 04 e
168704 " 4 11243 25,11 S G LI T ! T e K1
183,05 | 5" a1 co o & S35 an LibE|mmemmsmer
‘190 07 7 245 35 e Iﬂ"—-".‘t 299 42 370 ;’_—_-i@'[f 1
152 07 3 246 63 ug" Ftitle flaon 11 11 | 19!
, ? z e WP T T - -'!l:ll -3-‘:- 7] pT - et f :
193, 03: 247 00 on y__ . |0z 3Z i] T B
igd> 032 A R SR - I e i
195-703- 3 2 S 05 - CHR04 43 pUET RS AT
196 07 !7 250 22 IHY x'=D 303 ?ue. ve o —E
197,69 OP 334 &4 suy - g LT, | T
198102 | 02' 253 43 R S ' 208 A% REL T
199 61 GT0; Se4 08 tCL Sin (L 59 A SRR D
300 % Len TR T i e R P
502+ 9% b8 528 45 519 Fegoqiai1 43 ReL -G;c- |-
'203:.%34 X 25 - 212 04 04 Y, 79
20442 ST 28 asrel T emlil 22 e
- L , ] 3 - y
Dg 8? 3? 560 29 COs > D 3{; ;; '_:.E - 5 TS
207 .04 ! 261 42 STO | Reyto 216 11 1 [Bopin
209 07 7 =Be g R 18 ZE -
210 02 2 =ed 0o U Get - } 13 ,!'F'}’. Reg 11
3203 3 Gl e e G,
212 03 -3 zeg &3 ¥ |SmD 62 1 0
1215 02 : 2er 02 2 cEO neg %C0
~214 03 3 269 43 RCL Y2RT Texas INSTRUMENTS ~
Courtesy of Texas Instruments lncorporated s 6 of 10 sty ——
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.TITLEM%.DL,;&..EQ&[GLO_\&LDL&S_PAGE_}_OF to_ Tl Progrommoble MAG 4 |
.~ procrammer DL.Campbell £ D.N-flaines opare . Coding Form

e
359 22 !

320 95 PRT Ve xEi—
261 93 Any | HAF--
262 22 INY Y —
262 87 IFF
264 00 00 .’f- {flag 0.
365 91 RS A
Zee 42 poL - | SEpfr
367 15 15 auaf .

368 22 wiT | oMPUE
269 42 ROL | 2pm s
270 7 17 ?_&"gfﬂ
271 23 IHV - fz:gun
Ive Y GE - ++ and
273 78 I+ 5| -
374 7¢ LBL -| §°-oN

=-=" i  Courtesy of Texas Instruments Incorporated

Loc [cODE]  kEY COMMENTS [[Loc fcope|  kev COMMENTS |} LOC iCODE{  KEY COMMENTS
1z 1z ERETIC D S : 43Q = DNk
&0 DEG . ITE 91 RS s I 5 ¥ STV I
42 RCL . N S 432 o0 1§
1z =4 AVEs  TH T 433 o0 0
::":' re LEC |1 Pun :gg Y :E|
Z oo - (RN Ol
12 1r poL |dike e g38 an g
S e e 437 N
s TR 438 oo o0
33 e i -
I T 43 FOL
5 » Ie iy
42 RC nons -
o e a5 =
'S - 42 270 n o
43 PIL I _ Rff’“ . )
12 1z SERL ST
£ES = o4 0l -
43 RCL _ 5% - T . . -
1o 10 3 FOL
23 JSCE B o - i - __ - - '_- - )
43 a5 = - S
& 42 STO0O & . B Y
35 11 11|z Regll o
TTEET 43 PILT ) ) - B
av e 0OF - - -
01 ss - | 7 T o
36 ST RCLITTTOOCN O T T
248 5 [ i - - — - — e
1349 43 R CERN PP |
250 19 AR el . SR Y | = - —
35 33 C 12 {:° Rt““aﬂja‘ - - L ———
3%2 95 &1 oo |- — T - - — B .
1393 Fe L Fr GE - 0 T -
294 86 STF.|° T LEL ) -
255 32 HIT 15 E, 'F"’f‘ - I
35 43 RCL 47 ETODC ' T T
ST I g 14 14 Taeg’ - -
308 99 PFT] 32 '-':'.' ax. -
i g
15 15
-3 ]
4% FL

R o R LI

[ =%
-}
Dyl
':

oz o o MERGED CODES !
= 1 2N EHE WEsE | -
i Sl (e D
DE - GALD LD 74med E1 92\mW) (9
GTe Texas INSTRUMENTS

I AT N A D

P o Bt Tod F T ot 1o B) [ 4 s ot s an

ol of =) e 0 fo G T =

[P P S WA A, Y
Eo N I ) IO R |
s

f}
]
!
|
1

T-aamn
r



MAG 4

EXAMPLE: Calculate total, horizontal, and verteal

m::gneh'c. freld anomalics for a dike
I=60% A=30° D =/20° (= 60° down from The -x direction),

and

(i) thick dike with w=4 units (hue thickness 3-"'6uni‘t$))‘

=7 unit. Do both cases

(it) Thin dike withh we Z.

wrth ®RT7T=50 w7,

Y
it
3

SowuTion:
STeP | VARIABLE KeyY DispLAY PRINTOUT (ton't next pege)
® Thiek dike case, fotal field:
3a ®kT=50 '20d : o
| b I= 60 ZM 8 7 60. S0y, FT
c S=30 2Mc 30. *‘;‘I i
.d. D=120 A 120. ) DIE
e z=f 8 1. 3 I“J
f . w=4 , C 2.
4 X, =1 - D AT=38594yY275 We TOT
_ . _(ophonat) 279 Ty 2 38.57 13, S9434I7S
Sa.- 2™ StFig 0 o
Cox=8 xet? -foo o
sb6  ax=1 E tape oufput:
, at end display
| shows 8.o00
Coﬁrluy of Texas lastruments Incorporated 8 of 10 —_
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MAG 4

SoLuTioN (continued )
Ster | VARIRBLE Key DispLAay PRINTOLT
® horizontal anomg
2a Z"dSH-y -, 0l
¥ x=7 - -3 00 S8, a9
Sa_ X, = 8 xqt ~*. 00 -4, 100
b Ax=1l & 8.00 rz.09 ' ‘
® verfeal anomaly: . h P
2b 2% 514 2 AT
Y X=7 - -f.00 Y
Sa x =8 Xet . -700 R
b ax=1 = E 8.00 :
b -1, 00
1 ® Thn dike ease.: HE-E3 -
Jf wW=0. (& ©.00 0. o
| ® Tl fied anomaly: g. e -
RST Y (Clears all ﬁrys) .00
|4 %=%w- D ar=9.3 &5
| sa - . 2MStRe 0 . f
- Xpy= 8 Xat™ - 7.00 Eg
Sb M 1 £ 8.00 | ¥ ‘
] honaonful anemal EE; ?
2. a znd.sr% 1 T .
Y ""Xo 7 4/ D * -2.00 .00 e
5a, &, =8 ) Xapt -7.00 -5‘2- =0 Tt .:
b, Axxiq E' . 8.00 '5.00
‘e Ver'hatrt anomal ~44.13 L
2p i 24 $r 2. . 00
Y - X=P - -#.00 -37.78
Sa . A 8 Xel -£.00 I'_, 00 :
b AMxsl  E 8.00 -32. 90 |
-Comments: & :
S E) For manval output (no PC awil- 500
“able);"SKip all- Steps Sa.. That &, do This — e
y Xo= 7, */= D AF’(xq)
- 5b Ax = f E AF' (X, +AX) End of thek dike, fotal
X4t Xot+A X freld prnfout, Remaining |
R/S AF(X,*ZAK) prinfout’ confinved on. -
efe... nexé page. O
Courtesy of Texas Instruments Incorporated 9of 10
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" MAG4

| page 10 of 10
- SowwTioN (continued)

(i) Fixing d.'\.spla..j formats usually garbles al .subscquen‘t N
alpha. outpul. (tnhis case, The "Fix 2° shifted The headings —
"X, HoR" etc.— 1o The left.) For correct alpha. headings, it s
best fo press “iNv 2M Fix " betore repeating any o}j:frp.r
3 or 4§, and then refix the d\'splaﬂ for mat ajcu'n nﬁr step 4.

Remalht‘ns printout tapes: o

. 00 v
¥» HOR T YER ERLUL % HOF ¥ VER g
-7. 00 -7, 00 -r. 00 -7.00 ’ -’?:.oo .
26.21 . 37.00 37 6,45 8.96
~6. 00 -4, 09 -6, 0O -€. 00 -6-
29.51 44, 2% 10. 8 v. 26 |g. gg
 -5.00 -5, GO -%. 00 -%. 00 -5.00 !
33, 44 5 00 12,23 8.25 12.90 : i
-1, QD -4.00 -4, 00 -4, 00 -4,
37. 8_8 T2.4% 16, 7@ “. 43 16. gg
“-3.00 ~%. 00 -3. 00 -2.00 -3, 00
36. 3e 103, 97 21,95 10. 61 22.29
-2, 00 -2. 00 ~2. 00 -2.00 -2.00
“ 2.10 151. 4% .4 10. 40 33.33 )
=1, 00 . -1.00 -1.00 -1.G0 ‘ ' .1.00 % 1
=70, 88 155. 38 7. 33 -1.06 55. 19 ""e' 3
[ N -t a
0. 0D 9. 0C 0.00 0. 00 0. 0
-124, 55 119. 85 32.88 -56, 2% 54.13 Q‘
1.00 o i
. 1.00 1.00 1.00 . 1.00 -7
-157, 99 64, 8% ~te. 72 -85, 19 T -1.06 X !
2.00 - " 200 2.00 S . ;
3 =
. RN
3.00 . 3.00 200 00 T " a,00
<102, 49 . i -40, 31 “15. 39 =21 88 A E I T ]
4. 00 .00 4. 00 4,00 4,00 )%=
-70.96 ; -i0.13 ! -12.72 -16. 04 -10.08 O}
1)1 - '
b . Ay 1
s.00  -- -l 3. 00 T %00 %. 00 T30
=53 67 o " -3%. %) T -10. ™1 12,57 -g. 7a ; ; _/l
.00 . . .00 6. 00 e, D0 . 00 o
-43.08 i} UR -3 =9, 21 -13. 20 -?. e J !
- H Tk '
7,00 ' T o0 Lo T.oi e T
“33.96 -ar.6l . T 4.7 - gty
3. 0Q v % i i g, ol 8, o0 ’ fe.0n !
-30.86 ~4 10 716 . =737 $.09 . i
Courtesy of Texas Instruments Incorporated : ’ . . : !
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FACULTAD DE INGENIERIA U N.A.M.
DIVISION DE EDUCACION CONTINUA

VIT CURSO INTERNACIONAL DE CONTAMINACION DE ACUIFEROS

MODULO IIT ~ MODELOS MATEMATICOS EN GEOHIDROLOGIA Y CONTA-
MINACION DE ACUIFEROS

TEMA

MODELO DE FLUJO * PLASM”

MODELACION NUMERICA DEL TRANSPORTE
DE CONTAMINANTES EN EL SUELO
( CONCEPTOS BASICOS )

PONENTE:
ING. DAVID GONZALEZ POSADAS

Palacio de Mineria Calle de Tacuba Primer piso Deleg. Cuauhtémoc 06000 México, D.F. APDO. Postal M-2285
Teléfonos: 5128955  512.5121  521-7335 521-1987 Fax 510-0573  521-4020 AL 26



MODELACION NUMERICA DEL TRANSPORTE

DE CONTAMINANTES EN EL SUBSUELO

(Conceptos Basicos)

M. en C. Fernando Lara Guerrero

Instituto Mexicano de Tecnologia del Agua (IMTA)
Paseo Cuauhnihuac #8532

Jiutepec, Morelos

C.P. 62550, MEXICO

Tel: (73)19-0713

Fax: (73) 194341
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Introduccién

La contaminacién de las aguas subterrdneas se ha convertido en uno de los problemas ambientales mas
graves en las dltimas décadas. Los contaminantes en superficie pueden infiltrarse en el subsuelo y llegar
a contaminar los acuiferos. Lo anterior, representa un serio riesgo para la salud y medio ambiente. Dado
a2 que la contaminacién no se puede detectar ni medir en forma inmediata, es necesario utilizar
herramientas matemiticas, como los modelos numéricos, para estudiar 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 pardmetros més sensibles es la velocidad promedio en los poros la cual, puede ser
determinada solamente dentro de un orden de magnitud. Este problema se torna mas complejo en
acuiferos formados por varias capas, donde la velocidad y la concentracién de los contaminantes no estdn

homogéneamente distribuidos a profundidad.

En el caso de un balance de agua subterrénea, si existe mayor velocidad en una capa que en otra, no tiene
importancia ya que la Gnica cantidad relevante es el flujo total en una seccién transversal. Por el contrario
en un modelo de transporte, se tendrd una gran diferencia si los contaminantes estin presentes en una

capa de baja o alta velocidad.

Una parte fundamental de un modelo de transporte es la elaboracién de un modelo de flujo. Este,
constituye la parte més laboriosa por su preparacion, calibracién y verificacién. El modelo de flujo que

se utilice de base debe satisfacer un alto grado de exactitud.

Los modelos de transporte requieren mayor informacién que los modelos de flujo. Esto se debe a que,
ademis de los datos relacionados con el flujo subterrdneo se requieren valores del coeficiente de
dispersién, porosidad, concentracién inicial de contaminantes y factores de retardacién y/o atenuacion.
Esta informacidn se desconoce a priori y tiene que ser estimada. Por ello, los resultados derivados del
modelo deben ser tomadas con reserva.

La calibracién de los modelos de transporte con los datos de campo es limitada. Los resultados, solo
pueden ser comparadas con mediciones promedio de concentracién. Si las muestras se obtienen de la parte

superficial del subsuelo, como es el caso, la profundidad promedio no es representativa de la

\
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concentracién en ese punto. Solamente cuando se tiene un considerable nimero de observaciones, se

pueden comparar los resultados medidos con los calculados. Ver fig.( 1 ).

A pesar de las dificultades mencionadas, los modelos de transporte son una valiosa herramienta para el
andlisis y solucién de problemas de contaminacién en el subsuelo. Una primera aplicaci6n puede ser la
interpolaci6n de la concentracién en pozos de monitoreo. El modelo también puede proporcionar, dentro

de los limites, la evolucién de la plumna contaminante.

La aplicacién més qtil de los modelos radica en simular escenarios y métodos para el saneamiento de los

acuiferos. Su utilidad radica en predecir el potencial de contaminacién creado por una fuente.

Es poco probable que las capacidades predictivas de los modelos mejoren en el futuro, ya que las
heterogeneidades a pequeiia escala no pueden ser exploradas con suficiente detalle. Por tanto, el desarrollo
de los modelos se dirige hacia el desarrollo de modelos estocastico los cuales, agregan a los resultados

una medida de las posible variabilidad de estos.




1. Solucién Numérica de la Ecvacién de Transporte

La ecuacién de transporte en una dimension en un medio poroso homogéneo e is6tropo que incluye

sorpcién y decaimiento, se puede expresar como (Fetter, 1990):

ac_ , Fc v _ Bgact (BC)
xn

£ Yaxt %3 @ 9t 9t

(dispersién) (advecién) (socrpcién) (reacién)

en donde:

C = concentracién del soluto en fase liquida, t = tiempo, DI = coeficiente de dispersion lonéitudiﬂaﬁ
Vx = es la velocidad lineal, Bd = es la densidad del acuifero, O = porosidad del medio saturado,
C * = cantidad de soluto sujeto a procesos de adsorpcién o absorpcioén y rxn = indica reacciones

biol6gicas o quimicas.

El primer termino de la ecuaci6n representa la dispersitn del soluto, el segundo la adveccién del soluto,
el tercero es la transferencia del soluto de una fase liquida a las particulas solidas por sorpcién, y el
ultimo termino indica que cambios en la concentracién del soluto con el tiempo debido a reacciones

biolégicas o quimicas o por decaimiento radioactivo.

La solucién de la ecuacién (1) se puede obtener por métodos analiticos o numéricos. Los métodos
analiticos brindan soluciones exactas, pero suponen muchas simplificaciones. Por ello, no son utilizados
en problemas pricticos ya que no existen soluciones analiticas para geometrias complejas y medios

heterogéneos.

Los métodos numéricos permiten obtener soluciones aproximadas de las ecuaciones. Sin embargo, poseen
mayor capacidad para representar y resolver problemas hidrogeolégicos donde las propiedades del medio
varian en el espacio. Los.principal&s métodos numéricos son; diferencias finitas, elementos finitos y de

caracteristicas.
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- a) El método de diferencias finitas es el método més utilizado, este consiste en:

1. Dividir 1a regi6n de estudio en celdas rectangulares.
2. Aproximar las derivadas mediante serie de Taylor o balance de masas,

3. Resolver las ecuaciones en diferencias implicitamente.

El método de diferencias finitas es ficil de estudiar y programar. Su principal limitacién, es que la
solucién de la ecuacién de transporte produce dispersion numeérica y oscilaciones (Ver fig. 2), debidas
a errores de truncacién en la aproximacién del termino de adveccién. En algunos casos, es posible
conjugar soluciones entre la dispersion y las oscilaciones ajustando las aproximaciones en tiempo y en

espacio sin embargo, no es posible hacer desaparecer ambas.

b) El método de elementos finitos ha sido utilizado en la modelacién de numérica de las aguas
subterrdneas desde 1970. Actualmente, el método de Garlerking es ampliamente usado, los pasos basicos
del métode son:

1. Dividir la regién en subregiones llamadas elementos. .
2.Establecer funciones de interpolacién para definir la concentracién dentro de un elemento en terminos
de la concentracién en los nodos de cada elemento. _
3. Formular una ecuacién integral aproximada en terminos de funciones bésicas.
4. Aplicar el teorema de Green de segundo orden a las derivadas de segundo orden.
5. Sustituir los terminos de funciones bésicas para formar una ecuacién matricial

6. Aproximar la derivada en tiempo por diferencias finitas y resolver el sistema matricial.

El método de elementos finitos (E.F.) es mas dificil de comprender y programar, que el método de
diferencias finitas (D.F.). Ademis, 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 hidrogelégicos. Bl método de elementos finitos genera problemas de dispersién numérica y
oscilaciones, en la misma forma que el método de diferencias finitas.

c) El método de las caracteristicas diﬁei'e sustancialmente de los métodos de D.F. y E.F. Este surgi6
como respuesta a las limitaciones de los métodos anteriores para evitar los problemas de dispersién

numérica.




El método consiste en:

1. Resolver la ecuacién de flujo usando el método de diferencias finitas

2. Introducir un conjunto de particulas en el sistema desplazandose en una localidad y concentracién
determinada.

3. Calcular la velocidad en cada punto y mover las particulas acorde con estas.

4. Calcular la concentracion promedio en cada celda como el promedio de los puntos en la malla.

5. Modificar las concentracion en las mallas y en los puntos para calcular la dispersién.

Este método calcula esencialmente el movimiento por adveccién de los solutos a través del sistema, y
posteriormernte le superpone la dispersién. En general, el método no crea dispersién numérica, lo cual
constituye su principal atraccion. Las caracteristicas del modelo en dos dimensiones, de transporte de

solutos y dispersion en agua subterrdnea (Konikow y Bredehoeft, 1976), se presentan en el anexo I.




[1. Datos para la aplicacién del modelo.

Los datos para utilizar un modelo de transporte son considerables. Por ello, la carencia de estos es quizd
la mayor limitante para su aplicacién. Existen dos tipos de informacién requerida: las condiciones de
frontera y las condiciones iniciales. Las condiciones de fronterg, se refieren a la geometria del acuifero,
las caracteristicas del flujo subterrdneo, distribucién de cargas hidriulicas y la concentracién inicial de

solutos, entre OLros.

Las condiciones iniciales son los pardmetros hidriulicos del acuifero y los procesos que ocurren en éL.
Estos incluyen, el coeficiente de almacenamiento (s), conductividad hidriulica (K), coeficiente de
dispersién, porosidad (¢) y las constantes de atenuacion y difusion. Estos valores son determinados en

campo, en laboratorio o durante la calibracién del modelo.

Los modelos de transporte son muy sensibles a la porosidad (¢) y a la conductividad hidriulica (K), dada
su relacién con la velocidad lineal (v) del medio. Por otra parte, se ha demostrado que la dispersién es
un valor que depende de la escala de estudio. Por ello, valores de dispersién medidos en laboratorio son

de varjos ordenes de magnitud menores que los valores a escala regional.

Finalmente, en la formulacién de un modelo para un problema practico, se sugiere mantener éste tan

simple como sea posible; es decir, se recomienda aplicar soluciones basicas a problemas complejos.




II1. Problema #1

Estimacién del tiempo de arribo y concentracién del lixiviado generado por un relleno sanitario, a través

de un modelo de transporte.
Resumen Ejecutivo

El modelo de transporte MOCUSGS (Konikow, 1976), se utilizé para estimar el tiempo de arribo y la
concentraciéon de contaminante generada por un relleno sanitario en un rfo. Se estima que la pluma
contaminante llegara al rfo después de 10 afios de operacién del retleno. Dado que la concentraciones de
contaminantes se incrementa con el tiempo, la operacion del relleno sanitario tendrd un efecto negativo

en las aguas superficiales.

A fin de conocer la variacion del modelo a los parimetros hidriulicos seleccionados, se realizé un anélisis
de sensibilidad con cada uno de ellos. El andlisis mostré que la porosidad y conductividad hidriulica son

" los pardmetros mas sensibles para el modelo de transporte.

El modelo de transporte permitié predecir la posicién y tiempo de arribo de los contaminantes en el rio.
Sin embargo, la configuracién de la pluma esta afectada por errores de estimacién en los parimetros
hidrdulicos y la concentracién inicial de los contaminantes en el relleno sanitario. Por ello, la
concentracién calculada se debe tomar como un indicador de la direccién y tiempo de transito de los

solutos, y no como un dato exacto de dicha concentracién.
3.1 Planteamiento del Problema

La figura No.( 3 ) presenta a un rio en contacto con un acuifero. Un relleno sanitario se propone
construir en una zona aguas arriba del rio. Debido a la preocupacién por el impacto ambiental de esta
obra, se requiere evaluar Ta posible contaminacién que generaria los lixiviados del relleno en Ja calidad
del agua del rfo. El sitio se localiza en un 4rea con una precipitacién de aproximadamente 20" (pulgadas)
por afio. La trasmisividad del acuifero se estima en 10,000 ft*/dia, conductividad hidriulica en 0.0023
ft/seg y la porosidad efectiva se calcula en 0.25.

El propésito de este reporte es determinar la evolucién en el espacio y en el tiempo de la concentracién

7




LT T RAmNIn SpEa

de contaminantes generada por la operacién de un relleno sanitario y evaluar su posible impacto en un

rio cercano a este.
3.2. Metodologia

a) Conceptualizacién del problema
La fig.( 3 ) presenta un modelo esquemitico de la infiltracién de un lixiviado generado en relleno

sanitario, al subsuelo.

b) Seleccién de las condiciones iniciales y de frontera

La malla y las condiciones iniciales del modelo se muestran en la fig.( 4 ). Al rio se le asigno una carga
hidriulica constante y los limites restantes se asumiercn como impermeables. Un valor ﬁjo de
concentracién inicial del 100% fue seleccionado como porcentaje de un valor considerado. Las
condiciones iniciales de la pluma contaminante fueron especificadas con concentracién de + 100 en los

cinco nodos que representan la ubicacién del relleno sanitario.

E!l valor de la recarga neta fue calculado como porcentaje de la precipitacion inicial. Su valor original
se ajusté en el modelo hasta obtener valores satisfactorios entre la carga hidraulica observada y la
calculada. La mejor distribucién de carga hidrdulica correspondié a un 15%, alrededor de un 3", por:aiio
del valor de recarga original. -
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3.3. Aplicacién del modelo MOCUSGS ‘
1. Las condiciones iniciales y pardmetros hidriulicos base se muestran en la Tabla No.1

Tabla No. 1 Parametros Iniciales

Espesor del acuifero 50 fi
Conductividad hidraulica 0.116 ft/seg
Porosidad 0.25
Recarga neta (15% de la precipitacién) 7.9E-09 ft/seg
Dispersién longitudinal 130 ft
LDT/LDL 0.1

2. Se calculd el mapa piezométrico y este se compar6 con la distribucion de carga hidrdulica de campo

hasta que ambos fueran lo mas cercanos.

3. Se utilizd la superficie potenciométrica simulada como base para calcular la distribucién de la

concentracién de contaminantes en tiempo y espacio.



IV. Resultados

a) Distribucién de 1a carga hidrdulica
La figura No. 5, muestra e| mapa piezométrico generado con parimetros base (tabla No. 1). La
distribucién de la carga hidréulica seleccionada fue aquella que mejor se ajusto con el mapa piezométrico

de campo.

b) Distribucién de los contaminantes
La figura No. 6, muestra la distribucién de contaminantes para un periodo de 10 aflos. La distribuci6n
de la pluma contaminante muestra que, los contarninantes impactaran al rfo en diferentes porcentajes de

acuerdo con la distancia del rio al relleno sanitario.

¢) Anilisis de sensibilidad

Para conocer el efecto de la variacién de los parimetros hidriulicos en la estimacién de la concentracién,
se realizd un andlisis de sensibilidad. Los perfiles de concentracién a lo largo de la linea del relleno
sanitario al rfo son presentados en la figura No. 7. En las gréficas un solo parimetro o condici6én en un

tiempo fue permitido variar de su valor original.

V. Conclusiones

1. El modelo MOCGSUS permiti6 simular la distribucién de los contaminantes generados por un relleno
sanitario. De acuerdo con el modelo después de 10 aiios el lixiviado llegari al rfo. El punto mas cercano
al relleno, tendria una concentracién de 13% (de la concentracién inicial) y el mas alejado de 1%. Las

concentraciones se incrementaran en el tiempo creado un impacto negativo en el sistema ecoldgico .

2. El anilisis de sensibilidad mostré que los parimetros hidriulicos que mayor influencia tienen en la

distribucién de la concentracién fueron de la conductividad hidriulica y la porosidad..
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Fig. 1. Schematic representation of an actual concentration distribution
and the concentration distribution that can be obtained from
simulation
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COMPUTER MODEL OF TWO-DIMENSIONAL
SOLUTE TRANSPORT AND DISPERSION
IN GROUND WATER -

By L. F. Konikow and J. D. Bredehoeft

Book 7
AUTOMATED DATA PROCESSING AND COMPUTATIONS



PREFACE

The series of manuals on techniques desc—r-i?es procedures for pian-
ning and executing specialized work in water-resources investigations.
The material is grouped under major headings called books and further
subdivided into sections and chapters; section C of Book 7 is on computer
programs.

This chapter presents a digital computer model for calculating
changes in the concentration of a dissolved chemical species in flowing
ground water. The computer program represents a basic and general
model that may have to be modified by the user for efficient appiication to
his specific field problem. Although this model will produce reliable cal-
culations for a wide variety of field problems, the user is cautioned that in
some cases the accuracy and efficiency of the model can be affected sig-
nificantly by his selection of values for certain user-specified options.



COMPUTER MODEL OF TWO-DIMENSIONAL SOLUTE TRANSPORT
AND DISPERSION IN GROUND WATER

By L. F. Konikow and J. D. Bredehoeft

Abstract

This repori presents a model that simulates sohute
transport in flowing ground water. The model is
both general and flexible in that it can be applied
to a wide range of problem types. It is applicable
to one- or two-dimensional problens involving
steady-state or transient flow. The model computes
changes in concentration over time csused by the
processes of convective transport, hydrodynamic
dispersion, and mixing (or dilution) from fluid
sources. The model assumes 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-water flow equa-
tion with the sclute-transport equation. The digital
computer program uses an alternating-direction im-
plicit procedure to solve a finite-difference approxi-
mation to the ground-water flow equation, and it
uses the method of characteristics to =olve the
solute-transport equation. The latter uses a particle-
tracking procedure to represent convettive transport
and a two-step explicit procedure to solve a finite-
difference equation that describes the effects of hy-
drodynamic dispersion, fluid sources and sinks, and

divergence of velocity. This explicit procedurs has.

several stability criteria, but the comsequent time-
step limitations are automatically determined by the
program.

The report includes a listing of the computer pro-
gram, which is written in FORTRAN IV and con-
tains about 2,000 lines. The model iz based on =
rectangular, block-centered, finite-difference grid, It
allows the specification of any number of injection
or withdrawal wells and of spatially varying diffuse
recharge or discharge, aaturated thickness, trans-
missivity, boundary conditions, and initial heada and
concentrations. The program also permits the desig-
nation of up to five nodes as observation points, for
which a summary table of head and concentration
versus time is printed at the end of the calculations.
The data jnput formata for the model require three
dats cards and from seven to nine data sets to de-

scribe__thp aquifer properties, boundaries, and
stresses. . ’

. The accuracy of the mode] was evaluated for two
idealized problems for which analytical solutions
could be obtained. In the case of one-dimensional
flow the agreement was nearly exact, but in the
case of plane radial flow a small amount of nu-
merical dispersion oceurred. An analysis of several

* test problems indicates that the error in the mass

balance will be generally leas than 10 percent. The
teat problems demonstrated that the accuracy and
precision of the numerical solution is sensitive to
the initial number of particles placed in each cell
and to the size of the time increment, as determined
by the stability criterin, Masa balance errors are
commonly the greatest during the first several time
increments, but tend to decrease and stabilize with
time.

Introduction

This report describes and documents a
computer model for calculating transient
changes in the concentration of a nonreac-
tive solute in flowing ground water. The
computer program solves two simuitaneous
partial 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 the chemical concentration
in the system. By coupling the flow equation
with the solute-transport equation, the model
can be applied to both steady-state and tran-
sient flow problems.

The purpose of the simulation model is to
compute the concentration of a dissolved
chemical species in an aquifer at any apeci-
fied place and time. Changes in chemical
concentration occur- within a dynamic
ground-water system primarily due to four

1
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distinct processes: (1) convective transport,
in which dissolved chemicals are moving
with the flowing ground water; (2) hydro-
dynamic dispersion, in which molecular and
ionic diffusion and small-scale variations in
the velocity of flow through the porous media
cause the paths of dissolved molecules and
ions to diverge or spread from the average
direction of ground-water flow; (3) Auid
sources, where water of one composition is
introduced into water of a different composi-
tion; and (4) reactions, in which some
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 assumes (1) that no
reactions occur that affect the concentration
of the species of interest, and (2) that gra-
dients of fluid density, viscosity, and tem-
perature do not affect the velocity distribu-
tion.

This model can be applied to a wide
variety of field problems. However, the user
should first become aware of the agsumptions
and limitations inherent in the model, as
described in this report. The computer pro-
gram presented in this report is offered as a
basic working tool that may have to be
modified by the user for efficient application
to specific field problems. The program is
written in FORTRAN 1V and is compatible
with most high-speed computers. The data
requirements, input format specifications,

‘ program options, and output formats are ail
structured in a general manner that should
be readily adaptable to many field problems.

This report includes a detailed description
of the numerical method used to solve the
golute-transport equation. The reader is as-
sumed to have {(or can obtain elsewhere) a
moderate familiarity with finite-difference
methods and ground-water flow models.

‘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

22w -1z @
0% oy ot
where
Ty is the transmissivity ten-
sor, L*/T;
h is the hydraulic head, L;
S is the storage coefficient,
(dimensionless) ;
¢ ig the time, T';

W=W(z,y,t) is the volume flux per unit
area (positive sign for
outflow and negative
for inflow), L/T; and

are the Cartesian coordi-
nates, L.

If we only consider fluxes of (1) direct with-
drawal or recharge, such as well pumpage,
well injection, or evapotranspiration, and
(2) steady leakage into or out of the aquifer
through a confining layer, streambed,. or
lakebed, then W(z,y,t) may be expressed
as -

Ty and T

W) =Q(aut) —ot (H=h)  (2)

where

Q is the rate of withdrawal (posi-
tive sign) or recharge (negative
sign), L/T;

K, is the vertical hydraulic conductiv-
ity of the confining layer, stream-
bed, or lakebed, L/T;

m is the thickness of the confining
layer, 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 derived from Darcy’s law. This
expression can be written in Cartesian tea-
sor notation as

Ky b

V‘= —
€ ax;

(3)
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where

V. is the seepage velocity in the direc-
tion of xz,, L/T;

K, is the hydraulic conductivity tensor,
L/T; and

¢ is the effective porosity of the aqui-
fer, (dimensionless).

Transport equation

The equation used to describe the two-di-
mensional areal transport and dispersion of
a given nonreactive dissolved chemical spe-
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

30 _ 2 ,p,2%) -2 (pevy -7
at ax‘ ax, az‘ €
=12 (1)

€ is the concentration of the dissolved.

chemical species, M/L?;

D, is the coefficient of hydrodynamic
dispersion (a second-order ten-
sor), L*/T;

b is the saturated thickness of the
aquifer, L; and

C’ is the concentration of the dissolved
chemical in a source or sink fluid,
AM/LA.

The first term on the right side of equa-
tion 4 represents the change in concentra-
tion due to hydrodynamic dispersiom. The
second term describes the effects of convec-
tive transport, while the third term repre-
sents a fluid source or sink.

Dispersion coefficient

Bear (1972, p. 580-581) states that hydro-
dynamic dispersion is the macroscopic out-
come of the actual movements of individual
tracer particles through the pores and that
it includes two processes. One process is
mechanical dispersion, which depends upon
both the flow of the fluid and the nature of

the pore system through which the flow takes
place. The second process is molecular and

ionic diffusion, which because it depends on-

time, is more significant at low flow veloci-
ties. Bear (1972) further states that the
separation between the two processes is arti-
ficial. In developing our model we assume for
flowing ground-water systems that the de-
finable contribution of molecular and ionic
diffusion to hydrodynamic dispersion is
negligible, _

The dispersion coefficient may be related
to the.velocity of ground-water flow and to
the nature of the aquifer using Scheidegger’s
{1961) equation:

VaVa ’
DHEE'I"WT— (5)
where : . N o
@ifmn is the dispersivity of the
aquifer, L;

V.and V, are components of velocity
in the m and n directions,
regspectively, L/T; and

V| is the magnitude of the ve-
locity, L/T.

Scheidegger (1961) further shows that
for an isotropic aquifer the dispersivity ten-
sor can be defined in terms 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 coeflicients
by

Dy=a,|V]| (8)
and .
Dr=a|V|. (M

After expanding equation b5, substituting
Scheidegger’s identities, and eliminating
terms with coefficients that equal zero, the
components of the dispersion coeflicient for
two-dimensional flow in an isotropic aquifer
may be stated explicitly as
(V.)? (V,)?

—+ Dy :

ARG @)
(V) (Vy)?

DU!E'D’ |Vl;+DL IVls )

Dn='DL

(9)
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D Dyn= (DL DT) (10)

IVI' i

Note that while D., and D,, must have °

positive values, it is possible for the cross-
product terms (eq 10) to have negative
values if V. and V, have opposite signs.

Review of assumptions

A number of assumptions have been made
in the development of the previous equa-
tions. Following is a list of the main assump-
tions that must be carefuily evaluated before
applying the model to a field problem.

1. Darcy’s law is valid and hydraulic-head
gradients are the only significant driv-
ing mechanism for fluid flow.

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 the solute, the
fluid properties, or the squifer proper-
fies.

5. Tonic and molecular diffusion are negli-
gible contributors to the total disper-
give flux.

6. Vertical variations in head and concen-
tration are negligible.

7. The aquifer is homogeneous and isotropic
with respect to the coefficients of longi-
tudinal and tranaverse dispersivity.

The nature of a specific field problem may
be auch that not all of these underlying as-
sumptions are completely valid, The degree
to which field conditions deviate from these
assumptiong will affect the applicability and
reliability of the model for that problem. If
the deviation from a particuar assumption
is significant, the governing equations will
have to be modified to accomt for the ap-
propriate processes or factors,

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 trans-
port {eq 4) cannot be obtained directly.
Therefore, approximate numerical methods
must be employed.

The numerical methods require that the
area of interest be subdivided by a grid into
a number of smaller subareas. The meodel
developed here utilizes a rectangular, uni-
formly spaced, block-centered, finite-differ-
ence grid, in which nodes are defined at the
centers of the rectangular cells.”

How equation

Pinder and Bredehoeft (1968) show that
if the coordinate axes are alined with the
principal directions of the transmissivity
tensor, equation 1 may be approximated by .
the following implicit finite-difference equa-
tion:

h1— (X7 hl,l,k
T
’.'"'“"I:_(?F‘_]

I:h¢+|u y i.l
u[lHﬁJl (az)* |
[ h-un

(ay)?

1, "hl..
+Tnli.i+m[—-—-———hu+ : -
(ay)* |

Sl:h-i,;.r' hd.;,t-l:l
at

+Jeua K
*aras mlHeon =il

hCJ 1.k
w(u %1

11)

where

1,7,k are indices in the z, y, and
time dimensions, reapec-
tively;

Ax,Ay,At are increments in the =z, v,
and time dimensions, re-
spectively; and

G is the volumetric rate of with-
drawal or recharge at the
(i,j ) node, L*/T.

Note that k represents the new time level
and k-1 represents the previous time level.
To avoid confusion beiween tensor sub-

)]-}}/




T4

AAQ
ALNG
ANFCTR
AOPT
AREA
BETA

CELDIS

CLKCN

CMSIN
CMS0UT
CNCNC

CNCPCT
CNOLD
CNREC

CNRECH
CONC
CONINT

Cl
DALN
DDRW
DELQ

DELS
DERH
DISP
DISTX

DISTY
DLTRAT

DTRN
FCTR
FLMIN

FLMOT

GRDX
GRDY
HC

HI
HK
HMIN

TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS -

Attachment I

Definition of Selected Program Variables

area of aquifer in model

BETA

anisotropy factor (ratio of T, to T.)

iteration parameters

area of one cell in finite-difference grid

longitudinal dispersivity of porous
medium

maximum distance across one cell that
a particle is permitted to move in T
one step (as fraction-of width of
cell)

concentration of leakage through con-
fining layer or streambed

mass of solute recharged into aquifer

mass of solute discharged from aquifer

change in concentration due to disper-
sion and sources

change in concentration as percentage
of concentration at node

concentration at node at end of pre-
vious time increment

concentration of well withdrawal or
injection

concentration in fluid source

concentration in aquifer at node

concentration in aquifer at start of
simulation

CONC at node (IX,1Y)

longitudinal dispersion coefficient

drawdown

volumetric rate of leakage across a
confining layer or streambed

rate of change in ground-water storage

change in head with respect to time

dispersion equation coefficienta

distance particle moves in z-direction
during time increment

distance particle moves in y-direction
during time iocrement

ratio of transverse to longitudinal
dizpersivity

transverse dispersion coefficient

multiplication or conversion factor

solute maas entering modeled ares
during time atep

solute mans leaving modeled area
during time step

hydraulie ‘gradient in z-direction

hydraulic gradient in y-direction

head from column computation

initial head in aquifer

computed head at end of time step

minimum iteration parameter

HR

IMOY
INT
IPRNT
ITMAX

IXOBS
IYOBS
KOUNT
LIMBO

N

NCA
NCODES
NITP
NMOV

NODEID
NP
NPCELL

NPMAX
NPMP

NPNT
NPTPND
NREC
NTIM
NUMOBS

PERM
PINT
POROS
PUMP
PYR

QNET

head from row computation in sub-
routine ITERAT; elsewhere HR
represents head from previous time
step

particle movement step number

pumping period number

print control index for hydrographa

maximum permitted number of
-iterations

z-coordinate of observation point

y-coordinate of obaervation peint

iteration number for ADIP

array for temporary storage of
particles

time step number

number of aquifer nodes in model

number of node identification codes

number of iteration parameters .

number of particle movements (or t.ime
increments) required to complete
time step

node identification code’

total number of active particles in grid

number of particles in a cel] during
time increment

maximum number of available plrtlcles

number of pumping periods or simu-
lation periods

number of time steps between printouts

initial number of particles per node

number of pumping wells

number of time steps .

number of observation wells

number of nodes in z-direction

number of nodeg in y-direction

maximum number of cella that can be
void of particles

number of cells that are void of
particles at the end of a time
increment )

iteration parameter for current
iteration

1. z-coordinate of particle; 2. y-cvordi-
nate of particle; 3. concentration of
particie. Also note that the signs of
coordinates are used as flags to store
informatioa on original location of
particle.

hydrautie conductivity (in LT)

pumping period in years

effective porosity

cumulstive net pumpage

total duration of pumping penod
(in seconda)

net water flux (in L'T")

j}_);



QSTR

REC

RECH

RN

RP

]

SLEAK

STORM

STORMI
SUMC

SUMIO

SUMT
SUMTCH

THCEK
TIM

TIMD
TIMY
TIMV
TIMX
TINIT

TITLE
TMCN

TMOBS

MODEL OF SOLUTE TRANSPORT IN GROUND WATER
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Definition of selected program variables—Continued

cumulative change in volume of water TMRX
in storage
point source or sink; negative for in-
jection, positive for withdrawal TMWL
{in L'T") TOL
diffuse recharge or discharge; negative TOTLQ
for recharge, positive for discharge
(in LT TRAN
range in concenlration between regen-
erated particle and adjacent node VMAX
having lower concentration VMAY
range in concentration between regen- VMGE
erated particle and adjacent node VMXBD
having higher concentration VMYBD
storage coefficient (or specific yield) VPRM
rate of leakage through confining -~
layer or streambed ™ -
change in total solute mass in storage -
(by summation)
initial mass of solute in storage
summation of concentrations of all
particles in a cell
change in total solute mass in storage
(from inflows—outflows)
total elapsed time (in seconds)
cumulative elapsed time during vx
particle moves (in seconds) VXBDY
saturated thickness of aquifer
length of specific time step VY
(in seconds)
elapsed time in days VYBDY
elapsed time in years WT
length of time increment for particle
movement (in seconds)
time step multiplier for transient flow
problems XDEL
size of initial time step for transieént X0LD
flow problems (in seeonds)
problem description KVEL
computed concentrations at observation YDEL
points ' YOLD
elapsed times for observation point
recorda YVEL

i -

transmissivity coefficients (harmonie
means on c¢ell boundaries; forward
valuea are stored)

computed heads at observation points

convergence criteria (ADIP)

cumulative net leakage through con-
fining layer or streambed

transverse dispersivity of porous
medium

maximum value of VX

maximum value of VY

magnitude of velocity vector

maximum value of YVXBDY

maximum value of VYBDY

initially used to read transmissivity
values at nodes; then after line
B2270, VPRM equals leakance factor
for confining layer or streambed
(vertical hydraulic conductivity/
thickness). 1If VPRM=>0.09, then the
program assumes that the node is &
constant-head boundary and is flag-
ged for subsequent special treat-
ment in calculating convective trans-
port.

velocity in z-direction at a node

velocity in z-direction on a boundary
between nodes . :

velocity in y-direction at a node

velocity in y-direction on 8 boundary
between nodes

initial water-table or potentiometric
elevation, or constant head in
stream or source bed

grid spacing in z-direction

z-coordinate of particle at end of pre-
vious time increment

velocity of particle in z-direction

grid spacing in y-direction

y-coordinate of particte at end of pre-
vious time increment

veloeity of particle in y-dirvection
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Attachment 1|
Data Input Formats

Card Column . Format Variable Definition
1 1-80 10A8 TITLE Description of problem
2 1- 4 |13 NTIM Maximum number of time steps in a
pumping period {limit=100)".
-8 4 NPMP Number of pumping periods, Note
that if NPMP>1, then data set
10 must be completed.
9-12 ¥ NX Number of nodes in = direction
{limit=20)"*.

13-16 I4 NY Number of nodes in y direction
(Uimit=20)*.

17-20 I4 NPMAX Mazimum number of particles
(limit=3200)*. (See eq 71.)

21-24 4 NPNT Time-step interval for printing
hydraulic and chemical output
data,

25-28 4 NITP Number of iteration parameters
{usunlly 4=<NITP=7).

20 32 i NUMOBS Number of observation points to be
specified in a following data set
{Jmit=>5)°*.

33-3¢ B ITMAX Maximum allowable number of it-
erations in ADIP (usually 100

' =<ITMAX=200).

37-40 I NREC Nember of pumping or injection
wells to be specified in a following
data set.

4144 4 NPTPND Imitial number of particles per node ~
(options=4, 5, 8, 9).

4548 It NCODES Number of node identiflcation codes

to be specified in a following data
set (limit=10)".

49-52 I4 NPNTMV Particle movement interval (IMOV)
for printing chemical output data.
(Specify 0 to print only at end of
time steps.)

653-56 11 NPNTVL Option for printing computed veloci-
ties (0=do not print; 1=print for
first time step; Z2=print for all
time steps).

5780 14 NPNTD Option for printing computed dis-
persion equation coefficients {op-
tion definition same as for
NPNTVL).

61-64 i NPDELC Option for printing computed
changes in concentration (0=do
not print; 1=print).

6h—68 : I4 NPNCHYV ) Option to punch velocity data (op-
ton definition same as for
NPNTVL). When opecified, pro-
gram will punch on unit 7 the

.. velocities at nodes.

See footnotes st snd of table

)
}\_}



MODEL OF SOLUTE TRANSPORT IN GROUND WATER ~ o 7

(. Data input formats—Continued
Card Column Format Varisble Definition
3 1- 5 G5.0 PINT Pumping period in years.
6-10 G5.0 TOL Convergence criteria in ADIP
(usually TOL=0.01).
11-16 Gb5.0 POROS Effective porosity.
16-20 Gb6.0 BETA Characteristie length, in feet
. (=longitudinal dispersivity).
21-26 Gb.0 S Storage coefficient (set S=0 for
steady flow problems).
26-30 G5.0 TIMX Time increment multiplier for trans-
B jent flow problems. TIMX is dis-
-- regarded if S=0 .
31-35 G6.0 TINIT - Size of initial time step in seconds.
' TINIT is disregarded if S=0.
36-40 G6.0 XDEL Width of finite-difference cell in
z direction, in feet.
41-45 Gb5.0 YDEL Width in finite-difference cell in
v direction, in feet,
46-50 Gb.0 DLTRAT Ratio of tranasverse to longitudinal
‘ dispersivity, .
51-65 . Gb.O CELDIS - Maximum cell distance per partlels -
move (value between 0 and 1.0).
56-60 G6.0 ANFCTR Ratio of Ty to Ten
Data Number
et of cards Format Variable Deflnition
1 Value of NUMOBS 2]12 IX0BS, I{YOBS z and y coordinates of observation
(limit=5)"* ' points. This data set is eliminated
if NUMOBS is apecified as =0.
2 Value of NREC 212, IX, IY, REC, CNRECH z and v coordinates of pumping (4) -
2G8.2 or injection (—) wells, rate in
ft'/s, and if an injection well, the-
concentration of injected water.
This data set is eliminated if
NREC=0.
3 B. 1 I1, G10.0 INPUT, FCTR Parameter card ! for transmisaivity.
b, Value of NY +20G4.1 VPRM Array for temporary storage of
(limit=20)"* transmissivity data, in ft'/a. For
an anisotrople aquifer, read i
values of T'.. and the program will
adjust for snisotropy by multd-
plying T,, by ANFCTR.
4 a, 1 11, G10.0 INPUT, FCTR . Parameter card? for THCEK.
b. Value of NY 20G3.0 THCK Saturated thicknezs of aquifer, in
{limit=20)* - feet. e e
b a1 ” 11, G10.0 INPUT, FCTR * """ Parameter cardt for RECH.
i b. Value of NY 20G4.1 RECH Diffuse recharge (—) or discharge
o (limit=20)" e (), imft7e—— - .
8 a l 11, G10.0 "INPUT, FCTR Parameter cardt for NODEID.  —
b. Value of NY 20N NODEID Node identifieation mastrix (used to
(limit=20)"* define constant-head nodes or
. other boundary conditions and
astresses).

Bee footnotes st end of table

=

3
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Data input formats—Continued ‘
Data Number -~
st of cards Format Varlable Deflnition 4
7 Value of NCODES 12, 3G10.2, ICODE, FCTRI, Iastructions for using NODEID
(limit=10)"* I2 FCTR2, FCTR3, array. When NODEID=ICODE,
OVERRD program sets leakance=FCTR1,
CNRECH=FCTR2, and if
OVERRD is nonzero, RECH
=FCTR3. Set OVERRD=0 to’
preserve values of RECH specified
in data set 5.
8 o 1 11, G100 INPUT, FCTR Parameter cardt for WT.
b. Value of NY 20G4.0 wT Initial water-table or potentiometrie
(limit=20)* elevation, or constant head in
stream or source bed, in feet.
9 a1 11, G16.0 INPUT, FCTR Parameter cardt for CONC.
b. Value of NY 20G4.0 CONC Initiz] concentration in aquifer.
(limit=20)*
10 . Tkis data set allows time step param-

sters, print options, and pump-
age data to be revised for each
pumping period of the simulation. -
Data set 10 is only used if NPMP
>1. The sequence of cards in data
set 10 must be repeated (NPMP
—1) times (that is, data set 10
i required for each pumping
period after the first).

a1 11 ICHK Parameter to check whether any re-

' visions are desired. 3ot ICHK=1 .
if data are to be revised, and then _
complete data set 10b and c. Set
ICHE =0 if data are not to be re- .
vised for the next pumping period,
snd skip rest of data get 10.

b 1 1014,3G6.0 NTIM, NPNT, NITP, Thirteen parameters to be revised
ITMAX, NREC, for next pumping period; the
NPNTMV, NPNTVL, parameters were previously de-
NPNTD, NPDELC, Ened in the description of data
NPNCHY, PINT, TIMX, eards 2 and 3. Only include this
TINIT ard if [CHK=1 in previoua part

L

¢. Value of NREC 212, 2G8.Z IX, IY, REC, CNRECH Revision of previously defined data
et 2. Include part c only if
ICRE=1 in previous part a and
i NREC>0 in previous part b.

* These llmita can be modified if tevensary by changing the corresponding array dimenskms In the COMMON statements of the
program.

t The parameter card must be the fleet eard of the Indlested data sets. [t s used Lo mpeify whether the parameter s conatant
and uniform, and can be defined by one value, or whether It varies in space and must be defined al each node, If INPUT =0, the
dats set has s constani value, which Is defined by FCTR If INPUT =1, the data set Is read from cards aa described by part b.
Then FCTR ls a multiplication factor for the values read fn the deta set.

UL
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Attachment IV |
Input Data for Test Problem 3

Cardt TEST PROBLEM NO, 3 (STEADY FLOWs 1 WELL, CONSTANT-HEAD BOQUNDARIES)
Card 2 1 1 9 10320u 1 7 2 130 1 9 2 10 1 v o 0
Card 3 2.5.000% 0.30 100, 0.0 0.0 O.U 900, 900. 0.3 0.50 1.0

Data Set f{ ; ;

Dats Set 2 L 7 1.0
Dars Set 3 0.1
Data Set 4 20,0
Data Sat 5 0.0
r 1 1.0 o
00000Q000
022111220
goo00c0o00
€00006000g
Oata Set 5ﬁ 000000000
000000036
000000000
gouooouaon
022222220
~ 0oogooooe
2 1,0 0.0 u
DauSet?{ 1 1.0 106.U 0
r1 1.0

oo

. .
c o
c o

0.0100,100.100,100.100,%0G.100, 0.U

Dats Sat 8 {

0.0 75. 7?S5. 75. 75. 75. 75. 75. 0.0

Dstaset9s 0O Q.0

P
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e

e

.5 1 14 126400 @ 7 0100 © 9§ 2 100
10.0.0010 .25 100..0000 .00 0.1000.1000. .1
o .1l16
o 50.0
0-7.9E-09
1 1.00
00000000000000
00111111211110
00100000000000
01100000000000
00000000060000
00000000000000
©0000000000000
£00000000000000
00000000000030
00000000000330
00000000003330
00000000000000
1 1.00 0. .000 0
3 1.00 100.0 .000 0
1 1.00
0. 0. 0. 0. Q. 0, 0. 0. 0. 0. 0., 0. O.
0. 0.565.566.567.568.570.572.574.576.578.579.580.
0. ©0.565. 0. 0. 0. 0. O0. 0, O, 0. 0. oO.
0.565.565. 0. 0. 0. ©. ©O0. 0. ©0. 0. 0. O.
6. 0. 0. ©O0. ©0. ©. 0. 0. 0. O. O. 0. O.
0. 0. 0. 0. ©0. 0. ©0. ©0. 0. 0. ©0. 0. O.
0. 9. ©0. 0. ©0. 6. ©0. O, 0. 0. 0. 0. O.
o. 0. 0. ©O0. 0. 0. 0. ©O. 0. ©. 0, 0. O,
0. 0. 0. 0. 0. 0. 0. 0. ©O. 0. 0. 0.600
0. ©0. ©. ©0. 0. 0. 0. O. 0. O, 0.600.600.
0. 0. 0. 0. 0. 0. ©0. ©O. ©. ©0,600,600.600.
0. 0. O, ©. ©0, 0. 0. 0. ©0. 0. 0. 0. O
1.0
0. 0. ©O. 0. 0. 0. 0. 0. ©. 0. 0. 0. O.
0. 0. ©0. ©0. 0. 0. 0. 0. 0. O0. ©0. 0..0.
6. ¢. ©0. ©. 0. 0. ©0. ©0. 0. ©0. 0. ©O. O.
0. ©0. ©0. 0. ©0. O0. 0. O. O, 0. 0. 0. 0.
0. 0. 0, 0. 0. 0. 0. 0. ©O. 0. 0. 0. O.
0. 0. 0. 0. ©O0. O. 0. 0. 0. O0. ©O0. 0. O.
0. 0. 0. ©O0. 0. O, 0. 0. ©O. 0. 0. 0. O.
0. 0. 0. ©. O, ©0. 0. 0. 0. 0. 0. 0. 0.
6. 0. ©0. 0. ©@. 0. 0. ©O. 0., 0. 0. 0.100
0. ©. ©. 0. O0. O0. 0. ©. 0. 0. 0.100.100.
0. 0. 0. ©0. ©. 0. 0. ©O. 0. 0.100.100.100.
0. 0. 0. ©. ©0. 0. O0. O0. O, Q. 0. 0. O.

SUAYL I U DMIaC

.50 1.00

OO0 0000000000

00 0000000000



HEAD DISTRIBUTION -

(15% OF RECHARGE)

NUMBER OF TIME STEPS = 1
TIME (SECONDS}
TIME (DAYS)

OO0 00 C0COo0O00 00 o0

[«NeoRaloBesBoNoNaolaNalale

O00CCOO0QOOOO00

NUMBER

CHEM.
CHEM.

CHEM.

TIME (YEARS)

0
565
565
565
569
572
574
576
578
579
579

0

0
565
565
565
569
572
575
577
578
579
580

0

DELTA T

TIME (SECONDS)
TIME (SECONDS)
TIME (DAYS)

0
566
567
569
571
574
576
578
579
580
580

0

CONCENTRATION DISTRIBUTION

OF TIME STEPS

TIME (YEARS)

TIME (YEARS)

NO. MOVES COMPLETED

OCoclo oo O0Oo 0000

CoOoCOCO0OO0OO0OO0O0O0O0COO0

O WNGOBWNWWDLNREO

0
3
2
16
13
36
24
38
17
60
186
0

0
567
569
571
573
575
577
579
580
581
582

0

.12623E+09

= .14610E+04

0 0
568 570
570 572
573 574
575 577
577 573
579 580
580 582
582 584
583 585
583 585

0 0

0
572
574
576
578
580
582
584
586
587
588

0

{BASE SOLUTION)

5

.63115E+08
.31558E+09
.31558E+09
.36525E+04
.10000E+02
.10000E+02

7

o o
9 22

18
40
62
63
70
17
75
78
77

59
62
73
80
83
86
87
89
848

0 4]

0
34
65
77
83
86
g8
90
91
92
92

o

- .40000E+01

0
574
576
578
580
582
584
5§86
588
590
591

0

0
40
72
81
8&
89
90
92
93
95
95

0

0
576
578
580
582
584
586
589
591
593
595

0

0
40
77
85
g8
91
93
94
95
97
97

o

BASE SOLUTION

0
578
579
581
583
585
588
591
594
597
600

0

0
39
81
87
20
92
94
96
96
o8

0
579
580
582
584
587
589
593
597
600
600

0

0
26
a0
88
92
94
95
87
98
99

99 100

0 .

0

0
580
581
583
585
587
590
594
600
600
600

0

0
46
19
90
93
95
97
98
99

100
100
0

o
13
81
B9
93
95
97
929

100
100
100

o

CO0000DO0CCO0O00O0,

OO0 000000 Q0000

(A

—~a
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VARIABLE POROSITY

126400 1 7 0 100 0 9 2100
10.0.0010 .30 100..0000 .00 0.1000.1000. .1
0 .1lls
¢ 50.0
0-7.9E-09
i 1.00.
00000000000000
0111111111110
00100000000000
01100000000000
00000000000000
00000000000000
40000000000000
00000000000000
00000000000030
£0000000000330
00000000003330
00000000000000
1 1.00 .000 0
3 1.00 100.0 .000 0
A 1.00
0. ©. 0. ©O0. 0. ©0. ©. 0. 0. 0. 0. 0. 0.
0. 0.565.566.567.568.570.572.574.576.578.579.580.
0. ©0.565. 0. ©O0. 0. ©O, 0. 0. 0. 0. 0. O.
0.565.565. ©O0. ©. ©G. 0. 0. @. 0. 0. 0, o0O.
0. 0. ©0. 0. 0. O, Q. 0. 0. 0. 0. 0. 0.
0. ©. 0. ©O0. ©. ©. 0. ©. 0. @. 0. 0. 0.
. 0. ©0. 0. ©. ©. 0. ©0. 0. ©. 0. 0. O,
. 0. 0. 0. ©0. 0. 0. 0. 0. 0. 0. 0. 0.
o. . 0. 0. ©O0. 0. O, O. 0. 0. 0. 0.600,
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INTRODUCCION A LAS MICROCOMPUTADORAS.

1.~ Introduccién.

La finalidad del presente segmento del V Curso Internacional
de Contaminacién de Acuiferos es la de presentar los fundamentos
necesarios y suficientes para la manipulacién bésica de un modelc
matemdtico elaborado en Software para una computadora personaL‘
del tipo compatible con IBM. ’

Actualmente, la elaboracién de modelos matemidticos que simu-
len la dispersién de elementos contaminantes en un acuifero no es
concebible sin la utilizacién de una computadora. La gran canti-
dad de procesamiento de informacién y la gran velocidad de cal-
culo s8lo es posible simultineamente gracias a las computadoras.

De hecho, una gran cantidad de programas estin hechos con
tal finalidad o bien existen muchos mds que pueden ser utilizados
con tal fin, por lo que es indispensable familiarizarse con las
técnicas basicas de manejo de microcomputadoras para poder reali-
zar las tareas de procesamiento necesarias para la ejecucidn de
un programa cualquiera.

Dentro de éste segmento, se realizar8 una descripcidén somera
de un sistema operativo ampliamente difundido para computadores
personales compatibles como lo es el Disk Operating System elabo-
rado por Microsoft (MS-DCS), ofreciendo un panorama de su estruc-
tura y una referencia de los comandos mis usuales.

Asimismo, se ofrecerin fundamentos de programacidn, aplica-
bles a cualquier lenguaje de programacidén, pero enfocando el
aspecto de-compilacién al Microsoft Fortran, de un gran uso en la
Facultad ¥:el Instituto de Ingenieria, asi como en muchos otros
centros de’ anaeﬁanza e investigacidén de la Ingenieria en México.

Por dltimo, se presentard un esbozo de un modelo matemdtico,
presentando varias de las alternativas gque existen en el mercado
actual de software para su procesamiento. .

-
o~
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2.- 8istema Operativo.

En una computadora, la informacién se proporciona a y se
remueve de la unidad de procesamiento central (CPU) a través del
usc de "archivos" grabados en disco flexible, disco duro, disco
éptico, cinta, etc.

Un grupo de archivos administrativos, que se conocen colec-
tivamente como el "sistema operativo", son necesarios para con-
trolar la operacién 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 &rdenes facilmente identificables con palabras (en in-
glés).

En computadoras personales compatibles con IBM es muy comin
emplear el sistema opertivo de Microsoft "Disk Operating System"
o mas conocido como MS-DOS, que serd al que se haga referencia en
éste segmento.

En un sistema de disco duro, el sistema operativo deberé
estar residente en &1, inicializidndose cada vez gue se enciende
el interruptor de la computadora. En casco contrario, se deberé
contar con una copia del sistema operativo en disco flexible para
inicializar una computadora que no lo contenga.

2.1.- Programas y Archivos.

El sistema operativo permite el uso de la memoria a través
de unidades- variables en tamafio denominadas "“archivos", tales
archivos pueden contener instrucciones o datos y se hace referen-
cia a &1 por un Gnico nombre de archivo asignado por el programa-
dor. El nombre de archivo se utiliza para la identificacién de un
archivo para copiarlo, editarlo, renombrarle, visualizarlo en la
pantalla, imprimirlo, almacenarlo, etc. El nombre de archivo
puede © no tener una extensién. La forma general del nombre de
archivo con extensién es:

-

NOMBREDEARCHIVO. EXT
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El nombre de archivo puede ser cualquier combinacién de 1 a
8 letras, nGmeros u otros caracteres aceptables, asignados por el
programador. La extensién podr& ser cualquier combinacién de 1 a
3 letras, nGmeros u otros caracteres aceptables. El nombre de
archivo y la extensién se separan por un punto. Los siguientes
caracteres son aceptables en MS-DOS:

S#ES @ ()= {1}y _ ;|

Ni el nombre de archivo ni la extensidén podrédn contener
blancos. El truncamiento del nombre del archivo y de la extensién
ocurre en el primer blanco.

Los caracteres ? y * llamados caracteres globales de nombre.
de archivo o caracteres comodines pueden usarse en lugar de -
cualquier caracter de un nombre de archivo y extensidén vy
significan cualquier caracter.

Los nombres de archivo y extensién que se elijan deberén ser
descriptivos del contenido del archivo. Las siguientes
extensiones reservadas tienen un significado especial para MS-DOS
y deberain ser utilizadas con mucho cuidado:

BAT COM EXE SYS

Ademas, los siguientes nombres de archivo reservados también
tienen un significado especial para DOS y no deberdn asignarse
por el programador en otros contextos:

Nombres de archivos para controlar dispositivos:

CON PRN NUL

LPT1 LPT2 LPT3 ]

AUX COM1 COM2

Nombres de archivos asignados a comandos del sistema DOS:
DIR DEL DISKCOPY TYPE ERASE DISKCOMP RENAME

CLS CHKDSK COPY FORMAT EDLIN



&
2.2.= Maneio de Archivos.

Cambio de unidad de disco por omision

Mientras no se indique algo distinto, ya sea por el programador desde ¢l teclade o median-
te una instruccidn programada, la unidad de disco por omisidn es la unidad A, es decir,
al terminar de cargarse ¢! sistema operativo aparece la peticién A > . Toda la informacién
se copia de o graba en &l disco flexible en 12 unidad de disco A, la cual ey 1a unidad por
omision,

La unidad de disco por omisidn puede cambiarse de la unidad A a la B y regresar de
nuevo 8 Ia A con:

A>- )
A>B: e Parapaseria unidad de dlaco por omision de la unidad A e la umdad 8, uedz:
base B: y presiiness la tocla ¢t R

B>a

B>A: a4 Paracambiaris unidad de disco por omision do B a la unidad A, escridase A:
y oprimase la tecla «J

A> g

Los comandos del sistema DOS

El disco flexible de DOS contiene un procesador de comandos, archivado bajg el nombre
y la extension COMMAND.COM, que controla el hardwere de la computadora y maneja
el software. El archivo COMMAND.COM puede grabarse en un disco nuevo durante la
operacion de formateado, la cual se describird mas adelante en este apéndice. El archivo
COMMAND.COM incluye los siguientes comandos internos, que son necesarios para ¢f
programador de FORTRAN:

DR TYPE copY

RENAME DELETE ERASE
VoL FILENAME.BAT

C\S .
“AUTOEXEC.BAT  ECHO
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En adicién a los comandos internos contiene ¢l archivo COMMAND.COM, el disco de
DOS contiene varios comandos externcs, con extensién COM o EXE, indispensables para
el programador FORTRAN:

FORMAT DISKCOPY ODISKCOMP CHKDSK EDLIN SORT MORE

La funcidn de los comandos externos ¢ internos seleccionados se analiza en las Secciones
C-6 a C-21 de este Apéndice.

La operacion que se describe en las Secciones C-6 a C-21 requiere de un disco en [a uni-
dad A con el archivo procesador de comandos COMMAND.COM y el comando externo
DOS especifico. La ejecucion de cada uno de los comandos del sistema se inicia cuando
se presiona la teclaed,

Preparacién de un disco tlexible para recibilr Informacién nueva

Para preparar un disco flexible nuevo para recibir informacidn (formateado), sese ¢l co-
mando externo FORMAT:

4) A>FORMAT B: , o Borra todos los registres aimacenados en el disco de la unidad
8 y establece |a rejilla elecirénica de pistas y sectores que 3o
utilizan como "‘direcciones’ pars la nueva informacidn.

D) A>FCORMAT B:/8 4 ¢ /8 despuds de FORMAT 8: copia de manera automatica el pro-
" cesador de comancdos de datos de DOS COMMAND.COM y
ciertos “'archivos ocultos’’ necesanos para cargar el sistema

del disco de g unidad A al disco de Ja unigad B.

c) A>FORMAT B:/V _ o ¥ luego de FORMAT B: proporcions la stiqueta del disco (con
11 0 menos caracteres) elegida por of programador. El punio de
. pelickon A> aparece despuds del formateado y e imprimir la

. othqueta en o disco. :

) A>FORMAT B:/8/Y , ¢ 5i se quiers pueden emplearse ics dos.

8) A>YOL B: . Visualiza ia etiqueta Que se asignd al disco en la unidad Indice-
da, ia unicad B en este ejemplo.

Precoucidn: El comando FORMAT borra todos los archivos del disco fexible
cuando se-formatea. Cualiquier archivo que deba salvarse debe copiarse en
otro disco antes del formateo.

-

Presentacién del directorio del contenido de un disco especitico

Para exhibir un directorio del contenido de un disco flexible particular, Usese el comando
DIR (interno):

2) A>DIR, Para cada archivo grabado en ef disco de la unidad Indicada,
la unidad por Omision A en ¢l caso 4), la unidad B en el sjem-
o LT plo ), lista el nombre deoi archivo, su extension, ¢l numero de



A>DIR A: , o
b) A>DIR B: ,

¢) A>DIRB:/P

&) A>OIRB:/W.,

®) A>DIR) MORE _

N A>DIR|SORT,

2

bytes que se usaron y la fecha vy la hora an 1a que 58 yrabo
Si ol directorio contiene mas de 23 archivos, ja ista se enrolia
hasta gue aparece la yltima Hnea del direciono, & espacio lo-
tal disponible (Dytes) an el disco.

" /P detlene el enrollamiento de la lista cuando la panfailg esta

llena (23 lingas). Para visualizar 108 siguientes 23 rengianes
presdnese la locla o

MW muestra $6l0 los nombres del archivo y 13 axtenfidon (5in
la facha, 1a hora, y el tamefio) de 10dos 105 archivos grapados
on ol disco en Ia unidad espacifica, en 5 columnas d Io ancho
de la pantalla. Este comando exhibe an la paniads &l ;msmo
liempo la lista sin enrollar de todos los archivos del disco

El comando MORE visualiza 8 un liempo 23 lingas (una pania-
lla compieta). Al oprimir la 1ecla «—i 3@ sxhiben tos Siguientes

23 renglones, etc. El archivo MORE.COM debe estar en el
disco ¢uye directorio se listara. Notase el uso del caracier be-

El comando SORT muestra el directorio en crgen altanatico
por ol nombre del archivo. El archivo SORT EXE depe estar
on ol disco cuyo directorio so listard, Observese ia yulizacion
del simboio !,

g A>DIR* Fon, SORT . « Son posibles atras combunacvones del comango QIR Por

ejemplo, DIR « FOR ! SOAT wisuaiza anorunandoeuco to-
dos 08 archives con extension FOR

Los casos anteriores muestran como unidad por omision la (A). Esia puede camiirse pot
la unidad B como se indica en la Seccidn C-4, )

Exhibicidn del texto de un erchive

Para visualizar el tex1o de un archivo especifico, utilicese el comando TYPE (inlerna):

4} A>TYPE NOMBREDEARCHIVQ.EXT , J Exhibe of texto del ar¢hive gradado ed

ol disco bajo el nombre dej arene9 ; la

A>TYPE A:NOMBREDEARCHIVO.EXT o «d  ©x18n310n que 58 gspecdican enls

unidad de disco correspondienty Js

Cambio del nombro o extensién de un orchivo

b) A>TYPE B:NOMEREDEARCHIVO.EXT . ¢  unidad por omisian A en el gedpio &)

ia unidad B en &) caso o) -

Para cambinr el nombre o la exiensidn de un archivo particular, ytlkese ¢l comando

RENAME (interno):

s 4) A>RENAME NOMBREVIEJO.EXT NOMBRENUEVQ.EXT .

]
A>RENAME A:NOMBREVIEJQ.EXT NOMBRENUEVQ.EXT ,

o) A>RENAME B:NOMBREVIEJO.EXT NOMBRENUEVO.EXT o o

RENAME cambia ¢l nombre del archivo del primver nombre litdado por o) Sepundo s (o
unidad indicada, por ejemplo, NOMBREVIEJO.EXT a NOMURI-NUE VO ExT enls
unidad A, en ¢l caso a), la unidad B en el cjemplo &).
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Borrar la pantalla
Empiéese ¢] comando CLS (Interno) para borrar la pantalia.
A>AS , Borra la panialla y despuds coloca e! punto de pel-

@ : cion A> y ol cursor centelleando en ia esquina supe-
rior lzqulerda de la panialta.

Borrar an torma permanente un archivo de un disco

Para eliminar un archivo de un disco fexible, empléese alguno de los siguientes dos co-
mandos, DEL ¢ ERASE (internos). (Los dos ejecutan la misma funcién).

a) A>DEL NOMBREDEARCHIVO.EXT , Borra ¢ol disco en la unidad por
o omisidn A & archivo aespecifico.
A>ERASE A:NOMBREDEARCHIVO.EXT , oy NOMBREDEARCHIVQ.EXT.

b) A>DE|. 8: NOMBFIEDEAHCHIVO EXT o 4= Elimina del disco en ia unidad B e
archivo indicado.
A >ERASE B: NOMBREDEAHCHWO EXT @ 4 NOMBREDEARCHIVO.EXT,

¢) A>DEL B:PROGRAMA.77? , od Usa ol caracter “comodin’’ (?) pars
[} borrar todos los archivos cuye nombre
A>ERASE B:PRCGRAMA.* , sea PROGRAMA (con cualquier

axtension) del disco en I8 unidad B. E

otro ‘comodin’’ () también puede -
omplearsa, an ose caso 8o 30

necesita un asterisco.

d) A>OEL B:*.BAK , J Mediante & caracter '‘comodin’ (¢) se
0 aliminan todos los archivos con ia
A>DEL ?77777771.BAK - extension BAK (cualquier nombre de

archivo) del disco de la unidad 8. El
olro cardcter ''comodin’ (7} también
puede utilizarse; sin embargo, se
requieren 8 signos de interrogacion o 1
por cada simboio del nombre del
archivo.

Duplicacion de un srchivo sspecifico y simacenamiento con otro nombre

Usese d comande COPY (interno) para duplicar un archivo particular y almacenarlo con
un nombre de archive distinto, como en:

A>COPY ARCHIVOVIEJO.EXT ARCHIVONUEVO.EXT ,

Este comando copia el texto de un archivo especifico (ARCHIVOVIEJQ.EXT) a un ar-
chivo nuevo (ARCHIVONUEVQ.EXT). El nombre y ¢l contenido del archive viejo per-
manecen sin cambio.
NOTA: Si hay un archivo con el mismo nombre del archivo nuevo (ARCHIYONUE-
- VO.EXT) en ¢l disco, su contenido se reemplaza por la informacion del archivo viejo (AR-
CHIVOVIEJO.EXT).



Copiar un archivo de un disco flexitie on la unidad A a un disco flexible en Ia unidad B

Utilicese ¢l comando COPY (interno) para duplicar un archivo de un disco figxible en 1o
unidad A & uno en la unidad de disco B, como:

&) A>COPY NOMBREDEARCHIVO.EXT B: - ’ Copia ol lex10 ge vn
archive especifico
{(NOMBREDEARCHIVQ
EXT) del disco fuente
on la grudad A, al disco
destino en la unigad B y
asigna e! miIsmo nomgre
de archivo
NOMBREDEARCHIVO EXT
a la copia

b A>COPY A:ARCHIVOVIEJOQ.EXT B:ARCHIVONUEVO.E!T. « Gopta el contemiao del
archivo ingicado
{ARCHIVOVIEJQ EXT) -
del disco fuenle en la
- unidagd A, al q1sco-
' destino, Asigna un
nombre de archivo
(ARCHIVONUEYQ
EXT) al nuevy
archive El nombre gal
archivo y @l uxto en
ol disco luenie
parmanece sin
cambio

Nota: En a) y b) si existe un archive con el mismo nombre (ARCHIVONUEVO | XT1en
el disco destino, su contenido se sustituye por la informacion del archivo del divco {l'lﬂllé-

Copiar todos los srchivos de un disco flexible en Is unidad A e la unidad B

Para copiar todos los archivos de un disco flexible de la unidad de disco A at dsc o flgable
de la unidad B, un archivo a la vez, usese el comando COPY (interno) como égue’

A>COPY »,* 8: -l Copia ol teato do cada archivo gel disco fuente an
la unidad A al disco destino en la unidag B Los
archivos se duplican uno a uno y se lislan en 1
pantalla conforme se copian.

Introducir de maners dirgota un archivo desde la consota 8 un dicco Moxible

Para iﬁtroducir de modo directo un archivo desde-la consola (teclado) a ua disco flexbie,
empléese el comando COPY (interno) como en:

A>COPY CON B:ARCHIVO.DAT « - Copia de manera directa ¢ contenigo desde ia

123.458 - consola (teclado) a el disco en la umigaa B y
9a7.654 texto asigna ol nombre del archivo ARCHIVO DAY

- del
18123 e } Wrchivo Siguiendo I8 Ultima linea del lexio, pewosese F6
21878 _, entonces oprimase la tects « (El premonar F§
3 2378 - causa la aparicion ds” 2).

7. F8] eu _ _ :
J ’ !



tmprimir ol texto de un wlllvo

Usese el comando COPY (interno) para imprimir el contenido de un archivo especifico,
como sigue: ="

A>00PV B:NOMBREDEARCHIVO. EXT PRN u—l Con la impresors activada, este co-
mando hace que ia Impresora im-

A>COPY B8: NOMGREDEARCHIVO EXT LPT1 a2 o’ prima el taxto del archivo indicado
{(NOMBREDEARCHIVQ,.EXT) del
disco en (a unicdad 8).

Duplicar un disco flexible

Para duplicar un disco flexible, por ejemplo, copiar el contenido entero del disco flexible
a otro disco flexible, utilicese ¢l comando DISCKCOPY (externo), Iniciese con un disco
flexible que contenga ¢l archivo DISKCOPY.COM en la unidad A.

A>DISKCOPY A: B:_ -l

Respéndase a Ia peticidn removiendo el disco DOS de |a unidad A e insériese 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 ¢l contenido completo del disco en la unidad A (el disco fuente) al
disco en la unidad B (el disco destino).

Precaucidn: En DOS 2.10, la ejecucidn del comando DISKCOPY formatea de manera
autématica el disco destino. Toda la informacidn almacenada en ef disco en la unidad B
se borra.

Comparsr y verificar 08 contenidos de doe dlscos

Para comparar los contenidos de dos discos y verificar que son idénticos, Usese el coman-
do DISKCOMP (externo). Empidcese con un disco que contenga el archivo DISK-
COMP.COM en la unidad A.

A>DISKCOMP A: B: -

Respdndase a 1a peticidn retirando el disco DOS de [a unidad A e insértese ahlf mismo el
disco original ¥ la copia en |a unidad B. Este comando compara los archivos de! disco de
la unidad B con los del disco de la unidad A y verifica que sean iguales.

-~ Nota: El comando DISKCOMP puede emplearse después de duplicar un disco para ase-
gurarse que los archivos en [a copia son idénticos con los arclrivos del original.

Revisar ¢l estado de un disco

Usese ¢] comando CHDSK (externo) para revisar el estado de un disco:

>CHKDSK B = e Peagorziena un rforme del 8STAC0 e ¢ A1SCO &N
- unNIdad INdicada. Rovisa los sectores y pialas no
ulilizadoa; cuanlifica ol espacio usado (byles) @ indica
ol numero de bytss disponiblea an el espacio resiante
del disco.



2.3,=- Maneijo de Directorios.

Un disco contiene grupos de archivos denominados directorios. Cuando un directorio
contiene tanta informacidn que Y8 no se puede encontrar fécilmente lo que se desea, se
subdivide en subdirectorios.

Uso de directorios

Los directorios son muy importantes cuando se utiliza un disco durc. Si se utilizan sélo
disquetes, los archivos se pueden mantener organizados colocandolos en disquetes
distinios. Con un disco duro, que normaimente puede almacenar mucha mds informacion
yue un disquete, se hece necesario organizar log archivos en categorias, de forma que se
pucdan encontrar ficilmente,

El drbol de directorios

Cada disco tiene por lo menos un directorio. Cuando se da formato a un disquete o al disco
duro. M5-DOS crea un directorio en el que se almacenan el resto de los archivos y
directorics. Este directorio se denomina direcrorio rafz. Se pueden crear subdirectorios del
directorio raiz para organizar |os archivos. Los directorios y subdirectorios forman una
estructura denominada drbol de directorios. Se pueden crear subdirectorios dentro de estos
subdirectorios para organizar incluso més archives.

Puede seguir afladiendo directorios en cualquier nivel de 1a estructura, hasta 512 archives y
directorios en el directorio rafz del disco duro (un directorio rafz en un disquete tiene
menos archivos y directorios). No cbstante, MS=-DOS se ¢jecuta mds lentamente si hay mds
de 150 archivos y subdirectorios en ¢l mismo directorio.

Hablando con propiedad, el resto de los directorios distintos del directorio rafz son
subdirectorios. Sin embargo, es normal utilizar el término direcrorio. En el manual, el
término subdirectorio se utiliza s6lo para dar mayor énfasis a la relacién entre dos
directorios. Un subdirecterio a veces se denomina directorio hijo. y el directorio que lo
contiene se denomina con frecuencia directorio padre.
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Nombres para directorios

Con excepcién del directorio raiz, que siempre se representa por una barra invertida (\),
cada directorio tiene un nombre y algunas vcces una extensiédn. Para dar nombre alos
directorios se siguen estas regias:

* Y nombre tiene gue contener entre |y 8 caracleres.

* La eatenslon puede tener un maaumo de ) caracteres, separados del nombre del
directorio por un punto.

* El nombre y la extensién pueden tener cualquicr letra desde 1a A a la Z, nimeros desde
el 0 al 9, y los siguientes caracteres especiales: subrayado (_), simbolo de intercalacién
{"), simbolo de dolar (§), tilde (~), signo de exclamacidin de cierre (1), simbolo de
nimere (#), signo de porcentaje (%), simbolo de unidn (&), guidn (-), ilaves ({ 1),y
paréntesis ( ). 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 ¢l mismo directorio no pueden tener ¢l 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 e} comando dir para examinar los archivos y directorios de un direciorio (diferentes |
del directorio raia), se pueden ver estos simbolos en pantalla, que representan los
directorios padre ¢ hijo.

Rutas de acceso

La ruta de acceso indica el emplazamiento de un archivo dentro del drbol de directorios.
¢l camino que debe seguir MS-DOS, partiendo del directorio raiz, para llegar a un archivo,
de otro directorio. MS-DOS reconoce rutas de acceso de hasta 66 caracteres, (incluyendo
1a letra de la unidad y los dos puntos). Por ejemplo suponga que la unidad C tiene este drpol
de directorios:

(C:\] tree
- Lista de directorios en RUTA y estructura del Volumen CESAR {
Nimero de serie del volumen es 1575-6935 J
C:. i
DoSs
ARTE
l— TRABAJO
| PERSONAL
L — ESTUDIO

—_— e - -
.
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Para llegar hasta los archivos del directorio PERSONAL, MS-DOS debe pasar por los
siguientes directorios: raiz (\), ARTE y PERSONAL. Por lo tanto el nombre de la ruta de
acceso serfa: \arte\personal

La primera barra invertida representa ¢l directorio rafz; la segunda separsa el directorio
PERSONAL del directorio padre, ARTE.

Para encontrar ¢l directorio PERSONAL. debe escribir primero la ruta de acceso del

directorio. Si desea especificar el archivo FIG1.MSP en ¢l directorio \ARTE\PERSONAL,

debe agregar a la ruta otra barra inventida y el nombre del archivo:
\arte\personal\figl.msp

Pucde haber otros archivos denominados FIG1.MSP en otros directorios y puede haber

otros directorios denominados \ARTE\PERSONAL en otros discos. Para distinguir

especificamente un archivo de! resto de los archivos, se tiene que agregar una letra de

umdad a la ruta de acceso y al nombre del archivo. Por ejemplo, la ruta de acceso completa

def archivo FIG1.MSP del directorio ARTE\PERSONAL de la unidad C es:
c:hartevpersonalifigl.msp

La unidad actual

A menos que se indique lo contrario, MS-DOS supone que se quiere utilizar el 4rbol de
directorios en la unidad actual. La letra de la unidad actual normalmenie es parte del
simbolo del sistema. Si actualmente se estd utilizando el directorio raiz de la unidad A y se
quiere suprimir el archivo A:\FIG1.MSP, se debe escribir el siguiente comandeo:

del figl.msp

Sélo puede haber una unidad actual a la vez. Para trabajar con los archivos de la unidad que
no es la actual, se debe escribir otra letra de unidad seguida por dos puntos y presionar la
tecla ENTRAR.

El directorio actual

El directorio en el que se est4 trabajando es el directorio actual para esa unidad. MS-DOS
puede presentar en pantalta la ruta de acceso del directorio actual como parte del simbolo
del sistema. Si se desea realizar alguna operacién en un archivo, y se estd utilizando
actualmente el directorio en el que est4 el archivo, no se necesita escribir la ruta de acceso
del directorio actual. Si C es la unidad actual y \ARTE\PERSONAL es el directorio actual,
se puede suprimir el archivo siguiente CAARTEWPERSONALVFIG1.MSP escribiendo lo

siguiente: del figl.msp
Si se estd trabajando con dos unidades, cada una de ellas tiene un directorio actual.

Suponemos que C es ta unidad actual y \ARTE\PERSONAL es el directorio actual. En su
disco de la unidad A, suponga que el directorio \FIGS es el directorio actual. Se debe
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escribir el siguiente comando para copiar el archivo FIG2.MSP desde A\FIGS a
CAARTEWERSONAL: copy a:Eig2.mspc:

A menos que se especifique una ruta de acceso diferente, se trabaja en ¢l directorio actual
en cada unidad. Cuando se inicia el sistema se estd en los directorios raices de las unidades

del sistema. El directorio actual de una unidad de disquete cambia al directono raiz si se
cambian los discos. :

Para trabajar con archivos en un directorio que no es el actual, hay dos opciones: se escribe
la ruta de acceso de! otro directorio o se hace actual el otro directorio utilizando el
comando ¢d (cambio de directorio), que se describe posteriormente.

Si se estd trabajando con archivos de programa que no estdn en el directorio actual, se
puede incluir la ruta de acceso del otro directorio en el comando path. Vea el tema
"Especificacion de una ruta de bisqueda” en este capitulo.

Si se quiere escribir la ruta de acceso de otro directorio, se incluye la parte de la ruta de
acceso que es diferente desde ia nuta de acceso del directorio actual. Si el directorio actual
es \ARTE, se puede suprimir ¢l archivo \ARTE\PERSONALVFIG 1 . MSP escribiendo el
siguiente comando: del personalifigl.msp

En este caso no es necesario escribir la ruta de acceso completa, ya que el archivo que se
quiere escribir estd en un subdirectorio del directorio actual.

Modificacion del simbolo del sistema :

Se puede utilizar el comando prompt para modificar la apariencia del simbolo del sistema.
A menos que se indique lo contrario, MS-DOS visualiza la letra de la unidad actuat
seguida de un signo mayor que (>) como simbolo del sistema. Por ejemplo. el siguiente
simbolo le indica que la unidad activaesla A:  A>

Se pueden utilizar varios pardmetros con ¢l comando prompt para cambiar el simbolo del
sistema,

Presentacion del contenid6 de directorios

Este apartado describe cdmo presentar la lista dei contenido de directorios utilizando la
linca de comandos. hiu



Presentacidén de directorios completos.

Para ver el contenide de un directorio, se utiliza el
comando dir. Para ver el contenido del directorio C:\TRABAJO se
utiliza éste comando:

dir c:\trabajo

Presentaciédn 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 extensién .COM:

dir *.com

Presentacidn de todos los directorios de un disco.

Para presentar en la pantalla la estructura de un directorio
y sus subdirectorios, se utiliza el comando tree (&rbol). Por
ejemplo, el siguiente comando presenta en pantalla la relacidn
entre el directorio C:\TEMP y sus subdirectorios:

tree c:\temp

Creacidén de directorios.

Para crear un directorio, se utiliza el comando md (mkdir).
Si el directorio C:\IMPUESTO\ANUAL es el directorio actual, rl
siguiente comando crea un subdirectorio llamado MENSUAL:

md mensual
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Cambio de directoric.

Para desplazarse a un directorio diferente en 1la unidad
actual, se utiliza el comando cd (o en su forma ampliada chdir).
El siguiente comando cambia el directorio actual al directorio
C:\OFICINA\INFORMES:

cd oficina\informes

Eliminacién 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 C:\OFICINA\INFORMES de la unidad actual. El directorio que
elimina no puede contener ningdn 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 deberd& escribir el
siguiente comando:

xcopy c:\informes\finanzas a:\finanzas



17

2.4.- Manejo de Discos.

La informacidn se guarda en discos y permanece intacta hasta que se¢ eliminan, En
contraste, [a memoria RAM (memoria de accesoaleatorio), proporciona almacenamiento
de informacidn que se pierde cada vez que se apaga el ordenador.

Tipos de discos

-

Un disquete es un disco flexible y muy delgado que tiene una cubiena protectora de
pldstico. Un disco duro tiene uno o mas discos rigidos apilados uno encima del otro dentro
de una caja cerrada completamente. A ios discos duros también se los denomina discos
fijos porque permanecen dentro del sistema. Una vez que se ha instalado el disco duro, no
se debe retirar a no ser que esté dafiado o se desec sustituir por un disco de mayor
capacidad.

La informacion de los discos se divide en pistas. Cada pista es un circulo concéntrico que
puede contener una cierta cantidad de informacidn. Cuantas mds pistas tenga un disco, mis
informacion puede almacenar. Ua disco duro puede almacenar mas informacidn que los
disquetes porque tiene mds caras y mas pistas por cara.

Los disquetes varian en cuanto al tamario y la cantidad de informacion que pueden
conlener. A continuacion se presenta una lista con los principales tipos de disquetes con los
que se puede trabajar en M3-DOS, y la cantidad de informacién que cada uno puede

almacenar: '

5 1/4 pulgadas una sola cara/doble densidad 160K

5 1/4 pulgadas una sola cara/doble densidad 180K

5 /4 puigadas dos caras/dable densidad 320K

35 1/4 pulgadas dos caras/doble densidad 360K

5 1/4 pulgadas dos caras/cuadruple densidad 1200K 6 1.2 MB
3 112 pulgadas dos caras/doble densidad 720K

3 1/2 pulgadas dos caras/cuadruple densidad 1440K 6 1,44 MB
1 1/2 pulgadas dos caras/aita densidad 28B0K 6 2.8_8 MB

La mayor parte de los disquetes ticnen etiquetas que indican de qué tipo son. También se
puede utilizar el comando dir o chkdsk para ver la informacién sobre la capacidad de
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almacenamiento de un disco que ya tiene formato,

Bytes, Kilobytes y Megabytes

El tamafio de los archivos se mide en byres. Un byte es la cantidad de espacio que se
necesita para almacenar un solo cardcter. Un kilobytes equivale a 1024 bytes. En este
manual el kilobyte se abrevia como KB. Un megabytes equivale a 1024 K (cusi un milldn
de bytes). En este manual la palabra megabytes se abrevia como MB. Por ejemplo. si un
disco puede aimacenar casi 1,2 mitlones de bytes de informacidn. ¢s un disco de 1.2 MB.

Tipos de unidades de disco

No todos los tipos de disquetes son compatibles con todos los tipos de unidades de disco.
En general, al disquete se le debe dar un formate con una capacidad menor ¢ 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 dir. Si el disco y la unidad son compatibles o e] disco no
tiene formato, MS-DOS presenta un mensaje de error que te comunica que hay un fallo - -
general.

MS-DOS ajusta sus operaciones para trabajar con el tipo de unidad de disco que se estd
utilizando. Para algunos comandos, se incluye un modificador si la unidad de disco y ¢l
disquete no tienen la misma capacidad.

El formatb de los discos

Antes de poder utilizar un disco, se debe preparar utilizando ¢! comando format. El disco
puede tener o no formato previo. Cuando se da formato a un disco, MS-DOS realiza un
formato de seguridad. Con este formato de seguridad, se puede restaurar el disco a su
condicién anterior mediante ¢l comando unformat, siempre que no se hayan guardado
archivos en dicho disco.

Se puede incluir el modificador /v con ¢l comando format para ejecutar un formato
incondicional. Este formato destruye toda la informacién del disco. Si de forma errénea se
da formato a un disco incondicionalmente, todavia se puede recuperar la informacion
perdida siempre que se haya instalado ¢! programa Mirror antes de utilizar el comande
format. El programa Mirror se describe en la siguiente seccion.



Cuando se da formato a un disquete o a un disco duro, MS-DOS reserva una pequefia parte
del disco para su sistema de registro. El sistema de registro se compone de dos partes: una
tubia de usignacion de archivos (que determina el emplazamiento de cada archivo del
disco) y el directorio rafz (que almacena el nombre, tamaiio, fecha y hora de creacién y los
atributos de los archivos del disco).

Un sector es la unidad de almacenamiento bdsica de un disco. Cada sector de un disco
puede aimacenar medio Kilobyte de informacién. Cuando MS-DOS da formato a un disco,
MS-DOS verifica cada sector para detectar si tiene algin defecto, y marcarlo para que no
pueda almacenar datos en ellos. Cuando MS-DOS almacena un archivo en un disco. utiliza

grupos de sectores llamados unidades de asignacién. El nimero de sectores por unidad de

asignaciJin depende del tamafo del disco.

St se¢ utiliza un disco duro nuevo, se debe realizar una particién antes de poder darle
formato. Mientras se ejecuta el programa de instalacién de MS-DOS puede crear
particiones y dar formato al disco duro.

193
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Formato de un disco

En breve

Para dar formato a un disquete o a un disco duro, se utiliza el comando format. Se debe
especificar la unidad que contiene el disco al que se quiere dar formato. Por ejemplo, el
siguiente comando da formato a un disquete de¢ !a unidad A: formac a:

MS-DOS realiza un formato de segunidad de forma predeterminada. Si se desea deshacer
¢l formato de seguridad, se afiade el modificador /u al comando fermat el modificudor /u
elimina todos los datos existentes en un disco. Cuando se utiliza el comando format con el
modificador /u para dar formato al disco duro, aparece el siguiente mensaje:

Peligro, todos los datos del disquete de la unidad C: se perderdn

¢Continuar con el formato {S/N)?
Escriba s para continuar, o n para cancelar el comando.

Utilizando ¢l modificador /q con el comando format, se puede realizar un formato ripido
en un disco con formaio previo, lo cual reduce el tiempo que MS-DOS necesita para dar
formato a un disco. Sélo se utiliza el modificador /q si no se han recibido errores de
lectura/escritura en el disco al que se esté dando formato.

Mientras se da formato al disco, MS-DOS presenta un mensaje que indica el porceniaje del
disco al que se da formato. Una vez termimado ei proceso, se pregunta si se desea dar al
disco una etigueta del volumen. Se debe escribir el nombre que se desee dar al disco o
presionar la tecla ENTRAR si no se desea una etiqueta.

MS-DOS presenta la siguiente informacidn:

1213952 bytes de espacio total en disco
1213952 bytes disponibles en disce
512 bytes en cada unidad de asignacién
237) unidades de asignacién disponibles en disco

Numero de serie del volumen 382C-17F4
Bytes de espacio total en disce  Indica la capacidad de almacenamiento del disco.

Bytes utilizados por el sistema  Aparece si se han transferido al disco los archivos del
sistema de MS-DOS e indica el espacio que ha sido ocupado por los tres archivos del
sistema.

Bytes en sectores defectuosos  Indica la cantidad de espacio que no es posible utihzar
debido a sectores defectuosos. Si no hay sectores defectuosos, esta finea se omite. Si un
disquete tiene sectores defectuosos, se debe considerar ro almacenar archivos importanies
o archivos de copia de seguridad en &l. La mayor parte de los discos duros tienen un

~ pequeiio nimero de sectores defectuosos.
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Bytes disponibles en disco Indica el cspacio total de! disco menos la cantidad de espacio
utilizado por los archivos del sistema y los sectores defectuosos. Si el disco no contiene
archivos del sistema y no hay sectores defectuosos, este nimero es igual al nimero de bytes
del espacio total de! disco.

Bytes en cada unidad de asignacidn y unidades de asignacidn disponibles en un disco
Indican 1a forma en que MS-DOS ha dividido el disco para el almacenamiento de los
archivos. Si se multiplican las dos cifras de estas i(neas, ¢l resultado debe coincidir con la
cifra que commesponde al nimero de "Bytes disponibles en disco”.

El niimero de serie del volumen  Indica el nimero de serie asignado al disco. Este nimero
no cambia a menos que se dé nucvamente formato al disco. -

La siguiente i{nea es un simbolo del sistema para dar formato a otro disco. Se escribe 8 para
dar formaio a otro disco ¢n la misma unidad con los mismos modificadores, o se escribe n
para volver al simbolo del sistema. - , LT

Especificacién de la capacidad de un disquete

A menos ql.;e s¢ indique lo contrario, MS-DOS supone que ¢l disco que se quicre dar
formato tienc la capacidad méxima que corresponde a la unidad. Para dar formato aun
disco de menor capacidad, s debe utilizar el modificador /. Por ¢jemplo, si la unidad A es
de 1,2 MB, para discos de 5 1/4 pulgadas y se desea dar formato a un disco de 360 KB, s¢
debe utilizar ¢l siguiente comando:

format a: /£:360
Algunas de las unidades de disco modernas pueden detectar 1a capacidad del disquete. Si se
dispone de este tipo de unidad, no se necesita especificar estos modificadores.

NOTA  Existen diferencias de hargware entre unidades de disco. por Jo que aigunas unidades de
360 KB no pueden leer de manera liable discos a los que se ha dado formato en una unidad de 1,2
MB con el modificador /1:360. '



2.5.- Maneio de un Editor.

Con la finalidad de generar un cddigo para un programa, para
revisar listas de resultados, afadir texto a una presentacién,
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, gque
aungue un tanto candidos, son eficientes. Las Gltimas versiones
de MS-DOS incluyen editores (EDIT), que son mas refinados vy
permiten un procesamiento de texto mas capaz.

Asimismo, para la edicién de texto tipo ASCII (American -
Standard Code for Information Interchange), se pueden utilizar
editores de texto comerciales (WordStar, WordPerfect, Norton
Editor, etc).

Tales editores de texto deberdn invocarse desde el sistema
operativo y contienen reglas internas de operacién gque pueden
consultarse en sus respectivos manuales de referencia o en sus
subprogramas de ayuda. ’

3.=- Fundamentos de Programacién.

Para un entendimiento claro de las estructuras y funciones
de un programa, es necesaric conocer varios tépicos referentes a
la programacién, para tal efecto, se ha escogido para éste seg-
mento, el lenguaje de programacién Fortran, el cual es de uso muy
extendido; sin embargo, se tratardn los temas de una manera muy
general, de tal forma gue puedan sin ninguna dificultad ser ex-
tendidos & lenquajes tales como Basic, Pascal y otros,

La comprensién completa del 1lenguaje técnico no es
prerrequisito. para la preparacién inteligente de una secuencia
l5gica de instrucciones {un programa) gque puedan usarse en la
computadora para resolver algGn problema. S6l0 se necesita
aceptar la premisa de gque en un disco flexiblé o en alguna parte
del. disco duro existe un conjunto de instruccicnes detalladas en
lefiguaje de maquina que habilitan a la computadora para ejecutar
una serie de instrucciones simplificadas orientadas al usuario y



preparadas bajo las reglas del Fortran, Basic, Pascal, etc. Este
juego de instrucciones en lenguaje de maquina se origina con un
programa compilador.

3.1.- Constaptes y Variables.

Un valor matemdtico se representa mediante una serie de
digitos numéricos con ¢ sin punto decimal o signo algebraico. Las
constantes gque se empleen, podran ser de tipo real, entero, expo--
nencial, légico, de caracter, de cadena de caracteres y en algu- ’
nos casos, definidas por el usuario.

Una cantidad cuyo valor numérico se desconoce temporalmente
o0 que pueda cambiar durante la ejecucidédn de un programa, se llama
variable y se expresa por un nombre de variable. El1 nombre de
variable lo crea el programador y dependiendo del sistema de
computadora que se utilice podri consistir de una a varias letras
o combinaciones de letras y numeros.

3.2.- Proposiciones y Asignaciones.

El lenguaje Fortran usa los caracteres alfabéticos, numéri-
cos y especiales del idioma inglés y de la matematica; las 26
letras del alfabeto inglés, A a 2; los 10 digitos decimales 0 a 9
Y 10 caracteres especiales:

dew =, ()

Aungue é&stos son los mds comunes, existen otros caracteres
también disponibles.

Estos caracteres se combinan para formar palabras, numeros y
expresiones que se utilizan para construir proposiciones. Una
proposicién puede ser una instruccién 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, © imprimir los resul-
tados de un célculo.
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Ademd&s, una proposicidn puede proporcionar informacién 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 légica para alcanzar
resultados predecibles.

Una proposiciédn de asignacidén es una proposicién ejecutable
que asigna los valores numéricos de una expresidn aritmética a un
nombre de variable en una direccidén de memoria especifica. El
simbolo de asignacién es el signo = o en ocasiones := (Pascal).

3,3.- Lectura y Escritura.

Existen proposiciones ejecutables que proporcionan medios
sencillos y directos para suministrar valores de datos a 1los
nombres de las variables gue 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 nGmero (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 sflo registro excede al nlimero de nombres de
las variables en la lista, los valores de datos se asignarén, en
el orden correspondiente, hasta gque a cada nombre de variable de
la lista se la haya asignado un valor. Cualgquier dato adicional
del registro se ignora.

Existen asimismo proposiciones ejecutables para la salida de
datos a la pantalla, impresora ¢ archivo.
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3.4.~ Iteraciones y Transferencias.

Para utilizar todo el potencial de la computadora es necesa-
rio saber c¢oémo repetir una secuencia de tareas, tomar decisiones
basadas en comparaciones sencillas y saltar a otra proposicién
especifica en el programa. La iteracidén o repeticién de cdalculos
se llama ciclo y es el resultado de la ejecucién de varias trans-
ferencias mediante propeosiciones de control.

Una proposicién de transferencia es una proposicién ejecuta-
ble que transfiere o ramifica a otra proposicién identificada por

una etiqueta de proposicién Gnica. Una proposicidédn de transferen- -

cia puede ser condicional o incondicional. Las proposiciones de
transferencia incondicional siempre transfiere a una séla propo-
sicidén, miestras que una proposicién de transferencia condicional
puede transferir a una de varias proposiciones especificas, de-
pendiendo de las condiciones de los datos.

Una prop051clon de control puede repetir un conjunto partl-
cular de propposiciones un determinado nimero de veces.

Existen y son de gran trascendencia, las proposiciones de
transferencia condicional de tipo légico. Este tipo de proposi-
cién emplea expresiones légicas con operadores relacionales vy
toma decisiones en funcién de la relacién entre los valores de
dos ¢ mas 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 arreqlo es una familia de elementos © cantidades,
relacionados, todos asignados al mismo nombre de variable, cada
elemento del arreglo se identifica con un subindice diferente.
Las variables que son elementos de un arreglo se conocen como
variables con subindices.

-

En la mayoria de los lenguajes, antes de gue pueda usarse
una variable con subindice en un programa, primero es necesario



definir el arreglo del que forma parte con una proposicién de
dimensionamiento que establece el arreglc con nombre y nimero de
subindice (1, 2, n dimensiones), define el maximo valor numérico
de cada subindice y reserva las localidades de almacenamiento
para acomodar cada elemento del arreglo.

3.6,- Subprogramas.

R

El motivo principal para usar la computadora en la solucidn
de problemas es reducir el tiempo necesario para hacer cdlculos
repetitivos. Con frecuencia, planear y escribir un programa de
computadora es una tarea laboriosa, consume tiempo y requiere
atencién cuidadosa para cada detalle de las proposiciones del
programa. Cuantas mAs proposiciones tenga el programa, mayores
posibilidades de error existen. Cualquier cosa que pueda hacerse
para eliminar proposiciones innecesarias o evite escribir 1la
misma proposicién mas de una vez, vale la pena.

Muchos programas contienen cdlculos gue 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 repeticidédn pueden supri-
mirse del programa principal y escribirse en forma separada com
osubprogramas. Desples, é&sos subprogramas pueden llamarse de un
mode individual mediante una proposicién sencilla colocada de
manera apropiada en el programa principal siempre que se le nece-
site. El1 subprograma desarrollado por el programador sirve al
mismo propdsito para aplicaciones limitadas como las funciones
intrinsecas. mi&s generalmente aplicables y puede grabarse para
usos subsecuentes en otros programas.



3.7.- Almacenamiento y Compilacién.

Algunos lenguajes, tal como el Fortran, son lenguajes
compiladores, es decir, el programa fuente escrito por el
programador debe traducirse (compilarse) a un cédigo simbdlico o
lenguaje de maquina que sea comprensible para la computadora
personal. Se requiere de un programa intermedio llamado
compilador para hacer ésta operacién. Hay diversos compiladores
disponnibles. El compilador que se usd para la traduccidn
(compilacién) 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 referencia gque
proporcionan informacidén detallada de los archivos de los discos
Yy la forma en que pueden aplicarse. En ésta seccidn se muestra de
manera somera cbmo se realiza la escritura, edicién, compilacién
Yy ejecucidédn de un programa fuente Fortran de ejemplo (consiltense
la gdia y el manual del usuario para obtener un conocimiento mas
completo del compilador Fortran).

4.=- Modelos Matemdticos.

4.1.- Qué es un Modelo Matematico.

Los modelos matem&ticos en geohidrologia son una importante
herramienta que ayuda a conocer el funcionamiento de los acuife-
ros. Los modelos pueden utilizarse para simular el funcionamiento
de un acuifero, 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, asi como el andlisis de la deformaciéon del terre-
no, como es su hundimiento.

Los modelcs matematicos son un valioso auxiliar en la pla-
neacién del manejo de acuiferos, al simular su comportamiento
bajo diferentes politicas 'de operacidn.



Para la elaboracién del modelo matemdtico de un acuifero,
primeramente hay que conceptualizar su funcionamiento; el si-
guiente paso consiste en transcribir los procesos fisicos a tér-
minos matemdticos, mediante el desarrollo de las ecuaciones que
gobiernan el flujo de agua subterrinea; son necesarios también la
recopilacién y depuraciédn de datos del acuifero, su preparacién o
procesamiento, la calibracién y la simulaciédn.

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 infiltracién y la descarga a

salidas por flujo subterré&neo y a la extraccién por bombeo. Las -

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 matemidticos mediante el desarrollo de ecuaciones que simulan
el comportamiento del flujo de agua subterranea. El entendimiento
de estas ecuaciones y sus limitaciones son condiciones necesarias
para el buen desarrollo del modelo.

Otre punto por desarrollar en la formacién de un modelo
matemdtico es la obtencién de las caracteristicas del acuifero,
tales como transmisividad, coeficiente de almacenamiento, espesor
del acuifero, limites, gastos de extraccién por pozos, etc. Estos
datos deben de ser procesados y adaptados a los requerimientos
del modelo. La calidad de este tipo de datos est&4 en relacidn
directa a la exactitud de los resultados que se obtengan.

El acuifero por estudiar se discretiza o se divide en peque-
flas dreas denominadas elementos, las cuales pueden tener formas
regulares o irregulares.

La malla regular, o de diferencias finitas, tiene la ventaja
de gque su construccién es simple, pudiendo consistir ésta de
rectingulos,:- Las mallas pueden también ser irregulares (método de
elementos . finitos) y su diferencia fundamental respecto a 1la
malla regular, es que al permitir el disefio de elementos irregqu-
lares llegan a representar los limites del acuifero con mayor
exactitud. El trazo de la malla irreqgular es mds complejo y las
ecuaciones aplicables presentan limitantes. Para cada elemento
discretizado, se aplican las ecuacicones de flujos, obteniéndose
un Sistema de ecuaciones simultineas cuya incdégnita es la carga
hidriulica en un tiempo determinado.
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La calibracién consiste en efectuar corridas del programa
matem&tico alimentado con los datos del acuifero, comparando los
resultados con datos observados. En los sitios donde existen
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 aproximacidn posible.

La primera corrida se conoce como "andlisis 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 calibracién del modelo. .

Es importante que los ajustes que se realizen tengan justi-
ficacidén; ya que de otra manera se estard forzando al modelo a
conclusiones y procedimientos erréneos.

4,2.- Herramientas Computacionales.

En el procesamiento de 1la evolucidn de 1los niveles
piezométricos, o en los datos obtenidos de hidrégrafos vy
cualquier comportamiento que registre tendencia, se pueden
realizar procedimientos de aproximacién, por medio de métodos
numéricos, con el auxilio gue la computadora representa. A
continuacién se referirdn distintas formas:

4.3,.- Paguetes de Apdlisis.

Como se observa en una de las figuras anexas, es posible
realizar andlisis de aproximacién por diferentes técnicas a tra-
ves de programas tales como Harvard Graphics, Lotus 123, Excel,
etc,

Ademds, se encuentran programas tales como Curfit, Mathema-
tica, etc., que realizan andlisis a funciones en general (se
observa un ejemplo anexo).



4.4.- Lengquajes,

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
ingenieria de software especlializado en gechidrologia vy
contaminacién de acuiferos, que trabajan con una alta calidad y
resolucién. En México, el Instituto de Ingenieria de la UNAM y
otras instituciones de educacién superior asi como dependencias
gubernamentales trabajan con gran éxito del modelado matemdtico
de fendmenos de dispersidén de contaminantes.

e -

Elaboré: Ing. F. Meixueiro.
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Figuras.

Listado del programa de ejemplo Bubble. . -

Diagrama de flujo del programa de ejemplo
Bubble.

Andlisis de optimizacién de ejemplo en
Harvard Graphics.

Andlisis de ejemplo en Curfit.
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Programa de Demostracién del Bubble Sort f
Microsoft FORTRAN77 '
Agosto 29, 1993

La rutina principal lee de la terminal un vector 2
de diez nGmeros reales en formato F8.0 e invoca a 5
la subroutina BUBBLE para sortearlos.

REAL R(10)

INTEGER I

WRITE (*,001)

FORMAT(1X, 'Programa de Demostracién del Bubble Sort.')

DO 103 I=1,10

WRITE (*,101) I

FORMAT (1X, 'Anote el nGmero real No. ',I2)

READ (*,102) R(I)

FORMAT (F8.0)

CONTINUE

CALL BUBBLE(R,10)

WRITE (*,002)

FORMAT(/1X, 'Ya sorteados de menor a mayor guedan asi:') .
WRITE (*,003) (R(I),I = 1,10) S
FORMAT(2(1x,5F13.3/))

STOP

END

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 i o
IF (J .LE. 1) GOTO 101 \
DO 201 Al = 1,0-1

DO 301 A2 = Al + 1,J

IF (X(Al) .LE. X(A2)) GOTO 401

TEMP = X(Al)

X(Al) = X(A2)

X(A2) = TEMP

CONTINUE

CONTINUE

CONTINUE

CONTINUE

RETURN

END
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Andlisis de Optimizacion.

N Hundimiento def lerreno.
) Elemento 23
2305
- Potinomiagt drado 3: ¥ = A+bX+C(X—~2}+D(X~5)
- Con A = 2825864
2303 - B = —T 7108
* C =001465
. ‘ D = —-0.00Q064
2301 :
L ]
2299 e ' ' e -
e s s asnnanas s e s sswanes .:::Eh.* - ...I-.
. siganssanaay Hilitheaa,....
2297
1930 1940 1950 1960 1970 1980 1980 2000
—+— observodo *  Lineat *  Pohnomal (2) *  Potinomiar (3)
Manual de Hundimientos. Fohnomuatl grado 2. ¥ = A+BeX+C(X~2) Lineal ¥ = A + BeX
DGCOH con A= 2303974 Con A = 2298 772
Elaboré: F. Meixueiro. g=-0157 8 = -000693

C = 000106 .
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VIl CURSO INTERACIONAL DE CONTAMINACION DE ACUIFEROS
MODULO Ill: Modelos Matematicos en Geohidrologia.

TemMa: SURFER.

1.- lntrodubcidn.

El programa SURFER, versién 3.0, generado por Golden Software, Inc. se
presenta en éste modulo como una herramienta indispensable para ia ingenieri(a,
por su capacidad de convertir una matriz de vectores de posicién tridimensional,
en un mapa de contorno 0 en una representacion de superficie tridimensional,
para su almacenamiento en disco, para su presentacién o para una impresion en
dispositivo externo.

El procgrama SURFER viene equipado con una serie de herramientas,
accesorios, tipos de letra, utilerias y un programa de acceso a los 5 programas que
conforman el nucleo principal del SURFER.

Tales programas son:

a) Utilerias:

ALTERSYM.EXE

Programa de modificacion de los juegos de simboios (Symbol
set).

CONVERT.EXE jConvierte archivos .PLT de versiones anteriores a ia 2.0

GRAFIT.EXE Generador de graficos por medio de una hoia electrénica de
gran simplicidad para salida en formato .PLT.

GRIDCONV EXE iConvierte mallas (grids) del Microsoft Basic ai formato IEEE.

INSTALL.EXE Programa de configuracion de dispositivos externos.

SLICE.EXE Programa que genera, una vez proporcionada una superficie
producida por el programa GRID y una linea de frontera
(formato .BLN), las elevaciones en 1as intersecciones de |la malla
(grid) con 13 linea de frontera (boundary line).

VOLUME.EXE |Programa que evaliia volumenes por medio de dos

procedimientos de cdlculo integral (regla del trapezoide vy regia

de Simpson).




b) Programas-NUcleo:;

SURFER.EXE [Sistema de acceso por medio de mentis para accesar los
multiples programas y utilerias del SURFER.

GRID.EXE Crea una malla regularmente espaciada a partir de datos
irrequiarmente espaciados o por medio de una funcion 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 malia generado por GRID.

VIEW.EXE Muestra un archivo de impresion (plot) generado a partir de

TOPO o SURF. El diagrama puede ser modificado
dimensionalmente (pan y zoom),

PLOT.EXE Programa que manda a impresién un archivo generado por
TOPO 0 SURF. También puede configurarse para mandar la

impresion a un archivo.

2.- Programa GRID.
2.1.- Generalidades.

Como ya se menciong anteriormente, el programa GRID genera archiveos (en
formato binario o ascil) para ser leidos por porciones de cédlgo SUbSECUGﬂtES con
otras funciones colaterales.

El programa contiene opciones relativa a 1a crea<- 3 de una maila a paitir de
uUna matriz de vectores de posicion (asociados a it sistema rectangular de
coordenadas}, generada de manera irreguiar o a través de una funcién matematica.

Por ejemplo, el programa GRID podra procesar ternas de valores reales o
enteros y asociarlos internamente con un vector de posicidn en un sistema
coordenado rectangular XyZ. De igual manera, podra hacer uso de un sencillo
editor de ecuaclones de dos variables para generar Ias ternas de posicion; asi que
podra definir una funcién continua z = fix,y.

Usualmente €l primer paso consiste en incorporar ternas al programa GRID.
La opcidn input aceptard datos tanto del teclado como de diferentes tipos de
archivos de datos. Después de z-eptados los datos, 1as otras opciones del menu
consisten en controlar el proce:2 de generacion de malla regularmente espaciada.

-



2.2.- Métodos de Generacion de la Malla.

El programa proporciona dos métodos diferentes de generacién de una
malla regularmente espaciada, el método del inverso de la distancia y el método
Kriging. El método del inverso de ia distancia es mas rdpido 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 105 vectores de
posicion. Las influencias son inversamente proporcionales a 1as distancias a 10s
ncdos. Ademas, 1as influencias pueden elevarse a una potencia para incrementar

el efecto de la funcién ponderadora. El inverso de ia distancia al cuadrado es el
meétodo mas comun.

Ei método del Kriging utiliza técnicas geoestadisticas para calcular la
autocorrelacion entre puntos y producir una minima e imparcial variancia estimada.
En teoria ningun otro método de generacion de mallas puede producir estimados
mMds precisos. En practica, 1a efectividad del método del Kriging depende de Ia
correcta seleccion de varios pardametros. Tales parametros son estimados por el
GRID y pueden no ser exactos. AUn asi, el Kriging produce mapas mas precisos que
los generados a traves,del metodo del inverso de 13 distancia. -

2.3.- Métodos de Normalizacion de ia Malla.

El programa proporciona dos métodos de normalizacion o uniformizacion
de ias mallas generadas, el método matricial y el método de ajuste.

El método. de normalizacién matricial evalia una matriz de normalizacion
sobre 1a malla existente para promediar aquellos puntos de l1a malla mas cercanos
a cada punto de ia malla que va a normalizarse. La matriz se especifica por el
numero de columnas y de renglones a cada lado del punto de la malla a
normalizarse, asi como la influencia al punto central de la matriz.

+ =X x X + N
+ XX xX x + N
+ x x X + U
+ X x X + O
+ + + + 4+

5 B Y R
+ + + + + =
+ x O x + b

En el ejemplo anterior, los signos + representan los nodos de la malla,
mientras que las X y 1as 0 representan a la matriz de normalizacion. La malla es de
5 renglones por 7 columnas, mientras que I3 matriz de normalizacion es de 3
renglones por 5 columnas. Ei nodo de la malla que esta siendo normalizado esta en
el renglon 3 y ia columna 4.



Cada nodo de ia malla bajo una x sera ponderado por el valor de la matriz de
normalizacion y promediado para cbtener un nuevo valor para el nodo central de
la malla. La matriz cambiara por ello y et proceso se repetird hasta que la malla
entera se normatice. Notese que 1as orilla de la malla no estan definidas y quedaran
sin cambio. )

Para una normalizacién ponderada no por ia distancia, [0s nodos x tendran
una influencia de 1.0 y el nodo 0 se le asignara como el punto central de la
influencia. En la normalizacion basada en Ia distancia, se le asignaran influencias a
cada x basadas en el inverso de (a distancia al centro, elevadas a la correspondiente
potencia.

En el metodo de ajuste, la normalizacion se basa en el ajuste a través de un
polinomio de grado cubico para interpolar nuevos valores entre nodos existentes
de la malla. Esto incrementa la densidad de Ia malla permitiendo contornos vy
superficies mas suaves. Los factores de expansién en Xy en Y se refieren al numero
de puntos a insertar entre los nodos existentes en las direcciones X vy Y
respectivamente. Este tipo de normalizacién podria incrementar las bajas y altas de
la malla original.

* L L] * L 4

En el ejemplo anterior, los asteriscos representan la malla original de 3 por
5. Los nodos representados por 105 puntos fueron interpolados usando una
normalizacion por medio de un ajuste a una curva polinomial cubica. 1 puntos fué
calculado entre cada nodo en |1a direccién X y 2 puntos fueron calculados entre
cada nodo en la direccion 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
menus. El trazo del contorno puede observarse en el monitor de la computadora,
mandarse a impresion 0 mandarse a un archivo. Los pardmetros de generacion del
mapa de contorno y de impresién pueden controlarse en su totatidad por el
usuario,

Los datos de la malla deberdn estar en el formato utilizado por el programa
GRID, el cual estd en formato ascii 0 en binario. El acceso al programa TOPO podra
ser desde la linea de comandos del DOS ¢ desde el meny del SURFER.



4.- Programa SURF.

Este programa es un programa interactivo, controlado por mends que
produce representaciones de superficies tridimensionales para su salida a 12
pantalla, impresora, plotter ¢ archivo. La entrada para éste programa estd
conformada por los archivos de extensién .GRD generados por el GRID en base a
datos proporcionados por el usuario. ,

A semejanza del TOPO, el SURF contiene una gran cantidad de opciones
aiternas, como ejes, colores, titulos, complementacion con otros graficos, 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
grafico generado (mediante sencillos comandos de "zoom" y "pan“), asi como
permitir |a generacion por pasos. Esto és, observar mediante control del usuario,
Ia generacion de las lineas que componen el trazo.

Este programa acepta archivos de extensién .PLT ¥ nO genera nada.

5.- Programa PLOT.

Este subprograma genera salidas a impresora, plotter o archivo previo
procedimiento de "optimizacion”, convirtiendo el archivo de salida .PLT generado
por TOPO 0 SURF en un archivo .OPT, preparado para la impresora O dispositivo
especificado en la configuracién del programa PLOT.

Dentro del programa PLOT se pueden controlar varios parametros, tales
como factores de escala, posicion del grafico dentro de 1a pagina, el formato del
archivo, el nimero de digitos 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 funcion
especifica; tales archivos son diferenciados internamente mediante una extension
caracteristica. En |2 tabla siguiente se muestran tales extensiones con una breve
descripcion de los archivos, asi como su génesis y utilizacion.

Extension Uso

PLT Archivos de trazo (plot) de cualquier indole, bien generados por
TOPO cOmO por 3URF. Son leidos por PLOT o0 dentro de las utilerias
de impresion de TOPO 0 de SURF (que no son sino llamadas a PLON,
para ser procesaqos.

.OPT Archivos de optimizacion para impresion. son procesados por PLOT
y listos para su envio a los dispositivos generadores de impresion.

SYM Archivo que contiene un juego de caracteres en un determinado

: tipo de letra. Pueden crearse y editarse mediante utilerias.

BLN Archivo que contiene las denominadas "lineas de frontera", que

pueden ser en codigo ascii y que representan un poligeno
bidimensional que se implanta en un mapa de contornc o en la
generacion de una superficie. Puede generarse externamente al
SURFER.

.DAT Archivo que contiene datos (vectores de posicion, localizacion de

v puntos, datos para un contorno o vértices de un poligeno); puede
gstar en ascii 0 en binario. Este tipo de archivos son leidos por GRID,
SURF y TOPO.

.GRD Archivos que contienen {en ascii 0 en binario) la malia regularmente
espaciada que serd leida por TOPO 0 por SURF y que es generada
unicamente por el GRID.

Apéndice 2.- Menus de Ayuda.

Todos los programas del SURFER (programas-nucieo) contienen un ment de
ayuda (tecleando F1), asl como una ayuda sensitiva al contexto.

A pesar de que el programa se encuentra en una versién bastante prim_itiva,
las ayudas se presentan medianamente inteligibles, para el usuario latinoamericano
con conocimiento regular del ingtés técnico.



Apéndice 3.- Requerimientos para el SURFER.

El SURFER puede copiarse integramente en un disco de 3.5 pulg. de alta
densidac (1.44 Mb) y ejecutarse en la unidad de disco flexible de cualquier
computadora serie 286 y posterior sin ninguna dificuitad. Tal computadora de
preferencia debera contar con 1.0 Mb 0 mas de memoria RAM.

Probablemente no tendra usted problemas para desplegar sus diagramas en
el monitor, puesto que entre las versiones de configuracion que el SURFER
presenta, se contempla un driver automdtico de deteccion de modo de video, asi
como 10s drivers tipicos para 1os modos CGA, EGA v VGA, asi como para |10s modos
Hércules vy Olivetti.

Esta version no soporta (que lastima), mouses ni tabletas digitalizadoras.

De igual manera, en el programa INSTALL de esta version, se contemplan 84
impresoras y plotters de 1as mas variadas marcas, incluyendo {as impresoras Epson, -
Okidata, Star, Hewlett Packard, tanto de matriz como laser, aungue de manera
bastante general. Asi mismo, se presentan opciones para puertos de salida, serial
0 paralelo, la velocidad de transmision para el puerto serial y 1a eleccion de plumas
para los plotters. - -
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GRID TOPO SURF VIEW PLOT Quit

Run the TOPO program to create a contour map from a grid file

CEOCLEE0BLARLOEEELEEEEL00LEL00A004000000800000000CELLEELRELLELELLEEALEREEEE" "1E

The SURFER Access system provides an easy, menu-driven way to access the SUREreR

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.
option name.

GRID
TOPO
SURF
VIEW

PLOT

To obtain more help select the desired option,

Cptions may also be selected by typing the first letter of the
Here is a summary of the current options:

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 hardceopy device.
To install a new device enter /I at the filespec prompt.

and then use the F1 key. This

access system requires approximately 10K of memory. If insufficienc memory

messages occur, the above options may be run directly from DOS to save the 10K.

Press any key to continue,. ..

Fl=Help Esc=Backup Arrows keys move pointer
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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. 1In 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 nodes
from the XYZ data. The weights are inversely proportional to the distance to
the grid node. Data points further away from a given grid node 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
welghting power.

Kriging uses geostatistical techniques to calculate the autocecrrelation

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 of 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.

3
'
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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.

12345¢67 In the example at left, + signs represent grid nodes, while
1+ + + + + + + x's and the o represent the smoothing matrix. The grid is
2 + X XX XX+ 5 rows by 7 columns, the smoothing matrix is 3 rows by 5
3 + XX 0xx + columns. The grid node currently being smoothed is row 3
4 + X X X X X + column 4. Each grid node under an x will be weighted by
S5+ + + + + + + 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,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 nodes. 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 nodes in the X and Y

directions respectively. Spline smoothing may increase the highs and lows of
the original grid.

LA L S S In the example at right, the asterisks represent
the original 3 by 5 grid. The nodes represented

: . e by the dots were interpolated using cubic spline

LA N S smoothing. 1 point was calculated between each node

. in the X direction, and 2 points were calculated

e e e e e between each node in the Y direction to give a

LA S S S final grid of 7 rows by 9 columns,
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TOPO Menu

TOPC is a menu-driven contouring program. The contour plot may be viewed on
the screen, output to a plot file, and/or sent to a hardcopy device. Contour
and plot parameters may be default values 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 Esc to return to the TOPO Menu.
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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

contour levels desired. The default values are chosen to give between 11 and
21 contours.

Minimum contour The lowest contour level to apper on the map.

Maximum contour The highest contour level to appear on the map.

Contour interval The interval or stepsize to use between the minimum and
maximum contour levels. The total number of levels plotted
will be int((Maximum - Minimum) / Interval}). To omit all
contour lines specify minimum and maximum contour levels
that will exclude all Z values of the grid.

Level file The level file must be a valid DOS filespec consisting of an
optional drive, optional path, filename, and optional
extension. If the extension is 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 order, 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. 1If 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 EsCc to return to the Main Menu.
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Projection

Rotation

Tilt

View (Page 1 of 2)

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.

This is the number 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, %0=south,
180=east, 270=north.

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 to 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 to
installed device

Specify the optional drive, optional path, filename, and
optional extension of the plot file to create.

Scale factor for the entire plot. For example, 2.0 will._.
make- the plot-twice as big.

Position of the entire plot in inches, from the bottom left
corner. May be used to offset multiple plots when appending.
ASCII may be read by any text editor. Binary is efficient.
Overwrite will cause the plot to 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 to call program PLOT from within SURF. PLOT
immediately begins plotting on the installed prlnter oxr
plotter. Be sure to install PLOT first.
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Symbol sets

The following Symbol sets are available. The sets may be altered using the
ALTERSYM program.

DEFAULT.SYM Built in to TOPO SET10.SYM Triplex Roman
SET1.S5YM Same as default SET11.8SYM Triplex Italics
SET2.SYM Simplex Greek SET12.5YM 0ld German
SET3.SYM Script SET13.SYM O0Olde English
SET4.5YM Simplex Roman SET14.SYM 0ld Italian
SET5.SYM Duplex Greek SET15.SYM Special Symbols
SET6.5YM Simplex Ttalics SET16.SYM Special Symbols
SET7.SYM Duplex Eershey CENTERED .SYM Centered 3ymbols

SET8.SYM Duplex Script
SET9.SYM Cyrillic

For-math symbols, use SET1S 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 locaded 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)
and a "boundary line", such as may be found in a .BLN boundary file used by
GRID, TOPO or SURF, SLICE will produce th=2 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: -
1.) 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 QUTPUT -

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:
1.) 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.

IA!_l i



TOpicos Relacionados con la Evaluacion de Volimenes. _

1.- Calculo de integrales.

Aunque la existencia de fa integral de una funcion continua se asegura
facilmente por medio de la aplicacién de los teoremas fundamentaies del ciiculo,
Ia evaluacion o "cuadratura” de dicha integral no puede realizarse mediante
funciones elementales, salvo en €asoso relativamente raros. Deberan desarrollarse,
por consiguiente, métodos de integracion numérica y también de estimacion de
Ia exactitud de tales aproximaciones numeéricas.

Para calcular en forma aproximada la integral
b
J= f £(x) dx
a

cona<b, sesubdivide el intervalo a<x<b en n partes iguales, cada una de longitud
h=(b-a)/n, mediante l0s n +1 puntos

X,=a+vh, nh=b-a v=0,1,...c00ivuiisans . 2.

Entonces,

donde

J, = ? f(x) dx
X

El problema de calcular la integral J queda reducido al de obtener buenas
aproximaciones para las areas J, de anchura h en Ias cuales se ha dividido el drea
total representada por J.




1.1.- Aproximacion mediante rectingulos

La aproximacion mas directa, sugerida por la definicidén original de la integral,
conduce a la relacion

n
- J=VZ_; _'{v = b(flqifz:'-_, ceras ._._+_f )

donde por brevedad, se ha hecho
f,= flx,)

1.2.- Aproximaciones refinadas - Regla de Simpson.
Una mejor aproximacion se obtiene casi sin esfuerzo adicional si las dreas J,

se aproximan, no mediante franjas rectangulares, sino mediante trapezoides
angostos. La férmula de aproximacion (férmuia del trapezoide) es entonces

J = _:.Lz_h(fo+f1) + %h(f1+f2) . +%h(fn_l+f,,)

=h(fi+fyre oo 4 f, ) + g (fo+fy)

pues cada valor de 1a funcién, excepto el primero y el uitimo, aparece dos veces.

Finalmente, se menciona la famosa aproximacion de Simpson, 1a cual, con
poCco mavyor trabajo conduce a una aproximacién mucho mas precisa si la cuarta
derivada de f existe y es uniformemente acotada en el intervalo dado.

La formula de Simpson paran = 2m es

J= % (£ +f g+, . +6, ) + 2_317(f2+f‘+f5+, R PO I ?(fﬂfm)

TOmMado de:

R. Courant y F. John.

“Introduccién al Cdlculo y al Analisis Matematico”, vol. 1.
Cap. 6, Métodos Numéricos. pp. 501-505.

Ed. Limusa, México, 1971, 12 Ed.
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MODEL OF SOLUTE TRANSPORT IN GROUND WATER _ b

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-
piicit (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. Some of the more reievant 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
z direction at node (i,7) would be computed
as

K!J(i,h (h‘l-—l,].k_h“-!—l.f.k)
€ 25z
The velocity in the z direction can also be
computed on the boundary between node
(i,7) and node (i+1,7)} using the following
equation:

Veun= . (12)

14 Koirnn iRy )
2O+ %) =

[ AX (13)

where the hydraulic conductivity on the
boundary is computed as the harmonic mean
of the hydraulic conductivities at the two
adjacent nodes.

Expressions similar to equations 12 and 13
are used to compute the velocities in the y
direction at (i,7) and (i,7+ 1) respectively.
Note that equation 13, which computes the
head difference over a distance Az, is more
accurate than equation 12, which computes
the head difference over 2az.

Transport equation

Method of characteristics

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 solute

transport is dominated by convective trans-
port, as is common in many field problems,
then equation 4 may closely approximate a
hyperbolic partial differential equation and
be highly compatible with the method of
characteristics. Although it is difficult to
present a rigorous mathematical proof for
this numerical scheme, it has been success-
fully applied to a variety of field problems.
The development of this technique for prob-
lems of flow threugh porous media has been
present®®™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 process). They and Reddell and
Sunada (1970) also compared solutions ob-
tained using the method of characteristics
with those derived by analytical methods
and found good agreement for the cases in-
vestigated. Applications of the method to
field problems have been documented by
Bredehoeft and Pinder (1973), Konikew
and Bredehoeft (1974), Robertson (1974},
Robson (1974), and Konikow (1977).

The approach taken by the method of char-
acteristics is not tn solve equation 4 directly,
but rather to solve an equivalent system of
ordinary differential equations. Konikow and
Grove (1977, eq 61) show that by consider-
ing saturated thickness as a variable and by
expanding the convective transport term,
equation 4 may be rewritten as

_a_c=_1._a.(bD“?£)-V£-C-
0%

ot b 0%; 0%
C(s?-:.‘-+ w- 22 —cw
+—0 - ot . (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 also write equation 14 as

o€ 1 a( aC') oC . ofC
2t b om\ oz 2z ¥

(16)
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where

B
csT+w- 22y —ow
Fe 9 ot
@

Next consider representative 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
for 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
9C/dt 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 of concentration
may be defined as

dC 3C 2C dx
= +

—_— T

dt 2t 2z dt 2y dt

Note the correspondence of the second and
third terms on the right side of equation 16
with the second and third terms on the right
side of equation 17. The latter includes the
material derivatives of position, which are
defined by velocity, Thus for the z and y
components, reapectively, of position and
velocity we have

(16)

(17)

dz

—=Y,
7 (18)
and
dy
I‘: VU' (19)

If we next substitute the right sides of
equations 15, 18, and 19 for the correspond-
ing terms in equation 17, we obtain

dC 1 aC
—==—2 (D +F.
&b oz D)

The solutions of the system of equations
comprising equations 18-20 may be given as

z=z(t);y=y(t);and C=C(t) (21)

(20)

and are called the characteristic curves of
equation 15.

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 of moving
points (or reference particles) that can be
traced within the stationary coordinates of
the finite-difference grid. Garder, Peaceman,
and Pozzi (1964, p. 27) state, “Each point
corresponds to one characteristic curve, and
values of z, ¥, and C are obtained as func-
tions of ¢ 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 of fluid particles
through a flow field and observing changes
in chemical concentration in the fluid par-
ticles as they move.

Particle tracking

The first step in the method of character-
istics involves placing a number of trace-
able particles or points in each cell of the
finite-difference grid to form a set of points
that are distributed in a geometrically uni-
form pattern throughout the area of inter-
est. It was found that placing from four to
nine points per cell provided satisfactory re-
sults for most two-dimensional preblems.
The location or position of each particle is
specified by its z- and y- coordinates in the
finite-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 &
distanece proportional to the length of 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:

Tpa =Ty T8y =Typ_ + AtV’[’(.,n-'u.l:’
(22)
and

L0
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anw/
-

EXPLANATION

@ Initial 1ocation of particle

O Now location of particle
== Flow lina and direction of flow
~—+—— Computed path of perticle

Figure 1.—Part of hypothetical tinite-
ditference grid showing relation of
fiow fleld to movement of points.

You=Up a1 +8Up =Ypu + IN14

L{E T PP |
(23)
where

P is the index number for
point identification; and

8z, and 8y, are the distances moved in
the r and y directions, re-
spectively.

The z and y velocities at the position
of any particular point p, indicated as
Vileya¥y.nlr fOr time k arecalculated through
bilinear interpolation over the area of half
of a cell using the r and y velocities com-
puted at adjacent nodes and cell boundaries.
For example, figure 2 illustrates that the
velocity in the z direction of point p, located
in the southeast quadrant of cell (i,§), 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+14,),
and (i+1%,7+1). Similarly, the velocity in
the ¥ direction of point p would be based on
the y velocities computed at (1,7), (i+1,5),
(1,7 + 1) and (2+1,7+1%).

After all points have been moved, the con-
centration at each node is temporarily as-
signed the average of the concentrations of

|

EXPLANATION
. Node of finlts-difference grid
O  Location of particle p
== X or ¥ component of velocity

\ Area of Influsnce for intarpolating veioCity
\ in X direction at particle p

V Area of influence for interpolating velocity
/ in ¥ direction ot particle p

Figure 2.—Part of hypothetical finite-ditference grid
showing areas over which bilinear Interpolation Is
used to compute the velocity at a point. Note that
each area of Influence is equal to one-half of the
area of a cell.

all points then located within the area of that
cell; -this average concentration is denoted
as C, . The time index is distinguished
with an asterisk here because this tempo-
rarily assigned average concentration rep-
resents the new time level only with respect
to convective transport. The moving points
simulate convective transport because the
concentration at each node of the grid will
change with each time step as different
points having different concentrations enter
and leave the area of that cell.

Finite-diffarence approximations

The total change in concentration in an
aquifer may be computed by solving equa-
tions 18-20. Equations 18 and 19, which are
related to changes 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, fuid
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

1 c
ACi=a —-—a—(bD¢,2—)+F]. (24)
b az( a:,

Note that a solution to equation 20 re-
quires the computation of the change in con-
centration at the tracer particles. However,
primarily because 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-
sidered as the sum of two separate terms,
as follows:

ACisx=(ACyu) 1+ (AC ) u  (26)

where
(AC, ;1)1 is the change in concentration
caused by hydrodynamic
dispersion, and is defined
as
(Cu=212-60.251 @26
b 2= 0%
and

{AC, 1)1 i3 the change in concentra-
tion resulting from an ex-
ternal fluid source and
changes in saturated thick-
ness, and from equation 16
is defined as

(aCisa)u=at F
cs2tiw-2y_cw
ot ot

= At (27)

b

First we wil]l examine the change in con-
centration due to dispersion, partly follow-
ing the development of Reddell and Sunada
(1970). The right side of equation 26 can be
expanded according to the summation con-
vention of tensor notation to obtain

aCun =24 2_5p..2% +4p,25,
bl 2= oz v

+i( bD,,aC + bD,.Eﬁ) ]
v oV oz
(28)
A finite-difference approximation for the
derivative in the x direction at (i,f) may be
written as

2 0.2%op,,
oz % 2

-2 4,
oz or

C
o,
I')

'
y+2_(6D,,2%)
oz oy

(55, (5)
oz i+ K. o* =Y%.f

AX

(55,
oy i Y d ov i—Y%.5

Ax

(29)
In the following expansion of equation 29
it is implied that concentrations (C) are
known from the previous (k-1) time level;
hence, equation 29 is an explicit finite-differ-
ence equation. The spatial derivatives of con-
centration at (i+14,7) may be approximated

by
(_B_C) =C|+|,;"Cu
O Jib%d AT

(30)

and

( aC) Citmit =Citim
oY /it ni 2ay ]
) (31)
Because concentrations are defined only at
nodes, we must express the right side of
equation 31 in terms of concentrations at
nodes. Assuming that the concentration at a

‘\V“’
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cell boundary is approximately equal to the
average (arithmetic mean) of the concentra-
“ions at adjacent nodes, we have

C.. +C,
Li+1 i+ Li+
Cppgtr =— ARG
2
and
' Ci.:‘—l +C|’+1J—l
Crpssmr ™ 2 (33)

Substitution of equations 32 and 33 into
equation 31 resultsin:

i+ Lid1 -C

4Aay

Li—1 i+ 1i—1

(a—c) C.__’,_H +C
oY Jitwni
(34)
Similarly, the spatial derivatives of con-
centration at (i—14,7) are

C C - -1
(&), — = (35)
OF Ji—ti az
and
(_@E)— C.--n.:'+1+ci.i+:_c-'—1.;—u_ ij-1
U Jicwi 4ay
(36)

After substituting equations 30, 34, 35, and
36 into equation 29, we have

2 0.2 +50,,%%)
ox oz U
D"“+%J](C..+H—CU) bDn[i—%Jl(CU—Ci—lJ)
(az)? (az)?
bDnh‘+ %.5) (€ d+1 +C|‘+1.:'+1 _cu—l _'C-'+1.;'-1)
+ 4azay
oD . . (C. +C . —-C ~-C )
_ sy [i—%.J] i—1J+1 ii41 i—f—-1 (%] l.. (37)
4azay

A finite-difference approximation for the
derivative in the y direction in equation 28

2 D, 2% +50,,2%)
v Tov  om

(bD,,a_C) _(w,,l‘Z)
oy /U+n oY/ ii—-%

"

may be developed for node (7,7) in an analo-
gous manner to equation 37 to produce

(30.25) - (30.5)
OT fid+% T /ii—-%
+

ay

bDw(U+ %) (Cipie _Cu) D

whid—%)} Vg

Ay

< )

=1

(ay)?

bD (C

valli+ %1 ¢

14 +
+

+14+1 —C-'-IJ

(ay)?*

"Ci-u+1)

dazay

{(C +C

bDn(U—'&l i+14—1

i+1d i=lg=1 —C‘_”)

(38)

44zAYy

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.

ey
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Next we will examine the change in con-
centration denoted by equation 27. Substi-
tuting explicit finite-difference approxima-
tions for the terms in equation 27, we have

t ~Rraes
(ACy st *'A—'-[ Cipr (S[ R g = Rose ]

el yx al

b Sk b k=1
[ b

- C:.i.k wi.:'.;.:l .

Equations 28, 37, 38, and 39 together pro-
vide a solution to equation 24, which in turn
allows us to solve equation 20 and complete
the definition of the characteristic curves of
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. However, equations
18 and 19 are solved by particle movement
based on implicitly computed heads while
equation 20 i3 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

(39)

gradient will clearly affect the accuracy of
the numerical results. As the position of a
front or breakthrough curve advances with
time, say from the k—1 to k time level, the
concentration gradient at any fixed reference
point and the concentration differences at
sources are continuosly changing. The con-
sequent limitations imposed by estimating
nodal concentrations in a strict explicit man-
ner can be minimized by using a two-step
explicit procedure in which equation 24 is
solved at each node by giving equal weight
to concentration gradients computed from
the eoncentrations at the previous time level
{(k—1) and to concentration gradients com-
puted from concentrations at time level (k*),
which represents the convected position of
the front at the new time level (k) prior to
adjustmenta of concentration for dispersion
and mixing. Figure 3 illustrates the sequence
of calculations to solve equations 18-20 over
a given time increment. First the concentra-
tion gradients at the previous time level
(k—1) are determined at each node. Then
the front is convected to a new position for
time level k* based on the velocity of flow
and length of the time increment. Next the
concentration gradients at each node are re-
computed for the new position of the front.
The concentration distribution for the new
frontal position is then adjusted at each node
in two steps: first based on concentration
gradients at k—1 and second based on con-
centration gradients at k*.

The finite-difference approximation to
equation 24 may thus be expressed as

[

Con (S22 1 w-.22%) _c'w
ot :

9

Couny (S22 + =22y —C'w
at 3t

AC;,;,.= 05 at i(bD‘, aC{l—n )+
0% 0%y
+ 0.5 At l(bD“aC(.n) ) "
b oz 0%y

in which the appropriate finite-difference ap-
proximations for the terms within brackets
are indicated by equations 37, 38, and 89.

(40)

The new nodal concentrations at the end
of time increment k are computed as

Cije=Cijue+aC, ;0 (41)
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1.0

RELATIVE CONCENTRATION
a
n

0.0

L
1 B -.-':—‘—

0.5 1.0

RELATIVE DISTANCE

Figure 3.—Representative change in breakthrough curve from lime fevel k—1 to k. Note that concentration
changes are exaggeratad to help illustrate the sequence of calculations.

where C. ;. is the average of the concentra-
tions of all points in cell (i,j) after equations
22 and 23 were solved for all points for time
step k, and AC . is the change in concentra-
tion caused by hydrodynamic dispersion,
sources, and sinks, as calculated in eguation
40. .
Because the concentrations of points in a
cell vary about the concentration of the 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, If the change in concentration at
the node (aCl,.) i3 positive, the increase i3
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. '

Stabillty criteria
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 soive

the flow equation be subdivided into a num- -

ber of smaller time increments 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 stable,
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D.at D
pombi 1 (42)

(az)r  (ay)r 2
Solving equation 42 for at, we see that

0.5

-~ Min - ——
at= (over grid) 2”_ + &
(az)? (ay)?

Because 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 entire grid. The smallest
at will then occur at the node having the
largest value of

. (43)

D,, D,

+=0
{az)?* (ay)?

Next consider the effects of mixing ground
water of one concentration with injected or
recharged water of a different concentra-
tion, as represented by the spurce terms in
equation 39. The change in concentration in
a source node cannot exceed the difference
between the source concentration (C’ ) and
the concentration in the aquifer (C.,) and
the maximum possible change occurs when
a source completely flushes out the volume
of water in an aquifer cell at the start of a
time step. Therefore

C 4C

iJk—1

—C‘f# (44)

After rearrangmg terms in equation 44, we
have

AC 14
(Copti—C'ua)

We may isolate the effects of mixing rep-
resented in equation 39 by assuming steady-
state flow in which 3%/3¢=0 and 2b/3t=0.
Then we can rewrite equation 39 as

at Wu‘ (Cign=1=C'ip2)
. (46)

=1.0. (45)

(aCisa) =

‘b'l.f.l

After rearranging terms in equation 46, we
have

(AC¢J h) i - Al Wu_. (47)
(€ st ~Clia) b

Substituting equation 47 into equation 46
results in

AtWur_ 0. (48)
by sn
Solving equatiop 48 for at at all nodes

vields the following criterion:

b
P Min Ok -
at= {over grid)[ Wois ] (49)

A third type of stability check involves the
movement of points computed by equations
22 and 23 to simulate convective transport.
The distance a particle moves is defined as

Sz AL V:[s('_.,.l‘"_n] (50)

and
Sy=at V""cp.n-’o.n] . (51)

In effect, this constitutes a linear spatial
extrapolation of the position of a particle
from one time step to the next. Where
streamlines are curvilinear, the extrapolated
position of a partile will deviate from the
streamline on which it was previously lo-
cated. This deviation introduces an error
into the numerical solution that is propor-
tional to At. Thus, it is thought that an ac-
curate computation of concentration changes
caused by convective transport requires the
maintenance of a relatively uniformiy spaced
field of marker particles that are moving
along relatively smooth and continuous path-
lines. Also, if 8z i8 greater than az, or Sy is
greater than Ay, it might be possible for par-
ticles to move beyond the boundaries of the
grid during one time increment. Thus, for
a given velocity fied and grid, some restric-
tion must be placed on the size of the time
increment to assure that neither 5x nor 3y
exceed some critical distances, called 3z*and
5y*. Therefore

L=5z* (62)
and

y=8y*. (53)

These critical distances can be related to

the dimensions of the finite-difference grid
by

& =azx (54)
and

/!
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Sy* =vyay (66)
where y is the fraction of the grid dimen-
sions that particles will be allowed to move
(0 <y=1).

If we replace the terms in equations 52
and 53 with the corresponding terms from
equations 60, 51, 54, and 55, we have

ALV 2tz 0 000) SVAZ (66}
and
At Vyia, g SYOV. (87)

Because these criteria are governed by the
maximum velocities in the system, and since
the computed velocity of a tracer particle
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 and solving
equations 66 and 57 for At results in

vAZ

Al== A (68)

and LER-114
Aad(_;‘*)”_ (59)

¥/ masx

If the time step used to solve the flow
equation exceeds the smallest of the time
limits determined by equations 48, 49, 58, or
59, then the time step will be subdivided into
the appropriate number of smaller time in-
crements required for solving the solute-
transport equation.

Boundary and Initial condiions

Obtaining a solution to the equations that
describe ground-water flow and solute trans-
port requires the specification of boundary
and initial conditions for the domain of the
problem. Specifications for solving the flow
equation must be compatible with the solu-
tion of the solute-transport equation. Several
different types of boundary conditions can
be incorporated into the solute-transport
model. Two general types are incorporated
in this model; these are constant-flux and
constant-head conditions. These can be used
to represent the real boundaries of an
aquifer as well as to represent artificial
boundaries for the model. The vse of the

latter can help to minimize data require-
ments and the aresl extent of the modeled
part of the aquifer.

A constant-flux boundary can be used to
represent aquifer underflow, well with-
drawals, or well igjection. A finite flux is
designated by specifying the flux rate as a well
discharge or injection rate for the appro-
priate nodes. A noflow boundary is a spe-
cial case of a consant-flux boundary. The
numerical procedure used in this model re-
quiresthat the area of interest be sur-
rounded by a no-flew boundary. Thus the
model will automatically specify the outer
rows and columns of the finite-difference grid
as no-fiow boundaries. No-flow boundaries
can also be located elsewhere in the grid to
simulate natural BEmits or barriers to
ground-water flow. No-flow boundaries are
designated by setling the transmissivity
equal to zero at appropriate nodes, thereby
precluding the flow of water or dissolved
chemicals across the boundaries of the cell
containing that node.

A constant-head boundary in the model
can represent parts of the aquifer where the
head will not change with time, such as re-
charge boundaries & areas beyond the in-
fluence of hydraulic stresses. In this model
constant-head boundaries are simulated by
adjusting the leakage term (the last term on

the right side of equmation 11) at the appro-
priate nodes. This i3 accomplished by setting
the leakance coefficient (K./m) to a suffi-
ciently high value (sach as 1.0 s—') to allow
the head in the aquifer at a node to be im-
plicitly computed as & value that is essen-
tially equal to the value of H,, which in this
case would be specified as the desired con-
stant-head altitude. The resulting rate of
leakage into or out of the designated con-
stant-head cell would equal the flux required
to maintain the head in the aquifer at the
specified constant-head altitude.

If a constant-flux or constant-head bound-
ary represents a fluid source, then the chemi-
cal concentration ia the source fluid (C’)
must also be specified. If the boundary rep-
resents a fluid sink, then the concentration
of the produced fluid will equal the concen-
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tration in the aquifer at the location of the
sink.

Because solute transport directly- depends
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-
mined 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 theinitial conditions.
In discussing computed heads, Trescott,
Pinder, and Larson (1976, p. 30) state:

If initial conditions are specified so that transient
flow is occurring in the system at the start of the
simulation, it should be recognized that water levels
will change during the simulation, not 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 principle 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 difference between the
net flux and the mass accumulation is the
mass residual (R,) and is one measure of
the numerical accuracy of the solution. Al-
though a small residual does not prove that
the numerical solution is accurate, a large
error in the mass balance is undesirable and
may indicate the presence of a significant
error in the numerical solution.

The model uses two methods to estimate
the error in the mass balance. Both are based
on the magnitude of the mass residual, R..,
which is computed from

Ro=aM,-M, (60)

where
aM, is the change in maass stored in the
aquifer, M; and

M, s the net mass flux, M.

The two mass terms, aM, and M, are
evaluated using the following equations:

{61a)

where C.,, is the initial concentration at
node (i,j), M/L?; and

M, = ‘Sj):f,w"f.;AIAyAtt C:,j,k . (Blb)

AM,= %fb._,.amy(cu.u =Cito)

The percent error (E) in the mass bal-
ance is computed first by comparing the
residual with the average of the net flux and
net accumulation, as

£ 100.0(M,—aM,)
"05(M,+aM,)

This is a good measure of the accuracy of
the numerical solution when the flux and the
change in mass stored are relatively large.
However, equation 62 does not account for
the initial mass of solute in the aquifer. If
total fluxes 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 the
residual with the initial mass of solute
(M,} present in the aquifer, as

_100.0(M,~aM,)
M, )

Equation 63 provides a good measure of the
accuracy of the numerical solution when
fluxes are zero or relatively small. But when
M, is zero or very small in comparison to
AM,, then FE; becomes meaningless. This
problem can be overcome by correcting M,
in the denominator of equation 63 for the
net mass flux, resulting in

_100.0(M,-aM,)
M,-M,

Note that as M, becomes very small, equa-
tion 64 approaches equation 63, and as M,
becomes very small, E, becomes just a com-
parison of the residual with the net flux. In
the latter case £, is a mass balance indicator
similar to £, in equation 62. Thus, E, is con-
sidered a more reliable and versatile indi-
cator of numerical accuracy than is F..

(62)

E, (63)

E, (64)

Either one or both of E, and E, are computed
| by the model, as appropriate.

S
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Special problems

There are a number of special problems
associated with the use of the method of
characteristics to selve the solute-transport
equation., Some of these problems are asso-
ciated with the movement and tracking of
particles, while other problems are related to
the computational transition between the
concentrations of particles within a cell and
the average concentration at that node. We
will next deseribe the more significant prob-
lems and the procedures used to minimize
errors that might result from them.

One possible problem is related to no-flow
boundaries. Neither water nor dissolved
chemicals can be allowed to cross 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 houndary 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 i3 convected across a no-fiow
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 apecial

treatment. Because they tend to represent

singularities in the velocity field, the use of
a central difference formulation {eq 12) to
compute the velocity at a node may indicate
zero or very small velocities at the nodes.
Therefore, the velocity components ‘at a
source or sink node cannot be uged for in-
terpolation of the velocity at a point within
or adjacent to that cell. To help maintain
radial flow to or from a sink or source, re-
spectively, the velocities computed on the
boundaries of source or sink cells are as-
signed to that node. The appropriate bound-
ary velocities are determined 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 (1,7), the = velocity at node (1,5) would

\

.
=

EXPLANATION
+  Node of finrte - difterence grid
B Previous location of particle p
o Computed new tocation of particle p
A  Corrected new location of particle p
= Flow line and direction of flow
~=—Computed path of low

& Zero wBnamissivity (o no - flow boundary)

Flgure 4. —Possible movement of particles saar
an imparmeable {no-low) boundary.

be set equal to Vm, ) and the y veloeity to

Vit Corresponding adjustments are
made for points in other quadrants, so that
the magnitude and direction of velocity at
the node are not fixed for a given time in-
crement, but depend on the relative location
of the point of interest within the cell. A
simiiar approximation is made when a point
of interest is located in a cell adjacent 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) represeated a
source or gink, then the y wvelocity at
node (i+1,j) would be approximated by
V' LI %) in order to estimate the y velocity
at point p. A corresponding approximation
for the z velocity at node {i,7+1) would_be
made using V:u+ss.:'+n'f a source or sink
were located at (t,j+1).

The maintenance of a reasonably uniform
and continuous spacing of points requires
special treatment in areas where sources and
sinks dominate the flow field. Points will con-
tinually move out of a cell that represents a
source, but few or none will move in lo re-
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place them and thereby maintain a continuous
stream of points. Thus, 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 fiuid
and solute mass 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, uniformly spaced stream of points is
maintained by generating a new point at the
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,7). So the replacement point (22) was
placed at a location within cell (i—1,7) that
is identical to the new location of point 7
within cell (%,7).

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 cel. When a relatively strong

source i3 imposed on a relatively weak re-
gional flow field, as illustrated in figure 6a,
then radial low will be maintained in the
area of the source, and all initial and replace-
ment points will move symmetrically away
from node (i,j). For example, after point 7
moves from cell (i,j) to (i+1, 7—1), the re-
placement point (18) is positioned at time k&
in cell {(ij) at the same location as the ini-
tial position of point 7. Although the re-
placement procedure illustrated earlier by
figure 5 would work just as well for the case
illustrated in figure 6a, it would not be satis-
factory for the situation presented in figure
6b, which illustrates the imposition of a rela-
tively weak source in a relatively strong
regional flow fieild. In this case the velocity
distribution within the source cell does not
possess radial symmetry, and the velocity
within the upgradient part of the source cell
is much lower than the velocity within the
downgradient part of the source cell. Re-
placement of points at original locations in
source cells, as illustrated in figure 6b, wili
maintain a steady stream of points leaving
the souree cell in proportion to the velocity
field. However, the use of the procedure illus-
trated in figure 5 for the case presented in
figure 6b would result in the accumulation of

\\\\\\ ' “fET &\ﬁ;fa v ow o

» Node of finite -difference gl

B, Initial location of partics »

Op New location of particls p

Ap Location of replacemsnt pivtis »

;' . Coratant - hasd SQUIce

Lero tranemignivity [or no-llow boundary )

figure 5—-Replacement of points in soyrce cells adjacent lo a no-tlow boundary.
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pointa in the low-velocity area of the source
cell (t,7), with few points being replaced into
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 when

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 some 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 flow field after the calculations for
that time increment have been completed.
The numerical removal of points which enter

SN
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sink ceils 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
value.

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 effect, heads
and concentrations computed at source or
sink nodes represent average values over the
area of the cell. Part of the total concentra-
tion change computed at a source node repre-
sents mixing between the socurce 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;.j.k ) and the aquifer
concentration (C;.-,), as indicated by
equation 44, that the following constraints
generally must be met in a source cell:

Copw=Ciy for €, >C.. . (65a)
and
Cu.kéc-'_'“ for C:.;.a <Ci.:'.lr—l' (656b)

If it is assumed that the sources aect 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. Because 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 source node (AC,;.} should
not be applied directly to each of the points
in the cell. Rather, at the end of each time
increment the concentration of each point in
a source cell is updated by setting it equal
to the final nodal concentration. Although
this may introduce a small amount of nu-
merical dispersion by eliminating pessible
concentration variations within the area of a
source cell, it prevents the adjustment of the
concentration at any point in the source cell
to a value that would viclate the constraints
indicated by equation 65.

In areas of divergent flow there may be a
problem because some 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-
justed for changes caused by hydrodynamic
dispersion (eq 28). Also, some 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 peints were convected
into void cells during later or subsequent
time increments). Figure 6a illustrates
radial flow, which represents the most severe
case of divergent flow. Here it can be seen
that when four points 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. If eight points 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 points
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 2 small percentage of the
total number of cells that represent the
aquifer. If the limit i3 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” concentrations for nodes and
particles. The solution to the solute-transport
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equation is then simply continmed in time
from this new set of “initial” conditions until
the total simulation period has dapsed. This
procedure preserves the mass balance within
each cell but also introduces a small amount
of numerical dispersion by eliminating vari-
ations in concentration within 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 attempls to main-
tain an approximation of the previous con-
centration gradient within a cell. The opti-
mization routine aims to meet the following
constraints:

NI
2.4
n=|\

=Ci; (66a)
N,
C,/=C*=C,, for C,=Cin (66b)
and
Cim=C*=C,; for C.,=C. (66c)
where

C* is the concentration of the nth
point in cell (i,7), M/L*;

N, is the total number of points ini-
tially placed in a cell; and

C» is the concentration at nede (I,m),
which represents a cell adjacent
to (i,j) and on a line that starts
at (4,7) and extends through the
coordinates of the point (n) of
interest, ag illustrated in figure
T, M/LA. '

Note that equation 66a simply indicates
that a mass balance must be preserved in a
cell regardless of the range in variation of
point concentrations within the cell. Equa-
tions 66b and c indicate that the eoncentra-
tion of any point must lie between C,, and
the concentration at the node adjacent to
particle n. The coordinates of the adjacent
node would take on values of [=ior [=tx1
and m=7 or m=j=*1. For example, figure 7
shows that for point 2, the coordinates (I,m)
would equal (1,j —1), while for point 3, (I,m)
would equal (i+1,j—1). The optimization
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Figure 7.—Relatiom between possible ini-
tial locations of points and indlces of ad-
jacant nodes.

routine is written s that if equations 66a—c
cannot be satiafied simultaneously for node
(t,7) within two iterations, then to avoid fur-
ther computational delay all C* are simply
set equal to C,,.

Computer Program

The computer program serves as & mesns
of translating the nemerical 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 understand and, if necessary,
modify the program. The FORTRAN IV
source program developed for this model is
listed in attachment I and includes almost
2,000 lines. For reference purposes columns
73-80 of each line contain a label that ia
numbered sequentially 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 relating the program variables

ot

It
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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 name and
primary purpose of each segment are listed
in Table 1. Each program segment will be
described in more detail in later sections of
this chapter.

Table 1.—LlIst of subroutines for solute-transport model

Name

MAIN _____ Control execution.

PARLOD __Data input and initialization.

ITERAT __.Compute head distribution.

GENPT ____Generate or reposition particles.

VELO _.... Compute hydraulic gradients, velocities,
dispersion equation ccefficients, and
time increment for stable solution to
transport equation.

MOVE ._.___ Move particles.

CNCON _.__Compute change in chemical concentra-
tions and compute masas balance for
transport model.

OUTPT ....Print head distribution and compute
mass balance for flow model.

CHMOT .._Print concentrations, chemical mass
balance, and observation well data.

Purposs

The major steps in the calculation pro-
cedures are summarized in figure 8, which
presents a simplified flow chart of the over-
all structure of the computer program. The
fiow 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 increments for the
explicit solution of the solute-transport
equation. The maximum time increments al-
lowable for the explicit calcuiations are com-
puted automatically by the model. Thus, the
model user cannot specify an erroneously
large increment or an inefficiently small in-

TECHNIQUES OF WATER-RESQURCES INVESTIGATIONS

crement for solving the solute-transport
equation. For transient flow problems, some
discretion is still required in the specifica-
tion of the initial time step and of the time-
step muitiplier, 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-
umns represent no-flow boundaries, the
aquifer itself is then limited to maximum
dimensions of 18 rows and 18 columns. If a
problem requires a larger grid, then the ap-
propriate arrays must be redimensioned ac-
cordingly. These arrays are contained
in COMMON statements PRMK, HEDA,
HEDRB, CHMA, CHMC, and DIFUS, and in
DIMENSION statements on lines C170,
G200, H140, and I160.

The program allows the specification of
one pumping well per node. The wells can
represent injection (recharge) or withdrawal
(discharge). If more than one well exists
within the ares 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 rates,
and source concentirations, 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 increments the
model will print a summary table of the head
and concentration at the previous time in-
crements.

The program also includes a node identi-
fication array (NODEID}, which 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 each code number with a
desired boundary condition, flux, or source
concentration.

1y
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Flgures 8.—Simplifled flow chart lilustraiing the major stepa in the calculation
procedure,

of the program. Subroutines for input, ex-

Program segmenh ecution, and output are called from MAIN
MAIN and the elapsed time simulated ia compared

The primary purpose of the MAIN routine | with the desired total simulation period.
is to control the overall execution sequence | Also, lines AG00-AGB0 serve to store (or
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record) observation well data for transient
flow problems.

Subroutine PARLOD

All input data are read through subroutine
PARLOD. 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, some preliminary calculations are
made, such as (1) determining time incre-
ments for the flow model (lines B780-B890),
{2) computing the harmonic mean trans-
missivities in the z and y directions (B1670-
B1800), (3) adjusting transmissivity for
anisotropy (B1810-B1820), (4) computing
iteration parameters (B1840-B1910 and
B2880-B2980), and (5) checking for possible
inconsistencies among the input data
(B3140-B3290). A printout is alse provided
of all input data so that the data may be re-
checked and each run identified.

Subroutine ITERAT

This subroutine solves a finite-difference
approximation of the flow equation (egq 11)
using an iterative ADI procedure. The ma-
trix generated by the finite-difference ap-
proximation is solved using the Thomas
algorithm, as described by von Rosenberg
(1964, p. 113). Row calculations are made in
lines C270-C610, and column calculations are
made in lines C630—-C970. The calculations
are assumed to have converged on a solution
if the maximum difference at all nodes be-
tween heads computed along rows and heads
computed along columns is less than the spec-
ified tolerance. Convergence is checked on
lines C940-C960. Note that here (for ex-
ample, lines C380, C700, €930, and C1150)
and in other subroutines the thickness array
(THCK) is used to check whether a node is
in the aquifer.

It should also be noted here that the flow
model, as written, assumes that the trans-
missivity of the aquifer is independent of the
head (or saturated thickness) and remains
constant 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, flow models
published by Prickett and Lonnquist (1971,
p. 43-45) and Trescott, Pinder, and Larson
{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 scientific 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 finite-difference equations is not neces-
sarily the best possible solution technique for
all problems. For example, it may be difficult
to obtain a solution using the iterative ADI
procedure for cases of steady-state flow when
internal nodes in the grid have zero trans-
missivity and for cases in which the trans-
missivity is highly anisotropic. In such cases,
a strongly implicit procedgre, such as the
one documented by Trescott, Pinder, and
Larson (1976), should be substituted for the
solution aigorithm contained in subroutine
ITERAT.

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 lines D610-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 different geomefry

~
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Figure 9.—Parls of finite-ditferance grids showing
the initlal geometry of particle distribution tor the
speciication of four (A), tive (B), eight (C}, and
nine {D) particies 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
fluid sinks and create particles at fluid
sources. A buffer array (called LIMBO) is
created on lines D430-D480 that contains
particles that can be added later to the grid
at sources and that also contains space to
store particles removed at sinks or discharge

boundaries.

Subroutine VELO

Subroutine VELO accomplishes three ob-
jectives. First, it computes the flow velocities
at nodes and on cell boundaries by solving
equations having the form of equations 12
and 13. The velocities are computed on lines
E420-E680. Second, the dispersion equation
coefficients are calculated. These coefficients
represent terms factored out of equations 37

and 38, aa follows:
DISP (1X,IY,2) = (bD,,)

[+ %31
[id+%]

/(az)* (67a)
/{ay)* (67b)

DISP (IXJY,3) = (bDs,) ,, , , /4838y (67c)
DISP(IXJIY4) = (bD,.) ;. /4838y, (67d)

Note that each dispersion coefficient (D..,
D,,. D., D,,) is computed on cell boundaries
using the relationships expressed in equa-
tions 8-10. Therefore, the equation coeffi-
cients computed by equation 67 are stored
as forward values from the indicated node in
the DISP array. Third, this subroutine com-
putes fon lines E1060-E1240 and E1800-
E1930) the minimum number of particle
moves (NMOV) required to solve the trans-
port equation for the given time step so that
the maximum time increment for the trans-
port equation solution will not exceed any of
the criteria indicated by equations 43, 49,
58, and 59.

[i+%.4])

Subroutine MOVE

Although this subroutine has only one main
function, which is to move the tracer par-
ticles in accordance with equations 22 and
23, it is the longest and perhaps the most
complex segment of the program. The com-
plexities are mainly introduced by the treat-
ment of particles at the various types of
boundary eonditions. To help illustrate the
calculation procedure followed within sub-
routine MOVE, a flow chart is presented in
figure 10. The numbers in the flow chart in-
dicate the corresponding lines in subroutine
MOVE where the indicated operation is
executed.

If a node represents a fluid source or sink,
then partides must be respectively created or
destroyed in these cells. If the value of
pumpage (REC) at 2 node dces not equal
zero, then the node is assumed to represent
either a fluid source (for REC<0) or a fluid
sink (for REC>0). Recharge or discharge
can also be represented by the RECE array.
But it is zssumed that this type of flux is
sufficiently diffuse so that it does net induce
areas or points of strongly divergent or con-
vergent flow and therefore particles need not
be created or destroyed at these nodes. Note
that here and in other subroutines the pres-
ence of a constant-head boundary is tested
by checking the value of leakance (VPRM)
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at each node. If VPRM exceeds 0.09, it is as-
sumed that the node represenis 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 source bed is used
to determine whether the node represents a

fluid source or sink (for example, lines
F2500-F2520).

Subroutine CNCON

This subroutine computes the change in
concentration at each node and at each par-
ticle for the given time increment. Equation
39, which denotes the change in concentra-
tion resuiting from sources, divergence of
velocity, and changes in saturated thickness,
is solved on lines G350-G610. On the G520
the value of the storage coefficient ia checked
to determine whether the aquifer is confined
or unconfined. It assumes that if $<0.005,
then the aquifer is confined and 2b/2t=0.
If 5=0.005, the model assumes that 3b/at
=ph/9t. 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 computed on lines
G640-GT770 as indicated by equations 37 and
38.

The nodal changes in concentration caused
by convective transport are computed on
lines G850-G940. The number of cells that
are void of particles at the new time level
are also counted in this set of statements on
lines G8B0-(G910, and then compared with
the critical number of void cells (NZCRIT)
to determine if particles should be regen-
erated at initial positions before the next
time level is started (lines G960-G1020).

The new (time level k) concentrations 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 adjustment at
nodes is accomplished on lines G1060—G1180,
while the concentration of particles is ad-
justed on lines G1210-G1360.

A mass balance for the solute is next com-
puted (lines G1400-G1730) at the end of
each time increment. In computing the mass

of solute withdrawn or leaking out of the
aquifer at fluid sinks, the concestration at
the sink node is assumed to equal the nodal
concentration computed at time level k—1.

Subroutine QUTPT

This subroutine prints the results of the
flow model caleulations. When iavoked, the
subroutine priots (1) the new hydraulic
head matrix (lines H190-H260), (2) a nu-
meric map of head values (H300-H390), and
(3) 2 drawdown map (H510-H710). This
subroutine also computes a mass balance for
the flow model and estimates ifs accuracy
(H420-H820). A mass balance is performed
both for cumulative volumes since the initial
time and for flow rates during the present
time step. The mass balance results are
printed on lines H840-H930.

Subeoutine CHMOT

This subroutine prints (1) maps of con-
centration (lines 1250-1380), (2) change in
concentration from initial conditions (1440-
1680), and (3) the results of the cumulative
mass balance for the solute (1670-1860).
The accuracy of the chemical mass balance is
estimated on lines 1610-1660 using equations
62 and 64. The former is not csmputed if
there was no change in the total mass of
solute stored in the aquifer. The Istter is not
computed if the initial concentrations were
zero everywhere. Lines 1890-11140 serve to
print the head and concentratiom data re-
corded at observation wells. These datz are
recorded after each time step for a transient
flow problem and after each particle move-
ment for a steady-state flow problem. The
data are printed after every 50 time incre-
ments and at the end of the simulation
period.

Evaluation of Model-

Comparison with analytical solutions

The accuracy of the numerical solution to
the solute-transport equation can be evalu-
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ated in part by analyzing relatively simple
problems for which analytical solutions are
available and then comparing the numerical
calculations with the analytical solution.
Figure 11 presents such a comparison for a
problem of one-dimensional steady-state flow
through a homogeneous isotropic porous
medium. The analytical solution is obtained
with the following equation presented by
Bear (1972, p. 627) :

C I,t - C. - t
Cloh) ~G Lopge {-E29e /‘} (68)
CI - Co 2 \/4D1,t /
where
erfc is the complimentary error func-

tion, and
g=:V isthespecific discharge, LT
Bear (1972, p. 627) shows that equation 68
is subject to the following initial conditions:

téo, -wm <.’C<0, C=Cu
0=rx<+w, C=C,

and to the following boundary conditions:

t>0, z==+w, 3C/2z=0
T=+ 0, C=C,
T=-— o, C=C,.

. The general computer program presented
in this report was modified in three simple
wzys for application to a problem equivalent
to the one for which the analytical solution
wag 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 flow 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
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Figure 11.—Comparison between analytical and numerical solutions for
dispersion In one-dimensional, steady-state llow.
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equation 68. In the analysis of one-dimen-
sional test problems, it was assumed that
porosity equals 0.35, velocity equals 3.0x 10—+
ft/s (9.1x10-* 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
wag essentially an exact agreement between
the two curves. In the case of low dispersion,
there is a very small difference at some 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 18 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 accurately
computed the shape and position of the front.

In computing the numerical solutions
shown in figure 11 the program was executed
using nine particles per cell and with
CELDIS=0.50 (y in equations 54-55). The
10-day simulation required 52 time incre-
ments 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 flow in which a
well continuously injects a tracer at constant
rate ¢» and constant concentration C,. Bear
{1972, p. 638) indicates that the following
equation is appropriate for this problem (al-
though there are some limitations discussed
by Bear):

r*/2—=-Gt
c_1 ,-fc{————] (69)
Co 2 v4/3ﬂlp
where
G _3= aVr;
2med
T ia the radial distanee from
the center of the well,
L; and

is the average radius of the
body of injected water,
L.

Again, the general computer program had
to be somewhat modified to permit a suit-
able comparison lo be made between the
analytical solution and the numerical model.
One change involved the direct calculation of
velocity at any point based on its distance
from the well using the following equation :

T=(2Gt)%

—— v (70)
2erech
The other significant change was made in
subroutine GENPT to allow the initial place-
ment of 16 particles per cell, rather than the
present maximum of 9. In the analysis of
test problems for radial flow, it was assumed
that porosity equals 0.35, the injection rate
(qw) 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 flow
represents a severe test of the model. Never-
theless, it can be seen in figure 12 that there
is good agreement between the analytical and
numerical solutions after both relatively
short and long times., However, the presence
of some 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-
cal number. The geometry of initial particle
placement minimized this problem in cells
that lay in the same row or column of the
grid as the injection well. The 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
wel] that are neither parallel to nor 46° from
the main axes of the grid. These results in-
dicate that this Cartesian coordinate model
is not best suited for application to purely
radial flow problems. However, if radially
divergent flow is limited to areas of several
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rows and columns within 2 more uniform
regional flow field, the model will accurately
compute concentration distributions. To ap-
ply the method of characteristics to a prob-
lem of plane radial flow, it would be best to
rewrite the program ir a system of radial
coordinates, which should improve the ac-
curacy for those problems to the same order
shown in figure 11 for the analysis of one-
dimensional flow.

Mass balance tests

The accuracy and precision of the numeri-
cal solution can also be partly evaluated by
computing the magnitude of the error in the
mass balance. The mass balance error will
depend on the nature of the problem and will
vary from one time step to the next. During
the development of the program, the model
was applied to a variety of hypothetical
solute-transport problems to assure its flexi-

Figure 12.—Comparison between analytical and numerical sclutions for dispersion in plane radlal steady-state flow.

bility, transferability, and accuracy under a
wide range of conditions. To illustrate the
range in mass balance errors that might be
expected and some of the factors that affect
it, several of these problems are presented
here.

Test problem 1—spreading of a tracer slug

The first test deseribed here was designed
to evaluate the  accuracy of simulating the
processes of convective transport and disper-
sion independent of the effects of chemical
sources, Thus, a slug of tracer was initially
placed in four cells of a grid whose boundary
conditions generated a steady-state flow field
that was moderately divergent in some places
and moderately convergent in other places,
ag illustrated in figure 13. The aquifer was
assumed to be homogeneous and iseotropic.
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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Figure 13.—Grid, boundary conditions, and flow fieid for 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.

Table 2.—Model parameters lor tast problem 1

Aquifer properties Numerical parameters

K =0.005 ft/a Az =800 ft
(1.5x10"* m/s) {274 m)
5=20.0 ft Ay =900 ft
(6.1 m) (274 m)
S=0.0 CELDIS=0.49
e=0.30 NPTPND=9
ar/a1=0.30

The model first computed a steady-state
head distribution, shown in figure 13, and
velocity field. The model required 12 time
increments (or particle movements) to simu-
late a 2.0-year period. The model was run to
simulate conditions of no dispersion (ar=0.0
ft) as well as moderate dispersion (e, =100
ft or 30.6 m). The mass balance error com-
puted using equation 64 is shown in figure

14 for both conditions. In these tests the
error averages 1.9 percent and is 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 particle concentrations in each cell. When
a particle 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 concentra-
tion gradients, the use of an arithmetic mean
to compute nodal concentrations may give
too much weight to some particles and too
little 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 particle, reduced the error to some degree.
But the improvement in precision was small
compared with the increase in computational
requirements, so this algorithm was not in-
cluded in the general program. Beeause the
error caused by using an arithmetic mean is
not cumulative, it is not considered a serious
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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—effects of 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 (ay,=0.0 ft) as well as moderate dis-
persion {a;, =100 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 i3 —0.06 percent; the error always falls
within the range of +8 percent. It can be

Table 3—Modal parameters for test problems 2 and 3

Aquifer properties

and streases Numerical patnmeters
K =0.006 ft/s Az =900 ft
(1.5x10" m/s) (274 m)
5=20.0 1t Ay =900 ft
(6.1 m) (274 m)
§=0.0 CELDIS =050
e=0.30 NPTPND=9
ar/a,=0.30
C'=100.0
C.=0.0
Te=dd ft'/s

(0.028 m*/s)

seen that 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 a.=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 vear, 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 difference
in arrival times at the hydraulic sinks and is
a direct effect of the manner in which con-
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Figure 16.—Mass balance errors 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 3—effects of user options

In addition to the input options that con-
trcl 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 efficiency {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 move (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

00000
0000000

oooooooooo

//42//// //7?/

in figure 17, this problem consists 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
constant-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 probiem 3 solutions were obtained
using a range in values for CELDIS and
NPTPND.

The solution to this problem was found to
he 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,
and 9. 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
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Figure 17.—Grid, boundary conditiors, and flow field for test problem 3.
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Figure 1B.fEffec| of NPTPND on mass balance error for test problem 3; CELDIS=0.50 in all cases.

Table 4.—Effect of NPTPND on accuracy, precision,
and efficiency ol solution to test problem 3

Mazs balanee error

{percent)
Standard
NPTPND cpu-aecands ! Mean deviation
4 e 12.8 1.49 5.33
- . 14.0 .90 2.29
- R 17.9 .48 1.63
N, 19.2 26 69

! The program wase executed on & Honeywell 60/68 computer;
CELDIS =0.80,

of the solution are directly proportional to
particle density, while the efficiency of the
solution is inversely related to NPTPND. In
other words, a better solution 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 differ-
ence among the solutions and among the
mass balance errors for times greater than
about 1.5 years.

Next the effect of CELDIS (or y) was
evaluated for test problem 3 by setting
NPTPND<=9 and running the model with

e

several -possible values of CELDIS. Figure
19 shows how the error in the mass halance
varied with time for cases of CELDIS equal
to 0.25, 0.50, 0.75, and 1.00. Table 5 lists the

Table 5.—EMNect of CELDIS on accuracy, precision,
and efficiency of sohtion 1o test problam 3

Mass halance earor

(percant)
Standard
CELDIS epu-seconds ! Menn devialion
026 e 346 1.60 299
b0 192 26 69
i | R, 144 b6 69
100 . .__._. 12.1 26 148

1 The program was executed on & Honeywell 60/63 computer;
NPTPND=¢%.

execution time and the mean and standard
deviation of the mass 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 the re-
sults for 0.50, 0.75, and 1.00 are similar, and
of these, the results for CELDIS=0.50 ap-
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Figure 19.—Effect of CELDIS on mass balance error for tast problem 3; NPTPND=9 in all cases.
pear to be the best. However, when CELDIS | the limiting stability criterion, varying

was reduced 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
dimensions) was less than the spacing be-
tween particles (33 percent of the grid di-
mensgions 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 concentration was changing sig-
nificantly with time. But over two successive
time increments the error would average out
to a minimum. 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 problems.

The effecta of NPTPND and CELDIS on
the mass balance error are problem depend-
ent. In problems for which CELDIS is not

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 calibratidn 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 represents a
basic and general solute-transport model.
Some program modifications may be desir-
able or even necessary to allow the model
to be applied efficiently to a particular field
problem. Some changes might require only
minor adjustments, while others might in-
volve major rewriting of the program. The
purpose of this section is to discuss some of
the modifications 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 conditions

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 DIFUS, and in
DIMENSION statements on lines C170,
G200, H140, and I160. The value of NPMAX
should replace 3200 in the PART 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-coordinate.
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 substi-
tuted for the storage coefficient. Also, if re-
charge or discharge is to be specified through
the RECH array (data set 5), values should

be divided by the thickness of the layer (az) .

te 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 use 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 prodlems. In
this case one of the dimensions (NX or NY)

~ should be reduced to a value of 3, of which

the outer two are used to represent the no-
flow boundaries around the one-dimensional
row or column,

Thewmost complex type of change would
involve rewriting the program for applica-
tion to other than a two-dimensional rectan-
gular grid. One possibility includes problems
of flow to or from wells in which radial
symmetry can be assumed. This would allow
variables to be expressed in terms of 7-z co-
ordinates. Another possibility i3 to simulate
three-dimensional flow in z-y-z coordinates.
A three-dimensional finite-difference flow
model is available (Trescott, 1975) axd would
be compatible with the method-of-character-
istics solution to the solute-transpart equa-
tion.

It is sometimes convenient to separately
associate certain parts of the grid or certain
boundary conditions with corresponding field
conditions or hydrologic units. The analyais
of flow patterns and water-quality changes
may then be aided by performing separate

mass balances (or budgets) for each char-

acteristic type of node. The nodal types
or zones can be conveniently dentified
through the NODEID array. Then fhe mass
halance routines in subroutines CNCON and
(or) QOUTPT would have to be motified to
tally fluxes separately for each NODEID; for
an example, see Konikow (1977). Smmilarly,
if a coupled stream-aquifer system i being
considered, a separate subroutine may be
added to route streamflow downstream and
progressively account for grousd-water
gains and losses and for tributary imflow or
diversions. An example of such a modifica-
tion is discussed by XKonikow and Bredehoeft
(1974).

For certain types of problems it may be
desirable to be able to specify a cmstant-
concentration boundary condition. The pro-
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gram could be modified 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
lines G1090 and G1100 to reset the concen-
tration at the node equal to the constant con-
centration where this condition is specified.
The value of the 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-con-
centration boundary.

Baslc equations

The basic equations that are solved by this
model were derived under 2 number of limit-
ing assumptions. Some of these assumptions
can be overcome through modificacions 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
congider the process of melecular diffusion in
a particular problem, the coefficient of hy-
drodynamic dispersion ([);;) can be redefined
as the sum of the coefficient of mechanical
dispersion, which is defined by the right side
of equution 5, and a coefficient of molecular
diffusion. The consequent program modifica-
tion would have to be made only in sub-
routine VELO (lines E1280-E1680).

The solute-transport equation can alse be
modified to include the effects 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 problems 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 equation (eq 1) would have to
be rewritten in termsa of fluid pressure,
rather than hydraulic head, such as equation
15 of Bredehoeft and Pinder (1973, p. 197).
Then the program can be modified to iterate

between the solutions to the flow and solute-
transport equations if the change in fluid
properties at any node exceeds some criterion
during one time increment.

The flow equation can also be modified for
application to unconfined aquifers in which
the saturated thickness is a direet function
of water-table elevation. This would require
the 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 problems. If 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 III and contained in sub-
routine PARLOD in the program.

It has been assumed that several aquifer
parameters are constant and uniform in
space, such as storage coefficient, effective
porosity, and digpersivity. If any of these are
known to vary in space, they should be re-
defined as two-dimensional arrays. Then
gtatements to allow these arrays to be read
into the program should be added to sub-
routine PARLOD. Similarly, values of leak-
apce and source concentrations (CNRECH)
are only read in data set 7, where values can
be associated only with a limited number of
unique node identification codes. If the varia-
tions of these parameters are known on a
more detailed scale, then they too can be read
as additional data sets by adding appropriate
statements to subroutine PARLOD. For ex-
ample, a typical sequence of statements for
reading one data set is represented by lines
B2650—B2750, where the initial water-table
elevations (data set 8) are read. This se-
quence of statements can then be replicated
for reading in a different data set and in-
serted into subroutine PARLOD,
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A labeled listing 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 attackment 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-
tical 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 problems, as defined
by aquifer properties, boundary conditions,
and stresses. However, some program modi-
fications may be required for application to
specialized problems or conditions not in-
cluded in the general model.

The accuracy of the numerical resuits ean
be evaluated by comparison with analytical
solutions only for relatively simple and ideal-
ized problems; in these cases there was good
agreement between the numerical and analy-
tical results. 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 10 percent. The range
in mass balance errors is commonly the
greatest during the first few time incre-
ments, but tends to decrease and stabilize
with time. For some problems the accuracy

and precision of the numerical results may
be sensitive to the initial number of particles
placed in each cell and to the size of the time
increments, as determined by the stability
criteria for the solute-transport eguation.
The results of several numerical experiments
suggest that the accuracy and preeision of
the results are essentially independent of the
magnitude of the dispersion coefficient, and
comparable accuracies are attained for high,
low, or zero dispersivities.
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Attachment V
Selected Output for Test Problem 3

Ved.6.5, METHOD~OF-CHARACTERISTICS MODEL FOR SOLUTE TRANSPORT 1IN GROUND WATER
TEST PROBLEM NO. 3 (STEADY FLOW, 7 WELL, CONSTANT-MEAD WOUNDARIES)
[ NP UT 0 AT A

GRID DESCRIPTORS

NK (NUWBER OF COLUMNS) = 9
NY CHNUMBER OF ROWS) a 10
XDEL (X~DISTANCE IN FEET) = 900.0
YOEL (Y=-DISTANCE I[N FEET) = 900.0

TIME PARAMETERS

NIt® (MAX. NO. OF TIME STEPS) = 1
NPMP {nQg. DF PUMPING PERIQDS) 2 1
PINT (PUMPING PERIOD [N YEARS) ] 2.50
Timx (TIME INCREMERT MULTIPLIER) L] 0.00
TINLT (CINETIAL TIKE STEP IN SEC.) s 0.
Nt A HYDROLOGIC AND CHEMICAL FARAMETERS

$ (STONAGE COEFFICIENT) = 0,000000
POROS (EFFECTIVE PQROSITY) a 0.3u
BETA {CHARACTERISTIC LENGTH) L] 100.,0
DLTRAT (RATIO OF TRANSVERSE T9

LONGITUDINAL DISPERSIVITY) = 0,30
ANFCTR  (RAT10 OF T=YT TO T=XX) a 1.G00000

EXECUTION PARAMETERS
NLTP (NQ., OF [TERATION PARAMETERS) = 7
toL (CONVEWGENCE CRITERLA = ADIP) = 0.0001
ITMAX (RAX ,NU.OF [TERATIONS - ADIP) = 100
CELDIS (RAX.CELL DISTANCE PER MIVE

OF PARTICLES - M_D.(.) = 0.50u0
NPMAX  (mAX, NO. OF PARTICLES) = 3200
NPTPND (NO. PAKTICLES PER NODE)} z 9
PROGRAM OPTIONS

NPNT (TImME STEP INTERVAL FOR

COMPLETE PRINTOUT) = 1
NPNTEY (MOVE INTERVAL FOR CHEM.

CONCENTRATLON PRINTOUT) o 10

NPNTVL (PRINT OPT]ON-VELOCITY
Q=NO; 1=FIRST TIME STEP;
ZaAlLL VIME STEPS) = 1
NPNTD (PRINT OPTION-OISP.COEF,
O=NO, 1sFIRST TLME STEP:
23ALL TIME STEPS) . V]
NUMOBS (mO, OF OBSERVATION WELLS
FUR HRYDROGRAFPH PRINTOUD)
NREC (N0, OF PUMPING WELLS)
NCODES (FDR NOPE [DENT.}
KPNCHV (PUMCH VELOCITIES)
NPDELC (PRINT OPT_ -CONC, CHANGE)

Qo =N
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TIME INTERVAL (1IN SEC) FOR SOLUTE~TRANSPORT S[MULATION =

MODEL OF SOLUTE TRANSPORT IN GROUND WATER

STEADY-STATE

Selected outpmt for test problem 3—Continued

FLO

LOCATION OF OBSERVATION WELLS

NO, H . |
1 b] [}
2 S ?
LOCATION OF PURPING

A

&

Y

7

RATECIN CFS)

1.00

AREA OF UNE CELL =

X=Y SPACING:
$00.00
90C.00

wELL
CONC
-.0.0

0.8100

TRANSMISSIVITY MAP (FT«FT/SEC)

0.00
0.00
Q.00
0.00
0.00
0.00
0.00
0.00
0.00
6.00

AQUILFER
G.v

0000000
R ERE R
[e)=RalaRal=lo)-y-]

a.00
0.10
0.10
.10
v.10
.10
0.10
G.10
0,10
0.00

0.00
0.10
0.10
0.1¢
g.10
0.10
0.10
0.10
0.140
0.G6C

THICKNESS

0.u
20.0
2u.0
2u.u
20.U0
20.0
20.0
20.90
20.0

0.0

0,0
20.C
20.0
20.0
2¢0.0
20.0
0.0
20.C
20.U

0.00
0.10
0.10
g.10
.10
0.10
0.10
u,10
0.10
0,00

(F1)

0.0
20.9
20.0
0.4
0.0
20.0
20.0
20.0
20.0

Q.00
Q.10
0.10
0.10
0.10
0.10
0.10
0,10
0.10
0.00

0.0
20.0
¢0.0
0.0
20.0
20.6
20.0
20.0
20.0

0.0 CG.0 0.0

0.00
0.10
0.10
¢.10
0.10
G.10
0.10
0.10
0.10
0.00

s

d+06

0.00
0.10
0.10
u.10
0.10
0.10
0.10
.10
0.10
0.00

20.0
20,0

0.00
0.10
Q.10
0.10
0.10
0.10
0.10
0.130
0.10
0.00

OLUOOCDOOO O

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

[=N-N-N-R-E=R =N =)
a & & 4 ¢ & & 3 B
coocCcocOO0OOoOoD o

0.78894d¢08
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