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A LOS ASISTENTES A LO S CURSOS DEL CENTRO DE EDUCACI ON 

CONTINUA 

La Facultad de Ingeniería, por conducto del Centro de Educación Continua 1 otorga constan-

cia de asistencia a quienes cumplan con los requisitos establecidos para cada curso. Las pe.:_ 

sonas que deseen que aparezca su título profesional precediendo a su nombre en el diploma, 

deberán entregar copia del misma o de su cédula profesional a más tardar el Segundo Día de 

Clases, en las oficinas del Centro, con la Señorita Barroza 1 de lo contrcrio ~será posible. 

E! control de asistencia se efectuará a través de la persona encargada de entregar notas 1 en 

la mesa de entrega de material 1 mediante listas especiales. Las ausencias serán computadas 

por las autoridades del Centro. 

Se recomiendo o los asistentes participar activurnente con sus ideas y experiencias, pues 

los cursos que ofrece el Centro están planeados para que los profesores expongan una tésis, 

pero sobre todo para que coordinen las opiniones de todos los interesados con$tituyendo ver-

doderos seminarios. 

Al finalizar el curso se hará uno evaluación del mismo a través de un cuestionario diseñado 

poro emitir juicios anónimos por parte de los asistentes. Las personas comisionados por al-

guna institución deberán pasar a inscribirse en los oficinas del Centro en lo mismo forma que 

los demás asistentes. 

Con objeto de mejorar los servicios que el Centro de Educación Continua ofrece, es impor-

tante que todos los asistentes llenen y entreguen su hoja de inscripción con los datos que se 

les solicitan al iniciarse el curso. 

ATENTAMENTE 

ING. SALVADOR MEDINA RlVERO 

COORDINADOR DE CURSOS. Tacubo 5, primer piso. México 

Teléfonos: 521-30-95 y 513-.71 
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DlVISIO:~ DE ESTimiOS SUPERIORES 

FACULTAD DE INGEJ~IERIA, üXI\\1. 

CURSOS DE M.~IA Y DOCTORADO 

La División de Estudios Superiores de la Facultad de Ingeniería, Ui~, ofrece las 
siguientes Maestrías y Doctorados: 

M a e s t r 1 a s 
Control 
Electrónica 
Estructuras 
Hidráulica 
Investigación de 

Operacio::1es 
~~cánica ~éórica y 

Aplicada 

Mecánica 
~lecánica de Suelos 
Petrolera 
Potencia 
Planeación 
Sanitaria 

Progr~T.a de activ~dades para el segundo semestre de 1976 

Exámenes de admisión: 

Inscripciones: 

Iniciaeión de clases: 

10, 11 y 12 de mayo 

31 de mayo al 4 de junio 

7 de jwüo 

Requisitos de admisión 

a) Cumplir con una de las siguientes condiciones: 

D o e t o r a d o s 
Estructuras 
Hidráulica 
Mccúnica de Suelos 
~~cánica Teórica y 

Aplicada 
Investigación de 

Operaciones 

1. Poseer título "profesional en Ingeniería o en nlguna disciplina afín 
a las maestrías que se ofrecen en la División, otorgado por la UN\.\í o 
por cualquier institución nacional o extranjera. 

2. Ser pasante de la Facultad de Ingeniería, ~~ 

b) Aprobar los exámenes de admisión que se efectuarán en las fechas sciialadas 
arriba. 

e) Presentar, dentro del período de inscripciones arriba mencionado, ]a doct~en
tación que se indica en el folleto de Actividades Académicas 1975 de la DESH 

l 
?-layares infonnes: División de Estudios Superiores de la Facultad de Ingeniería, 
Apartado Postal 70-256, Ciudad Univcrsitaria,.~~xico 20, D. F. Tel.: 548-SS-77 

"POR ~!I R\ZA HABLARA EL ESPIRITIJli 
Cd. Universitaria, febrero 3. 1976 

EL DIRECfOR DE }¡A FACill.. TAD EL JEFE DE L<\ DIVISIO~ 
,. ~rt2TOUE DEL VALLE CALDERO;'\ DR. OCTAVIO A. Rr\SCO:\ Ci l\VEZI 
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D1a 
Hora 

9-10 

10-11 

11-12 

12-13 

/ 

Lun 26 

Introducción a 
la Computación. 
Lenguaje Fortran 

{Cuevas) 

Constantes, va-
riables y e_xpr!. 
siónes aritméti -cas 

(Cuevas) 

Instrucciones 
de entrada y sa 
liJa de informa -·~ c~on 

(Cuevas) 

Tall.'er 
(Codificación 

y Perforación) 
(Cuevas) 

l 

1 
1 ' 1 

CENTRO DE SDUC~CION ~ONTINUA 
DIVISION ~E ESTUDIOS SUPERIORES 

PROGRAl:ACION 3 l.JODELOS DE INGE
N I E?. r...; . Mi B I E N T A L 

ABRIL, 1976 

HOPARIO PARA LAS MARANAS 

Mar 27 Hier 28 ,, 

Proposiciones 
!·· 
.. Variables 

GO·TO, IF 
(Cuevas) 

:P::oposición DO 

(Cuevas) 

,. 

E'j emplos 

{Cuevas) 

Taller 
(Codificación 

y Perforación) 
(Cuevas) 

/ 
¡' 

con 
subíndices 

(Cuevas) 

. Variables con 
subíndices 

(Cuevas) 

ll¡odelo de -
transporte 

de' Desechos . 
Sólidos 

(Zepeda) 

.. ~ ;J~ 

Jue 29 

Subprogr'amas 
FUNCT;rON 

(Cuevas·) 

Subprogramas 
SUBROUTINE 

(Cuevas) 

Ejemplos 

(Cuevas) 

/ 

Taller 
(Codificación 
y Perforación) 

(Grupo) 

Vier 30 

Tópicos avanza-
dos de progra·~ 

mación 

Análisis de re-
des de aba s t·t? e i - . ' . 

miento de agua 
potable 

' 
r 

Programación Li-

rieal 
(Cuevas) 

Determinación 
de parámetrof:!_ 

(Bonilla). 
' ---
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~· re LUNES 26 

Modelos de dispcr-
14-15 sión de con'tamina-

cíón atmosférica. 

15-16 ( Canter) 

16-17 
Modelos de f?ropaga-. .... . . ~ 
CIOO y eXpOSICIOO 
al ruido. ' 

17-18 ( Canter) 

CENTRO DE EDUCACION-CONTINUA 
DIVISION DE ESTÜDIOS SUPERIORES 

PROGPAMACION Y MODELOS DE INGENIERIA AMBIENTAL 
' -

HO~RIO PARA lAS Tf' ROES 
- ABRIL, 1976 

MARTES 27 MI ERCOLES 28 

Modelos- de contami- Análisis de redes de 
nación bacteriana abastecimiento de Cigua. 
del agua. Hardy - Cross 

( Canter) ( Reid) 

Modelos de contami- Modelos de calidad del 
nación ténnica. · agua. Streeter Phelps 

( Canter) ( Reid) 

' 

-
JUEVES 29 ' 

Modelos paro obas-
tecimiento de agüa y 
modelos para sistemas 
de a 1 cantari 11 a do. 

' 
( Reid) 

Modelo paro siste-
mas de drena¡e. 

( Reid ) 

o 

VIERNÉS 30 
~ 

Modelos genera-
les de sistemas 
para manejo -_~e -· . 

la calidad del ' 
agua. 

·-

( Reid ) 
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PROGRA~~CION Y MODELOS DE INGENIERIA ~1BIENTAL 

DIRECTORIO DE PROFESORES 

DR. UBALDO BONILLA DOMINGUEZ 
Jefe de la Sección de 
Ingeniería Sanitaria 
División de Estudios superiores, 
Facultad de Ingeniería, UNAM 
Ciudad Universitaria 
México 20, D-_F. 
Tels: 548.58.77 Ó 548.65.60 exto 444 

M. EN C. BALTAZAR CUEVAS RENAUD 
Sección de Hidráulica 
Instituto de Ingeniería, UNAM 
Ciudad Universitaria 
México 20, D.F. 
Tela: 548o95.97 Ó 548.65.00 ext. 415 

M. EN C. FRANCISCO ZEPEDA ~ORRAS 
Jefe de Area de Residuos Solidos 
Subsecretaria del Mejoramiento del Ambiente 
Av. Chapultepec No. 284 - 11° PISO 
México 7, D.F. 
Te1s: 511ol0.16 Ó 514.59o03 
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C O N T E N I D O 

1.- INTRODUCCION A LA COMPUTACJm,¡ ELECfRONICA 

3. = PROPOSl ClONES FS AS YGNf\CIOH 

~'" = PROPOSl CYONES DE EIJT RJHJ.A Y SALHH\, D~ INFORMA· 

C10N 

PROPOSYC!ONES DE 

6.- EJEMPLOS ,.¡, ..- ' '1 • ¿, 

' 1 <.) ::! ' 

7.- PROPOSICIONES DE ESPECiflCACION 

8. = E.JE}JPLOS . 

10.- EJEMPLOS 
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1.- INTRODUCCION A LA COMPUTACION ELECTRONICA 

Todos los dispositivos y ia organizaci6n tan 

compleja qu€ en conjunto forman una computadora y que ha

cen posible ·la realización de una serie de funciones y 

trabajos, que sencillamente son increíbles, se basan en 

un hecho esencial: una computadora puede ejecutar ciertas 

operaciones muy simples, pero extre~~damente rápido. 

Una computadorF, común puede sumar un mill6n de 

números en un segundo; las computadoras realmente rápidas 
' 

pueden hacer esto mejor. 

Las computadoras pueden h~cer otros pases ele-

mentarios de algoritmos aritméticos (por ejemplo: multi-

plicaciones, comparaciones numéricas, transferencias de 

control), a velocidades comparables. De esta forma, se 

puede entender como ejecutan atgoritmos complicados en mi 

lésima$ de segundo. 

El fin que se ha perseguido en la organización 

de una computadora, es aprovechar efectivamente y eficie~ 

temente su velocidad de computación. Para visualizar esto, 

piense en una calculadora elect~6ni~a de escritorio, bas· 

ta apoyar una tecla parR que en milé$imas de segundo ob

tengam~s el,resultado de una operación de multiplicación; 

pero perdimos mis tiempo en darle a la calculadora los nO 

meros a multiplicar. 



Esto ~ismo ~e presen~a en una computadora y el 
o 

problema ha sido la organizaci6n de ésta, asi que se apro 

veche su gTa<1. velocidad de con1putadón. 

L~s prineras com?utadoras tenían tres elementos 

principales. Estos eran un pro~esaddr central, una memo-

ria y un le~gua¿s de miquiha. 

culadora ripida. L~ me~oris es el l~ga~ donde la computa-

dora pttedt?- leer y escribir 

< 1 1 , ... trt.!CClones a a ::omputaa.ora, L\S:t la te 

cla de multipJicaci6n, se usa 1'8. instrucción n~ultiplica~·; 

y en lugar de da:r1e manualmente 1 (J3 números, se puede es- o 
Crl.b;Y" ntoma Pl '"'.~fJ.m,.P.~_,,D ?SC1"l·t.0

1

' y..',~ "' JC~ --·- ~ ,. . ~ ~- ~ __ 'r>n :.o:Lt Juga-r 1 • 
~.a ¡;wmorta 

y colótalo -:::n la unidA-d aritmética", Y'l que la computado-

ra ejec'.lta las Instrucciones qtte se le da", tiene ot.co 

ejecutarlas y controlar 

todo e~ procese, 

,: Los pasos básicos para obtener la solu(:i6n de 

un problema~ en t:.~·;te tipo de cll)mputadora::; BY::::;~: 

1) PrBparar las instrucci0nes. 

2) Almacenar las inst~~cciones y les datos 

en la ~emorit de !~ c~mp~t~dorG 

:5) D,.o:>r la orden d::: iniciar 12. -:::~;e-,::ución del o 
¡, 

\ :' 



o 

o 

o 

programa. 

4) Ejecutar el progra~a. 

S) Obtener los result~dos de la memoria de 

la computadora. 

En,el caso de la comp~tadora IBM 650, una de las. 

primeras, la~ instrucciones y datos eran perforados en 

tarjetas y almacenados ea la memoria de lu ccmputadora a 

través de una lectora. Una vez que éstos se encontraban 

almacenados, la unidad de control se colocaba en la loc:a-

lizac1ón de la primera instrucción, esto se ~acia usando 

la cons.ola; y el operador esperaba hasta que la computad9_ 

ra term,inaba, el proceso. Ya que el procesador central op~ 

ra extremada~ente rápido y la v~locidad de la unidad de 

control y memoria son comparables, la velocidad con que 
' '. 

se ej ec,utabap algoritmos era extremadamente rápida. 

La: organización de este tipo de co'llputadoras 

fue a principios de 1950 y dura~te esta década fue el úni 

co tipo o modelo disponible. A finales de es~a d6cada, se 

vió que' ésta no era la forma de usar eficientemente la ve 

locidad, del procesador central ,.,por las siguientes razo-

nes: 

1) Se requería de mucho tiempo para la pr~ 

~ paraci6n de l~s instrucciones del pro-

¡. grama (esci·ibj.rlas :correctamente en len 

guaje de máquina). 
' 



2) Se requer{a de un tiempo rcl&tivamente 

grande en almacenar las jnstrucciones y 

datos en la r.1emoria de la computadora. 

grande, pa:a injciar la ejecuci6n del 

4) s~ requerf2 de 

tener los resul~ados d~ l~ mc~oria de 

Dos cambios en la orgarizP.ciÓ·\ ¡JA Lis ..::mnputad~ 

ras, se hacen para tratar de ellmin~r estas dificultades. 

Uno de ellos es la introducción de lenguajes de alto ni-
' 

ción de programas. El segundo c::ambio es la int:·oducc:ic·n 

de un sistema operativo, junto con m;>morias <EJxi1iares de 

entrada y sal)da, 

El primer lengueje de alt~ nivelE usado extens~ 

mente fue el FOHTfLAN 5 cuyo nombre viene de "FORMtJJ l\ TRANª-

LATOR" .. El :FORTRAN tniginal no fue tan versatii como el 

que se:disp-one en 1a act•;c1.lidad. 

uso de¡prog~amas que hagan la tradusci6n a lenguaje de mi 
' 

quina.: 
j 

~ 
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_ man co,mpiladores. Ellos leen un programa escrito en len:

:.'--:~guaje de alto nivel y elaboran un programa equiv?lente en 
·¡ 

:· :.~ ... ?-..-' ,, } ' ~ .• 

~ - lellgUaJe de máquin~. 

La:introducción de lenguajes de alto nivel.da 

lugar a· la introducción de un "sistema" que opere a la 
. -' . ~ ,._. 4....,. 

comput.adora. 'Este sistema está_tormado por-un conjunto de 

programas y algoritmos, aue incluyen los algoritmos para 

la traducción de lenguajes, algoritmos para catalogar y 

,,_._~-ordenar· el t~ab ajo de la computadora, programas que ini-
\ ,) -; 

· ciel'} y t.erminen trabajos, programas para enviar los resul 

~ ·tados al' exte·rior, etc. 

,. La ·.forma en que se ej etutan trabajos en es te ti 
' 

po de computadoras , es e 1 siguiente : :cada t rab ajo es lei- · 
1 

' '· 
·do;, registrado y almacenado en una memoria auxiliar de 1~ 
\. ' ...._ :~ 

'- -
computadora, y espera su turno para s~r ejecuta~o. La co~ 

put adorat una wez que termina un ':t rab a'j ó, va al registro. y 

~~-us~a el1 nomb·i-e 9e1 siguiente programa por ejecutar, "lo; 
'1 • • - ':.' ; r 
¡' . c"t·rae. a su memoria principal y lo ejecuta. 
J ' • -~ •• 
1 
~ 

Los¡ resultados S
1
on enviados a otra memoria auxi 

liar'/y postel'tiormente a la impresora. 

·: La ,computadora dispone ahora de una serie de 
• 1 

; .., :~ r .,:-! ('-, 

' disppsit,ivos de entrada y salida1, éstos se ~uestra_n esqu~ 
·~ ·- -~ > i 
máti~amente en la Figura 1. 

:. \ 
' \ 

\ 
\ 

Este tipo de organización da como resultado una 
\ 

operad~~ll efi,¡:iente de la computadora.: El procesador cen"' 
; . 

j 
' < 

S 
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tral se encuentra casi constantemente trabajando a· toda 

su velochfhd; por otro lado, el uso de con1pi ladorcs. y d9,1 
·-4 \ ~ •• ~ ~ 

Sistema OperatiVO, introduce una gran can ti d·ad ___ d·e -trab aj 0-

a la computadora. 

Aunque esta forma de organización ·es.~f~2~ent~· 

.:~ ... .::;. < ·' desde el punto de vista de la ccnnput adora, no lo es éles'de 
~ ~ ' ... { ~- ... ,. - . - -- ' 

~c.· '.> : 

~--~--~:.·-":e-l ~un~~, de vista de 1~~ usua·ri·a·s·.: El problc;m~--~~~---:5~- f~~ 
.s.enta es el siguie~te: la<comput·ador'a ejecuta~sólo-un 1 pro 

grama simuita~eamente ;. ~-~p~n~-~:mb~; que -~~--~~su;~io deseá co 
' \ ---·- - -. -- --------· ' -

,,._.. ' : ' '- "} -':: ~ ~ ,,..t : ... • ¡ 
"'"" ~---- _ -~rer un programa-- que 'es peque no, 'tiene que espera-r su tur 

,. . 

o ~ no .. para qu.e éste s~atejecutado., re;,t,e. tiempo de espera en 
' 1 

Para solucionar este __ prob~lema, .una .. nueva--o-rg"an·i -· 
,-~ ~~.. ,_. ! " -
! f, ' ' ,¡ ,, ... 

· z'ac'ión\·de: la computadora ap?recc :.~a:•.mé5!1-ª4os ·éie·· ·1'.1 /dé'ca<r~----
~ ' ' ' :' "¡ -

de 1960.: Este tipo :de organiz-~·2{6~. s~ ll~ma" t},€fmpo, ~9niPl!!.-- · 
> 1,- '"'" <j~· <• ' ,¡ __ ....,_ .~,..2, ~ } • ? ~~ "'-,' •~...-' e l.• ~ ~· 

tido, es extremadame9t~·complicada, en la Figura'2's~ _ .: ! 

e ' 

_/ - -- - '' ·- .. 
muestra ~squemáti·c·amente. __ -,,;.·, · 

./' 
'/" 

Pari ~preciar e~ta comple]· idad : se ana'liza·r-án- ~-''·' 
... , 1 

~~~--- ~- ; -- 1 ---·.- --:1. --------:-·1 .... -- '- " ,., ··--· ,., 
:b!~-Y~JV~~te _s_~s_'· ~ornpon~p.-se .. s¿ p_ri_~c,~e_a~·es: · -~ _ : . . ,· · 

1 : ' ' 

' ' ~ ,- r : ·~ : 

:Memoria--.de,_eJ~:t;~~da y ~alida para :acceFo d,ir~-~___t.o.- ,Cf!d~~;~~!!._. 
' 1 . -

_s:~l~~~t·~:~.~-}.:·~~ad~~--un- áfea·
1 

de ~emo~ia' ·e <h1~ra~~-~-~--
su operación) y la información env-i.~·~.a .e_~- ~lma:':~ 

1 

o 
. ' ' 

• - \ .\ w --:;_, ~· ' ¡ ¡('e 1 

__ nada .. temporalmente, hasta que- se lleve .a cabo al 
\ j 

0 
";.'- .... , ' ._ r\ (~~ .:,,.1 
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'í .. d~ún,-.Pr.oces.amiento. ,_ ... 

D~te;~is~os~t~v~-es una.cpmputador~ p~quefia, ~e 

: pr,9.p.ósi.to especial .cJ..l.l~ pue<le. ·re.ali·z?r. procesa-

. mi e:nt os m_uyr si mp1es; p_o_r. ~j e!llplo.: ve:r·~ f} ca r ca

da p~oposici6n·que cs~enviad~, si es·c9rrecta 

.de acuerdo con el leng~aje,que.~~t~~usandb. 

Cua.nd·o.se·tier:ten una serie de p:~oposi.~iones y 

e.l · !JS uario qu~ere en vi arl as-. a . proce~ a:~, es. te. 

disppsi t,ivo envía ~-~t~s:,-p~opos~.cd_on,e~, a la com-

" n · , :1 p~~éldo-ra pril}cipal; :-y, .cuand·o:_: ésta en~vtª,\lº~';('f.~.:~·: 

~u: ~-s~ltados;- Jos pone en la fo~ma~~4c~ua4a para en 

,,_: . ..: .... ,.:.:A'viarlas. poster~qrm.ente .? 'la ._coJ!~bla.~ · 

Memoria~de_entra~a.y. salida pa~a.la ~je~uci6n 4~ p~ogra-
, ' - " ..-

• • l !Tlas~ -,_E$ta pan:e .. de~ -~!ste~a .. al:rna!=~J!a··los pro-

•.i: 1 gralJ!as que· d~be_ ej-~cutar la_,cqmpt,.~ta~ora-, así _e~. 

:-,, · mo. to~ ·que· ... Y~·.han,.si4<? ej,ecutadps·. y· serán envia 

dos. a impresión .. 

:Aunque· se··t;engan_;operando ~i~ul·tán.ealJI~~.mte un 

gran núrne~o .de conso;tas., a· la comput~~ora le so 

- ·, r · bra. tiempo, y. puede e j .ecutar,.pr:ograma~ q:ue se· en_ · 

cuentran en lista de e~pera. 

Me~ori:~ principal.- .Esta es· e'l ár~~~-· principa¡ dé tr~~~JR-·. 

"" .· .. de la~·computadora. tn ~lla se encu~vtra el sis· 

t<:lJila :·ope·rat ivo. 

Cada ';uno·-de los p.r:ogramas que en un momento da-· 

7 

1 ' 



do 5e encuentra en ejecución, tienen una parte 

Je esta memoria asignada para su uso. 

Los programas almacenados ~n la memoria rrinci

pal son ejecutados cas1 sirnult~neamentc, es de

cir, el sistema oper~tivo va recorriendo todos 

los traoajos y en cada uno de ellos ejecuta una 

parte del programa. Si la computaJora tiene más 

de un procesador central, la ejecución de los 

trabajos es práctícanente simultánea. 

Memoria Auxiliar.- Esta memoria tiene las funcion men-

cionadas previamente, en adición almacena los 

trabajos que han sido parcialmente e_1ecutados. 

Ya que la computadora va ejecutando todos los 

trabajos simultáneamente, los resultados par

ciales de cada programa así como la informaci6n 

refere~te, son almacenados en esta memoria ~uxi 

liar. 

Cada vez que la computadora va a ejecutar una 

parte de un programa, obtiene de esta memoria 

la información necesaria para prosegujr la eje

cución del programa. 

Memoria de usuarios.-,En esta memoria los usuarios pueden 

guardar sus program;.; por p(; ·iodos largos de 

tiempo (días, meses_.. En esta me¡nnyia se guardan 

programas que han sido compilados, archivos de 

S 

o 

o 

o 



-0 datos, etc. 

JS:-ID~ v:z;Unidad central y procesado-res centrales.- La unidad cen~ 
- • ' _, ¡- ,._~~,.-

o~G!JlT:?<:~"v tr~l recibe instruécÚ>Iies 'del 'sistema 'opéra_tivo 
..... 'O ,... t ' ' 

y decide la forma en que ~e debén eje~Út~r. Lo~ 
~, ~ ,~~- ~ ~, . .:·_·,~-

procesadores centrales hacen las operaciones 
e ' 

• . • 'l ' •' 

aritméticas, éompa ráciories ',, e te. 

li k;~y~--~ rj; 1 
'-"' 

El querer desc.ribir cbn un poc~- más d'~·-á~talle 
• 1 

la organización actual de una comput~dora, se s~i'é' de lQ~ 

1rÚobjetivos d~ este curso. Por otro ·lado~ d~sde 'el punto de 

~:·':.11 ;:;.vista cie usuarios$ nos interesa más .:cqnÓé~r en detalle un 
;• 

lenguaje de alto nivel. 

1 
o 

,1, 

{•. . ' ' 

( 

o 
9 

'•< r 

1¡ 
.. 

. ' ~ ' .. ;• ~..¡ 



l"' ~::~- ''' ' 

o 
siderar& 9 par simplicidad, que la forma de darle instrUCT 

cienes y datos n la computadora, e3 a trav6s de tarjetas 

de codificación; sin embz.rgo, se puedE: gener8.1izar a cua! 

qujer otro dispositivo de entr~da (disco, cint~ ~agnética). 

csr- .. ·~.hen normal -
mente en tarjetas de corlif•caci 1 . '" Le ll.!l1m as 7 - 7 Z 

inclusive. 

y sin signo_. 

Norr:1almente cada prc¡;(;Si ';ion ocup<'- tm solo ren~ 

glón en la forma de codificació1'; si. QOr algun& razón no o 

subsecuentes~ 'l se permite has·;:a un ;nfh i.mc de 19 n.:nglo-

nes contínuos, que se identifican!escri' iendG un carácter 

que no sea blanco en la ccL,·rna 6. 

~e pued~n insertar co~entartos en ~! programa, 

que aunque se ímprimen en el 1 1_i.su:do de sCJ.1iJa. ::.;on 'igno· 

rados pot e1 compilador; estos comentarios se idantifican 

por una letra en la colúmna r. 

10 o 



o 

·O 

o 

---------,, 

' '' 

las tarjetas del programa, o para escribir comentarios. 

!!.; ,, 

. ' '. 

Exi~ten S tipos de proposiciones en FORTRAN: 

1) Proposiciones de asignación, que corr~~ 

1 ,ppn~efl a la~ .. P:ropos :j.~ll9~es .~r~ tmét ic(ls. 

, ~), P.rppps ic~on~~ .d~. ~nt;r.~¡:la y, 1 S4lli~p ,de in 

formación ... 
' ' 

3) Rr.oposici9nes,,d~r·~o:J;l:trok, que, ~pn·9spo!1_ 

· ¡ den
1 

a la~. ~nst:r;ucc~·pne~ '1 de ··<::Q.J1!PRr<úü?n .. 

y, rami fi~aci ón. · 

4) Proposiciones ~h~ ·e?,pecific<}.~ión,,, ~st¡as . 

qo dan r lug:;t>; ¡.t~~~nst;r:~.cc;:iqn.e·:;,~;fl,~el,.'prp~ 

gram_a· 1 0b j Elt o.~;·-11 per.o si r.ven- para .in-fo.rma~ 

1 ¡ fll. r:ompil~¡:}pr qpnde
1
,y, ~9¡;no ;!?~.,-~lm;n:ena-
, - ' 

',rán ¡lps 1 qa:t¡ps, 1 aJ¡I 11 lfll·wemor.~.a .. · -., ,,_.' 

5) Propqsi~lPn~~ P,~fA u~9vP~ -~wb.pr9g-rafll~l::i, 
1 ' 1 1 

-·' 



3. = PROPOSICIONE8 DE ASIGNJ\C.ION 

Uaa constante re~l en POR~RAN~ 

constante real usando not<lc:t6n ~xrHJnt:nc.ía·¡ p para 'io cual 

po!' ejemplo; 

4.3E 

n.n nom 

bre, en vez de su valor es una '::ariab~1e. 

den estar foranado:; J)O!' una sex·ie :::~e caracte :res (excepto 

l!O debe .-se:r- alfabético. 

S~. 'C3 pd:me:r C:>ttáctcn: de unn V<\1' ~ ilu Ae; ~s .. ~ ~ J ~ 

! 
K~ l.~ M ó rJ:- 1Fl 'VilLXi(l~rJle Ji'(~j.1:tOS13~LLit!. \1L>L>' C:BlJltidntl v;nteraa~ 

o 

o 

o 



o 

o 

o 

/ 

tico, representa una cantidad real. 

Esta convención se ignora si se especifica al 

principio del programa qué variables son reales y cuáles 

enteras; para esto se usan las proposiciones: 

INTEGER 

REAL 

Cada var"iable toma el tipo especificado, inde~ 

pendienternente de la primera letra. 

3.2. Expresiones Aritméticas 

Una expresión aritmét·ica es cualquier secuencia 

de;· constan tes, variables y funciones, separadas por símb~ 

, .. ,-.tos de operación(+, -, ei;c.) que en conjunto tienen un 

.- significado matemático. 

S~ tienen 5 operaciones en• FORTRAN: 

+ para indicar ·suma. 

para lndicar resta. 

para indicar :mul t1plícación. 

1 para indicar división. 

para indicar expon..:onciación. 

II.J escribir expresior•:<s .:-.r~tméticas se deben ob 



o 
servar las siguientes reglas: 

1) No se puede tener dos sí~bolo5 de oper! 

ci6n consecutivos. Asi A/-B no esti pe~ 

es válicio. 

•• 
d:~n. mA-tt:rl'J.ti-t.:tca nTáir..:tH'lB'-r así (x+y)" se 

3) Cualquier expres:ón puede ser elcvad3 a 

u~~ pctencia qv0 Ps ~~a ca~tid2d entera 

positiva o np,gati~;a~ pero sólamente una 

e1presi6n real puede ser elevade a una o 
potencia rr:;aL 

ciente.s si no. se ti:;;:'~0n >d.riaLles ente .. 

r¿s y reales ~ntTeme~cladas en u~3 ex-

es en la operación d~ expm1CilCLu·:j ón. 

Pox 

A + 1 el compilador debe insertar ins-

10\ va -

con ver ...,. 

~ :i enes o 

o 

14 
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o 

1' 

x~3.0 es mejor que x*3; de la misma fvr 

ma x**3 es más rápido que x**3.0. 

-3.3. Funciones matemáticas 

En FORTRAN se usan ciertas fu~c:iones m~temáti-

cas. La 3iguiente tabla muestra el nombre de cada una de 

ellas y la funci6n que representa: 

FUNCION MATEMATICA 

Exponencial 

Logaritmo natural 

Logaritmo común 

Seno de un ángulo en radianes 

Coseno de un·ángulo en radianes 

Tangente hip€rbólica 

Raíz cuadrada 

Angula-tangente, en radianes 

Valor absoluto 

NO.MBRE EN FORTRAN 

EXP 

ALOG 

ALOG 10 

SIN 

cos 

TANH 

SQRT 

ATAN 

ABS 

Los elementos básicos del lenguaje FORTRAN que 

se han t~atado hasta ahora? tienen muchas aplicaciones al 

escribir pro gramas. La más lmport ante es e 1 cálculo de un 

nuevo valor de una variable, el que ss hace con una pi'op~ 

s ici ón de; asignación. J 
! 
1 

l 



) .. ~-;..:-.:." .~·· 

o 
Su,f6rmula general es.~= b, en la cual a es 

el nombre de. la variable escrito sin signo, y b es cual 

asignación es un~ ord~n para 

y j-:0( t.d IHJ] ·;_nr '-1e 

1 a fun. e i 6:n ~j! D d<,- V CGttt_ ,,-).\ 1 -re ~\ .. .... ·-

de 

pterde 

Otro ej2mplo de w1a proposición de asignación o 
es la siguiente: N ~ N~1 ~ ol va-

N por su antiguo ~~~or 

En algunos ~asos SP requiere~ resolver ~r~,lc-

mas con gran precis~_ón, es decir~ se desea tenf:r el maylj:r 

número de dígitos posible., Esto se pucrle hacer a t:ravés 

dos veces 

más; esto o 

16 
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·o 

o 
' , ' 

l 

' ¡.' 
( 

bra-,de memoria, una variable de DTPCisión doble requie1·c 
'· 

dos palabras. de memoria. 

L<{ proposición para declará.r una variable 'cle do 
f ',. ,, 

ble precisión tiene la forma: 

. -. 

donde v, v v2 , v3 son los nombre~· de. las variables. 

Una constante de precisión doble. se escribe co• 
'¡ 

mo una c:Jns~ante en forma exponenc.ial 9 pero con una D 
f, 

en -lugar de ·una E •. Las s'iguientes sorn constantes. de doble 

precisión: 

1. S DO 

5.6 D-10 = (5.6·10-lO) 

1 • 56 56 8 DO 

Las variables de preci~ión~isenciÍla dan la exac 

titud que s~· requiere.en la solución de un gran n6mero -de 
' •' 

problemas. Sólo en casos muy espec; a1·' ~ se usan variables 

de doble pre:cis i ón. 

En notación matemática los números complejos 
.!.. ,.. ~ , - r , ~ - -

son pares ordenados dé números (a.9b) .¡ ·generalmente denota 

d~s por 1 la e,xpresión a~ib, dond¿ . repres~:nta. 'la raíz· 
¡,.J ' 1 ' 

cua9-rada de -1. 

Los números complej e::: se declaran con li- propo·· 

·Sición; 

í . !· 

1 : 

r 

¡, 
• 

1 

' '' 

' 
\ 
' 

' 1 ' 
1 

p 
1' 

.j . 



o 
COMPLEX 

donde "· 1 , v" son nomb-re-; de vari.ab]es. 
l 

Una Yaria.hle lógi c:.a que sólo 

Una si-

guientes dos; 

Una proposici6n de asignaciEn lóg~ca t{en0 1& 

forma: o 

f. "" .TRUf~. 

M-~ .Fi\L-.: 

Los 

o 

18 
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/ 

o 

:oPERADOR " FUNCION -

• i\ND. y 

t~ 
.OR. o 

.NOT. NO 

e' 
Lo.s oper.adores. de· rel acl.ón están· defi-n"idos. ·como·: 

OPERADOR SI GN I·FICAOO 

• LT. menor - q.ue 

~- ' ' 
. LeE. men-or .o· .iguaF-que 

. 
. EQ. · ··eLgua'·l que: .. 

.NE. no . i g.ua~. a 

. GT. mayo.r_·qu~ . 

• GE. may·or _o igual que· 

Como ·ejemplo _c_onside,re 1as sigui-entes ~pr_qposi-

e iones.: 
¡' 1~.' • . 

A = X. L T. P. 0 R. T • GT • T~t/\X 

B = M.GT.30. AND.N.-CT.2·0 

-La variable A será .ve:rdadera si X es menor 

- ~~e_ P, ·Ó T .es mayor que TMAX; de 1 1a misma for-ma '·B s•e

rá ·ve;r_dadera si M es mayor qu-s 30 y. N mayor que 20. 

\ 

Uno de ios· .usos ··más i~portantes de es_tas varia-· 

O .bles., es en la .p-roposi~ión I·F lógica, que se verá más ade 

lante. 

19 
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1 
:1 

L~~ proposicione~ ~e entrada y salida, son las 

que permiten al usuario daT a la comput~dora los 1ntos ne 

nadas entre s:i. 

RE.J\D( S, 1 O) N, QSAl· ~ Qf :~.;r o 

pi o del programa arch i 'H'IS de d:::.·s ce .t>' cinta~ e 1 ~::ompi! ador 

considera el n6mero s. corno la lectcra de tatjetas. 

E 1 n úmrn.--o 1 O se re fie:re al - 7 ~1 • numero t~e 1.0- p:ropos! 

de KC·f\11 9 el 

valo~ que lee ~~ la ~aT~eta da datu~. o 

'i 



o 

o 

o 

SeF.tienen diferentes tipos 'de especificación p~ 

ra la proposición ·FORMAT,· los 1 más 'imp1ottarttes son% " ' ·' 

a) Especificación I 
1 

1 ,; 

Esta se usa cuando la varidble que se va a leer 

es ·una variable' entera~ su'' forma· es~ 

Iw 

donde · w especifica el número t'otal de caracteres de cam 

po, incluyendo el signo. 

Po~ ejemplo, la proposición· IS permite leeT lDS 
1 1 1 

siguientes números: 

b) Especificaci6n F 

30 

-1214 

12 501 
1 

La ?Specificación de decimal fijo tiene la for• 

ma: 

Fw. ci 

en donde w sie refiere al número, totall de caracteres in• 

cluyendoísigno y punto decimal. El número d representa 

21 
l 
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o 
e 1 numero de ca:ract e res después de 1 punto d.ec ::m a,~. Así ,, 

! 
por ejemplo la proposici6n: 

FORMAT(F10.3$· F15.5j 

pa:ra la 

o 
Ew.d 

d) Esp~clficaci6n A 

.. "'" <. 

~:.~~p-e e 2 1: x t. -~ "~ ~ 

o 
\ 
' 

22 
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1 

/ 
· .. l. 
(' J ' 

'( 
(/ 
·! / .· 

•, 

o 

u 8~ qu~ ocupa la variable. 

Esta se utiliza. con lo.:: números de doble preci

sión y se per'fora la letra D en lugar de la let.ra E. 

La impresión en FORTRAN se h.flce a t .ravés de las 
1 

proposiciones. WRITE y FORMA'T. 

Una proposíción de impresi6r. puede ser: 

S 'O 

WRITE(6 9 50) N, Q~NT, QSAL 
1' 

FORMAT (''1 11 
p /I/: 1 OX ,: :"NO. DE CELDA", 

I S, í OX, "GASTO . DE ENTRADA", F1 O. 3, 

10X, "GASTO DE ~PAL!DA"D F10.3). 

B."l la proposición WRITE, si no 5e especifican 

archivos 11 el '..-nt.amero 6 se refiere á la unidad de impresi6n ,, 

del siste,a.. 

HBl nhmero so se refiere al -" de. la piropos i numero 

ci5n FO~T, en donde se indica a 1~ computadora la forma 

en que se quiere la impresión de l,as variables. 
~~ ' ' \ 

1 " 

·;Las formas de especifica.·ción .de la proposición 
'• ' 

FORMAT di:fcuti(fas para la lectura de datos~ son tamb:U~!l 
1 :. ' 

aplicables~par~ el caso de impresi&n. 
' ' 

:E.n ' ición se· tienen otr~s pro.pos iciones muy il r. 

titiles para 1 ~mpresión de resultados. ~CO':'lSidere la pro-

23 



pos icion .rUHNAT escrita arr>b:~~ 
¡ : J -'- '" 1 

~a prime·ra instrucci6n ("1"), le indica a la 

computador2 que debe saJtar una hoja~ esto es que empc~a-
1 ' 

rá a escribir en una hcjn nuev,a, 

La siguiente insts·:rc..::i(Sn (///): es L1ii encargada 
1 

del control vertica) 

te res 11n renglón an 

A continuaci6n ~e da la lnstruccifr~ encargada 

en donde w indic9 el nfunero ~e esp~cios horizontales 

que sé debcin dejar antes de escribir. En este caso se de· 

jarán?10 espacios en bJar,c:o a parti:· del m~::.rgen izquierdo 

de la hoja., 

cribe~ ~ntre comillas; así 

La siguiente instructi6n tndica que s~ escribi-

rá un :nC~mcr.o ente-ro~ con Hn má:¿¡:imo de .5 caracteres; des-

pués S.e dej,arfu1 cí} espaciOS en(blanfO y Se Ü;:pr:b-!ii:rá el 

~6mero real (el ccTrespon con 

:24 
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o 

Eli'número máximo de ca·ractéires que se pueden im 
1 

primir ~n ~~ renglón es 132. El ~rimer carácter, a partir 
' 

del marken izquierdo de la hoja;· se u~a para el control 
'· 

d~ la i'rypresora y no puede ser usado ·pa.ra impresión. 

Estas instrucciones de entthda y salida se en· 

tender:m mej ó11 analiz.ando les ej·esnplo.s de ¡n·ogT&rnas que 

se presentan más adelant~. 
1 

¡ 
1 
¡ 
1 
f, 
) 

!' 

, -



5. ~ PROPOSICIONES DE CONTROL 

Un progra~a se compila y se ejecuta siguiendo 

la secuencia ~en que se ha escd to. En tt,dos los programas 
1' 

rrrt.rposid_c~r'eS tke (üt,:t~oL 
~ ' 

Esta proposición ocasi(t;na uu.-1 transferencia in·· 
'·1 '1 

cond:.ciern~ü del ..::~1nt;:·ol p tiene 3.¿ :;[{,_;·q:.:t~ 
1 

GO T0' n' 

et'il donde 

As:ii.: GO TO 50) ha:ce qm; 1<~ proposíci5:l5 50 se ej~ 

cut e v y 1que l~s proro~iciones que 

secuenci)almen:te, 
- 1 

1 

' ' 

cj0cuten 
' '1 

o 

o 

o 



o 

o 

o 

neral de esta proposición es: 

GO TO ( n 1 , n 2 , n 3 • • • · nn) , I 

donde I es una variable entera positiva y diferente de 

cero; n
1

, n 2 , n
3 

son números de proposiciones que existen 
1 ~ 

dentro del programa. 

Considere la propo31ción: 

GO TO ( ü o 11 50 p ,80 , wu) V NI 

si NI ~es igual a 1 • e 1 cornt rol s«: t Jt ;:ms fie:rc a la prop2_ 

sición 10; si es igual a 2 a la proposici6n 50; si es 

igual a 3 a la proposic'i'6n 80; cte. 

S·~.~. Propo~_i06n ari t_mé_ticª-_j_~ 

Esta proposici6n tiene1 la forma: 

en este caso la computadora calc'ula c1 valor de la expre~ 
. i 

sión A1 Si A es menor que ccrp, el·! control se transfi!_ 

re a la propqsición n~; si es igual a cero~ n 2 ; y si es 

mayor qqe cero a n 3 • 

Asf en el ejemplo si gu~enh1.~ 

IF(N-30) 10¡) 2'0~ ~~O 

27 



o 
si Ni es rienor que 50, e1 control pasa a la propo:Sición 

10; y;;i es.mayor o ig:w.l que joj a·lapropos.ición 20. 
1· 

C cual.ttuier" ot.ta expresión,: cont' Bx:::epcióli ·de 1 las proposi1
- o 

e U§ GO TO n, el 

control pas~ri a la ~ro~osició~ 

1 r; r ~, :~~k1" 3~; 1 r:c1 :r;lc ~~o 
,¡, ' 

'"í7"X .,,,,. ''~ nr"·!.... 'J~' ,..,._, • .. ~.r..'.,. u\':i!L ~ ;)IJ~..i ¡ 1...-dJ-t ~u ~!J•j ~ 'f';;-.,_\. 

o 

Z8 

:' 



o 

o 

o 

1 

o igua~ que 5.0, la variable DCA tomará el valor 2D.O~X; 
e ~ 

y el controi pasa a la siguiente proposici6n. 

S.S. Proposición iterativa DO 

E~ta proposici6n es la mfis podelosa y posible

mente la más usada en FORTRAN. fh.m.e 1~~ fcnrnaa siguiente: 

en dcnc;lle n es e 1 número de mrn.a [Ytopos i ci61m ~ I es una 

variabJ:e entera y m
1

j m2 , m3 son constantes enteras posit!. 

vas mayores que cero. 

L~ proposici6n DO es un comando para ejecutar 

todas las proposiciones que siguen al no p hasta e inclu~ 

yendo la proposición numerada con n1. E;:;ta ejecución se 

realiz~ iterativamente¡) primero'con I .. m
1

, después con 

I = m1 . +m3 , posteriormente con 1 - m1 + 2m3 y msl suces! 
1 

vamente hasta el valor mayor de 1 ~ m2• 

Ccnsidere el siguiente eje'ªph-:li~ 

t "' o 

DO 10 l - 1 f¡ 9 ~ 2 

L ~ L + 1 
] 

10 M =- I~L 

En=este caso el v&lor ae U y M para 1~ pri• 

1 i 

Z9 
, 
: ~ 

1 

1 

·¡ 

. 
; 1 

1 

1 

, 
t 

'· 1 

; 
, 

1 
1 

! 1 



mera iteracion se:rán L ''" 1 y M "' í; en 1_2 se¡;:;unda itt'ra-

I = S~ L1 
'""

1 9 y M= 45; etc. En l<J última iteración 1 = 9, 

L ~ 25 y M ~ 225. 

Si en la ?7~po~ici6~ oc m~ es l~~~l ~ 1~ se pu~. 

es deciT.·~n este c~sc 
V 

unidad en una·ufti~~d. 

·' 

Se tienerr las ::n.gu:ie1nre.s· !2¡~1a:;.·pa:r·t. el' U'SO'Ide 

o 

la proposició~ DO. 0: 
1 

1) La prime :a·a )::JdnH;s·-2 ,:., ¿~· · :;.·li ~H 1 'tJcol·t1d6 1 

GO 10 ó .iL 

30 
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; 
1 

en el programa. y qt~e se usa para_seY 

la última proposició'rt en el recorrido . 1 

de un DO. Asi por ejemplo: 

DO 3 O I "'". / J 30 

F "' X~ VS.f. VS*Y .;;-u 

30 CONTINUE 

te el recorrido J¡¡; ón DO~ que r~defhu. 

el valor del fndiceio de los par&metros 

m1 ~ mz~ m3. 

, 4) Es posible tener iterad ones DO dernt 1r0 

de otras iguale,s y~ en este caso 9 el r~ 

corrido del DO, 11tás interior debe estar 

completamente der:tro del r~co:r!d.do del 

DO exterior. 

No hay límite p¡ara eíl número de ite.ra• 

ciones DO permi~ibl~s una dentr~ de la 

otra. 

-exte-rior~ al lt!J in te-

!'iOl'o 



Existen un sinnúmero.de aplicaciones de esta 
' 

proposición~ que es imposible describirlas. El uso y domi 

nio de ... esta proposición se logra co~ ls. experiencia, ana-

lizmndo y escribi®ndo pro1rama~. 

32 
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C) 

6.- EJEMPLO S 

6. 1. PrQgramª~ra calcular 1 as -~r~cter\s ti, e as h idráuli
cas de ih1 canal de sección circular 

Us~ndo la ecuaci6n de Maning, la velocidad en 

. un canal está dado por la. ec:u<~r::i5n: 

donde: 

V vel~cidad (m/seg). 

n co;.~f. de n1gos ldr-;ci 

R - radio hidráulico 

S - pendiente 

El-radio hidráulico está ~k·firddo po-r: 

donde: 

A ~ área del Clli!al 

P -perímetro moj<1do 

Si ~1 canal esti 

relaciones: 

L 



R ~ D/4 

Q IIB A.V 

Y e 1 ~ ~.o~ 9 D z ... &.~~,.~r o 

y 1!2: v .. 

a m ~A P.l{ 

1 • SE~(Bl 
·'....-íp.D 

2/3 

• A continUDaci6n se muesbr& el listado del p:rogra 

má que calcula las caract~ristic~Sp h:id·.diulicas de t::n ca-

llll<dl d~ S®~CiÓ!lll. ~Gi TC.Ulalf 0 ill!'iólll!íld~ !L~:s t~4t.1:tll~i:Ql:ttll::s d~~. ~lí 1 t ~}~. 
l 

1 ' 

' ' ' 

o 
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6. 2. Programa para calcular la Jrelocidad de ~imeAt,ación 
de particulas discretas 

La· velocidad de sedimentación de una particula 

está da-da, po~ 1 a. e.cuaci ón: 

dlonde 

donde 

R 

V~ 

i' 
\ 
\ 

(1) 

v5 - velocidad de sedimentac56~ tcm/seg). 

"!( 

De - densidad.¿¡~ la ¡:112:,;1.t1Ir:.ttil<A (tfi~/r:;H't-.~'). 

D 

c~lcula usando 
• 

ca e 24 Si n ~ o.s '1f (Z) 

cal 2 ~.;. 3 + t~ o 34 R ;rrz 
Si o .. < R < 100fD ~ (3) 

( 4) 

es el número de Reynol.G:s 1 e~fh~~-d:;¡; ~~cHl¡~ :1; ~~ 

R "" 
v5 .n 

( !il ve 
®~ 1~ ~i~r.ofii~srl c~~e~~tiaa·~efinid~ C.Citttl} z 

' 1 
• 1 

' ~ 
' 
! 
l 
~ 

¡ 

~ ' 
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o. 780 6 
ve= 1.8·T+4z 

donde t es ia temperatura (°C) 

(6) 

Su~tituyendo la ecu"'1ción (2) en la ecuación (1) 

se obtiene: 

(7) 

p_ -,. 100(:,,0 

y susti-uyendo la ecuaci6n (3) e~ Ia Pcuaci6n (1): 

4 v g (De-1)•0 ~ 0 
~) 

(9) 

+ Y·V 3/t. 
S {10) 

V 
-~ o 34 .!1.. o 

V,-, u ¡ -~ 

)' "' J ""' D--

2 ~l ,, J ,,... 
1' 1, 

"" -· ~u- ~ 

1 

\ 3ó 

t¡ 



Para obtener la solución del~ ecuaciófl (10). 

cbn respecto a V es 
S: 

h: 
' 

+ z 

y el w~.![(;';lr l(il!:~lV~ \E/1!1\ liJA ~ 4- ~ l•iJ...?A::·c :oc ,,,":., ~ 
""" 

1< 
~ r~ e '~,_~'· ,~ J 

'-~ 

la; s~~ parte~ princip~les son~ 

Calcular la viscosid?d cin~m~tica 

r 
1 
¡ 1 
L 

(11) 

(lZ) 

(T} • 

o·c) • 
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o 
3) Calcular la velocidad de sediment~ción 

d ' . ~ -t:) usan o la c~uac1 on ', ·~ . 

Verificar que el nÜJnero de Reynolds sea 

o 

o 
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T A R E A 

1) El gasto de abastecimiento de agua de una p~ 

blaci6n esti dada por la ecuaci6n: 

El gasto contra incenJia~ poY la ecu~c!6n: 

1/2 
(1Jf~·O.JH•? ) 

'! 

' 

donde P es la población en «d lLnes de :.,abitantes. 

abastecimiento~ contra incendios y el r.-f:n::-ficü~nte de H<n-· 

200,000 habitantBS y que los. c:Jlculos <:t. quieren en incre 

mentos ·de 1 O, QOO hrnbi t ¡;:~t~~':L 

,. 
1 

39 

, 



donde. 

X longitud (m) 

D - diámetro (mm) 

C - coeficiente de Hazen-Williams 

Hacer un programa que calcule la resistencia 

de un tubo; la longitud y el diámetro del tubo se leen. 

el coeficiente de Hazen-Williams deberfi variar entre 80.0 

y 160.0, en intervalos de 20.0. 

3) La media de un conjunto de n(Jmeros se define 

como: 

la varianza como: 

N 2 2 
N E (X. ) (rJC.) 

. .. 1 1 1 
1"' 1 • ( 

N (N.=T)~---~-

y ía de$viación esta.ndár: 

Hacet un programa qjue c-B1cule la media y la 

désviat~6n estandar dé una serie de datose 

40 

o 

o 
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7.- PROPOSICIONES DE ESPEGIFICACION::. ··· 

, ~ i-~·, '; . Ha~~~a -a4ora#se -h¡~n vtsio '¡)±·ópós,i"éio.~~.\-:~~~~-::~~~~
.. J!Iiten ha.~er ~m, Jp·a~ numero de ·il-x:o,g:raw'a,s. ·s'eri9'~1J_os·;· sin C!! 
'1 ~ 't / ) ' 

1 
f e .' 11, :; ¡ • ' ' • : J, > :_ e, 

bar.go,., ?e tiene serias limitacio.rt'es ·s:i sé'"qui~D·en hacér 
\ .. • ,, .e-., \ ' 1 ' • '\ -: : ' ~" 

: ' 
programas más complicados. 

l' ... 
Suponga~ por- ejemplo, que .se. ti~n·e una serie 

\ l¡ \1 ~ 
l T ', 

gra'nde de datos que se van a usat:' :rep_~~ id;·.unente en la ej~ 
' ' •• ~ ¡ • j ,•· ' ' 

cución .ae un prog:rm'JHll.; Con las irrn:YU'"ucd.ones que se han 
• ' ' •' 1 ' • ·, ~ ' 

vi~to )l.¡,_a.lst a ahora~" este problema~ ~:fJ:-; ·'p'orh~]:-'.a r~~solver ley·~!! -u ._ ,~ , .... t;. ·~ ~ 1 • • _ , • 

do_ lÓs A?to~ __ cada~ yez que se· neces·::tteh.' ·El use{ de \ra~i;~r_'" 
1 , ... , r., '::'----. r. -·, . 
~-- .) 

bles con¡ indit:·e .. permite; :reserva:r:utw part(''d·e.-"1~ memo~ia' 
~ ~\'',,•::;'(¿__,:1~~.\'/,~,,-'' ~' '¡ ' 

< ~ .,...,. "' \- l 

de la cÓlnputadora •. para guar.dar e1stos Hiato~ y uc:oarfos· r~ 

A las variabies con índit;e s:.e }es .. llama nccmal-

mente arreglos y a sus· cantidadesc indüriduales elementos. 
' .. ,,, 

Para visualizar la 
'~"· . ~ ii!J/:· r- ,~t l •' ,'- • ' 

in fo.rm~c"l6n. u~ an~o 
t ' : '.,1 ," 

form·a en que 1 n ·comput.adOJr<ll. ~-lmacena 
1 ' 

arreglos, pierme ene una matriz, En una 
' '_ ' 1' f 

ma~~Jz ~.?alda un.o· d~ sus elementos- j-épresenta Ún' nút,íero:, df> ~ 

ia m~,sma.lforma• er1 un arreglo la computadora, re$erva:·::~~a .. ~. 
1 ' ~- . r • l J t " l \ . ' 1 ~ -' e., !:_'::f4 j.~1: ·~' 

varias_p~llabra:s, para c.adla uno d~·los elelllrdittos del •n•r.e· 
e · ·;; - 1 

1 • 

\ L;' ' • ' 

~~o,q .. P.or .. ~Jempllo, el arre~do A(30 J"·30) il tse puede vumali-
~ ' ' _- } ' 

z~r como ~na matriz de 30 x 30 element~s. 
,, ! ' 1 ,_) ~>:'{~~:.~ ,., 1 

: _ .. --



7. L 

1 

~, 

'" 

compila-

dor los a::rreglos ~n~e se \'21n 1 us"~r y !:1 dill1'€':lí~sid}l!'!l de cad<a 

¡',', 

,'1, 
- } 

'- '¡ ; ~'\ ) 

,,' r 

·:-r' 

o 

o 

o 



o 

o 

o 

programa, a través de índices. Por eilie~p~o~ ~upoñga que· 
~"'"--..:- .... '\. ::;-.~ ..... ""="""~......,..,...:.~~ .... ;$1~- -o..;::\00 

se quie¡ren leer datos para el arreglo AC20, 10); esto se 

., ' 0<1~ '" ~ 
., ';,;,~-.,¡ bo: 1.0 .·J~ ~~, '"13 ~ {ó~'· 

READ (5,20) A (I,J) 

rriendo;] todo< el arreglo;. y, ~,n,, .. ·;:Sf!í"l<l:Jt!_Tb<'¿·.J_,~.c,-~~:U~-~~e!emehtos 
_J ~c~~'D~}' ::.~~~'l¡"' .. Hi'-~.¡' '.'J ... ....,-._:.._.._. .-,.. 

sé va á~macenando un número. 
1 

~; ~ ~" ~ ·;:: <f: ~ t? 

Considere ahora el si gÚimú:e c3")e:mplo que hace 
~ <; ,., f.i.J= ~ .• ¡ 

'J ""' la suma: de dos m<Jit:B.lces: 
o ~:1}~ z ,~ 

' ... ~ 

,, ¡~ ., 

. - ,._ ~."' , .. ~.,_ -r "' ~~. _ ~ r .. ~ ~ ...... d; (} ~., · "VJ?~ v 11 
~)~~~11 ' ti ( I ~ j r··~ ~:A: cf: J)"~j~ B fí'~J)j "'.,! 1i q .,f.g <t ...... Oc,; ~~i;}\;~\~~j 

:"!'..~ 

.. ' ![ ~ { -t ~ J '.-., r, "''"' 
f1 ~ ... ,H~J>r~,~~ •'"íl' r. t ~ ... )~':. :;i(.;!>~GW}3;5;8~1~ :r}\Y$Z.JB~d',!Jl.J.~ ~~~~¿ )J,k~1 

~;.(}'",¿'f:~~z~. ,:~) 1 1~'t(f~1Jiltr:.t> ..::.. 3!-~t=r .. .,e -~ ; - --~ ... ,. ·~~-.. ~ ' 

· · , · Seria~mux-. l~~or:i,osq·,.r ,lrle,'~,p.q.~a"flt~'tjil-i;dad qº'~'rri:;~;'t 
::;'f,.,:.r.;.~ ~ ..... ~~~~,.-:~--~r~::~·'.("'> .. !'J ]1~;~::,&¡ lf .(';t,..;..~:!'! J\ ,!._:-~t .!l 1dtJ:c ..r" tlP:u; ~~ .. j-J ... d~..',tJ, .u ..,...1.. ¿.c.. .... ~.:> ·~"do" ::- • 

(,~,~._'.:. --~LI..-'-~~-'{_1-:,._.J~ "Y ..... • 

~~·r·,-~:s .~I,~~~>r~~\~m~ii"&0 d)e-~ ~~~;~~~uh~s '\f:J!P~t511.rt~tJ~Y~~~?:TI§gbJ~~ ... e~~·,n~fttQs 
' <.¡, ... ~ -:! '-. , ' - , -

d~ ·~~i-~~los. r Nuevamente Fe~~}\~ft~~-J?lL~g~~!,<j;JJ!,~,~-1 ~~~ct:;,qmp).~.~:.;;á~.,Q~.~ 
es"io. Q•ie.J?ermit;e conoc~t y\1A·~~~~;las variabl~s co;;:¡ índice. 

._, 

-~ " 
' 

¡: tt. ~ 

' 1 

s_·:¡~~· ~ t\~ .. ú" 

<; ,. ;~ ~~\~ ~ t» ;;: \ \!.le.' 

\ ~ ·t•? t' ' ':;:\ ~ f$• ~ 
1 -· 1 -~ ' •tf ',¡. w 

1 

43 

.J 

1 



8.- E J E M P LO S 

8.1. Programa __para resol ~E ___ ~!!!_S;_1_;_t,~: ···~ de ecu,J].cJtoncs li-
~les J usando e 1 meto~~() __ t!~ ~-~;,~n~=:~~S o~ch3l_~_ 

lX~ - 7X2 -:-

X~ ~ 9X
1 

= f,: 

- 3X ~ 4> ffl<2 -? 

~7 4 9 

9 ~6 

8 5 6 

~ 
~ 

( 

lo/e. 
_5 '' 
(~ t; 

glónp dliwi&iéüd~l~ pcli el e11f.v,, __ , "~-~ t;~~~Z 2~ cl¡_¡;;;,pi!j~S redu 

t:ilr Jl.I()S c].em<er'lltC~ 'lf'®St&llltes; (~..; , .-;r L'I.•L')f.:' t:<OJl.Ulm!.i"t;;\1 ól Ce1'0 0 

glórn~ y lrl" 5 tgJ,ll'll.dO del tG'1 '!'ce e:; 'rr"'f' .1 J ~t ~l'i ·--
r. ?i'i1lBll®TI' íf"·~!ii}~t@~ 

~ ll'!l IDlü~il'!.t\ U. l ad ,o,) ·9 WliUJ )J. íl: .i p 1 :i e \i7hdi 4,, r1.¡~~.:. 

~ ~1!2 '?) {L/ ? Jj ¿, ~~' 1 -' ' / ' 'L 

o lSIZ ~:a c"J/2 - ., •1" ,. 

o =5/'l. H 39/.t J j ~: 1~ 

o 

o 

o 



o 

o 

o 

·.t-. Ahora· se 110r:Inal1za e] scguiltlo rengl_ón. d·~vit1l,én 

dolo por 25/2, y se reducen a cero los·elem~ntos :~.cst.a·ll-~~ 
¡ O ~ • ' ! 1 -- ', • I ~ :! < ~ t' ~ 

'· " f 

tes· deJa se·gunda columna, multip'lic'm1d·o-.é) .. s.cgun~9 ~~c:1, 
1 .. ' • ., -.!_ '" • : ... 

gl'óa (no-nrialb.ado) por -7/2 y rest·;;mcl'ol·o.·del.:vri,;\~x-..,fcn-. 
~ , ~ ' '> ' - ¡. .... 

glón. De la misma forma se multipli._ca el segun?o rcngló1a 

(n~rmalizado) por -S/2 y se rest~ del tercc~ ~~n¿l6n. 

o -6/ZS 88/25 9/Z 5 7/2 5. n . . 
o 1 -16/2 5 -7/l.. 5 ··1/2 S 2/25 o 

o o 47/5 94/5 7/~ 1/5 1 

• r'~ ,) :~ ' .. 
Procediendo el' e ia misma forma· se obt'7 ene fina 1-

mente: - -· •,-' 
' ~~ J,' 1 • 

1 o o 4 93/2~5 67/235 6/235 
11 -4)'1, 

o 1 o 1 13/7.-c ~ ,'l J 22/235 16/235 

o o .... 7/47 1/47 5/47' t.. 

La solución del sistema de ecuaciones es.:· x1 "' ·¡, 
-, 

x2 = 1 • x3 = 2; y la matriz resultante es la matriz in~z~ 

sa .asoc;i~da. 

El listado del programa que se presenta il ,'c•Jilt ~ 
t 

guiendo el método descrito. Es sencillo y no requie~e· m~r 

yor descripción. 

' 

'' 

,; 

,. 

\.' 

•'. ·,-

·, 

,' ~ \ 

':. .. 



\ 1 1( 

e 
e :r:;- · ·. · '· . , .. ,. 
¡ 

l. 
r 
o, 

r 
e 
e 
e 
(. 

L 
e 
e 
e 

e 

f ~;} ~ l • ' '' l' ~ l" 

r, r ~ f ) i ' ¡ : >\ ' ~ '1 ~ ~ 1 1 • ~. 

ti(I ,.l)~r,¡ Tt:r •• r<.l. ~ll.~;r, ',. 
t •í, 1 \.' ~ f ./ ,¡/ 

l•f rtrr~r>f) ·:, 1"'! FJ 
1 H , ~ ,\ 1 T~ ~ r' f\ 
¡.·:-·:n, nr 

_l'~lf~• ~-J-~ •;, ~~-'v __ }~_; ~-'-__ / 1 ~- l ~: Q ;' 

r~ ¡ r: r' r::: . ~:: : r t; ~ ~--~ ~ : . l ·J ~r , 
. ' ' 
f 'l 1 

r;r~nntl rf~ y··i"r(;}r'ijfr13 r~~~- r~~:-'¡p:¡ 

r¡- r .. \ ~ ~- f'l_r~c-~;f~~: l~JC.J) __ C~CL ___r_r}l r~ __ ---~ _ 
F { T ) - · ) T ;, T :', · ' r: T ¡, C i ) p r r; r n f ,:; !' t · ; r ' T ! · J t í 
~- r n r r • r¡;: ,\ 1 ' ! .\ C r ' ! '• r ~ 1 r ' ; T r, 
T ( ~J~TT~·-'~-í~ _(r~1-~\_~_) __ ~f~r,~~:~-~~~-'~ :1·~~-~·:r! 
TP..,yr;~r'0"!I:.rvrn.\n r-,r::L .~['íirEP'-l 

rJ_ I 'lj:_ r; :,~_ T_iJ: f -~ _r'5_rJ_j -'--~~"'.! "; t:} ~ 
t t_r·r, r·r~<:J ;~~r~~i~'~(f.Tvl':. 4 ~r: 

F [ t. ~; ~ S 1} ;-- :3 ~, ~ ; 1 fj ~ : ., • ,~ .-! 1 t' 

f~ f_ :~ t') ( .r: 0 -~ (~ } __ ~tí_)!'~~---' Cv_~--~~~~ _ ~~ 
~~O-·;~-~~; L~ f·/r--, ; 2 ,, F 1 t~ ~ t~ J ·-~~ ~ "r"'?! 1 

1' 
e~ J 1/ 

! ' ' 1 

•1, 1 

¡ !_ 

~ 1 / r) ~~ ~ » ~ ¡) J J -- ): J ; r ~ r: 1 ~-- ~ .~ t ¡:-- ¡"'. ;-_~ ~- ~ ;1 ~ • ~ }~~ r: f ' i /t ; { y- l ' - 1 ~ ; ¡ í ; ~ e ~ ,. ¡ 

·,.. ; ' i f.• ~· o , t 1 n .. ?' 11 

! n ~o 
¿:> " ta_ -r 11;:, Y ·; r e r AL n ¡: :_ : J r 'J r: ~ r , :r :, r : í: . -: . " . , ,! , / ti ~ Í) x :r 

·-·------~:f~-r;-,'1 :-,·r;) :)-f~---,\')-T!)'trYffl.~~,-~-7'•_r_.;_!_'~; r J ;) , 2 ) 
( r:~LCí"U~r· lf!"ífPVAL;·,<; !1[ TI['H'f! y ~~r , .. _-,·;;'<r•(1'• 

T(1)~ll1' 

e 

--------
P{t);::!.i( 
O'l r~n Y;;;:? 1 'Tf 

JO T(Y)::TP"'~ ·¡-:·:~-:

[)fl 'oo r:::¿,;-
60 R( l):::pq""'~) <~-¡;1? 

(.~!_f.lllfd' ft'1.',fl,'ilf: 1 ilr':":; 
--~~ ( :;:-~tJ O f-12 !f ~ t' ~--( l,i ~, :i * 3 ~--~ !~ J -:::-~ -:,.: 'ff,F)-- ----

f) \i "~ a~ Y ;;;;; t t' 1 • T 
0'1 'H) .) ~ L 1 il{ 

e e,\ u.: n L )\ r: r · ~. -, r ;. ''l,: " 
~ h: s ~ n en ..r~ t ,n /' < ~ _ r; ·~ ', Y ( ! ~ ' 
IF:::~ V {lj 

-~;~~~:.~o":) 

e cM.,cj~uu~ J:':r:·~c 

f'Ci 7o «~ i ~ :~n 
---------- ... r;;;r .... v 

:~,, r t ~; t: \) ·.:. ,.~ ~· ;¡ 1.·~ .: ~·- f 
--!~"(,~~~~~·t.t; /'""hf' .. -{ro-LC:~~,:,:;rJf~fi~ !')- (~~~ -~I 

1!.\J (uJ~"jY f ;, ~; 
U\@ ~ ! ( 2 (/ ~ ' j: ' \ r .:: t ~- !) V ·::: / "? :.~ -=" ~\ r r! \" ~ ~J ) ~';> ~~ f , {, ! 

-·([j)r, '(d~¡'j"'f ;,•);-

t"lPi'ft;1·•:i '1[ f'F'~~'Il ';':) '<~ 

tt~u·:'~í )n :."; 
~ · -r·l(.- ft.c ' ::: ,; L 1 

t ~1 :::: ~ t• r:. ( L ~ - 1 

o 

. --

o 

_O 



!J
 

-.·
 

-
,_

_¡
 

n 
o 

o 



e 
-- --- r4 "' T ._, J 1- n r: & u I r. ;¡¡ 

(\~o 00 . --

-- <?6,1100- - · · ~- v «:O :J ···- ----O o O O 0- · 

ü.,OOO 

D 

f·~ r. r r. ¡ 2 . ~ :J ve~'< !J¡ ¡, 

~ 
;. o 

~oOij (;.,i)C úeOO 4+ o o o o o 4 :) 0.29 Oo01 
- -------- --· --- -- ----

OoCO loCO o.oo leOO ÜeÚ6 o~o? Oe01 

V()OO. ----· _____ y e ca .í. oOO -- -2.00 0.1') l} e 1) 2 o .u 

. -· ·- -·- . .. ---- ' .. - -- - - -

~-.o-- ____ ....__..._~----------- ----------- ----- -- ------- ~-- ---- ---- --- -- -,, 

o 
...... - "'' 



o 

o 

8.2. Prog-rama para calc.ular el -abatimiento del nivel freá 
t-icó''de. un 'j?ozo'"cón :'s i:mefrí i:i r"adial· ' 

donde: 

: i 

u -

antes de 

ciar el bombeo. 

,,~~fl,S!q ~ec, b_·~~~~~: ~-~~;,~~~~~-z:p~, (nL~ /diám.) 
L..,i~ '• • ,.;',¡;,~~·l ~\ ~ ".J<t. •. ·~ -~ !> .,.;. 1; ~)1 ...:t.l ·-...) ~- l\' 

. 2 
r .S 
4·T·t 

- ' ) 
_ ... i: .• r -~ 

. r - di s t an e i a de 1 e en t ro, , de 1 p o z o ( m) 
~ ~ ' ¡ ~' ~ "' .!. ~ .: tlJ ..,. ff ~~ : \ : . '<' ,1 1 ~ : ~ ' 

S coefi!=_~~nr~._ de" aJ,mficenami.en.:_tor:; 
"';~ 4, 0 '-' ~· )~ 0 ~ ' X/' ' " L ' J ; ,_,1. • ), ...... 

(1) 

ini 

(2) 

T - coeficiente- de transmisividad (m2/diám.) 

t - tiempo (día5) 

El programa que se describiri a continuaci6n, 

calcula la altura del nivel freático, a diferentes distan 

cias del pozo y a diferentes intervalos de tiempo. Sus 

partes principales son: 

1) Leer el número de intervalos de tiempv 

<' • - _)-



(NT), de distancia (NR) y el valor J~ 

cada uno de ellos (DT, DR). 

Leer el coeficiente de transmisividad 

(TR) ~ el coeficiente de almucenamiento 

(S), ln altur.1 inicial del nivel frcáti 

co (HO), el gasto de bombeo (Q). 

2) Calcular el abatimiento del nivel frcá-

tico. 

Para cada uno de los tiempos T(I), y J~ 

las distancias R(J): 

a) Calcular la funci6n U, definida por 

la ecuaci6n (2). 

b) Calcular la serie asociada a la ecua 

ci ón (J). 

e) Calcul~lr la altura dc1 nivel fre;íti-

co (li(I ,J)), usando la ecuación ( 1). 

3) Imprimir los resultados. 

o 

o 

,, o Y, 



1.\ () 1 ' , 

1• ' 11 1 

- ... , r t 1 ~:' ,·, 1 \ f "1 ,, ' ~ } • 

r'J·,_ ~I''"_!"_' • 
:. "": \ r, f, ~ 

i ' 

e n;>~¡,¡l;·M-1'1': ¡,:r '"':··, T¡l .n~~T .. i:r:T· 1 

r.7 .. of~l:í··,,r·T.) .. ; Tr:r•,í •rr·T·l _:·_L Tir ~P·: 

.. '1 

' ! r. ~ : 
1 • 

• 1 

'' '- ' 1 1 .. t : r ¡~ i) [_ ! J • j r' r ! : ) 

e , · ( : , .J ) - /, i T 1 1.: -'· '·: 1 ·: 1 11: l 1 : ,·, T ¡ r· , • ( ' · ) , P ;, P ¡, r l T ·, T ; '' ',' f1 L n 
e r ; r ( r · 1; · . T , r . ; !~ 1 . r . r r P .! ;, ,_ .- ;·, T ~ r ~ r e T ;, J 
e ! 11 .-,'d Tt!•"• ;·,¡~'- ''1'-t:~L __ r ,_·r~:.r:~~ ·, , .. r. ·~ r·.~_HtJJ:ll\í~_LL ;-..;:,·1Lr•.' 
e t··?-';fl() '~t· f !rf'~: ~ :r,-... ~ r.f ·~r·~r~~~:CT ·, 
e: r , ~ - ~ j r¡ o í r T ' 'r !""' r· : ;- · ; T (\ ~ r f ; ! f.· l! '[' 
l _q.-r~,·~ ~ ~ f1 rt: :í~ , :d n r.r:l f'·~·: Z(l 

L. 1· ( ';' ) ~ ~ q ·-. T ·. ' r: T ¡', ( . ' , r . ' r " r • ~" 1 i : r ·, y ~ • 1 r· ' L 1 ¡ 1 i r 1-' \1 ,., lf1 I 

l 
e 

:,--rr~rr ~ ,...,~

"':' ( ~ ;=TTí •,'• 
:, ' , . ., r· ·-- · . •. · · 1 r • . r :¡ 

('·T ,.~1 ,-.ll ~'l~·r;: .. '• :1 :r 

í;r~~:.,,.srr~ .. -res'!), ;'Ir~~~~), i'<"':_,r;:•) --------~-----
e 1 i f r' :.''· • w•.•;_ -:-: -:-r·~ :·· r¡:_ T''u ··~~·rt.·:r!A., Y :J!IS VI,LOPf:'i 

e 

o 
e 

'. 'f 1 . " • ' 1 1" 
' ' 

2 n F ·, ·' · 1 :·. ¡ < ? y ,-, , 2 r t íl • ? ) 
¡ •r:' r;;, ·,·.r ;¡ ~·¡:·;T¡:,>·,;:: r'rt ,·,c·J1P~I''lu 

,.., r ". ~-, e ,, , ~ = ) J ~-) , :, , , ! 1' , "" 

P: ~ ; J • ' ,". T ( r , • ,~ , r t ·. • t ) , :"' ~ : r, • ? ) 
Jf 1 TTr(•'), '•, 1 ( ' , 

tHi--F r- ~-- ~ ; /': T e 1 1 / 1 , ¡ 1· :< , ' -T • ' ,•: ('. " T ~i-! v T · • ,'. ~l- 1) : :_ -
1 1 / ' 1 d X , 1 ( ( J ;- r· T ,- 1 i :': r :- ;, r , 11 •. ',"1 :! . : r, : ' ; ~ 

~',\LTilf'l\ r·•r'...:T,\L ri-t ',( 1/>1. fr•r .1TF 
----3, r,,\:-;T.l • r- ···1·:··-r-·'(''*-*)/··;::l •;r ,.-,~,!-) 

rr.;tt'l_t,: Ir·rrrv,\1..-l'; ¡,¡· ;rr,···,l y •,f 

T(t):i•T 
P(\)::tn~ 

[1', r,r-¡ !:.:."', ':T 
S !l T ( T ) ~ T r I - l l + _r, i 

~--!¡ ,,{~ ..,.=-?, '1~' 

«»o ¡: { : ) = ~· ( ¡ - ; ) .¡- ll f' 

~ f.:.!_ C 1' Ud í ·~ .\ T I · 1! r 1• T r" 
.. r :;:: ~ ,'' "2 '1 • :\ / r .'¡ o (¡ (< :-, o l '! l 6 -a r ~) 

1 , , ) ~¡ o T :; í , ~ i T 
¡'1: 1 "11: .J-:: 1 , ' : 1~ 
t;i r;.¡ .~.r r•r~:r(·-1C11 _______ _ 
1 1 ::S ~ : · ( T ) .., "': ( J ) 1 (.'¡ • '' * T 1' * T ( T) ) 
r::: ¡ ~ 'l 

t e ,\ l ,. • ' t ,, ; • -~ e :~ t [ 
•·' -:"o 1c::1, ·,.¡ 
f:;;f ~-~ 

F- t=U=l gnj"'"''<).,.(': .. >~• )¡(l:*r) 
~!:.-•·.=:-;,,··t~+ri 

,'\ r: '1 T (F'{• ,---(: ~ * A? 1 ,, I ,, ) e , r 6 Íl • ,"' 

T-~·r tn.,h,tl, 1ox, 
( _ ~ ~ _ ' ___ , ~ ll ¡ ~ ? , 11 , 1 1" X , 

r r C.'d '· ;. ( í t 1 ~ .-!: 1 \ 1 ·• rr: ~ l' o 'i '1-0 1 ¡,n T11 ~~~,--

o 111 (,¡r:r;.-:•1;· 
r. (i ¡, ( r , 1 ) = · i • , ? r * ( - t, • r: 7 1 2 - ,it ,1 r; e: ') + ~ 1 • .- ~ ¡, ) 

q¡-, ¡- 1 -:-; :·•: 

e T-.·, ... ,-,... r 
! r , • .J _., 1, 

,..., , ~ t J '. , .: ' , L ¡ 
L? = l (• , ( L,- i ) 

· e e 
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T A R E A 

• ~ ~ - .l: 
' !< ... 

?",.-....,, YO _J 

~ iS}; {;J~Yf - .. ""'"'"~· .. ~ . 
' 1 • 

Las ecuaciones normales para la aproxim_ación de··";;' ·~ 

están dadas 'por: 

' ' . 

'• . • .,1:. 

ecuaciones de las ecuacion~s normales. E~tos co~ficientes 

se guardarin en la ~attiz A{3,7). 

'.~: ''1 ,,. ,~ 

' 
.. 

~" __ ,6-....,<~ Lt 

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

- j' ~' 

- ~ . •' 

·' -- ") 

. 
' t 

.,_ '- ; )' 

?' 

' '· 

l 
1 
) ' 
t• , 
L. 



9.- PRO POSICIONES PARA LISO OE SUBPROGRAMAS 

En la elaboración de programas, muy a menudo es 

necesario realizar conjuntos de cálculo repetidamente, o 

en diferentes partes de un programa¡ suponga por ejemplo 

la velocidad de sedimentación de una partlcula. Sería muy 

laborioso escribir este algoritmo en cada una de las par

tes del programa, donde se requiere. Es más eficiente es

cribir un subprograma que calcule únicamente la velocidad 

de sedimentación y llamarlo en el programa principal cada 

vez que se necesite. 

En programas grandes, el uso de subprogramas h! 

ce que sean más f~ciles de entender y de seguir. 

9.1. Subprosrama FUNCTION 

Un subprograma FUNCTION di f'iere de las funciones 

vistas anteriormente, en que puede: usaMe m4s de una pro" 

posici6n para ~scribi r la función.¡: Su forma general es: 

FUNCTION nombre (a1, a2 , a3 ••• ) 

proposiciones 

RETURN 

END 

.... ~.... .' 

! 
'1 

o 

o 

o 



-~-.----- -- ----,~-~- --

o 

o 

o 

el nompre de otra función o de otro subpror;,rarna. 

la END. 

calcula· 
~ ' ' -~ ' ~ . 

to en 'la seccíoh anter1or: 

' ., ,_ 
¡ 

1 ¡· 

,, 
,1 

F ::: 1 . O 

SUMJ\ = O. O 

END 
r: 

• 1 

so 



La altura del nivel freático, en el programa 

prin~ipal se calcula corno: 

H(I,J) = HO + HI(C,U) 

9,2, Subprogramas SUBROUTINE 
1 

Los subprogramas FUNCTION pueden tener muchos 

argumentos, pero siempre un resultado explicito. En el e~ 

so de que se desee más de un resultado, se puede usar el 

subprograma SUBROUTINE que tiene la forma: 

proposiciones 

RETURN 

END 

La proposici6n RETURN debe ser la última de las 

proposiciones ejecutadas y regresa al programa principal 

que lo llama; END debe ser ffsicamente la última proposi

ción en el subprograma. 

Como en el subprograma FUNCTION, el subprograma 

SUBROUTINE es un programa separado del principal y, por lo 

tanto todos los nombres de las variables son locales, es-

--.- - - : 1 51 -. ' ...... -
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, f~H 
#''; 

tado, pe·ro implíc:i tamente se 
n ü t' ~~ ~'- Ji '~\~~;-~· ~~;1 r~ - ' 

¡t;ue'd'en. obté,.liH~·f' tantos resul-

tados como se 

o Z = X+Y 

W = X-Y 

( 

··íJ"..r:.~ ~l;.t., .... ,- -~ ~ 
~ 'e ..,.J ..... 1i ~I-.. l ~~~ 'tt' ~ (';]7 '2'-? :J. '"t\ 

; f tr'>rr L·;,,~Eñ,~:::e t: fpr,o gr_ó111})~·J P:.tA~;c~ p,a~1 ,,,,P,~,-r:--~ _0~p~~i fi ca r, 1 as 
_ ......... l.-ly .. ->r;d, 1¿Ú ;¡{0,f W~j (>,~ e ¿"·t?;,.-Ú·~JC,)-:¡J'~'-1~· 

-- - ~ - . - ~' ~ o "' - """'"'- ' "-" ) l. t:r1 

variables implicadas,. se us.- la p'ropost~-Lón CALL," que tf~ 
~ c<01~rt..b,l'I;.Jf(} ... ]rf\rt!J.j;- ~''""'¡~ ?'J 11 ,)Dt)11,n~'\ -, ~ ~ .!o~!J u::--~--'4,.¿,-; 

, 
L\ ~~~~r;Sl 

· ; :.... r• ··¡ '1· :\·~( ~ ..,,;;.,. .. ~··'t- · 

én dond'e nombre es elnombre'de Lt'·s~úb'rutina y a1 , a 2 " a3 

o • o o., sbff'c l_~ós~ ar~gument'bsQ.s}~, l:B:~ s~brutJn.~?--. 
" '-.1) - ..... -~,t ~·{j~'-'Lec_,_.~-:""(,e:~v·,. 

SL er¡¡. .~na subrutina se usitm. :2lt1cegh~>!. 
'1 ,, 



rio especificar la dimensi6n de cada uno de ellos; obvia· 

mente la dimensión de cada arreglo debe ser congruente 

con la dimensión de los arreglos del programa principal. 

En el siguiente ejemplo se muestra una subruti· 

na que hac~ la suma de dos matrices: 

SUBROUTINE SUMA (A,B,C) 

DIMENSION A(10,10), B(10 1 10), C(10,10) 

DO 10 1 a 1,10 

0010J=1,10 

10 C(I ,J) u A(I ,J) + B(I ,J) 

RETURN 

END 

Un programa es más eficiente .si necesita menor 

tiempo de computadora para su ejecución y menor cantidad 

de memoria. Si en un programa uno o varios arreglos van a 

ser comunes o uno o varios subprogramas, no tiene objeto 

reservar memoria en cad~ subprograma para cada uno de lo~ 

arreglos; es mejor reservar un área de memoria común par~ 

todos los subprogramas. 

Esto se hace a través je la proposición COl\tMON, 

que tiene la forma: 

en la que v. representa ya sea un arreglo o una variable. 
1 
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~2 '~ ~i 
....... ._ ... -· ~ •• 4 

'i '•j < i, 
_..,. .1' - ..,...._, '"-=" 

Así por ejemplo: 

COM~iON A, B, N:, l~I· 

_, 
• 1 ' ~ 

en es te caso A, B, N :represent.f!no71~f.¡tieg_1os y ·NJ una varia-
¿'' ' ~''.~iL~-~~r~:__,- u ~ 

~b¡le. ~ -< .. ~ '~~·- ~'; ~-~ " rt• ,1 -. J 
"J u '· o,..,..,: 

Ya qti\~-~_¡~se r,es~erva un área ·::omún de memoria, es 
-- ,_ :l ~:-

necesario que en el programa principal y en cada s~tlfp.ro,-

grama, al definir la propps ición Cüi'!i~!ON-.,se_ tenga el mismo 
·.e~ 1~ 0 ... :..,·~ if ü ~r:lur:;Q.l!/ 'Í\.',:.,.,,_ 1-..J· ~ ,,/ ~,~t _J 

orden en las variables comunes, definidas;· de otra forma 
, , 1}~1 ?2~) .. 1 ~~e,. ¿,>i') ~-} ,¡ ·:..~ • .)~~; ~Ü· ~: ~ •• ~~r~P ~· . ., .. 

·~· ' ' !-: -:B 

" ' 
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10.· E J E M P LO S 

\OG1. Programa para calcular las características de un 
filtro de arena 

El espe$or requerido para un filtro de arena es 

tA dado por la ecuación: 

donde: 

H • 

donde: 

1 
N 
t Pi 

i = 1n -i-;5~'""~/~3 

ER • espesor requerido (cm) 

CB • constante de espesor 

Ver • viscosidad cinemática a T°C 

VClO - vis~osidad cinem~tica a 10°C 

Pi • fracción de partículas de cada diámetr~ 

(1) 

Di • diámetro medio de las mallas en donde se re 

tuvo la fracci6n Pi (cm). 

La pérdida de carga está dada por la ecuación: 

4 u; 

g•C . p 

H • pérdida de carga (cm) 

YO - velocidad de operación (.cm/seg) 

(2) 

SS 

o 

o 

o 



·o 

o 

0-

donde: 

F f - f.a1~:tpr;~,"d.e_n.forma; { 

, '-'Sa': i';· c.p.~fi-_c:i ~n,te ·deq íar~ras t:T:e 

·d.: -~g!,i} í ~~F~t-'~rici,~hv -d.e 0111 gra ve?ad 

_.e ;-coeficiente1de~porosidad 
!!.· 1 p J!/li]it'I~J.Il J!-·• ..... J.. ! ''-• ,1 .. -

Ee - espesor expandido (cm) 

0.22 

V~ - velocidad de lavado (cm/seg) 

( 3) 

v5i- velocidad·de sedim~4~aci6n en la capa i 

(cm/seg). 

C' 

Las partes principales del programa que calcula 

estas características sron ~ -

1) Leer la infor~aci6n necesaria. 

2) Calcular el espesor requerido. 

a) Ca.l.cul ar la viscosid-ad cinemática 

(VC) • 

b) Calcular el espesor requerirle usando 

la ecuación ( 1) . 

3) Calcular la perdida de carga 1 

'l (CA). 

': 



b) Calcular la pérdida de carga usando 

la ecuación (2). 

4) Calcular el espesor expandido. 

a) Calcular la velocidad de sedimenta· 

ción (VS), llamando a la subrutina 

VELSED. 

b) Calcular cada términ~ de la sumato~ 

ria de la ecuación (3). 

e) Calcular el espesor expandido usando 

la ecuación (3). 
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11.- roPrcos AvAt-hA.nos.,. nÉ PRoGRitM.AeroRI " 

11 .1. Aplicaciones de programación lineai. 

'' \. 

En un centro de ~6mputo no s6lo ~e tiene com 
~ 

~· (.' -~ ,:.. '; <._\_ )( 

pilador r:o1~TR,A'W/ 0o compiladorest"para otros lenguajes. S·é 

tiene también un gran número de programB.s de biblioteca 

aná111rs1i's·~ ·es{~dts t i'c'cí's ,':~ res;o rver;.~~¡,r~b'ie.~{~l's~c a'~ ·~:~c!'1mtr~ a~I6~;-~-; 1 

, ,.,~,;), ·~r_;~,,~-,~~J.~" .~-, 1 _,-,[~: í;í¡j>.,\l'\ ':-:0~ ~1;~'~:/F":-:'t'~(t~(J·Í~ ~!J.'~L~:_:~ _t<~),%(_:?~ 
calcular o resolver func1ones y problemas matemat1cos com 

~~~~ ..... 

piejos, etc., etc. 1• 

s ario conocer 'e 1 a'lgori trno que da la s.oluci óa, o la te o-

' ' 

,. · .. ?''_:0,~~ )'[!•'<::! ~~ ;~'{1/-!~dn',~:~·~ •, ;)~·J~:Jt ... -~tL"{ "/.J)~:., 1fri 1\'¡,IJ ¿~':~-.:~-\:) 
p1rogramas de b1bl1oeeca para la solucnm de proolemas de 

Un problema de prorrramación lineal consiste en 
-,,·.·"'~ ... ·;-; ~~ t~~~at1 ~!}V o· .... ~~:~.~.{'¡·)/; 

encontrar· 'tds'' tvalores de las· variables . x1 ~ x2 ) x3 . "'" Xn 

tales 'i{~~~,~f~"i~~izan la funcÍÓn ~b·jetivf;~ _,·,de:;··.'< ;,~~-~:' 

... ) · ... -.:~~ t :.r· ~ ~·~ 
donde C • :SOn C~ nstantes; SUJeta a, las 

J 



a11x1 + a12x2 + •••• a, X = b1 n n 

. . . 

x. > o 
1 -

i = 1 ,2. . . n 

El método usado para su solución es el algoritmo 

Simplex. El estudiar este algoritmo está fuera de los ob-

jetivos de este curso; sin embargo, se analizarán algunos 

problemas resueltos con ayuda de la computadora. 

a) Sati~facer la demanda de agua de una población al costo 
minimo 

Kuwait, un país pequefio en el océano Indico, 

tiene como fuentes de abastecimiento de agua, el océano, 

un poco de agua1solobre y agua de pozos. En la siguiente 

tabla se muestran estos recursos y su costo. 

Agua dulce 

Agua solobre 

Agua de mar 

Agua tratada 

CJ\NT I Di\,, 

10 MGJ 

30 11 

sin límite 

80% de les 
cesidades 
nic:ipales 

- ~'' ... 

COSTO ($) 

0.15/1000 

0.42/1000 

1.0/1000 

ne o. 30/1000 
mu-

' -

o 

o 

o 



o_ 

o 

o 
'•' 

donde: 

La demanda de agua de Kuwai t es: 

riego 

municipal 

70 :'-·IGD 

80 i\IGD 

En este caso la fun~i6n objetivo a minimiz~r se 

z = o.1sx1 + o.4zx2 + 1 .0~3 + O. 30X4 

Sujeta a las restricciones: 

xl < 10.0 -
- Xz < 30 •. o -

X .. -
.:J 

< 64.0 

x, + Xz +.X3 + x4 = 150.0 

x4 < 70. o 

x, - cantidad de agua dulce 

Xz - cantidad d~ agua solobre 
1 

x3 - cantidad, de agua· de mar 

x4 - cantidad de· agu~! tra-tada 

Generalmente a la COJí¡put adora se le da este ti· 
i,l r ' 

po de informaci6n, usando renglori~~ y columnas: 

.. \ -- -



o 

o 

o 



o 

o 

o 

. '-
COL1 COL2 COL3 COL4 REST 

RitiN3 
1 

REN4 , 1 ;o ' ',_, '"1 , O'' . " < 1 so • o 

,;.. " . 
-RENS 

En las siguientes hojas se muestran los resulta 

dos obtenidos usando el programa de biblioteca ALPS-1, de 

la Compañía Burroughs. 

La solución del problema es: x1 "" 10; x2 -- :"O; 

x
3 

= 46; x4 = 64. 

\ 



b) Diseño óptimo de redes de distribución 

Uno de los métodos más bonitos para el diseño 

de redes de distribuci6n, es el desarrollado por Karmelli 

et a1( 2). Este método transforma el problema de diseño de 

una red, en un problema de programación lineal. 

Las siguientes hojas son copias del Capitulo 3 

del trabajo desarrollado por Cuevas( 3), en donde se utili 

za el m6todo de Karmelli. 
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Estos resultados se pueden comparar con los obteni· 

dos usando programación lineal; en todos los casos el uso de 

programación lineal permite hacer un diseño más económico. 

3 e 3. APLICACION DR PROGRAMACION LINEAL 

· 3.3.1. ~escripción del método 

Este método tiene dos partes principales: 

1) Transformación y representación del proble

ma de diseño de una red, en un problema de programaci6n li-

neal. 

2) Solución del problema de programaci6n li-

neal. 

Para la solución de un problema de programación li

neal, se dispone de métodos bien establecidos (método Sim

plex, Simplex modificado, etc.). 

Esta segunda parte del método ,no será discutida en 

este trabajo. 

\ 

1) Transformación y rcpresentaci,5n del problema de diseño de 
una red, en un problema de pr:.>gramación lineal 

1 

Considere W1a red con las características. dadas en 

(;, la primera parte de este capítulo. Suponga que para cada se~ 
•, 

ción de la Tedb se tienen ND1 tubos de dlithnet-ro :liíeTente; 
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estos se pueden representar por la matriz D. ·p donde para lJ 
la sección i se tienen j = 1, 2, ..• NDi diámetros diferen

tes disponibles. 

Asociado a cada diámetro Dij se tiene el costo 

a1muml por unid<ll.d de longitud del tub© O'lilf'f~spondiente 9 c .. ; - lJ 
d®finido por la ecuaci6n (3.5). 

El costo wnual de operación del ~i~~ema~ por metro 

de mgum de presión~ es: 

donde: 

C ~ Q · t · CE 
2 70 .O • E 

Q - descarga total del sistema (m3/h) 

t - tiempo anual de riego (h) 

CE - costo de la energía (H.P. - h) 

E - eficiencia de la bomba 

, Los dia:metros selec~Cion~:tdos y la presión de la bom-

NS ND. 
1 

z = ¿ 1: e .. X •• + c.J?
0 (3 .. 20) lJ 1] 

i""1 j =1 

c .. ~ co~to 2nual por unidad.de longitud del tubo 
1) 

cuyo di~~~~ro es j, para la sección i. 

x .. "'longitud del tubo 1cuyo.diái!!llretro e~ j, J?'~'ít'ü:l 
1J 
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NS - p6rnero de sectiones de la red. 
·: ,: ~~ ~ ;, 1;~ 1}: 

C - costo anual de operación,' definido por la 
·'' 

ecuación (3 .19,)':- ·· .. : 

·P0- presión de la bomha. 

Para cada sección la-suma de las: longitudes x .. , de 

:5-r i-ó5.' d'i·ám'etrosJ ·s~·i'e.cc.i onados~, <f~h;"';er; i·:~~~'i .a~ s'~; longi ;~d, 

~~~ 1 ,· <· (>, 

\1, (, c-.)- o x~ .!.-

() 1 • 

V '.- \,• ~ 

ND. 
1 

E x .. 
l.J. 

. 1 ' <. ••. 

J=:"_·· ..... 

= L. 
1 
,~ 

.-, ¿":J., 

! ·" 

i = 1 , 2·,. • • NS 

rú'K?~;/fl-·~~~,, ~ ~ .~·¡>¡-, .. : , .... 'J • • ,, rl ~ ~¡,. , , ... , ¡11¡ 

... El' fluj,o.'<en>· cada secciÓn~ és conoc'ido, . as.i q,ue e 1 

"gra~rientc",'de ~é~Ji"cia
1

de p6te~:¿1ar ~a.ri' c~da'diámet·ro. dlg.pon!_ 
1 ' <., ~· -.,. ,¡:.- ~ ;" ,, , - r • , ._ 1 • \\ ¡ ' ') ~~"1 ' f(';' f'-"t> r'~ ~;\ ~ • - , 1 ~ ...-

. bl'e,. us'ando·"la" ectüición de· H:aztúi-l\Tilliáms es: 
.("\_ ,( ~~ ~ .,_ 1 , A _ 1, l : ~ l• <?/ ¿ ,:r ~ ~'_/ ~ ',;• 1 ..,· •: 1 j 1 • ~ ', 

1 

J{j'~r.'i31' X 1o 9 " 1 '2t~'"'I·~~~ ¡-D .• 4.872 
' lJ ó'.;, ·, lJ 

(3.2~) 

·: 

. J. . 
lJ 

- lTrac.Hcn·fe de 11é\:._r¡ :i:á ~Íb :p· ci.t'crici al 
C> • • 

(m/m) • 

.·!. Qi iúd:o.\~n:·· ia· ·s~·tcr6ri-~·.-·;~:i·,' ·c'ni·~/h) 
''-· l 

'.... ~ 

D .. - diáme.tró disponible.· j' (nu:n). 
1} ' ,, ' 

il'z:~.···~:·co:e-fl'cierité' de.Ha~'i'~ri:.~wiliia~-s ·p'.at·a el diámc
. 1] 

tro D .. 
lJ 

1 - ~- -
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La pérdida total de potencial para cada sección es· 

tá dada por: 

ND. 
l. 

J .. 9 x .. 
:n. J l. J (3.23) 

i "" ~ ~ Z,. • • NS 

En 3lgunos nodos de la red ~1 potenci~l debe ser ma 

yor o i~ual que un potencial rnínixr¡o; est~ res;triceión se ex~ 

p~esa por la ecuaci6n: 

donde: 

NDt 

Ho -.I: ¿ 

i j=í 
(3.24) 

H0 - potencial de la bomba (presión más elevación) 

1 ~ di fe rentes serc:ciones que conectan ~1 fiodo k, 

/con el nodo donde se enduelfll.tra la bmrba 

J ,.¡ :. ~ , gi'J.,.!i ®!ll te de pérdidat de ·p(llt~nci 3:.1, p.\Ta e 1 d iá 
;t,vJI 

metro disponible j~ correspondieThte a la sec-

ción t. 

diente a la sección t. 

H = potencial m1nimo requerid~ en el ~odo k. !ímin 
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don,de.:-. 
-.tPt·J o\ 'l,_ .._,... ~ -

Jt 1 ~ 

ND 
' 11. 

P
0 

- presión de la b o:mba 

E
0 

, -. elevacióp de la bomb:a 

La ecuaci6n (3. 24) se puede 
,, 

E E J R. • ,J . XJl, • ,J Po < Eo HKmin 
j=1 

,, 
~ ' • ~ 1 

L~ 6ltima restricci6n es: 

(3.25) 

-1- ·--
"~ '" 

escribir 
: \1, 

entonces, como: 

i -

(3.2~) 
' 

. ;;; -.~e'-<-, E.?- r~es:~m_en, el cV_?e_ñ~- ,d~,_ --~~'~" __ r~d usando -~-s~t-~} método 

~ons iste en encontrar los val.~·X:.~~"- -?-~r x-ij Y., ~O _que_, -~~nim,r~.~-~~-~:i< 1 

la funci6n: 
J 
' 

NS: 

z = I: 

i= 1 j = 1 

' 
_... > /' ' 

.- ...... ~ _.._ "-· ' .,..~ ' 
<i ~ 

e. . . x .. + e . P0 lJ 1 J 

~ > ~ ' ' ' 
- , ~ • :! .. v¡ ¡ ~. 

Sujeta a las restricciones: 

' •• '~ 1 i 1 -~ t. ' '.). 

,._:: •"" 

- • "~'' 1 
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ND. 
1 

E 

j=1 

x .. = ·L. 1J ]. 

i - i 9 2 ~ " • o NS 

J ,1 • • X n · ~ l? n < E0 = Hv · 
k J J k ~ J v - ~iíil i! 

)L. > 0 lJ i ~ 1 )) Z ~ • • • NS 

ND. 
1 

(3.28) 

Este conjunto de ecuaciones representa un problema 

de programación lineal; una función objetivo a minimizar, su ,.... 

jeta a un conjunto de restricciones. 

Para ilustrar la fon~a de las ecuaciones (3.28), co~ 

sidere la red 1imple mostrada en la Figura 3"3. 

Usando la ecuación (:S .19), el costo anual d·2i opera .. 

e __ 420.0 X 2500.0 X 0.20 __ 
$864.20 Jli~ex. 2 70.0 X 0. 9 

L. a función objetivo a min.imi za1r es: 

z = c,l xn -lo e ~12 ~ c21 xz, 4- Czz xzz 1 2 
1 

-{!- cs:z xsz 4 864. zo X P0 
' 

~· 

(3.l9) 

..¡p o o o 

[:V .. .J;~) 

o 

o 

o 
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• _¡¡ 

donde.Cij son los costos anuales por unidad de longitud, pa• 

ra cada uno de los diámetros disp.~nibles asr 

c21 = 99.00 x 0.14 •$1<'L68 mex. 

•7"" -~ .... ~ 

'Las' restricciones sen: 

' '1 ~ ~·,. ,. ~l •• ,j, ~. 'ft;: '._:: 
-- "'~=-- .-..:...::::-~;.... .... ~::.-llo,,.!1 -.::.."' •"'· ~ ..... -

•.,¡: (~ ',' 

''t ' ' ,. .t_; 

<' ~ . '"'""' ·~\ V ., ~;., . 
., ·. . (, ~-. f.) () 

~-"'"" ·---. 

.:--,~ ::::. (· .... ,-~ .-
·' 

.y 

'¡. ~ 

'' :: :.:.--· -_,t...,-
"""'·,-.;

'" 

( •, i--: 
~¡·-----·· ... --··-- ( 

~~~- ;_ r :"' ., 

,l..;-

• ~L· :;_"":...,.:;.~"'"~~. 6!•-~· ;.~ -'-:. .. ~ .... 

~~,~-·; .. i_ ~.i~::·,:(·; 

'"' 

" 

~-
~-~ 

1 
""r~. 

l (; )81-~ 
' : -- - 1 

..... "); f't -~ \ 
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14 
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@ 
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1 o ¡ 

' 1 

SECCION !LONGITUD l FLUJO DIAMETROS DIS-1 COSTO !Grodrente de ~rdido ['\ 
\" 

1 

2 

3 

4 

f 

5 

N O O O 

3 
4 
5 
6 

(m. l {m!/ hr. ) PONIB LES {mm.) 

1 300.0 
600. o 420. o 

250.0 

1 

200.0 
800.0 240.0 

150.0 
1 200.0 

1 
360.0 120.~ - 150.0 

' 
1 ' 200.0 1 

1 

900.0 '80. o ' 1 

1 
1 50.0 

1 . 200.0 
. 1800'. o 80.0 1 

1 
1 

i 1 lt50.0 

"' 

($Mexm-..) 

172.60 

133.30 

99.00 

70.1 o 
99.00 

70. !O 

99.00 

70.10 

' 
99.00 

1 

j 70. 1 o 

!depotencial (m/ m) 

o. o 07 

o. o 1 1 

o. o 1 7 

o. o 1 1 

o. 00 5 

o. o 2 o 
0.0 1 o 

0.04 2 

1 o. o o 2. 
1 

1 o. 009 

¡ 
! 

,, ,. 

~ 
~ 

lo 
i 
t· 
~ 

~ 
~ 
" 

i 
~ 
~ 
! 

~.~ 
Elev1,1ciÓn de lo bombo. t nodo 1 l : .240 CM. ~ 
Des~orga de la bomba : 420.0 m31 hr. 1 

1 POTENCIAL MINIMO " /1 

REQUERIDO C m. ) 

274. o Ettciencio de lo bombo : o. 90 · 

Tt empo anuo! da riego: 2500.0 ~r. ; 
Costo delo energ(a', (por H.P.-hr.): 0.20$~riDt ~ 

~ 

~ 

270. o 
287. o 
311. o 

' 
fig. 3.3: RED DE DISTRIBUCION SI,MPLE 

lo 
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Donde el gradiente de pé'rdida dé poi·~ncial parra ca· 

da,diámetro es dado en la Figura .3.3;:.__,así K21. =, 0.017,_y de 

la misma forma", para losr demás diám~trós·. 
""" ,,-\ 

Se puede ver que aún en el caso de redes simples, 

el 1rnúmero de vari~b les y ec!-laciones ·t-iende a ser grande, lo 

que si~ifica más tiempo y :memcrrfa de' c·onuputmdo'ffac 
. '•\. 

' ,, ~· 

<En algunós- cmsos' es posÜHe reduci:r el número de 
• J 

' ". 
ec:uacioneso Considere la Figura 3.4 11 que muestra el mínimo 

potenci'al requerido en l,!na prn rte de 1¿ .. red mostrada éi la Fi 
i-... :: ..... 

gura- 3 ~ 3. , 

Ya que el grj!'diente ·de pérdid~ de potencial ~decrece 

en ·1 a dirección del flujo, se puede v~r. que si e 1 potenci.al 
-?-~-~ 

minimo_ ·en el nodo 6 se satisface, c_l póten~ial__ mínimo en el 

nodo····s ·también' se satis(ace •. Entonces lá ecuación corl"espon .. 
':: :.. ' < ~~ 
~ ~~ 

diente a ,esta restricción se puede eliminar. ,, 
·~ .... 

'-j f 

' El programa que se discutirá a ciOntin~ación,.,._;tiene 

doS~ pasos~ principales; en el primé ro¡¡ el prob-lema de (f:i.seño 
- 1,. 

de ~na :red es transformado en un problema de progr~ación li 
ne.mlo' Las ecuaciones correspondientes son esc1ritas em un aT!" .. 

chivo temporal, en la. forma req'uel'ida ¡;or e 1 programa~ de b i .. 

blioteca MPS/360 (Mathematical Programing System). 

En ·ei: segundu ¡>aso, lm ccimputado·ra resuelve el pt'o· 
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x11+ x12 
= 6,() 

xz ,.~. x22 = 800 

x31 +x32 = 36_!)· 

x41+ x42 = 900 

= 1800 x51 +x52 
J 11 x·11 +J 12 x12+3 21 xz1+Jz2 xzz -P < -42 o -
3 11 x11+312 x12+321 x21+J22 xzz+J 31 x31+J32 x32 -P < -40 o -311 x11+J12 x12 J 41 x41+J42 x42 ·P < -39 o -
J 11 x11+312 x12 3 41 x41+J42 x4z+J s1 x51+J52 x52 -P -< -44 o 

y x .. > o 
lJ i=l,Z, ••. s (3.31) 

j = 1 p 2" 
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blema de_programación lineal usando el programa MPS. _ 

En consecuenc~a, el.programa· que. sé dis~utirá puede 

ser usado sólo en.sistemas que tengan el prog~ama de biblio· 

t~ca MPS de I.B.M. 

Es út i-1 des crib i1t brevemente la ':fo:rmí!ll de d~1t la in· 

formación necesaTia al programa ~FfPS. _' 

Suponga que el proble~a por resolvew es el mostrmdo 
"·-- 1 

por las ecuaciones (3,30) y (3.31)o La fmrmade indicarle' al 

-prcog-r--ama-qué-variables son des~conot:idas y J;us-.:'t'esp~(:';tivos J . - ' - . . ' 
coeficientes, ~s por column~s y renglones:· 

...... -.. :.."", .-_.=-~--~~·-· - , .... 
>~:;"~~-~ .:~·.~} l'~ - ... 
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'' 
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Entonces la column& 4 (4 COL), representará la va-

:riable x 22 ; su coeficiente en la función objetivo E'S c22 , en 

el rengl6n 2 (2 REN) es 1.0 y en los renglones 6 y 7 (6 REN 

y 7 REN) es J 22 , 

de equivalencia de ~ada renglón. La función objetivo tiene 

la letra N; la letra E es usada en el caso je igualdad; y 

L si es iüenor o igual. 

Para el ejemplo que se está cvnsiderando: 

N COSTOS 

E 1 RE:J' 

E 2 REN 

E 4 REK 
p .e; S REN 

L 
IJ 
6 REN 

L 7 REN 

L 8 REN 

L 9 REN 

A continuación se dan los· coeficientes de lr:1s va:ria. 

b les des conocidas v para cada columna y ,' ada renglón: 

o 

o 

o 



1 COL COSTOS c11 

' .1 CQL ·1 R_EN '• 1 :.o' .. 
' 1 COL 6 REN Jn 
] COL . 7 REN .·, J 11 , . 

1 COL 8 ~EN J,. 
' '~ 1• ... _ /r· COL 9 REN Jn __ .---~/ 

'' ¡·_, ' - ~- ' 

2 GOL COSTQS e ... , 1 2 

2 COL 6 REN J12 

2 í;OL' 7 REN ,. .J12 

-----::.: :·: --.~;-. ~~~·:':-::' 

' 

o 11 COL 9 REN -LO 

Si el coeficiente ~s igual a cero, no es necesario· 

es crib i riÓ. 
~;:~ _(_'·~· - :~-

ecuación son escritas, éstas corresponden a la columna REST,:._ 
' - ,.- ' 

; 
',r, 

REST 1 REN' 600.0 
' 

REST 2 REN 800.0 

uo ... --- ---------- -=----- ...... _, .......... .:.-----
1 

'• l 
REST 9 REN ~44.0 

\ 
( 

A 1 a s ali~a el programa da e 1 1{~i.po de solución ob te 
11 

i 
nida (óptima, no lactible); el valor de )l¡a función objetivo~ 

O .·. ,_ ,/ ,·· .) \ 
,'; •' .. - <" -· - ~.r"' ,.. 1 1 

- '¡' 
? 

'i 
100 

' \ 

~-~-~-_, ______ :.~2-.-.J.~~'•'·----~-·-·--- .... ...._,L_. __ _,__._' ______ • ......., ________ .-:....,._·._· _ .... , _____ ..._.__,]..._ _____ --•• • -- •• • -· •- ••• 

, 

-- ·-- ~-



-' 

y el valor de las variables desconocidas usando la notación 

de columnas. 

Las partes principales del programa son: 

1) Calcular el coeficiente de cada una de las 

Vt-!l!'iablzs desconocidas. 

2) Eliminar l3s restricciones 'edundantes. 

3) Generar un código para la ínt~rpretación de 

los res~ltados del programa MPS. 

4) Escribir la informgció~ nece~aria para el 

programa MPS, en un archivo temporal. 

1) Calcular el coeficiente de cada una ~e las variables des
conocidas 

a) Leer el número total de nodos (ND)* y secciones 

(NS) de la red; el n6mero de nodos donde se tjene la restric 

ción de satisfacer un potencial 4 mínimo (NR)~ 

El nodo de referencia(NDR) es el nodo {l.onde se 

encuentra la b<Dmba. ,.; 

b) Para cada secci6n de la red~ leer los nodos que 

la conectan (Nl (I)), N2 (I)); el número de diámet1·os diferen-

tes disponibles (NDIS(I)). 

Leer cada diámetro disponible (D( I 9 J)} ; ~u coe fi 

* El símbolo ~entro del paréntesis, representa e1 nombR~ de 
la variable-, en el pro gliam.a. 

~o 

o 

·O 



o 
ciente de Hazen-1'lill¡ams (HZ(I,.J)); su costo por unidad de 

longitud (C( ~ ,J)). 

Leer la lougltud de la sección (AL(I)); y su f1u 

cada secciÓYl. (GR(T,.J)). 

d) Leer ~1 nodo (~I(I)) y J~ mínimo ~ntencia! rcqu~ 

r id o ( (-1 ( n ) ' 
.e) Leer el factor de recuperación del capital (CRF); 

la ,_1escarga de la bomba (QB); su eficiencia (EB); el costo 

e~ d'c la energía (CE); tiempo anual de riego (T); elevaci6Jí de 
"' 

1 a bomba (ELEVB) • 

f) Calcular el costo de opeTaci6n ?e la bomba, defi 

nido por la ecuación {3. i9) y (~:dlJ), 

2) Eliminar las restricciones redundantes 

Para cada ~no de 1os ~oJos donde se tiene la res-

t~d.cción de satisfacer un potr:n.::ial mínimo: 

la!:. secciones¡ nodos c¡uc ccnecta!l el nodo en cora.siJ..;.:>-racio;1~ 

con el nodo de referencia (fM(I) 

b) Se campar t el minimo pQtencial req~eridp.en 

e 
10i 



nodos del vector JM(I); si este último es menor que el prim~ 

ro, se elimina la restricción (HRES(I) = O. ) . 

3) Generar un c6digo para la interpretaci6n de los resulta• 
dos del programa NPS. 

a) A cada diámetro disponible de cada sección, se 

le asocia un número de columna. 

Se imprime esta información. 

4) Escribir la informaiión necesaria para el programa MPS, 
en un archivo temporal 

a) Escribir la información necesaria para iniciar 

el programa (nombre del prqgrama, definición de la función 

objetivo, las restricciones, minimiz~r la ~unción objetivo, 

solución primitiva) . 

b) Escribir el signo de equivalencia de cada ren~ 

glón; primero el correspondiente a· la función obj~tivo, N; 

despufis los correspondientes a igualdad~ E; y después los 

correspondientes a des i g'x9.l dad, L. 

e) Para cada columna escribir el coeficiente corres 

pendiente ,a la ·función objetivo y a cada renglón. Si el coe• 

ficiente es igual a cero, no se escri~e 

d) Escribir los coeficientes de la columna corres· 

pondiente 1a· la presión de la bomba¡. 
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o 
tricciones: 

reng16n con el signo de -¡ R.Ualdad, 

la longitud Jc la secc~6n corresucnJ¡ente, ES escrita. 

el renglón corre!;,. rnm•.l ie ntc, 

Sub rutina ICSYN 

Esta :::uh.rutina permite encontrar las secciones y n2_ 

Ü des que conectan eJ nodo cün restr:cdón u~ potencia ~~J-Tí.'lT;o, 

dado en el programa principals con el n~do de refc~encia 

(NUR). 

Las secciones son a:~macen:)u.::~s en el vector H!(I) y 

l d J -fc-"1 os no os en r~~ 1 1 , 

El nlg~ritrno usado es el siguiente: comenz~PUO con 

de secciones que est~n co~~rtndds a ~1, usando la Ra:rjz 

es el nodo de re~erencia, regresa al prt ~rame princip~l. dB 

otra fon.:.i S\:· titm.en dos pc-sibilid.c:.:.des:. 

o a) El nodo ti~ne rnfis 

a él, entonces lSCoge una~~ ~stas 



algoritmo. 

b) El nodo tiene sólo una sección conectada a 

. él, lo que significa que no hay más nodos a donde saltar; e!!. 

to~ces regresa al último nodo anterior, esc~ge otra sección 

el algoTitmo. 

P~ede suceder que la cmnputadora, después de busca!" 

por todos los caminos posibles el nodo de referencia, no lo 

encuentre y regresa al nodo inicial; en este caso imprime un 

mensaje diciendo que existe un et"ro:r en la topologi:a de la 

red. 

3.3.3o E 5 e m_p 1 o S 

1) Diseño de ~na red simple 

La Tabla 3.10 muestra el diseño óptimo obtenido 

usando programación lineal, para la re~ mostrada e~ la Figu· 

ra 3. 3. 

2) Comparación con el método ICE 

La Tabla 3.11 muestra e¡ dis.z·ño obtenido para la 

red most~ada ~n la Figura 3.2. 

Bn este case, sl número de variables por determinar 

fue de 24, en :asos cerno ~ste, la disponibilic3d d~ un~ ~om• 

105 
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TABLA 3.~0. piSE~O OPTIMO USANDO PROGRAMACION LINEAL PARA 
L~ RED MOSTRADA EN,LA FIGURA 3.3. 

DIAMETRO LONGITUD-
SECCION' LONGITUD FLUJO SELECCIONADO SELECCIO 

. (m) (m3/h) 1, ·. (mm) NÁDA (ínf 
) ·' 

300o0 600.0 
1 600.00 420.0 

250.0 ' 

1 , 

1 
1 

.. ¡ r -----, 
:wo oÜ ... 66.47 l 

1 

1 ¡ 
¡ 

1 
1 
1 
1 

1 

2 800. O, 240 .o 
' 

·3 360.0 120.0 -
' 

-~-· 

' 
.. L 

' ' 4 i :- goo·.o · 180.0 
¡ 

! 

·s .1800 ;O 80 .o-

TIEMPO ANUAL DE RIEGO: 2500.0 h 

EFICIENCIA DE,LA BOMBA: 0.90. 

1 so .o 

200.0 
> 

i ' 

l. so .o 
'-

" 

. .200.0 

150.0 
-

4 200.0 

,150'.0 -

COSTO DE LA ENERGIA (POR H. P. -HORA) : O·. 20 $MEX. 

- . FACTOR D~ RECbPERAC ION DEL CAPIT JÜ,: O .-136 
PRES ION EN LA :-BOMBA: 9 5 • 46 m. 
COSTO TO'FAL ANUAL DE LOS TUBOS~ 617 3 7 .Ji7 $Ml!DL 

COSTO ANUAL Dp OÍ?ERACION: 82496.5.3 $MEX. 

COSTO TOTAL A~UAL: 144234.50 $MEX. 

733.Sl ' 

i 
¡ 
1 

360.0 
! 
¡ 
, 

90Q.O ¡ 

1 

i 
- 1 

1 1 

1800.0 1 
' ' 

EL FACTOR CRB'SE CALCULO SUPONIENDO 
UN INTERES DE 14\ Y UNA VIDA DE 30 
AFlOS. . 
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putadora es necesaria. 

Comparando este disefio con el obtenido usando el mé 

todo ICET (se~ción 3.2.4), se puede ver que la presi6n de la 

bomba 1 usando el método de programación lineal 9 es de 1.14 m 

;:~ayor; lo que da un ~:nJl'mento en el costo df' operación de 

$w214.85. Sin embargop este método selecciona, en un mayoT 

número de secci(mes de la redp combinaciones de tubo de diá .. 

mett'os diferentes, lo que da un ai1o;rco de $7696.47 en el cos 

to total ,de los tubos. 

En consecuencia, el uso de programaci6n lineal da 

un diseño con.un ahorro, en el costo total del sistema de 

$6 58 2 o 00 ~· 

-.Las Tablas 3.12 y 3.13, ~muestran el diseño obtenido 

para la Ded mostrada en la Figura 3.1 J usan~o prograrnaci6n 

line~l, para diferentes costos de la energía. 

·Comparando este diseño con ~1 obtenido usando el mé 

todo ICEr (sección 3.2.4)~ se puede ver que la presión en la 

lbornba es un poco mayor en todos los casos, pero qce el costo 

total anual es simnpre menor. Sin embargo, esta diferencia 

Li.OJ es may¡or d~l S% del costo total, la cual puede ser consi· 

de:;tada p~queña; así que se puede .decir.' que el diseño obtewi

dc) usandQ el.111étodo ICET, se encttentra muy cerca del ópti:Nao 

económic~. De cualquieT forma, e~ mejor usar el método de 

programac;;ión lineal, ya que el diseño obtenido es siempre el 

óptimo econ6mJCOo 
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PREDICTION AND ASSESSMENT OF 

IMPACTS ON THE NOISE ENVlRONMENT 

by 

L. W. Canter* 

I. lntroduction 

A. Examples of projects causing noise impacts 

l. Construction of power planta, highways. airports and 

pipelines. 

2. Operation of airports, highways and compressor stations. 

a. Basic steps in prediction and assessment of noise impacts 

l. Identify the noise levels for the alternatives for 

a project need during both construction and operational 

phases. This may involve a literature review, analy~is 

of other EIS's on similar types of alternatives, or ficld 

• measurements at existing installations of similar types. 

2. Determine the existing noise levels for the projecl 

area. May involve field measurements or determination 

of land uses in the area. Note any unique noise sources 

in the area, or any unique places where noise levels 

must be minimized. 

J. Procure applicable noise standards and criteria. 

*Director, School of Civil Engineerint, and Environmental Science, 
Uaiversity of Oklahoma, Norman, Oklahoma. 



4. ~rcid~ct thc anttcipated noise levels (microscnle 1mpact) 

' ' . \~ 
in the area of the project ror e.:tch altern<ltive during o 
b~th Lh~ cun~truction and operational phases. Compare 

the predicted lev~ls with thc applicable standards or 

criteria. 

5. lf standards or criteria are excceded, consider noisc 

control methods. 

II. Basic Information on Noisc 

A. Definition 

l. Noise is unwanted sound. It is sound in the wrong place 

at the WTong time. 

2. Any sound which is undesirable because it interferes 

with speech and hearing, or is intense enough to damage 

hearing, or is otherwise annoying. (1) o 
3. Noise is discordant sound resulting from non-periodic 

v1brations in air. (2) 

4. The definition of noise as unwanted sound implies that 

• it has an adverse effect on human beings and ~heir 

environment, including land, structures, and domestic 

animals. Noise also affects natural wildlife and 

ecological systems. 

B. The Nature of Sound (3) 

1. Sound is a mechanical energy from a vibrating surface, 

transmitted by a cyclic series of compressions and rare-

factions of the molecules of the material through which 

it passes. 

o 
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2 • .Sound 1s u·.::.nsm1tted through ga.,cs, liquil.15 anó ~olid-,. 

3. ,\ Vluratlng sourc~ proctucing sound has sorne tot.ll l'O\ver, 

<~11<• Llh~ ::.ound resul ts in d sounó pressure which altern,¡tr•l 1 

r .1.:,~·::; to a r.J..<Ximum prcssure of compression and drop~ tn .1 

taL•J·M .. ra pres.surc of ::arefact 1011. 

4. Vaiucs of sound power or souno pressure do not pnw iJc .t 

practical unit for sound or noise measuremcnt for two reasons: 

(a) Thcre is a trernendi:htS range of sound power and sound 

pressurcs produced. Expressed in microbars, one-mlllionlh 

oi 1 atmosphere of pressuce, the range is from 0.0002 

microhar (J,Jbar), the minimum sound pressure of a hcalthy 

young human ear can detect, to 10,000 ~bars for peak. no.1.sc:. 

within lOO ft. from large jet and rocket propulsion dev1ces. 

(i>) Our ears do not respond linearly to increases in sound 

pressure. The nonlinear response is essentially logarilhm1c. 

The human ear can discern •,~íthout pain sounds ranging from 

a threshold to sounds 1012 times as intense. (2) 

5. Thc number of compressions and rarefactions of the air molecule 

oenstty in a unit of time associated with a sound wavc is 

descrtbed as its frequency. Thc unit of time is usu,dly o1w 

second, and the term "Hertz" (.1ftcr an early investigator of 

the physics of sound) is used to designate the number of cycles 

per second. Again, thf human ear and that of most animals has a 

wide range of response. Humans can identify sounds with frequencies 

from about 16 Hz to 20,000 Hz. (2) 

3 ' . 
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C. Sound and, ~oise Measurement (3) 

The)n~sut;etn~nt,needs are met by a term, sound pressure o 
h!vc~:-_ (SPL), expressed as a logarithmic ratio_ to a 

ref_ereq.ce leve,l and stated in a d imensionless unit of 
' \' --

p~wcr, the decibel (JB). The reference level is 0.0002 

~bar,_the,th!esho1d of human hearing. 

where SPL = sound pressure leve! expressed in dB 

P = sound pressure (~bar) 

Po = reference pressure (0.0002 ~bar) 

2. Some example calcu1ations 

At P = 0.0002, 

0.0002 dB = 20 log 
0

_
0002 

= 20 log 1 = 20 (O) = O 

At P = 0.2 o 
,_,,',, ,, •" 0.2 
dB = 20 log O.OOOZ = 20 log 1,000 = 20 (3) = 60 

At P = 20 
. :\ 

20 
dB = 20 log 0.0002 = 20 1og 100,000 = 20 (5) = 100 

At, P, ':'- 2Q~poo 

- 20,000 
dB.~,20 log O.OOOZ = 20 log 100,000,000 = 20 (8) = 160 

3. Table 'l~contains a summary of various sound pressures and 

the corresponding decibel leve1s, with examp1es of recognized 

sources of noi~e being cited. 

4. As the'·'SPV-decibel scale is logarithmic, decibel vaíues are 

not addi:<tive. For example, and SPL of 74 dB from one sourcc 

supcrimposed on one of 75 dB does not result in 149 dB. 

o 
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Tablc 1: THE DECI BEL SCALE OF SPL, WITII SOUND 
PR.ESSURES IN M iCROMRS, AND. RECOGNIZEO 
SOURCES OF NOISE IN OUR-DAILY EXPERIENCES 

ni 4.)ni,'t:· i,·_ .. r ,· ¡ .. -~~~·- .... :<..<.~[{!;_ti .. ~~\ i.r; .t·h~ n/i ' 
' 

o 
·,~,"J ~~ r, • , ·.: ·;,; 

Threshold of.Hearing 
1 '..J'-' ~"JI 11

.1' '.o."':V.J:;;: ... > .... i..t.u!J!) ,'!lo ..l.' 

0.00063 
¡ .¡j - ~ ~ • ,¡ >;..4 

•' t, ~~·9.92 ., - . . 1•(20, t . ~; ' ...¡- ,.; ;· •• ' • \ ' 1-

~. -
·· ó:.oo63 30 

~ ~ ' . ) ' 

col 0.2 

. 
Looms; ini·texti le mi'll.,, ...... _ .. _, ~,.,v_,.:.,,_ __ ¡ .. _,"' 

:·, '120.,: n:~r .. , Pea~::J_eye_l¿-frqm~r.Q.C,~;,::a_nd roll b.'lnü ... 

,, 

. ' 
~ •• } • ~ ,~.t" "" 
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An SPL of 77.6 c!B results. ·¡q determine tlll' tot.11 •dl•··t, 

.J..t is necessary to convert dccibel rcadings to intensity 

ratios, then reconvert the new sum back toa declhel value. 

To aid in this proccss, Table 2 JS providcd for JctermJnJng 

thc cumulative decibel values of two or mor" known observat l.•n·. 

on ~ndividual sources. The value in the d1fferenc.e co1umn 

in Table 2 is always added to the highest of the two dec1.bel 

values being handled. 

S. In most noise considerations, the A - weighted sound levcl 

is used. This level is explained as follows: The ear does 

not respond equally to sounds of all frequencies, but is 

less efficient at low,and high frequencies than it is at 

medium or speech range frequencies. Thus, to obtain a 

single number representing the sound level of a_noise 

containing a wide range of frequencies in a manner repre

sentative of tbe ear 1 s response, it is necessary to reduce, 

or weight, the effects of the low and higb frequencies with 

respect to the medium frequencies. The resultant sound level 

is said to be A-weighted, and the units are dB. A popular 

merbod of indicating the units, dBA, is frequently used. The 

A-weighted sound level is also called the noise level. Sound 

level meters have an A-weighting network for measuring A

weighted sound level. 

D. Some General Facts on Noise Abatement 

l. 'l'he "Noise Control Act of 1972" is the basic Federal legislation 

for noise emissions from a broad range of sources. (4) 

-6-
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i<NOWN 
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bctw~en revels, dB ~dded to higher levcl · .. 
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16 

. , 
.. 

.. ' J ¡-;,' ; "¡!Jl" 

-7-

'~ ' ' 

_,.,-._: . 

·, . 

~. ~ . . . 

3.0 

1.8 

l. S 

.IJ.""'"-h2 

l. O 

0.8 

0.6-

0.4 

\ ._,) 



'ihl.! basic needs for the No ise \.ontrol Act of 1911. \oJere 

cited in the Act as follows: 

(1) that inadequately controlled noise prescnts 

a growing danger to the health and welfare of 

the Nation's population, particul~rly Ln 

urban areas; 

(2) that the major sources of noise include trans

portation vehicles and equipment, machinery, 

appliances, and other products in commerce; and 

(3) that, while primary responsibility for control 

of noise rests with State and local governments, 

Federal action is essential to deal. with major 

noise sources in commerce control of which re-

qu1re national uniformity of treatment. 

J. The policy of the U.S. is to promote an environment for all 

Americans free from noise that jeopardizes their health or 

welfare. 

4. Predictions indicate that the noise in our environrnent is 

increasing by as much as 1 dB per year, or lO dB per decdde. 

~1) Some reasons for these increases include: 

.(a) growth in number of miles of urban freew.1y. 

(b) increase in commercial air traffic, and shift in 

aircraft from propeller-type to jet-type. 

(e) increase in construction activity. 

(d) increase in noisy devices such as power lawnmowers 

and motorcycles. 
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5. An estlmdteli 16. mi llion pcrscm~ are presently exp~_)sed l" 

a1rcraft noise,levels'with effects ranging frorn moderate 

to very sevcre. (5) 

o 
6. Hearing losses-in the overall population are estimated in 

lÍI. 
-,d,·~ '~¡:;:~ ,-.. !::~~ >~~' (:..~~ 

A. ·construcÚon· 1Equipuient1 and Operations (1), . : 
;c..-~ •• f"'-'"'··-··'-~-----~) -~ ''" -~,..-,.- .... ~--·-"~ """'"'""--~-.... -... ,~..__~_.~~-

l. Qonstruction:. site categorie~l c,an be considelt"~d to ,be COIJlprised of 
' . ... ·.: ~ 

f;our ¡· m9-j or_ types: 
.._, --- . \, . ~ ... ": ~ 

< ' 

' 
't:.• 'j( '' t",' beveral- famiÜes. 

.\. .,__. '""" 

Nonre~~"~-~n-~ia}- buildi,~&;;.·,i; inclli4ing off iq~:S ' .. J~-,~?lic 
1 ' ~ 

buildings, hotels, hospitals, sc~ools. 
------ ·--- ··-·- --¡·-"·------- .. -~.-- ·- -~-----·------~-----~ .. ~~-- ·--·---------

-.'' ! 
) . .\ ' . ~ ' 

J?.:?. ~>~k'~,:': (~) .. _ ~n.dlfs .. tr.:_i~:~J- tncludi~g:-~~~,~~stria~ buildings!., :c~_igious 
; ; -

-- and recréátional"·centers, • stores,··scrvice ;-an(-repair .. 
;_ \' :":'" ' / -' ..._ ._ ~ f.,.f.:. ~: 

facilities. 

sewe·rs. 

Noise from construct-ion of such major civil works as dams .md 

bridges affects relatively few people (other than those emploved 

at or near súch construction site~). 

2. Noise from a ~o~strPction site varies as to the partlculdr 

operation in_~rogress; there are fiye conse~utive phases: 

(a) Ground clearing - iucluding demolition and removal of 

prior structures, trees, rocks. 
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TABLE 3: Hearing Loss (Moderate to Profound) in U.S. 

Age Range 

0-5 

5-10 

10-18 

18-65 

Over 65 

TOTAL S 

1 

1 p 1 • on 1 
1 opu at~on Lota s 
i (in thousands) 
1 

17,000 

20,000 

32,500 

113,000 

20,000 

202,500 

1 

¡ Loss of 
1 

i Hearint; TotaJ s 
/ (thousands) 

850 

1,000- 1,400 

650- 975 

2,260 

4,000 

8, 700-11,135 

1 No 1 se-A s~v-L.~-t~ 
l ilt.!a r i r.g Ln :, -, 

! ( t hou:,";¡c.l ~) 

? 

*200 

**150 

2,000 (Ap¡)rox) 

400-600 

2,750-2,950 

* Most common cause is exp1osions from toy caps (20% sensory-neural hl.!aring 
1oss). 

** Firearms and toy caps (based on approximate1y 20% sensory-neura1 hL'ar 1 r.b 
loss). 
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(b) Excavation. 
., ' ¡'_ 

· ' /~(e) l :Pfa~cing 'f~Jfí(fit'i~A-~··- ·,:j_'~¿Ji:~úJírig .'r~~o¡;·dit~iOn'Íng old 
<-- "" ' { , "> - - - ~ ' J j 

.__.,. .. 3. 

f_ 

ü 

;"?\ 

'·' ·O 

roadbed~, compacting trench floors. 

_ (~1 :· .~-~:.c:~t :~f?? _ _:-:-__ :t~l;_l~c! ~-~g._J ral!lj_ngf_ plac.1 ng •. (lLwa 11 s, 
~ 1 ',) - ' ) • ~ .:. ¡ 

fltlO)~,, 

' ' ~ ' .~. ~ ~ ' " - 1 ' J d - ~- "~ -~ :'J .•. ~,.;¡\~,·; ' 

(e) ... ,F.inishing- - includl.ng;_.ff'lli.ng, pa~i~g.,:.cl~anup. 
"'~'r. ""- ~'~-~.,.';·h:.;, ~;¡.f.~~~'~'l{,~, ~ r '-'..i ::.,::_)~' f ~r 'J, ' .. t 

Talde. 4~~s)1ows·Jt~pical energy(lequi~alent noise !Éwels at 
t ~-,; ·.,;~~~ r ~ ~( 

. -construc tion sites. -- Energy-equivabnt·-noise··-level (Lec¡) 
': < ¡ T ¡ . 

'' '' ' t ' 

.-refers ··to· ·the ·equi.valent~·steady--no'i-se ~level"'which ·;in ·a- .. -'!" 
1 

; stited period"'~f t~me 'would c~~tai~ tli~ same nolse en~rgy .. 
' ' ! : 1 j i;. )... ~ .. " 

. ' 

as.ethe time-varying noise during ttte same time p/eriod .•. (6) 
~¡ .. ~ ":\--:_ ~ /\ \'" ,\ •_.._ 

1 
i.IV

1 
.. ~.,.-·,.:..,, 

, Th.e. maximum 
~ ~ \ -
1 

t 1 l 

levels~ range fro:n /~} t? 89, ~BA ~or ~~~r·&~~.eg~~~~s ~ 
~~ ('1 1 , ... ') ·~) \. t ' 1 ' ' 

- l • 

; an~,:; have an a.~:~ragt Vf!fue of appro¡ima"'~z~ly ~'~ diA. ,!.~_e<''"'\·,,.·; 

lminimum values .for 'talL categories llave~a wider range,, extend-
, . ~ 0'. "'; -.-. '-.' ' r, ~ • '. 'J •~,: ~ .., , 1 ' -· , ' ~ '.>~ "...: __ \\~..- ,· 

ling from 65 to 88 ~BA, and have an ~average valu~ of 78 dBA. 
O r t' ' ,. • o 

.. • r-, ~ ·-

The table also shows that the initial ground clearing ~~4 

mediate found~~~8?, ~~a~~~~.~.~ .. Jii~~~::e,r.ec,.~,,ion, ~~~~~~- ~1r~e -.s_~~~~hat. 

quieter, and tA:at the final finishing phase tends to Pt:~4ce 

considerable noise annoyance. 

4. Noise levels observed 50 ft. from construction equipment are . e 
sho~ in Table 5. These levels range from 72 to 96 dBA ~~r 

e , 

earthmoving equipment, from 75 to 88 dBA for materials. handling 

~quipment, and from 70 to 87 dllA for stationary equipmeqt. 

B~ ~m?les of Noise Levels from Project Operation 

1. Examples to bé considered include highway vehicles, air~raft, 

-11-' 
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TABLE 4: Typi<::al Ranges of Energy Equivalent Noise Levels, L in doA, 

dt Construction Sites eq 

i 
---

1 

-¡ Industrial 
¡ Off ice lluild- Parking Carage, 

l'ubl i,· Work<>' 

i Domes tic ing, Hotel, Rd igious 

¡ Roads ~ liigi.-
·Hospital, Amusernent and 

Housing School, Public Recreations, 
ways, s~wer '_. 

Works Store, Serv.1.c-e 
and Trenchts 

Station 

I II I II I II I II 

j 

1 
Ground 83 83 84 84 84 83 84 84 
Clearing 

Exaavation 88 75 89 79 89 71 88 78 

Founda t ions 81 81 78 78 77 77 88 ~- 1 

1 
tsts 

1 
Erection 81 65 87 75 84 72 79 78 o 
Finishing 

1 

88 72 89 75 89 74 84 84 

L__ 

I - All pertinent equipment present at site. 

II - Mínimum required equipment present at site. 

o 
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TAB~¿ ~: Construction Equipment Noise Ranges 

I'.C'SF UVElld041 liT ~.0 FT 

70 oo e>) 100 
¡ 

1'0! 

• • 
1 ' 

_, 1 ' 

ro:o.~PACTERS IRO.LERSI , , l 
¡--~--~--~----r·--~ 

1 ' ¡ 1 Ffi!ONT t('ADE'IS 
:------1----_¡_ ___ -. ---~---~ 

1 ~ : 1 

1 ~ ~ l ... 1 

1 •• i .: 1 
BACI(HOES . -- i : : 

:.:. :'1 
! ..... l 

• ' 1 

TRACTO'IS <------1~~--~---- f----s~-~----{1 

; ~ ~~: ~ 1 SeR"''> G::::::¡ f----¡ii---+' -~~--:-~ 
¡ ~ 1 -+---l .__ 
1 = / 1 TRUC'(S ¡ - j ! 
l
f ~ ¡ ~ ! CONCRETE MIX~RS ~ !, l 

::. •• • 1 ~ i;! ~ 1 C01.1Ci1ETE Pu~~,>:;; ' 1 :-

1 ~~ ¡ ~ 1 GRANES {I.!OVMLEI H--_-:::~' --
!
: ~ ~ ~ ¡ CRA-.;ES iCERRICi<l 1 ¡ 
~-~~~ .. ~~~~----------------~,----------~----~----~----~ 

_ PIJ'.•PS ~ 

1 E~ i 1 """"o" /t=----<¡1',___=+ 
1 1 :: j C014PRESSORS , 

~-~---------------+.----~.----~--~----+----¡ .. : PNEUMATIC WRENCHES i i 
' ~ ~-: ' f---;-;: r. J JACK HA\'MERS Al'ID ROCK DRILLS 1 

~ 3 ¡ r----+---+----1 
..; r IIV"ACT PllE OR'VERS {PEAKSI 
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r.:nl systems, rccreat 1011 vehicJ.es, interndl combust i1•11 o 
engines, industrial machlnery, building equipment, ~nu 

home appliances. 

2. The noise levels produced by highway vehicles can be attributeJ 

to thc following three major noise generating systems: {7) 

(a) rolling stock; t1res and gearing 

(b) propulsion system: engine and related accessories 

(e) aerodynamic and body 

3. The noise levels produced by highway vehicles are generally 

dependent upon vehiale speed, as illustrated for a number of 

different vehicle types in Figure l. 

4. General Characteristics of highway vehicles are shown in 

Figure 2. (7) o 
5. General characteristics of commercial aircraft are shown in 

Figure 3; V/STOL aircraft in Figure 4; and general aviation 

aircraft in Figure 5. 

6. General characteristics of rail systems are shown in Figure 6. 

7. General characteristics of recreation vehicles are shown in 

Figure 7. 

8. General characteristics of devices powered by internal 

combustion engines are shown in Figure 8. 

9. Typical ranges of noise levels from industrial machinery, .. 
equipment and processes are shown in Table 6. 

10. Typical ranges of building equipment noise levels are in 

Table 7. 

11. Typical noise levels of home appliances are in Table 8. o 
-14-
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TABLE ó: Range of Industrial Hachincry, Equipment, ancl Process Noi:." L,,~v,~ls* 

o· 

.___ _____________ - - --
t-t¡---~--~--~--- :=lJ ~I'Ot'~'m.l!!c Pu"t'r l11ols (J: •Indo• n, 

dl~¡:>¡>crs~~lc._) ' l -_ __,_ 1 ' ' 
f--e-----,- -~---~--

~ '· MnloH•OIÓ;hL~;. (l. S. , · blow . · ' 
1 

t~· 'iílólJin¡;, cte.)' ' "" l -- • ! ( ·- ~ 
< -- t--, 1': ' 3~ A•r)úo~wn.~bown Dcvlcos (p."llnt- 1 

-¡ '"~· , e ic:m!n¡:, etc. ) · 1 ' . 1 t ~ - 1 ..f 1 

' ¡Jlowc rs (lorccd', anduccd, f.ln, 
-r:---- ' . 

"·· 1 

c~c.)',' ., ; -- _ . ' 

t= 
: ;~ ¡ ' " 1 ---!-:, : s.-: ~Á•r Compreasors (rcclprocatl,¡g: ~1 . ,. ccntrUu¡;.ll) · ' 1 ..-.:--. ' 

\ 1• 
1 

6~ '~-ltt."\1 Formlng (punch,. shear- i 

J - ' -- In¡;; etc.) . 
; 

' 1 ' -. 
7; Comtiustlon (fu rnaccs,, Ciare ' ) ¡.. 

blacks) ' (mt>~:.ured 2~ rt., from sourc!') 

:-a. 1 l }. ' ¡¡ ·--
Turbo-gencrators (~leam) 

> 
'l"(mcasu__red. 10 (t,;from.StJ\1 re~) 

'9. J>umP,S (water,_ hydrauilc, etc.).- - 1 -, -- ; 

o· !0. lnduatrlal Trucks (LP gas) 
1 
, 

'u: TransíÓnners ' -- - ---... 
•l.'Ae~ a& oper11to:r posltloos, exccpt for, '1 aoo 8. 

~ ,'. 
'· 

~ ' 
.. - ;._) j ~ 

o 
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TABLE 7: Range of Building Equipmenl Noise Levels to Which Peorlc .\!L' 

Exposed 

\ 

A -WEIGIHfD Nt'l'>l LEVEL 

30 40 !>O 60 70 RO 'JO 100 110 1 JO 

LAMP RALLASTS 
ANO VAPOR 

OIFFUSERS 

1 o--4 

(>-e, 1 

1 
1 

W- INTERVENING W;\LL 
O- DUCT T'-'(ATMENT 
E - I:.NCLOSUill OF El1li1P 
R- INTFRVEN!NG ROOF 

STI1UCTURE 
MIXING BOXES "" EtO-f-o S - BIJFFER ZONt FLOOR 

FANCOIL 

TRANSFORME AS 

PUMPS 

BOILERS 

STEAM VAL VES 

CHILLERS 

ELEVATORS 

Al R COMPRESSORS 

COOLING TOWERS 

FANS 

DIESEL EMERGENCY 
GENERATOR 

'-' 

e NOISE LEVEL AT 3FT FROM SOURCE 
O NÓ&SE LEVEL AT OCCUPANT"S POSITION 
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OETWEEN SOURCE ANO 
OCCUPANT'S FLOOR 

V - VIOAATION ISOLATION 
OF EOUIPMENT 

WtV "' 

1 
W+V 
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W+V ., 
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W+V 

1 
S+R+V 
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iABLE 8: Noise Levcls of Hom·e Appliances az:¡d Building Equipment 
Adjusted for Location of ·ExpÓ~ure '-'(IN: dBA) · :; -<·•i ¡. 

' •' 

' ' ~ '! 

N o 1 >-e Suu r\:c 

Group 1: Quoct t-la)or t:qulpmcnt 
' , ' ' . ( ; :on'd ·Appllance!l · • 

llldit¡:cr~tor 
j FP!c-z,~r . , 

1 
· t:k'ct ric liéatcr' 
lhÍmi<'!!l!cr 

1 _f¡';,nr !".m 

i 
Dchumldúkr 
Wmdow f:u1 
,Ciotilc:~ Drycr 

·:·'e-;' A•r·condltloncr 

, Gruup n: Q.J!et "Equlpmcnt mod · 

_ \,; .~~¡tlltAppllancca.; ~--
~H:u r Cllp¡.ocr-
· Clothcs W.1shcr 
''filo ve lloÓd· Exhaúst FaiÍ• ·y;.,
Eicctnc Toothbrush 
W:.tcr Chn.ct 
D1shwa,hcr 
Elcctnc C:tn Opener 
Fuod_Mi.xcr 

1 
l1.1ír Drycr 
Faucet 

'' '¡¡,) ,J - ' 

1 ' • ~",....1: .. ~~ 

60 
60 

1 
'62 

• 62 
._,' '&4 ,, . 

(,J. 
65 
66 
66 
67·-··· 
68 . 

40 
' ' • 52 

;:,;,_!, i .:í' :,.;. '53 
42 
54 

-, ,,. s6:;~ 

Sb 
. 57 
Lsr- .. 

51 
60' 

-'.r·_ ... sor~'", 

1 

Vacuurn Clcancr 
- Elcctric Knlfe 

~roup m: !'l?lsy _smau· Appllancea 
l:o:,. 7', ' 70"_;': "_ 

70 
- , Elcch 1c l<mfe Sharpener 

Sc-wm:' M.ichlno 
'Oral' Lwa¡~o -. 

,- Fuod Dlcndc r' ' ,• 

1 

J::leclrlc :>ilavor 
Ele el¡· le ·,lJI':"n' Mowor . · 
Food Dlsposal (Grlodor) 

, ,. Gr:ou~. l": ,N~Isy ,t:loc~tc ~ools 
Elcclrlc' Edí!cr lUid Trlmmer 

'¡ ll<."tt~e Cllppc rs 
, "¡ 1"1ome· S.op Toots· _ ' 

•Termec:J- "prtmary exposure" 
o "Toii'D:l!IJd, ••sac:OI!IilaQ e.JqlOSIIre'' 

',: 
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IV. Existing Noise Levels (Step 2) 

A. Some Typical Outdoor Values 

l. The outdoor daytime residual noise level in a wilderncss, 

such as the Grand Canyon rim, is of the ordcr of 16 dB(A), on 

the farm it is of the order of 30 to 35 dB(A), anJ in the 

city it is of thc order of 60 to 75 dB(A). (8) 

2. Noise levels for the urban population are shown in Table 9. (6) 

Ldn = day-night noise level 

3. Outdoor day-night sound levels are shown in Figure 9 for 

various locations. (6) Figure 10 shows the national population 
! 

as a function of exterior day-night sound levels. (6) 

B. Some Typical Indoor Values --- see Table 10. (6) 

V. Effects of Noise (Basis for Step 3) 

A. General Comments (3) 

Information on effects of noise is best for hearing loss due to 

noise at work. Other effects of occupational noise, except spcecil 

intelligibility interferences, are less certain. These are changes 

in psychological and physiological states, including annoyance and 

sl_eep interruptions. The last two are principal complaints agd iust 

community and aircraft noise. Property damage by actual vi br.lt ion . .ll 

or boom destruction and by depreciation because noise paths dnJ 

patter9s impinge on the property is known, and is to sorne degree 

measurable and predictable. Effects on animals seem to have oeen 

studied very little. These effects are of concern for wildlifc 

around airports and along highways, and for fish and wildlife in 
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TABLE 9: i~stJD:lted Perccntage of lírb.Jn 1)o¡ml.1tinn (íJ4 Millton) Kesid1.ng 
in Aro..:as With v.jriouo; nay-Ní~:i•L :\oi~e Lev.·J S Together \~itb 
Customary Qual1tative Ilescr1pti(ln llf The Are.1 

1 1 btunat~d 
1 A ve~:L' C.·n~ 

t Typical 

1 
Avaa~c J'l'f"\XIIl.lgC 

1 'll,ll'f I'Olllli.iliPII 

1 Descripllcn R.mgc jlku·.ily .• -:undH·r 
i 

1 

LJ 11 an uB ofU~han ur 1\:opk l'cr ¡ L011 u1 dl3 1 Populatlon l Squarl· Mil~ i 1 -
1 Quicl Suhurban 48-52 50 12 6)0 ¡ Rcsidcnta;,ll 

Norm,¡J Suhurban 53-57 55 21 ~.oou 
Rcsid.-nlial 

Urban Res¡dcntial 58-62 60 28 6,300 

Noisy Urban 63-67 65 19 20,000 ¡ Rc~idcntlal 
68-72 70 7 63,()00 1 Very Noisy Urban 

Re~idential 
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:.·In.! P~·thway'> of son ir lJilurn. [n,LIH! first jnstallC('S hal¡jt,¡f•, 

/ 

.,,.,' -, 

F.ig!Jrt~L·lL shows·· the~.,func;:·t'i<m~l·Údfagr~m'-~ft: the~·.l\uman, co~r. 

Sóund;l is;;,~:;n:ra~ed-t b~·· a;,s~-~~~.~., ;~od~~ing,~ ~ibrlt: ~ons- (sO\fn. J 
..'' ,,, 1.... ., 

''\ 1 ~ ) ' ~ 

waves~) t·hat~ may( travel~ t-h'rough'hanyf med.üi:>and1wliic h~, in -a ir, 
-~- 't : -:. -_ .. ··-:~j ~- ~/, 

ac tua-te:! tl1c~~ h'ea):- ing; mechanisiÍis" Óf~ humans3.a~d ~animals ... _ Th~·ht~ 
" ~ - ~ 

,i 

vib'ra t=ións.· set; in'~ot•i.ori 'th~:· ear-I drum·1and.',·sma:!H b'ones · or' 
1 ~ , ' l ".-.. ' ,-' -

íinFig!Jre~ 11'.- The,· mo't.iomof~! th'e?ossicles·.," in·-:. turn~,, pr?~~ces

vibratÍ~n~.·.in:·, th'e:. f~u:ÍdJ iM thie:· in;¡ér· ear:.' 6.:. sensor.y · organ·~ 

- ' t·lú~ cochlea.. The::vib'rat•ions:·are .. then>;: t·ransduced·~ into.· nerN•! 
r· 

impurses.- b)". sensory~ haiucellss.and~- t-ransmit·t'ed1 to:> t·he~'-br-a in,. 
'• : ~ ' ~ - ' 1 e ' : • •~• .... ' 

H~ar-ing:.: Changes·~.and 1 Loss~~.:_ 
- " ~,. ~ J ' - ' 

L,. Tliel'e .. are·- two: typ,es: of~ hear•ií1g;;changesc;. caused.~ by1 noise,, expll';ut·t'. 

Tcmp,o·rary th'r,esh'old sh'ift (:rTS): ÍS"' the:·lesseneJ: ab~i:l'ity' ~o iH'ar 

o f.: h'ourso and .a t. most. in· 2J: to ·4 week's·; Nó ise~induce~.: pe~~n"- nt: 
' 

threshold: sh1ft · (NIPTS~ ~ is. a dos·s·,; ft·om';.which, t-llere. is·,- no. rt!-

covcry-•. The·. relations between. the two are. not c:le.n· • 
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2. For hoth ccJnd1tions i11giter Sl'f~s íor long ltmC' í>eri'Jds 

jncrc:.J•,e sevt'rily. Bv itb nnlure TTS ha~, been C.!Slcr tP 

.:.Ludy. Sorne things are known aboul TTS is that j t incr,•.t..,l':-. 

to 130 dlL. It ts prt)pL'rtitm.ll lo tbc tr-ll·t 1<'11 ,~r lllol(' tlt.tt 

th¿ noise is present; therefore steady nol!;t.' is tht.• nMjnr 

offender. 

3. From extended observations several things ·~an be sa id about 

... 

NIPTS, a form of deafness. 

(a) Exposures of 8 h/day for several years, to SPLs above 

105 dBA are sure to produce NIPTS in a normal unprot~l ted 

ear. The A in dBA refers to the A scale of measurement, 

with this scale approximating the frequency response of 

the human ear. 

(b) The first and most severe NIPTS is at frec¡uelicies in tltt: 

neighborhood of 4,000 Hertz (Hz). Hertz is the unit 

describing frequencies in cycles per s~cond. The car 

transmits sound to the brain best at frequencies beLwcen 

1,000 and 4,000 llz. 

(e) If there is going to be partial recovcry of the loss, l1.tl 

1s, if part of the loss is TTS, almosl all such recovcr\ 

will occur in 2 weeks. There will be sorne added recover~ 

in a month. Single event injury, as a gun shot near the 

ear, may show recovery up to 2 months . 

(d) Noise-induced permanent threshold shift is llt.'t pro~rc~s¡, . ._, 

after the person is moved from the noise. Ncither is ;1 

-33-
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noisc-damagcd e.Jr more :--.usceplible t0, fnrtoer in j ur'· 

than a normal ear. 

(e) Regular exposure to modcr.1Le n.lÍ!->l' .¡,,,.!-> !ll>l m.d,,· !11<' 

'"ar more r~sislant to <1l'C,JSÍLHlal .~x¡•••:-:urL''- t,, lligll-

int~n::>ity noist'. Th~ ec1r doL'!-> not tl•ugllt'n. 

(f) Susceptible individuals connot b~ iJentlf ied l•vf,,rl' 

they suffer hearing losses. Monitoring audiometry 

detects early NIPTS befare it becomes severe. 

(g) After onset, further NIPTS cannot be avoided except 

by reducing the noise exposure. There is no way to 

restare loss from NIPTS. 

(h) In the occupational setting, NIPTS will appear in almost 

all men exposed 8 h/day to broadband noise above 105 JBA. 

o 

It will appear in about 50 percent of those exposed similarl' Q 
to a level of 95 dBA. It will not appear in anyonc at ,1 

level below 80 dBA. 

D. Interference with Speech Communication 

l. Interference with speech communication by noise impedes uur 

activities and understanding of one another at work, in thc 

home, and in the general social scene. 

2. With the increase of the speed and power of machines in 

manufacture, construction, office work, on the highways, and 

in the home, the interference noise has become all perva::nvf'. 

3. See Figure 12 for visual portrayal of speech inter(ercncL'. 
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E. ,\nnoy,lnce 

l. To venture into the annoyanrc effects of noi~e is to 

encounter the subjective response of peoplc to noise 

head-on. 

2. F~gure 13 shows typical community responses to n0ise 

levels (1). 

F. Other Effects 

l. D~sruption of sleep and rest. 

2. Reduction in work performance. 

VI. Noise Standards and Criteria (Step 3) 

A. Terminology 

l. A statistical analysis of the noise level gives the percentage 

or total time that the value of the noise level is found be-

o 

tween any two set limits. Such data can be presented dírectly ~ 

in the form of histograms, or be used to obtain a cumulative 

distribution in terms of the "level exceeded for a stated per-

centage of time". For the sample statistical distribution of 

Table 11, the noise level exceeds 60 dB(A) for 1 percent of the 

hour, 55 dB(A) for 10 percent of the hour, 50 dB(A) for SO per-

cent of the hour, and 45 dB(A) for 90 percent of the hour. The .• < 

noise levels are abbreviated svmbolically as L
1

, L
10

, L
50 

anJ 

L
90

• respectively. (8) 

2. Dct'initions (1) 

<;;ommunity Noise Equivalent Lcvel - Community Noise Equiv,1lc-n' 

Level (CNEL) is a scale wh ich takes account of all the A-\.Jc tght !'d 

acoustic energy receivcd at a poínt, from all noise <::vents L'dt'. '··,, 
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TABLE .il: ,,xam,;l~ o( St.ltl.~llcal ll.L<>lrJbUtlon of Outdoor NtllSC ,\¡u¡:·;··! 
1 n l ntcrvals of S d"H Widtl:s 

Cu •. :~lotive 
lntcrvol in Percent of Perccnt of 

dC(A) Total Time -Total Time 

61 through 65 

56 throush 60 9 10 

51 through 55 40 

u ·~6 th rough .)0 40 

41 lhrou8h 45 10 o 
·----- ------

/ 
-38-.-

o 

o 

o 



,, --~"ti-· 

d 

o 

o 

- ·- -- .. ___ ..., ____ ---~-------- ----~------------

noü;c levels above sorne prcscribed value. ~.J"•tghling, 

LJC tors are\' ihtiuded . which 'p 1 a ce grea ter 'importa~ce 'urion 

tó'lo:oo·p.~:) arid'~ven gre~tc>r impórtim..:e llj)lltl nois'e 

; } ¡' 

Composite Noise Rating - Compo.site noise ra'ti'ng (c.tí;'R)' is 

a scale which takes acéount of the totálity of'all aircraft 

~p~ra·ü:on~· at ,an airpo·r·L in ·qua'~itifyi.ng \f1e'··t:'otili~ a'ircraf~ 
r , r•·-~ ' . t 1 • r- •• 

noise eñvironment. · 

• ; ¡-; ' ',. \ i -. ' ~ - ..., ' ' 

by the Dépai-tment · of Defense in predic'ting noise t.>nvironme~1ts 
0 

1 ~' ! ~~ • ' ' ' • '-,1 '" ' 1 • 1 ~ f • l o< ¡ r 

around military airfiélds, · Basicall'y, t'o calculate a· CNR v4lue 

one begin~: with- a' Ut~as'ur~ 'o'f th'e'- ma~-i'~um-. no'ise ·~á'g'nÚude from 

each aircraft '.fÍ'yby arid adds weikhting 'fac·t~rs' ~hiel{ s~m thc 

• r 1 l . ' ' ,' . ' • "1 :_ ,...-.-1 

cumula'tive effect 6f all flights. ·-The-·scale· used .to:aescr~be 

inJi~·idÚ~l: 'nóise. eve~ts is :· p'~~ceiv-;,;d: noise level· (in PNdB) • 

the t~rm·' accounting for number 'cif"h:ights i~ lO.:-logioN; (where 

N is the nunibér of flight op~raÚon~),- anci·· Ja~l~; ni~ht ~peration 

counts as much as 10 day~im~ 'opefat'i'cins~ ~-. Ve~y' appf<hc~ñÍatdy, 

tiÍe noise exposure levél at a po'int expressed in· the 'CNR s~a 1 \' 

' .. 
will be numerically 35-37 dB higher thaii' iÍ ex¡~t'css'cd in the 

CNi:i s~al~. 

Eifective Perceived Noüe Level (EFNL) -A phys'iéaL ·measure 

'designéd to' 'estímate the effective "noisiness" ~f a single 

nnjsc event, usually an aircr.llt fly-over; jt -is dcr.ivcJ from 
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currectlons for pure tones and for the duratton uf Lhe nnisc. 

~;"ISC l:xposure foreca'>L- Noise exposurc forcca5t (NEF) is a 

!:>Cale (analogous to CNI.:L and CNR) which has bcen us~d by th~ 

f~deral government in land use planning guidPs for use in 

ronnection with airporls. 

In the NEF scale, the basic rueasure of magtutuJe for liHi1v1du,ll 

noise events is the effective perceived noise level (EPNL), in 

units of EPNdB. This magnitude measure includes the effect of 

duration per event. The terms accounting for number of flights 

and for weighting by time period are the same as in the CNR 

scale. Very approximately, the noise exposure level at a point 

expressed in the NEF scale will be numerically about 33 dB 

lower than if expressed in the CNEL scale. 

Noise and Number Index (NNI) - A measure based on Perceived 

Noise Level, and with weighting factors added to account for 

the.number of noise events, and used (in sorne European countries) 

for rating the noise environment near airports. 

No_i,~.:_ ~ollution Level (LNPor NrL) - A measure of the toL!l 

community noise, postulated to be applicable to both tr<Iffic 

noise and aircraft noise. It 1s computeJ from the "energy 

average" of the noise level and the standard devir<t ion of tlll' 

time-varying no1se level. 

~OYS - A unit used in the calculat1.on of perce1.ved nolsE.· leveL , 
Perceived Noise Level (P:-TL) - A quantity expressed in Liec1.bels 

that provides a subjective asses~'~ent of the perce1.ved "noisines~" 

oi aircraft noise. The units of Pt\ceived Noise Level are 

rerceíved Noise Decibels, PNdB. \ 
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- --- - -~- -.-----. 

-~---~------- ------"'----------
'· 

Sp~cLb-fnterferencc Level _(STL)- ,\ calcul.1ted qu.mlity pn•··¡ding 

o a guidea to the inlerfcr:tng ef(ect 0f a 11\..,i~e m1 reLt'ptiml ,,, 

speech _co~~m,~t;at_~oi1,. The s~~t;.~.h-_int~r~"~!lLL_ L.cv~~t, is t11,l': ·'')_Lil·-

~ •• \ O ;. ~ 1 < - ~ >o ] ~ • ~, L " ;.-, > 4 ' 

metic avi:!rag·é ·of the octave-bdnd "sCIUÍld-j)r'-~ssu'rc J l.'\'e) S ni t !11• 

ínterfering noise in thc mll~t import;111l l':"·t ,,t t lw SI''-''-''''' 

freque~¡1cy range. The levels in the three o..:t,¡vc-irequen.:y 

bands centered at 500, 1000, and 2000 Hz ~re commonly avcrafcd 

' ~ 

~gnÜudes of aircrafJ so':'nds ... i~· th~ Speec:h- lll'lterferenc.e Lcvel 
\> • L ¡ 

sc<ile'· are _~ppro'xima;. ,1y' 18 tij -~_2;·dB: less"· t-11~ri· th.~,:.:~~~e-~soundb 
r 1 ~ '} :. ( 

~~ the ]e,r:~_(;üved __ N_ois""e_ Level __ Sc_a_le_ .in~P~d)~,~ dE:!_P.eRding __ onJtlle 
..... t 

' 3. 
~~: T ~ ,'~('" .. ,..~- .... ...- ... j·:jí~ •. ---~"" 

See Tab1e'f2; for a -gener.:ü compa'ri~ón of CNR, NEF, and CNt-:L. 
' ' ~ ' , ! 

o B. Criteria for 'Protection of 'Ptiblic·-He"á1th and Welfare ·.(6)·-w-•;'·\ ~ 
,¡ .. ;' ... _-_·; ~-L,~. : . 1, •• ., c·.;·1 l. , •¿ :·._- •• ~, ~- ··.:··.~· :~-:~~·, j 

~ l. The phrase ."health and welfare" is defined as- complete'"physi. al. 
/"''-._•~• .r' ' ' - ~-~.-...-- ';: ""•- '•---~'•'<., -~~ ... c--, •-r-•~,·~,----.~ . ... ~--.: .... ~ •, • _...,._ ~--.,_,~ 

"'" ' •"- '-·~·~. 1 ¡ -! ~·~ .. ~.~· .. 

mental and sqcial we11-being and not. merely the~ absence;;of 
-~---~----- _........, _, -· - ... :..,.--.... ~ .. -,.,.,._...!r----.-~ ..... ,.,- .... .. '-~ ... --.~"'-·:-·" ..... -. ......... "."·--·-~ 

,, ',' ·¡. ',.,,.. \; ·~-··~,.:..__;~\--""'~~';". , .. L.:' • .._-,_~(.: 

dis~<!se. ai?-d .. :i:_~firmj._ty--.!_ -'"·--- .. , ___ , __ .. _/ ~ __ ·---·-- __ 

2. See Tab1e 13 for c'riteria. 

C. Design Objectives see Table· 14. 

D. Examp1e Standards for Federal Highway Administration (9) 

l. Table 15 portrays the'design noise/1and use relatíonshlps. 

2. The exterior noise levels apply to outdoor areas which lwvt~ 

regular human use and in which a lowered noise level wouiJ Ut· 

pf benefit. These design noise lE+el va1ues are to be app 1 i ..:<~ 

o 
-4:;,-· 



TA~Lt. 12: Factors Considered in L1ch of 'lhree :-1ethods l:sed for De:-,L·rdJJtt~o 
thc Intrus.10n of Aire raf t No1 ~e 1nlo the Conunun 1 l y 

factor 

Basac mcasurc o( single event 
nolse ma~mtude 

'1 

Composlte 
!\'o!s(• 
R:iliflh 
(C:-<H) (:-Jf. F1 

Tvn.e-corrccted 
pl'rccaved 
noase leve! 

1 
¡ 

In el 
A-,.d¡;ht('d nülbe 1 Maxamum 

percl'lved 
no lee 
ll'Vl'( 

Measurp or durahon oC None [nl'rgy 1 [nP~¡;-. IOtP~r .• ::o-¡-----1 
Inda vad1.al single C\'f'Dt ti't _ ,;ra:aon 

1 

1 

1--T-•_m_e_p_e_rl_od_s_d_u_n_og_d_a_y---+--D-a--yt-i_m_e-(7-L.A-M---~-O-P-1\-i)----1-~ _D_a_\_tu --n-e-(7 A :-1-7 P :-1) 

Apjlroxlrr.ate weighting 
arldro to nolse of SIDgle 
evr•nt wbich occura In 
ind•catcd perlad 

!\u ml>er (N) of ldentlcal 
evcn1a ID lime period 

&&mmation or contributlona 

N1ghtllme (10 PM-7 AM) EvE>run:; (7 1-'il.l-10 P~l) 
l't¡:;!lhtrne (10 p:.f-7 A:·f) 

D-.1.vtime O dB 
Ni&httime 12 dB 

10 log N 

Logarlthmlc 

Da;1.:-rw Od:J 
E·.er.tn;:: 5 dB 
1\'•,:r.::• nt 10 cE 

10 lo¡; :-.1 

Lo.;anth.mc 

o 

o 

o 



' ·- " ~_._..- ·---

o 

o 

o 

__ -.. ___ .. 
' 

TABLE- 1): Yearly Average* Equivalent Sound 
tu l'rotcct ·tta'e Public Heal th anJ 
o f S<J f ety 

Levels Ident if ied a~ !\e(¡ u i:' Ll! 

·Welfarc with do Adequate ·:.¡" ¡; 1 n 

lnd,Hor 

fldiVIIy lko~rooo~' 1 "" 
1" p,.,,, d 

-\¡.:,1111\l 

··¡¡, Íl fj 1 1· .. 

()uldnor · 1" l'rllh'• 1 
1 h ... ·,,,. 1 '"' ,\til\11\ 

. lnin-~ 

kr<'llll: 

.\ dtlhl 
. llller

fl'rl'llll' 

( lll;\hkl.l·. 

111.111 

( llll'l"t"r.l·,, -- ·¡ 1 "' 
' "1 1 1 1 

Rl·"dcnll~l \\ ;lli Uu1-·· "l'Jn .• 45 . 

"' l.c ~ pJcc ami F JfriJ .¡ 
R,·,a~knn·' Lcq(~4) 70 

ll'll\ (lil 

., 
•}.-! '! 1 ' 

iUIII 

/(1 

1 

..1 

fe, 1\ 1 h 1 

1 
1 

----~----+----+----+----·+---~~ ·i----:+-----=---~ .:~· 

-------------------t--------~--------4---~-----t---7-U~-~-~-~--··~~---(.-ii--~~"-Y~i-tJ--~ 
l{o:~aknla.ll W1lh No L,¡n 
<IJUI\Hl..: ~p.u:-c 

.Ln¡( ~4) 

C'llJJIIlll'fll.ll Ll''ll ~4). 

45 

70 

(.11 
... 

70 

45 

'f 

ln, .. k Tr.lll'l'''ri.JIJUII 'l'IJ( ~41 Ltl 70 ¡,,, 

lmlll\lll.tl 
! ' ~ •• 

'-o:q( ~4·,, u·, 

llll\llll.r ¡, l¡~n ... 4C. q . ; ~: }S, .<¡<; 
,';: J'' ,, 

' ' -
L,·ql ~41 

1 
¡; t ~} 1'> 

-70 : ' ,, '· 7() 

----------------·-----4-----------r--·-------+--·--~----~~~-~-:::~~·-,·~.~.-.. ~-:~,+-.,-.-,--~,~--~~.,~.--------
b!u't'.lflllll.al '-,·q( 241 .¡<; '• .; .. :~5 .·. ~~- ~:-

' .70 ~·: '·· ',: ,\ ~,: ;_~:,-. 111 
< ' 

--------+-----1¡.-.,.---~ --.-- --f--~ ----·--+----
'J~/0 , ••• ~~ ·'/C·,··l i(,,,, '·'' --'----'-' -- -----+----- -- __ ..: __ _ 

'F.•rhi:r ·'"" ,,.,,1. 1 !,; ' ,,.,_, :·\. '/¡) 

( ;l'llt'l.d 11111'"1'·"·''''" 
l.mol ' .. ' .. 
---------··------------~---------~~------~L-------, .. ;, 

\co 

., ' 

¡¡; <.,,,,,, dlll,¡,nll\l''''lll.hll\ol"· .l('f<.ll,k.l>; .. ··"'•i•'••l"llltdtll,·hltl ¡,,,f,·l•l•nllll'· 
l.lfl•'f1•.; .J IIJ,t\UJHI'II h.·h~l·l••r h (1\JI\'IIih fl, h 'h 1 1·1 , f'l tflllt,•rlt~t \ttpl 111 .. 1 '¡,,, 1 .. • 

tll\1111'·1 !ilu,, \\ln'h "1'\.~o.~ir '''111111UIJh.r'l"l' 1' 1 ~111, d .1\ll\ll\ 

h. H,r,.d,r,J!•\\,\¡¡,,,i 
~. 1l.1w.l o>l.l) Pll f.,·,-"''·''"'' 
''· ,\ 11 J 1 , 1 í ""'· 1 '•1 ,7 -, '1 B Ín.r ~ ,r "· a. h 1; 1 Jltl'li 111 lltl '~ '' 1 11 r 1 '' '11' '" lon¡t ,, ~ 11 ...:. ~·, ¡"' .1•1 , • ., , · r 

i ltl· h'lll 111'1!1·' 1 t. l11 '~11' 1 , 1 .l.r \ 1' h•w c·r~~ Hll'h 1.' . 1 .11 il 111 .1 11l '"•·· 1 hl. , , "'' 1 ,,, rl. ·1: l•• 

th, ~-1-h"lll ,o\\1,1 •' ,, .• 1\•.·r.-.lhf 111.111.111 1,. ,.¡ (tll d¡l ' 
• '1 

,....,,,. 1 ''''·"'·'1"''' "' "'-"''1" ,lf,·•rl 11•r h···""' f,' , 
1\'\ldhll, "''"'" 1 "·'llh;·¡d,·nllllt'\llchll'.! 1''''' '··' 

• lt\'1• " '" • 1" '· \ '1.11 11, 1 1 11.111 .11111. "" 1 h .1\\'1 ,, ' ' 

J l11' . , f'' ,,ur• J'• r u,.~ '' ,,, 'r 
111 \\ ,, ' 

1 ti¡,¡ 

~ 1 ' 

., 
l~ 



TAl3LE 14: Design Objectives for I11door ¡\-\~eightct.l- s~mnd Lcv~·t·. tll 

Rooms with Various Uses 

---------- -----------,-- --

Type or li'-C uf '>PJCC 

,\ppl• 1 \ ll:l.lll' .\ \\ li:•.h!cll 

~l'lliHI khl \dl3/') 

Cunccrt hall-;, ')lh:r.• houo;r". rccJtal h.Jll'> 

Largc .~udti<'II\IIlb, l.1rr,• drama thc.t!L'rc;, chtm:hcs 
( for cxcclknt li<.t~ning cond1 t10ns) 

llroadc,Jst, tclcvJ..,lOll JtHI recorJmg stud1os 

Small auditonums, !anall th~Jkrs, sm.dl churchcs. mus1c 
n:hc.trsal rooms. largo.: mcctmg and cunfcrcnco.: rooms 
tfor good IJstemng) 

Bcdrooms. slccpt.Jg qu.¡rtcr::.. hosptt:tls rcs1dcnCl'"· ap:utmcnts, 
hot~b. motl'ls ( tnr skcping. rc~tmg. n;l;¡,\lng) 

Prívate or \CIIliJHI\';t~c uffi~c<;, snl.lll ::tmfcrcncc rooms, class
rooms. llbr:tnc!>, etc. (for good lt!>!Cnmg rondit1ons) 

Living rooms and ~llllllai :-paces 111 dwdhngs tfor convcrsmg 
or li~tcmng to r.ulto and tckv1sion) 

Largc officcs, rcccptiOil aro:.Js. rct.ul :-.hup.., and 'itorc~. cafe
tcnas, l'l'!>taurantc;, cte. (modcratcly good l•~tcJllllg) 

Lohb1cs. IJbor:atory v .. ork spac<.-;, draftm¡; :md CllbJnccrmg rooms, 
general secrctallal arcas (for f.ur li~t,;rung cOJHhlions) 

l•ght lll.tintcnan~c shops. off1cc and computer cqu1pmcnt rooms, 
1-.Jtchcns.laundJiL·.., (nwdl'I,Jtl'iy fan hstcmn¡: coJuh!JOns) 

Shnps. g.1rares, powcr-pl.mt control rnon1s, cte. (for Jll'>l

,JO.:L'Cpt.thlc "PL'CCh anJ tckpht.llll' lo' lllllllllll'.tliun) -, 
! 

•As J'CCOllllllL'IHkd bv :111 ~\COll'•lll.:;t) Cl~~illl'~nng linn 0!1 !he b:J!>IS Of 
cxpcncnn: WJlh Jo.:o.:c.pt.lhility lunits c~\.ubJlL~d by thc U!>Crs of thc rooms_l6 

~4-
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21 tu 30 

Not abovc 42 

34 tu 4"/ 

3R lo 4 7 

33 to 47 

42 to 52 

4 7 to 56 

52 to ú l 

56 to ()ó 
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1 
~ 
Vt 
1 

o 

Land Use 
Category 

A 

B 

e 

·O 

E 

o 

TABLE 15: Design Noise t.evel/Land V se Relat ionships 
.-. 

De.;ngn rt>,tse 
Level - 10 

60dBA 
(Extenor) 

70 dB,\ 
(Exte:-lor) 

7S dBA 
(Exterior) 

SS dBA. · 
(Interior) 

Tracts~or lands in whtch se.renity and 'l'Jtet. ·ue of e ·:~.raonltn., :-y 
slgnlticance.'·and serve an important pu 1Jlt: •need, a'ld ...,~~::-,': :l·,e 
preservation o( those qualiti'<'S is E5Se'1tt'l:· tf th,~ 'lreá 15 to 
continue to'serve .. tts intended pu'rpose. Such ;¡reas coulc ·tr.r:>Jde 
ámphiÍheaters, parttcular parks •or porttor.s of park.;, or :vpe'1 · 
spaces wh{ch arededicated:or recog:1tzed hy appropnate .l0cal · 
officia:Js for actwities·requinng speCl;¡l qu:J.litte::. of "' rPrttty and 
quiet. , ' · : , · · 
1 ' ' ' • 

Residences;' motels, hotcls, putfltc r~eetu:<! ro¿· .. n.:. .. 5-:r.., ,:.::. 
churches, librane~. hos~ttals, 'ptcm'c areJ.s, recreatvm areas~· 
playgr'ounds, active sports::.':lreas,: an~J parks. e: · · 

Di>velÓped l~nds; .prop~rtie's or ·~~tiv{ties n'lt inélu-:!ed ¡-, 
cátegories A and ·s above. :· " · 

For require.ments on undeveloped lands s~e par~gr'l?'"·" ;:¡l'i\ ard 
'(6), this PP:\1.-

Resid~::~ces;' motels, hotels. publtc rn<,•·•:· ¿ t ·,·,·:: '· .,- "Y,:s. 
C_~Ul"Ch~S, librar:ieS, hOSpl~~lS and aud tt•')r L '".5, 

',Q., 

' 
-:' 
' 1 

1 

l. 
j 
1 

1 

i 

1 
' 
1 
1 -
! 

·j 
l 

1 
; 
i 



dpproximate car tevcl l•<:1ght) vlfH:n' outdoor activJ L1es ,1ei ,;.,l,: 

occur. Tlw valucs do not a¡.>pl\ lo an L'l1llre Lr.1ct u¡)(IIJ \.J:tl< 1, 

the activity is b.Jsed, but onlv to that portlt'll in \..'iliL'h Ll,. 

would produce lite le benefit. Such areds· would inc 1 ude but :h•L 

be lim1ted to junkyards, industrial areas, ra1lrodJ y<~t-Js, 

parking lots, and storage yards. 

3. The interior design noise level in Category E appl1es L0 

indoor activities for those situations where no exterior 

noise sensitive land use or activity is identified. The 

interior design noise leve! in Category E may also be con-

sidered as a basis for noise abatement measures 1n spec1al 

situations when, in the judgment of FH\.JA, such cons1derdtio11 

is in the best public interest. In the absence of noise 

insulating values for specific structures, i11terior noisL' 

leve! predictions rnay be estimated frorn the pr('d1cted outdoo:-

noise level by using the following noise reduction factors: 

i~ullding 

Type 

Light 
Frame 

Nasonry 

Z.1asonry 

Noise 
Reduc tion 

Due to 
Window Exter1or of 
Condition the structure 

Open lO dB 

Ordinary Sash 
Closed 20 
\.Ji th S torm 

Windows 

Single Glazcd 

Double Glazed 
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25 

25 

35 

CnrrL'spondin¡:; H1g:., •.t 

Exterior 1'-<oi~L' 

Lev"' 1 i~h ich 1\t~uld 

Aclnev"' an lnlL>ri,•J '..:~; q'n 
Ko1se Leve~ of 55 .. 

o-1 do.\ 

75 
80 

90 

" 

o 

o 

o 



o 

o 

o 

4'- - --- -- ---------- .. 

Noü;e reductíon- factors h:glwr lh<Ín thn1->e 1-ihU'-'111 at .. >VL an.~·, ¡,. 

us.:d wiH:n fieJd measurcmculs ni lhe !:.truclure in !!'"' .t '"'' ,,,d.,,,,. 
; ' 

that a higher value ís jusli fied', In dclcrmining whetlw1 Lo 

use open or closed winJows, the .chCiice ~shLHJld be f!.Overn•··· by 

''- '1 .!..~1· 1 ("...., -· • ~.. .. " • ' .. ~ ~: " • 1 ~ -

the ,Jlln-mal condít::i0n (>f t<ll;dvinuow¡:;, ''fhat -i.~ • .ifl\' huildin¡~ 
~- ~ " ~ ~ • ' - ¡ • ,. ... • ' 

.. . . ) 

' " . ' ..... ;. ~ ~ \ ~·~. 

having year round air trea·tment should be treatt:>d .1s tht· cnl sl•d 

• ~; .J ~,·¡ '-' -..'1 - .... :.~·~, • ~-·'·~¡'"¡~~ < '• 

hot clim~t~s and which ha~e ope~ V:i~~-'?~~--a ~~~s.~a_n~i~1-~!~0L!nt of 

time should be treated as the open window case. - · · .. ,., · 

~ ' ' . i . :' ' ·~ f\ ', ' ... ! ': J 

VII. Prediction of Noise Levles 

; ,_ 

' 

A. General Model (lO) 

l. Sound travels through the air in waves, with characteristics 
~ 's- :.. ... ', )·~~ :, ... _ .. ; ... ) ~·~· ~7 "-e; - • • - "' • ·~· • . ;.L .... --_-_.:(;: ~ ·(~ :::: /,' .:. 

of ;fteque11cy · (cy.cl~s _p_er •cS~cond or •. He_rtz) and· wav~··Jengt!t. 

· 2. If a sound were created a_t_ a.. point, a, ,syste:n ~f spher,ici:l_l. 
N 1 f.,_<ó'~< -L~ .--' _,l '.-... •' ,~~}~·-·.,\.'/' •,::_t{-,' •o r 

--·- --·---waves-would propaga te- f-rom- ·that~-póint -outward-· t-hrough the -
' ' 

~~ , , ~ 1 1 • 1""' ::. .. ,. ~ , , r. ~- ~ '~" ', "' • ,, ~ 

•' ·a'ir'at·a speed of llOO feet per secona,-·with the firs'tw~ve 
1 \ -;;_, ·:~.a. ¡ ' • ¡ 

making an ever-increasing sphere with time. 
~ ' . ~ ," : ... ~ 

As the wave 
" ' 

spreads, the height of the wave or the int~nsity of the 
-·~·':· ~j' ' ','1 •' - ~~~ ;·- ~,,-. ·~~.-~-~- -' •:;;·.,' 

"\ ~ - ~ ~ • ' • ~~ ~ - _,, > ' ·- ~- ~ -,... ' ~ 

sound' at any given· point ·must dimihish as the ·f~x~~. am~IJnt .oL 

energy is spread. over an increasing- surface area of t-he-: sp,¡~,r~. 

This phenomenon is k.nown as geometric attenuation of the'·sounJ. 

3. For point-source propagatinn 

r 
sound lev_~11- sou~d leve1 2= 20 log _1_ 

rl 

where the sound levcl .Jt station onc minus tlw s'-,unJ h!\·~·1· 

at station two is equal to t\<lenty times the log of the n~U·• 
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TABLE 16: Residential Noise Level Guidelines 

(Note: Heasurements and projections of noisc exposures 
are made at appropriate heights above site 
boundaries) 

-, 
PENERAL EXTERNAL EXPOSURES - dB (A) AIRPORT ENVIRONS -- NEF ZOr.L/ 

! 
t-------------------_.¿---------------~~~1 

1 NACCEPTABLE 

Exceeds 80 dB(A) 60 minutes per 24 
hours 

Exceeds 75 dB(A) 8 hours per 24 
hours 

greater than 40 

(Exceptions are strongl,y discouraged and require a 102 (2)C 
environmental statement and the Secrftary's approval) 

DISCRETIONARY-NORMALLY UNACCEPTABLE 

Exceeds 65 dB(A) .8 hours per 24 
hours 

Loud repetitive sounds on site 

between 30 and 40 

(Approvals require noise attenuation measures, the Regional 
Administrator's concurrence anda 102(2)C environmental 
statement) 

~ISCRETIONARY-NORMALLY ACCEPTABLE 

Do es not exceed 65 dB(A) more less than 30 
than 8 hours per 24 hour:s 

r\CCEPTABLE 

1 ¡ 

i 
--' 

1 

1 

1 
1 

! 

f 
1 
l 

~ 
1 

Do es not exce~d 45 dB(A) more less than 30 

-~-~J than 30 minutts per 24 hours 
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-.- ~--~ _, __ . ---- -- ---- - --- ---~._ ... , .. __ ,' 

o.)L the radil. Thls means thétl ftlr (•very doubJ lng of d 1 e, 1 '"' -' 

i lw sound level will decrcat.c by 6 dec i bels. rn other wo1 .:.;; . 

lf station ene were at a dist~nce of 50 feet from the puinL 

sourcL· and, if státion two W('rc a d istance of lOO fcet frnna tlll' 

po1nt source, the sounu lcveJ me.tsured at point two W<luld b~ 

6 dB less than the soua1J level measured at po1nt l'IW. Thts is 

holds true for single vehlcles and aircraft when sound is 

propagating in free air, either from the airplane to thc ground 
',, 

in a complete ·spherical sense, or in thc case of an autómób'i'i~-

on "'th'e :grou'nd when· the' p'ro'pagaüo'n"7fi«Hd is o~ly half a sphere. ·.·. , __ \. 

s~~ ~igur,e.'Ú..-: ,'_ ·-,, \ '.. · · \:~ 
.· ! ' 

' ' ' r' /_.. 1 " ;. '•' '" 

, •. 4. · ~~n~_:..,._s.~úrc~- p~opag~tion When a, n~~~ep of ~~~ücles ·are lir.ed 
' l ~ ,' ,, T f ' ; ¡¡'-i t ., 

... j ",., .... 

' . 
• ,- ,' Ufl ·;a~cl ~onstf't~e. a- continuo~S- s'tream, of noi.se ~o~tces, tlie 

' ~ ~ ' ~ ' ' , ~~ ,..<;:: ';-- ~ ·~ _..--,.~ ' - ~ ~ ~: 
~----.-t. .. ~~ '~ ....- .-. ;-.... ~ .. "" ... _,-_ ~ -.. __,_ '"'!;::- ' ~ 1 ' 

sit~ation is no longer characterized by a spherical or hemis-

pherical spreading of the sound, but rath~r the reinforcement 

\, ·-by the -line of~ point-sources- makes the,<propagat-ion- f~eld.- '~-'-

like a cylinder or half a cylinder. In this case the equation 

is as follows: 

. ~..' 
For Line-Source Propagationi 

sound level
1

- sound level 
2 

Thus, the decrease in sound for each doubling of distance from 

a line source is only 3 decibels. When we consider noise levels 

from busy highways, we will essentially consider the noisc 

source of the highway as a,n infinite line source and a 3 dB p~r 
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Figure 14:. Sound Propagation Comparison 
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~'"cÍo~bling of di~tance propagation rate will be utillzec;. lí••l..c.:VL'r, 

when we consider a situation such as the propagation of noisc 

from a m~lti-car transit tr~ln, the 3 dU per doubling oi 

·~~··· 'd{~tance propagation rate wiJ 1 be applicable to approxirrtr~tclv 
¡ ( ' 1 '! • • € "" .~ 

a dist,;mce of 3/lü"óf:the.lcngfh oi'.thc train.or a finH~· .ti11.: 

\ ~ ~ ', 

source. Beyond that distanc~, ~ ~ ~B p~~ dou~1!ng of distance 
,. ' 1 ,-... 

' ~ \ p 

' ' ,' atten~aÜon rate should be ~pplied •. · 

B. Aircraf~ ·Noise Exposure Contour Model iii) 
t ;" ' • ' ' ' .-. ~ 

1,,1"' 

:: '" l. This · model 'is based on the phy~;ical.cJ¡aracterist ics o f the 

run~ays·· and fligh~s using the faciHty. 

2. The prograrn provid~s the user w~th thiee output options. The 

that give the location pf a ~pecified Noise Exposure Level. Also 
' ' ' .) } ' t ~ 

' ' '\_ [ 

given is the ~re~ ;I'!~~J .. :o.sed: by~ thes"e poii1ts. 
. - ' 

The second ~~tput, 
1 ' ' ~ ¡ ... ~· ' ::-'! 'í • ~ ~ -,, 

the Gríd ;.Outpilt-~ <providés thé Noise Exposure Level for each 
! ; \ ~ ~ 

', _,';~ ~~:·'1: ' '~\J -,- .. 

set of coordiñates specified by the user. 
'" _._, ' ' --.~ (' 

Finally, the· 
~ \' ' t ~- ._, ... 

Diagnostic Output provides a subtotal, ,~the <.Eff•ect'ive Perceived 
' ~ ~ ~ 

Noise Level, which includes the present flight condldered plus 

al! previous flights~· This output also giyes a complete 

description of thJ · presen'~· fl i~~t -~~·¡-n-g. cpnsidered, includ 1 ng 
' ~- ' . _, . . ' . _, ,. ' 

·•'t._,J ... :,q~ ':; ~,~~~· 
s-uch other information as aircraft ··type, percent thrust, and 

\ :,• /) \ f-

elevation. 

3. :<~h~ oupin:e of :the moad, in'ciud~ng input requirements, output . ' 

options, and flexib~li ty, is shown in Table 17. '· 
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TABLE 17: Aircraft Noise Exposure Contour Model Outlinc 

A. Input !k.¡utJt·mcnt.; ,,( :-'ud~·l 

l. ¡\lc:lbcr o[ fll;;w.t,;~. :.ml.l l1n l',;¡_l¡ ¡i:ll\i.Jy: 

(..t) !{UJI'..:ay l'IJ•)fdHI~\lcs - Cartc•il.~ll\ "·oordi11atc:J 0f rllJl\~.ty 

c1,d ¡1o1nb; 

(b) Ulst.-mce from tht' C'nd of nunv:ty to thc st,trt of 

takcuff ro! l; 

(e) LllsLmct· from th,; enJ oí n!.J1h\"LY to thl• trr.JdlLI(lw¡~ 

po1nt; ~J.Jld 

(J) 1\'wnbcr of flq_'.hts on c.Kh runh'JY (J. flit;ltt is :~ ,üvcn 

.urc:raft typc on a g1 vc11 flight path), ur,d for ca~h f1. L~:ht: 

(l) Typc of fJ1ght - tJ.kcoff or lamijn~; 

(2) Ty-1:~ o[ aircraft; 

(3) Null\bcr of opcrations; and 
(4) NumLcr of ~cgmcn~s composiag each o¡'cr.__¡tion, 

a.nJ for cach segmcnt: 

a) Sq;ncnt lcngth~ 

b) flight path dimb anglc~ 

e) Thrus t lcvd of aircraft; and 

d) Raúius of \,-u:rvcu segtnent. 

1!. Ow.tpll.t Options of MoJel 

1. Contour Output 

(a) RcquireJ inputs: 

(1) No1se exposurc (NE) lcvcl; 

(Z) Tolcrancc of NE Level~ ami 

(3) Estil11atc of X anJ Y coord~11.1tcs of loc;__¡tion oí 

first point with givcn ~'E lcvel. 

(l>) Output: 

(1) X ;u1J Y coorJinatcs of locations of sp'-~cific>d 

NE leve 1 ; and 

(2) Arca cncloscd '-'f point:; on Une conncct ing thc 

prcscribcd NE levcl. 
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C) 

o 

o 

z. GrHi o1_¡tput 

(éi) f{cx{uucd J.Jputs. 

(1) \ and Y coonJin.1tC'::> oi thc starting po1nt on ~~nd¡ 

( 2) 1 ncrc.ncnts for X and Y; anJ 

(3) :-.'t¡;r¡bcr of po1nts on X anu Y axis. 

(b) Outí>llt: 

(l) ~1: lcvcls for cach sct of coonlinatcs s¡;cdficd. 

3. ¡l1agnost:c output 

(a) Rcquircd wputs: 

Sames as onc rcquirci.l for grid output. 

(b) Output: 

(l) Hignt nuJHr.cr; 

(2) A1rcr~ft type; 

(3) SLJ.nt r~l!lgc to obscrver ~ 

( 4) Uevation angl e to observe~·~ 

{S) Pcrccnt thru~ t; 

(6) LPi\L (~ ffcct1 ve Pcrce1 ved Noise Level of ai rcrait 

~t sLmt range H) ; 

( 7) Corree t ions for 

a) Shichlinr,; 

L) L\ccss grow1d attcn:JaUon; unJ 

e) .Nt:.ml,cr of operatlons. 

( 8) Nc t IJ',\IL; an~l 

(~)) Subtot:d EPi'JL - 1 nclude~ pn.:-..cilt f1 i ¡;ht plus a ll 

prcccJ1ng OllCS. 

l. ¡¡,,~ kl'J! c( . .lfJVl'rlt:J for u•.c on th.! lJ',\j .Shll/l~JS. ('11l~ urit:w.:J 

pn1:; r.r.;! h'.t:. ¡. r1 t ten for Ll1•-' CUC (J'll)O.) 

l. l'J,¡:;LJ.J:I 1r •. 1:. ¡,,",;1 lh¿..,q:ncJ to ¡:cucratc ~l. h'\l'b, b11l. ü ~aJI 

C.l:o.ll)' he llKl~l!l ¡c,l to ¡noducc 
t., J • 
1 1 '~ 1 • 

. \;i JI'NL .-lO ll'q NU!'~- HH 
1 ~. IJ'~, IJUII:hcr o( ob··l'l\1;!( lUII') 

(ll) 

:\IW.) 
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(h) ó thn.c·.t (01TL'tt Jt)il Clii"VC'> - ¡ i'NI. \'~· PCI\.l'llt illlll'·t; ollld 

(e) 2 cxcc~s ground :1ttcnu.li 1011 cm·vc:; 

aircraft may be casily incorporatco 1nto thc progr;Jm as d.tta 

statcn~nts. 
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C. Highway Noise Predíction ~lodcls 

l. The Federal Hi¡:;hway Administratíon PPJ.Ii 90-2 (9) stated that two 

highway noise predic t ion mcthods .were acceptable :, 

(a) The method in the National Cooperative Highway Research 

Program Report 117 (12). 

(b) The method in the Departme~t of Transportation, Transportation 
: 1 ~ 1 "'~ \ ! ~. ,_ 

Systems Center Report DOT-TSC~FHWA-.,?2-1~ (13) 
. ' 

2. A model developed at Argonne National L~boratory was pub1ished 
- 1 "' -\~ ' 

in 1973 (1~~· Basícally, the model requires characteristics of 
't "- r l '! ~ '' : ' ;, 

the highway segments as input. The characteristics include a 
',, 
'•' 

description of the traffic using the highway (the speeds and volumes 
,; 

,, 't ' • 
~ - - f. ~"' ~--

of both automobiles and trucks), the physical dimensions o$ the 
.' , .-, :~ ~ ~' , - , 'I ~' ... ~ ~ '"'"' , 

facility (the elevation, depression, grades ~nd surface typeM), 
~2:-.. "'' ¡_ • l ¡i: -~ : ~~.:_, '.~ ,, ':: .•: {~_')~f ~,L~:.r \' 

and the aspects of the environment bordering the facility 
--' • • ' ~~ '-;'1 • ,":' 

that have an effect on the noise levels (the landscaping, structures, 
-,.- ·- l ' ' •, 

and barriera). Fundamentally, the .mQdel calculates a· noise level 
{'• 

at a particular 
L _' ·,·;,.~=t~.· ','S.x::~~ 

point along the highway and a perpendicular 
' .. . ,, 

. . . 

distance away from the highway. Once this noise level is 

calculated, the model moves outward an incremental distance, 
\ ~' ' 

away from the facility and calcula tes another noise level. nu s 

process is repeated until the model reaches a maximum pre-
. ' . 

scribed .distance away from the highway. At this point, tuc moqel 
, " 

moves farther down the highway and calculates another gr?up or 
-~ t -- e ~ , ' . 

noise levels. This is repeated until the model has covered the 

entire length of the highway. The model prints out a contour 

map of noise levels at given distances from the facility over 
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the entire length of the facil~ty. 

(a) Figure 15 shows a schematíc diagram for tlw u:,l. o[ tllt' 

model. The fiftieth percentile noise level is that 

noise level that will be exceeded 50% of the time. 

· (b) Two options for estimating highway noíse are avaílabh· 

to the user of this model. The first allows the user to 

predict noise levels at various desíred heíghts above 

ground level. This may be of special ímportance in an aF~a 

that is composed of multi-story apartments and cummerlcaj 

sturctures. The second option allows the user to calLuldte 

the predicted noise levels in the fiftieth or tenth per-

centíle noíse levels. The tenth percentile noíse level is 

that level that will be exceeded 10% of the time. The 

fiftieth percentile level is useful as it provides what may 

be termed the median noise level. On the other hand, the 

tenth percentíle noise level will also be required as 

many noise standards are beginning to incorporate this 

level. 

VIII. Noise Control Principies (Basis for Step S) 

A. Reduction of Vibrating Sources (3) 

Noise is produced by an aerodynamic disturbance sv~h as air moving 

in a duct, discharging from a pneumatic tool,and beíng pushed about 

along the surfaces of speeding cars and trucks, beat about by 

propellors, or squeezed and thermally expanded through jet engine$, 

Or noise ís generated by the vibra~íon of structureG pv!~osefvlly 

set in motion, as in internal-comc:ustion engine or the shut t 1 e o f. 21 

1 
1 
1 
\ 
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1oom. Noise is also prod1wed by a surface tl1at is vibrat1ng a::, 1 t i ~ 

connected to the moving parts of machinery, such as a fan houstng or 

a mounting of a punch press or a packag1ng mJ.chine. Control at li1t! 

source then depends on altering the aerodynamic chJ.racteristics ot 

the vibrating air by dimensional changes, by smoothing 1ts flow t~ 

reduce turbulence, and by absorbent materials along its path. 

B. Enclosure of the Source {3) 

The escape of noise can be prevented by complete enclosure of the noise

maker. With provision for heat dissipation, motors and production 

machines can be put on vibration mounts and housed in sound-absorbent 

materials. Escape can be somewhat reduced by partía! enclosure. 

Abosorbent baffles at air inlets and outlets can reduce the escape 

of fan noise. Mufflers control the escape of exhaust air and gas 

noise partly by altering the aerodynamics and partly by absorbing 

existing vibrations. 

C. Attenuation by Absorption(3) 

The behavior of noise which has already been generated and which nds 

escaped into a room can be modified. Acoustic characteristics whLcn 

influence the behavior of ernitted noise in a room are the absorp.::.on 

coefficients of surfaces exposed to the noise; the reverberation t1me 

vhich depends on the noise source and the room; and the transmiss: or. 

losses through the walls, floor, and ceiling. Acoustically, 

reverberation time of a room is the period required for any 

sound to decrease by 60 dB after the source is cut off and absorption 

takes place. This techniqu& of control depends on reducing the noise 
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o level by 1mproving the abs~rption characteristics of th~ room. 

Modification and wall and ceiling qualities is the principle pro~~durt!, 

and floors as well where change does not interfer with floor service-

ability. Application of this approach is a demanding task for a skilled, 

experienced wcoustic control expert. 

~. Noise Control Practice~ (Step 5) 

A •. Industrial Noiee (3) 

The methods of noise control in the United Statcs are well for~lated 

for controlling industrial noise. The principies em~race plant 

planning; substitution of quieter equipment, processes, and materials; 

reductíon at the source and reduction by transmission by air. 

B. Subsonic Aircraft Noise Abatefuent (10) 

The following lists some of the current noise abatement techniq4es, 

o procedures, and other alternatives to counter subsonic aircraft noise 

sources: 

l. Aircraft Design or Modification 

New quiet engine designs with high bypass ratios and low velocity 

nets. 

Acoustically treated nacelles and ducts 

Exhaust silencers for reciprocating and turboshaft engines 

Noise suppression for on-board auxiliary power units 

Rotor and propeller aerodynamics for reduced noise 

Noise suppression for mechanical components such as he1iropt~r 

gear boxes 

Vehicle aerodynamics to allow for steeper ascent and descent, 

() 
and/or reduction in time required for ascent/descent 
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c. 

2. Aircraft Operations 

Restrict operations by type of aircraft, number of opera U on:, or 

time of day 

Power cutback on takeoff or steep climb-out depending on srtuat1on 

Steep or multi-segment approach depending on situat1on 

Preferential runway assignments 

3. Aircraft Mainenance 

Restrict engine "runups" during ground maintenance operatiou::-; 

Maintenance of additonal hardware for noise suppression (i.e., 

treated nacelles or auxiliary-power-unit silencers 

4. Aircraft Route Location 

Avoid noise sensitive areas in new route assignments 

Modify existing rou~es to avoid noise sensitive areas 

Utilize noise-insensitive areas for ascent and descent paths 

5. Landscape Architecture 

Shield airport surroundings from noise resulting from aircraft 

ground operations and surface vehicle operations 

6. Acoustic Insulation 

Insulation of dwellings against aircraft noise 

Insúlation of co'mmercial structures against aircraft noise 

7. Land Use 
1 
( 

Control by zoning authorities fo~ compatible land use 
1 

r' Highway Noise Abatement (10) \ 

l. Three options for noise reductif;n are• 

(a) Man-constructed barriers ~ obstruct or dissipate sound 

emissions 
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(b) El evated or depressed lughway thr.wgh grading 

o (e) Absorption effects of landscapting (trees, bushe&, shn&bs, 

etc.) 

2. Constructing Barriers. 

A rigid (fairly mass1ve) barrier can be an effective mf'<W~ l·) 

reduce noise from highways depending u pon the relat ive hei¡;L·- ~; of 

the barrler, the noise source, and the affected area, as wcll 

as the horizontal distance between the source and the barrier 

and becween the barrier and the nolse-af.f~c.ted area. 

3. Elevated or Depressed Highways. 

Often a highway in an urban area. can be buil t above or bt.•1ow 

the surrounding property. Such dliferences in grade provide 

sorne shielding of traffic noise and can reduce the noise lev~l~ 

at adjacent properties. 

() 
4. Effects of Planting. 

Planting adjacent to a highway produces little physical redu_Llon 

in noise level unless it is very dense and of significant d.eplh. 
\ 

5. Some other noise control measures for highways: 

(a) Limitations on allowable grades. 

(b) Road surface rcpairs 

(e) Route locations planned to insure maximum separation 

between roadway and existing noise sensitive areas dnd 

to make maximum use of shíelding provided by natural barriers 

(d) Provide for compatible use of land adjacent to highway~ 

e 
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PREDlCTION AND ASSESSMENT OF 'IHPACTS ON~:rHE-;'AlR ENVIRONMENT 

- f '1 '1 ~~ a¡ : ,_:: 1 :~ í' • .. . t _. r -;l > t 

the vicinity of tb~ project area. Construction of highways, airports, 
~ • ' ~ : ; ' ..• t • - (0. ~ ~ "" ~- ~"-\1' ' -~- ... ' ' •) ... "';. ·~ '' . t- ; { f ~. ~' .,¡.,.. ~ ;• - ~, r /.. -~ : f[""~.. ~ 

.. 1 ' 1 
( ~ " j 1 ~ - t ~ r ' r~ • r - ,- ' 4 , 

• dams, waterways, power plants', industrial' cparks' ¡ apartment houses' and 
1 '/ ! '.t .. 1 • ' • ' - '! :- f . t ', /¡ • .. '¡ '' - ~ .- • 

pipeline;s -g~ri·e~'ate' cons'truc'tib'ri''dusts and' ;exhaust ernissions from const ruc
' :· .. ·, ",!~·::··~ ~ ... -~-·-· ,, - ·'· ·:···, ',•'' ... ,.,·,(] :.l", . ·-: 

tion eqúipment. 'the 'opera don' of ·ai'ri>ort~ and:'iií:>wer plants·,· -:and the use 
' ... :•) d 1l5i.~ ( ")' ~ ' 1 

of hfghways ~n-~., ~i.ndustrial parks also cause emission of gaseous and par ti-
• '_, ~.t; -~- , r t ¡~·~i(: ~. ''f' ¡ :~:; i ',,;r,""7r- ~·~-,} ...-.(r._~,.,:~-.i (;::-· -;¡ ';tJ't-.;. j-~~~ • 

culate ~{r :poilutánts~:: ·r}íis' ~h'~ptétc !ís-·acfdress~-d'- :to .·data :.needs:.and as so-
• _¡ :. - ·., ': ,. -, ' ~''- { - : ~: .: -' (' ¡ ' : :Ji - . ': l ' -' - ', _; ~-" ') ' J ~: 1! ~ '~ .:> l ' . ! ,'' .' ' -¡ 

ciated technol.ógy: J_ór prediétirig"-arid -·a!úH~'ssfng ~the" irnpact:.of. a~.proposed 
\ ~-~"~-__ t:;;..-_·.:.·-_::.J,~t .... ¿ ....... ¡, .... ; -~.;_, ~ ::.!'¡;:;-)~.:.,,_-,_~ ·;~'( :~ .. ~~:.~·J 

action·ón_a'ir quality.~"··, '/•_d;,,., ~"~ , .. ,¡(, ''~-, 1'<.-; ·r-=·-, .-.-
..... ~ 1 '. \ ' r;' .. .l l -; ;-- ~~ ' ~¡- i. (--. ~ :. ' ':' ; ' -· • ' '~ '-.¡ .,... \ t 1 • 

-· J ' : ; _, ; ! ' '•' e •• -, 
' 

''' 

BASIC STEPS FOR.PREDICTION AND ASSESSMB~T 

and 

' .: .. ~ ' o ~ ' ' ' 1 ~ 

The f ba~:í.C' ·s·eeps'. as~ó·c-iated' wfth ,·pre'dict·ion-,o_f.,.ch~nges in, a ir quality, 
·~; ""(,J.\. t ·~ 1

: <.:~~!>'S ~ • ~,¡-" :·,t -'- ~: ~ t vÍ..~;1 i' ~ F 

asses~JÍ¡er1t '~f -tñé'• impact of 'Üiese :éhanges· .are .as follows: . ' 
~ •,:: .,")'••.',, ~ ,¡-'•:t~ "•1c,.,.'rf ,_ t·.~' .~ ,;,~':'·' t· ~,t$j ..,~;,¡} 

l. ::.-'-iJenti'fy ah.: 'pollufa!lts eni:Úte·d '-frorn~·:Í:he ;alterna~ives, ~.mder 
consideratiori'f~r'n1eéÚng .a' gtven.'need.·, e,~--'"--"'·' ·, :'i 

r ... _'. • ·~.- - .o;r -r~~·C :;- •· • .:¡.'- ,., ·•• ~,·"- ;:.-' :"'it ,'~ :1 ;,; :-: l,,', '~ Í. • 

2·~··, rnesc'r:ibe ·or"d·e~:er~in'e ·the ?exis,ting•·air-.quality· 1~v~ls 'in the 
area. If· possible, p'reseñt •líistioricahúendsJ in :~li~:,._qt}ality. 
Éxanline- the'..:frequency ·"d:ist r~ib,U t ion·,: ·and. t,he'· m.ec;Ii_an; ~~d .,mean 
conce~trations for each gaseous ·or particulate air; po!~utant 
_which has an ambient air quality standard. 

~;,:-·1 '< _,'-:'~:;.'j ,_:):.-"'(,·("';_~ ~ .... t~"'~-l",;·-:~;·..._ ~-"~-· ·~~~::.' ~~:. f .,. ·!-: '1 

3. r·.·'oéú{rmiJié'. ttie":·ai,t pollut íon · d ispersion ,pot.ential,, fgli" the 
area; this can be- accompl is)1ed '·DY' agg'r'.egat.:ing; i!l.forroa~ion 
on seasonal or monthly variations of mean mixing·depth, 

;' ·, ~inve.rsion,1 h'éights, ·wind• spce·ds:,~ liigh· ai_ri P~t?ll~.tion.,ppten-. 
tial, and episod~-days. Historical records of air pollu
tion :·episodes ·tn·. the .. ·area. should ',be. described ·~ .., . 

' -- ... ' • .,.... ·~ .. _. " ~ • ...,) -' ....... ,1 

'• 
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' '· Swnmarizc thP ha..;{c m<·tccrolol,ical data for the an:d; 
this shnuld include month1y ,,,tr.lm.trics of prl'rirdt.ttion, 
lt~lllJH.>ratur.:>, wind spC'cd antl direction, solar r<Hiiatíon 
and other parameters if dcemed appropriate. Tncluded in 
this information should be the monthly, seasonal, and 
.1nnuat ~odnd roses. Any uniquf' meteoro1ogical phenomennn 
'~·11-,ich have occurrPd in the nrr.1 shoulcl he irlt•nt i 1 iPrl. 

S. r•rocure ambicnt ai.r quality st :md.1rds and emi s-=d ons st;:m
ILí'rds, if they élre rP.]evdnt. Consideration slwuh! he 
t-;iven to the time ~chcdule reqttired for meeting : hPse 
f,r .mddrds. 

6. S~mmarize emission inventory data for the smal]est appli
cabie scnle of the region, and include the regional 
emission inventory. Identi fy the majar point source<:> of 
air pollution in the area and i.ndicat~ the quantitJes 'of 
poJ~lutants emitted as well as the sped fic location of 
these point sources relative to the sites of the alter
na~ives under study. 

7. Determine the mesoscale impact due to construction and 
opeiation of each alternative. This can be nccompJished 
by cajco~atirtg the estimated annual quantity of air pol
lutants from each alternative and determining the per
t~ritage incréase in the regional and local emission 
i~v~ntor~ fór each pollutant emitted. Particular atten
t'idn sho\Jld be addressed to increases in Priority 1 or 
Priority ri pullutants (these priorities will be defined 
later). 

8-. Calculate the ground level con<'entrations of air pollu
tants from the alternatives under varied meteorological 
tonditions. Dcvelop isopleths nf concentratinn in the 
vi·cinity of the sources of emisc;ion. In order to deter
m1ne the microscalc impact, co~pare the calcu]Ated air 
q~a·,] i ty lévels with the app licable ambient ai r s L¿\rídards. 
The proportion bctwccn the calcul:1ted levels and thc 
a~~licablé ~mbient air standards should be considered. 
If emissions standards are applicable to the alternatives, 
thert Lhe emission standards for the action should be 
¿onsidered in relationship to the anticipated emission 
levé ls. 

9. If ambient air or emission standards are exceeded by the 
proposed action, consider mitigation or control measures 
i~ brder to minimize the air qual~ty impact. 

The ribove nine steps are directed toward determining th2 air qual1t, 

i~pacts df alternatives and 

\ 

\ 
a pri1>posed 

e 
\ 
' ! 
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action on the mesoscalc and 
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• ~ ~ 'pe i :~ •' '' 11 1 • ~ "·~ 

levels. The mesoscale leve] ~ss~ssmrnt is oriented to the contribution 
~-~u~Unq~:~,l~~~ ·~.,), ~~"lL~ ~.:~;~ 5~~~~ <:V'tL.l"'Jút1,·J:-cc,tr;'.~.,;~t:'t(r·!~ ~"" c·•<,¡,~')P'"~ i':t _•'"r·~ -~, ... ¡ot,~~~.~ 

,, 
of the proposed action to ar~a and regional emission inventaries. The 

~~:;,.,t],J, Ív,~!L.~-"'.; 1 :'::;'}~~'t b~~;/JY .. ('~::t~·~l, ~~~(~·.·~~\ '1;(,": ~i-.:; '.'/tt!l ·~~~~ "'";"~}3d':,-''icJr~_.·~'(l :.tu~~: 
~ ' 

microscale level assessment is oriented to a comparison of calculated 
~~, !J""? ·,~~~1 ~!{~j'}~t,J~¡iJ_.."'~~1 ~v)~ ~ !;r;_.L.J 1{\t¡' \1- ¡';. J¡¡-:)¿J:.\-~.i ] ~}~¡:;'"_.'1 ~ ;";~~:-JJ ¡;-~c~J~' ~~(-fjv 

roncentration,]evels of air pollutants at specific locations to applicable 
J_•-\l ~ i 'fd' ~ nr\S¿ n{ "~ -.\,_ ·'~·", ·~t~'i !L~~ ~~~' .. :, ~,sVJl ~ ·,_} :~~er'"' "),~.~·-~.r: ; ~.~"'lfñÍIÍ· '1: ..... ~ ·.;. 

' .tmbient' a ir qual ity standards. Both levels of impact assessment are nec-
¡¡.'t~'J t•,~ Lt~.d:. -yf-;c,.,.·:;;~t-.H}'-1-·~d,) ~.~n-. ,..;~,'):t:{{¡~~I ·.:jr ~(!; :..,'l .. '·:i~~ ~t~¡§· ~7,¡ ~q~· ~.vs 'l~q., 

with proposed actions. Steps,2-6 should be summarized in the environmental 
.~~ d•l:o:,.J ~\.!1;'"_7.:.~~:-¡;.~ '.// [~j ~---/-=~'J ~-~,.-~y, . ..,~!)~~'i (1 ~·\·~~~~ ~.¡;- ~ ~-J{}',r.~,.~_.: ~"{t~·v r. '· :l ··~~ 

setti~g, and the remain~er in the environmental impact section. , 
.-),J ¡ '' ~11J ) ~ (L~ ~~--:_.~,ti L'~'~h~~t\1~\1 ;:~ · .. ~ .:_::,;·,·~-~ ·- í r.'<<:;2 ;~~·.., ., ~ (:!'!~~'~' ¡ ... ti" ¡]") 9 ~;¡\'\,r .-. j VJ'Ii~~-'- }"" ![ n"''J j ; ~ 

The organization of this chapter is primarily oriented to the nine 
~ f~,(o,i ~!b:.''~2'1 :J~l¡ ,'lit ... \ .... y t~+:S"'···,~ :1 ):'.,.j.>·--.~~.,1:-'J }~;,'~~~J!'~:i¡¡\p "J~: ~:~ ... -.~_.&.-f,. ~.t)· ~: oJ~ .. ,~; 

steps identified,above. 
!:-·,~:- ; '~¿¡,'; -s· n;:~~;Jr·~ .} , ;i'l ~·J;·3 )'f\"'\·t 

However, prior' to the step-by-step discussion 
1~ '"'~~JH;':Jl!::.f<\~1~,-rif ":~"''J.r';·-· ~:~ ·~

1

•• , 1 l',;<()[r; ¡'fl~ P~y1i~~f-hf .~;fJ 

and analysi~ sorne brief information on basic ~ir pollution considerations 
;~:~~·) ~·~nt '¡'-_:~:!y~/~ ··-~t ~2~ ><·; ;~:t[, ~('\"<~-;;e ::~ ,·"~¡;;~(' .;.Jw-v/ '=..: _:r 3;::.~~J:. ~- -;_: 0

i ~?'! r ~-o! ·~;!}'Hl ,f, 

is presented. 
r~0 ~? s·~~~" -~1R,.' ~--:.~ ~--.5~) ' ... :~ir 

BASIC INFORMATION ON AIR POLLUTION ~ 
~)! .. :{'' ·~ 1 ): • ·: r:'_ ~~(='";) ,L"';,_:~ J~5· l ~>~H·~ "-,le, ~ ,_.) (""-5_:~1~J~('¡";jf<t.~ ·~~r~ 

Air poilution maybe defined as (1): ' 
~Q ~ :;0;.~~-J .'L~~l, ~C~ ~ ~~'~.,Ú~ (:· .. , ~~- :::~ "{<~ ~'( ;~,· ~~ .. 1:~~ "i.J.f.L ~~L/'-;f)Jl::,Jll -~~)',:·íl~~/~~: r,;~~, 

''th~ presence in the outdoor at~osphere of one or more 
·:_ ,~: \luJ··,¡,~oó t'áminants ,;such'''as' dus t t~fulnes ¡- g'á's ;; 'misi:'r~oaor ;L-smóké', ,,' , " 

or vapor in quantities, of chara'cteristics, ·and of duration, 
~ ' {' • ' ~ ,, " • f "" "" ,, f , .¡_ 

~·: •''•',, 'S'úcn'':aS' fo ~b-éi iiijurióus1 fó'c:fíurrian, VpJ.iañf" orq',afd.mál'-,l'ife oi'•q ,¡ 

to· property, or which unreasonably interferes with the 
comfortable enjoyment of life'~\:ind"<pr'6~¿rfyl" "" -r·nsc·:s;: ··' '''';- -ff,,-, 

i 

:do~ ~7 l'namel~-; (-ll)" 1t'he~"fo,c'us :-H; '~ ón ··tfie1 ;'o~lt:d·bcar·,·a"'t~'Osp'heré~_ "áriéi '"áoeS'! not' ' -

frf~iúae thé- ''ÚúJ~s,t'rial~~6rking 1elf~úónmenf;" (i) ·~ir: ¡)o!íuti~ri¿iñ,~)i be:' 

' 

'th'ese'·conta~'inaritJ)r(~ dV~théé:~né'e~ t'i-aYi<>n '~dr.: ci~';,;ht'ity: ·of'rrirltetH11' 
1 is' ~,::,,, 

basf~"-:áétlirminatit \Tn gáú~'ing': a:fr;:p'o'i'I~i\1~-·~ ~Jif~cts ~ ~'(4')F i:h'e'·idm~' 6T'le'x':' ,, ., 
posure, or the ~er~istence of'a given concentration level of a pullutant 

is also a basic determinant in the effects of air pollution~ <HJ.·~ (5) tb;_' 

-3:-



''' cffpcts of air poll"tants ~an occ~r on 1lving t~§ngs 0 inanimant ohj~rts. o and thc acsthetic features of an are;~. 

There are a number of slgoificant dates in the history oí air potlu-

t l<'n occurrcnces. (2) Onc of the first recorded dates occurred ahont 

1300. when King Ed~ard I issued a proclamation prohibiting the usP o( 

sea coa] during sessions of the ~nglish Parliament. In 1866 the fJrst 

paper on the health effect~ of air pollution was presented, and in 1875, 

cattle deaths in London were shown to be due to an air pollutlon episode. 

In t:he ear1y 1900's the term "smoke-fog" began to be utilized, with thls 

terin befng shortened to "smog" which has, become a synanym for air po11u-

tion. Sorne major air po1lution episodes occurred in the Meuse Valley 

in Relgium in 1930, in Donora, Pennsylvania in 1948, and in Londoo, EngJand 

!n 1952. In 1955 the first U.S. legislation dealing with air pollution was 

passed, and in 1963 the Clean Air Act was created. The Clean Air Act was ~ 

amended in 1967, 1970 and 1974. (3) 

The sources of air po11utlon can be categorized according to type, 

that is 0 whether natural or manmadea by n~ber and sp~tial distdbution: 

or by type of emissions such as gases and p~rt,culates. T~e number and 

srnt!al distributfon category includ~s single or point sourecs, area or 

non-pofnt sourees, and lfne sources. 

Th-.• two nt:tjor classes of gaseous nir petllutants are inorganic gases 

suHur tlioxlde 1 oxides of nHrogen. corhon monoxide, and hydrogen sulf hft>; 

nnd orr,<lnic VaporR fnc lude hydro~arbon~, mercartans, a}cohols, ketont'~• 

••nd esters. Organlc vapors are genera 1 1)' localtzed l'ollutants. Sect•ndary 

gaseous air pollutants resultlng rv:-om i'hotochemical reacttons lnclt.~de o 
-la-
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() o~·idan,t:;;, wlth the rrimary componcnt hPfng oz~ne. '-Sulfur, nltrogcn, .md 

t·arbon-:;containing inorgan i e gases can be oxJ di zed in the atmosphPre to 

their most oxidized form and then be combincd with' water vapor,to,crrnt~ 

acidic mists such as sulfuric acid, nitric acid, and carhonic acid. 

" Particulate air pollutants are any dispersed matter~ salid or Jiquld. 

in- which the indhlidual ·aggrC'gates are ]arger than single small moleculo•s 

(about 0.0002 U in diameter), hut smaller than abottt 500 microns. Pnrli-

eles persist in the air from a few seconds to severa! months. (4) Partiru-

late matter is basically divided into two broad categories dependent upon 

the. sampUng technique., Total suspended particulates are those mater:lals 

that-can be filtered from the atmosphere through the use of a high-volume 

air sampler. Sett:leable solids or "fallout" or dustfall refers to those 

materials that are deposited by gravity into a dustfall sampler over a 

o p~riod of one month. The most used particulate measurement for air 

quality control is the total suspended particulates. 

One of the primary concerns·is the effect of air pollutants on 

aesthetics, economic viability, safety, personal.discomfort ~nd~health. (~) 

The aesthetic effects include loss of clarity of~the atmosphere d~e to 

th~·presense of,particulates and/or photoch~mical smog, and the presense 

of: •objectionable -odors primarily associated with gases such as arnmonia 

nnti sulfur-containing mercaptans. Economic ·. losses attributable to alr 
' '\ 

polluti9n include the soiling effpct of particulates;. damage to vegetation 

and :,crops rcsulting from exposure to excessive concentrations of gases 
1 

amch ns sulfur dioxide, oxides of nitrogcn and ozone;. damage to livestock 

asRociat~d with exposure to flourine; and deteri~ration of exposed matcrials 

CJ by a variety of ah· pollutants, Materials deterioration includes corruslnn 

-5-



of m.~tals hy sulfur dioxide, wc.'llhering of stone by acidic mists, darla•n-
' ' 

ing of lend-h<IS(•d whitc pnint by hydror.v11 ~ulfide,accellerated cracking 
o 

of rubher hy ozonc, and deterioration of fabrics such as nylons by sulfur 

dioxide. Snfety hazards associated with air pollution result primarily 

from dPcrcascd visibi]ity, and they can hecome of major concern in con-

junction with airport operations as well as ground transportation. Per-

sonal discomfort is associated with eye irritation from photochemical 
1 

oxidants and irritation to individuals with respiratory difficulties from 

a variety of pollutant forms. Actual health hazards may result from air 

pollution, with an example being the short-term affects of carbon monoxide 

in urban areas characterized by heavy traffic. There is sorne evidence 

regarding accute illness and even death resulting frorn air pollution, 

while substantive data regarding long-terrn effects of exposures to lower 

concentrations of air pollutants is minirnal. Tables 1 and 2 contain a o 
summary of the results of a 1968 survey of air pollution darnages. (6) 

IDENTIFICATION OF AIR POLLUTANTS (STEP 1) 

The first step associated with predíction and assessrnent of air 
' 

quality impacts involve identification of the type and quantities of air 

pollutants ernitted from the construction and operation of each alterna-

tive under consideration for a proposed action. One approach for identify-

ing the anticipated air pollutants is to review other environmental state-

ments prepared on projects of similar type. Perhaps the best approach is 

to utilize cmission factors arranged according to man's various activities. 

An cmission factor is the statistical average of the rate at which a pol]u-

tant is released to the atmosphere as a result of sorne activity, such as o 
-6-
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Table 1: 
, o.o1~-< r ,:> ¡<' ¡'> "'111 ~l< ;, 

NATIONAL"COSTS' OF POLLUTION DAMAGE, 

BY POLLUTANTS, 1968 

' : <~ ' 

· i~' .. Effect's (loss category) :· '~ SO 
X 

•, )) (} t 

· Materials' · 

':,.25'808 

"1··. '2·.1202 

Oxid_an_t ': 

1 ¿ {' 

~ p n .-. 

0:691' l. t'if . ¿ o. 7 32 

' ' . ,.. ,, 

- -Vegetation -· O .-013- - -~O .. 0().7 0.060~ ·- .0.040 ·- .0.120. 

1¡ 
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BY SOllRCE AND EFFf.CT. 1968 o 
($ Mllion) 

-------- ------
Stntionary 

Effects source fuel Transpor- Industrial Sol id Miscel- Totnl 
combustioll\l tation processes waste lmu"ous 

----
R~~ú.dcnti;d 2.802 O.liS6 1.248 ·()J.lOle [}.SS~ 5.200 
property 

Haterials 1.853 1.093 0.808 0.143 0.655 4o 7'52 

Health ). 281 0.197 1.458 0.119 1.005 6,060 

Vegetation 0.047 0.028 0.020 0.004 0.021 O. V 20 

Total 7.983 1.474 3.534 0.370 2.765 $16.132 o 

o 
-8-
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o 

prpduction by· in4tu~trry mr.(C~IliÍ!lu:sltAn~~ tUvti«iJcei!ll ibly u,f!:" :unlí\i'llC:tt~ ~n f.,.:;ms 

plcs of 

asphalt 

' ~ ' . -\ ' ' . ~' ' 

const ruct ion ·ph<ns~ .emission factors are s'houn in Tablte 3 (8) 
;:·:-:.;·:¡··· ;:;c¿··"l'{'-'l"'' -·'-···¡¡,.~, 

.. ' • ' • <t ''• ~"''), • ~ '~ ~ • • ::. t' '; 

plants and Table 4 (9) for concrete hatching plants. To give 
-' '-;' 

1 
.; • ... ~~-- ':~·-~ _~1 -">~-;t:• .~·J~- ~:-:~~~,,~ -l;:} t 

idea or the ac-curacy of the_ 'factors pres'ented for' ,, specific proces~. 

an 

_ '\ -'~;~tj~.,,~,.- :JTT·"J·::~ ·~r~~-~~~'-~"6-"i 
each procC'SS is ranl<.ed as "A,," "B," '1C," "D," or "E." For a proccss ~ith 

an "A" ranld~g, the em_issi~~-·factor--(5\o-ñsi~lered exceHent.--·1..e .. , bnfa:d 
~', (•¡ ~J -~ ? t• i:i1~~ ' -

on field m~~sur.~inenúr·o-f- a hrge number of sour~~·s~;-. A pro_cess ranked "8" 
'•, \ ' 

· ,. •:- ._ ~ _ ) 1'r~-··;;,J1:1 ~~ .. nr / · 

is consid~.r:~d -above. _avcrag~_9 _J,,_~ •. , __ based on.a limH:ed·nuirj]b~·r· of field mea-
, ' ...... , • ~1-·, ... ·~ \ .. :·~ ,'t, > • .é ~- • • ....... - • ........... _ ""'~ --' • .- •• -~ -.~ ........... ......._,_,~ 

Sl!.llremerits. A ·ianking 'oi' 91C01 ia considered average;,,";~·:·q~:-~ ¡~,el,o~: average; 

<llilU.i "E, VI 

shown in 
' 

r.o~~· (7) _ Ex~m¡l1es of op~rational phase e~!~,~:!~u;a1 J~ctors <4Ve 

Talh~ S -(10) for inc-inerato_rs.;,rúTa~~e ,6 {11) -. for zinc smelters .:md 
0 

0 
( , >t ~, "';, (•\ ~,! o;\o:'i~f•,~~ ¡1 1 ~ 

0 

[' 

1 ~- <: 
T<!hle 7 .(.12)' ·f.or aircraft'. The .pr_Jmary thing to n~.~~'k.;~ro~, ~ables 3 ... 7 1s 

' •. . ' 
< - (> ' 

~~1:-ofl: :infnrll1.1 fit?n _i s pr;~v·~'ded, at:1 vaf.iou~ ] ~~e·~S ~·q~-r ,_r,e~J~IJ~ HfY, to cnab h 

~!1c_ calcul~-~-i~n-Óf ·the~~'titaJ quan_tlty of .air::;pqJl~!l~IJ·.~~ti~i1 pat·ed from 
' 'f r ) .. r, 

~he_,givcn ·k«:;..::t.vity. 

,. •' ' -,,. 

-\ 

Thfs information is-,basJc-:,:t0:1:,the._ pr~diction of the 
' ¡,.' y ,' ' ' ~ ' - • '1 ' 

·mesoscale. ~f·r·' quaTi'ty írr.'pact of the -al'ternatives for:,'a.,:p.ropo'sed actlon. 
-,· ' .... l <';;--~ ....... " 

DESCRIPTH>N· ,QF ·EX-ISTING,.ft IR _:QUALIT:Y LEV-ELS { STEP 2 ) .. 
- ~ ~--- ~:. 1.:'..:; "~~~ \ t.~ '',: ),~,.-,,:, i- /~ ..._, 

- .. ~ .... " i.\ q ~ ,..._ ,_ ,..'¡- ,, ,_ 1 {l ' 

The second step in thP .process is to' ·assen\b:te· irifoifuátion on t·hll! 

• ' ~ '' ·:; ' (; ' • 3 ... ; ' ' • ~' ' ' ' 

-~xist.fng ai.J:~.q·u~li.~y' l~.vels'·in •the '1area rof; the. :p.rojecJ,,:·.'P.~rticularly for 
• • ~~~.. .... ' ·--~ -' f ~ "t'-~ ·:~ ~ "'•"".."1 :11 • .5 ,• <i t ~· --·1 ~t •• •y ~ t,''tt-.~':."2 .; ·'-'~ 

·t~os~e ant icipated a ir po'H.ut'ants' -to ··:be .:e·mft-t~d :f·r..o~, (th~: -~.onstruction aud 

ope-r<Btional .phases of t'he :project. Sources of information include the 

~elevant ~ounty and State .aLr pollution control agency, and private in-

l[host·lries in ·thr:> area that might be. maintainin~ an ai·r qual i.ty monitori1'~ 

progrrmw fo~ t-lwtr particular inlfrests. One of the bést sources of inft~r-

mat!on is the ·SJ\!R((Jl.\0 System of the Environmental Protection Agency. ,.lfth 

-9::-
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Table 3: PARTICULATE 1·:1-IJSSION FACTORS 

FOR ASPHALTIC CONCRETE PLANTS 

EMISSION FACTOR RATING: A 

Emissions 

Type of Control lb/ton kg/MT 

tlncontrolled a 45.0 22.5 

Precleaner 15.0 7.5 

High-eff:lciency cyclone 1.7 0.85 

Spray tower 0.4 0.20 

Multiple centrifuga! scrubger 0.3 0.15 

Baffle spray tower 0.3 0.15 

Orifice-type scrubber 0.04 0.02 

Baghouse b 0.1 0.05 

a Almost all plants have at least a precleaner follow-

b 

ing the rotary dryer. 

Emissions for a properly aesigned, installed, operated, 
and maintained collecter can be as low as 0.005 to 
0.020 lb/ton (0.0025 to 0.010 kg/MT). 
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o. 0•12 
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One cubi·c yard: of concrete weighs 4000· 
p~un~s, Jl m3' = 2400; kg--);. The cem~nt· con~ 

:: timt 'var.'i:es witn the· typec of coricrete-
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(436. kg/m3') may be· used' as a: typic:al' 

. 
<":) \,:) ~o.o:! p 

~ \ .,<:.4"" 

.. ~~ C\t· 
~-,., •, 

~l. 

,_ . , ·' ' D . 
;-- ,-, 

; 
~ .-1 

-11-

t' 

"! 

j,' _,_ 
C' 
\ 

' 

f"¡¡t 

·~· 

•' 

11..1 .. . .- -~ 

., 1'/) 
!-,_:::;. 
l.-~ ·.' 

'· ~ , .... , ;,. 

\ --. 
) : ... "" ;..~l 

'-·· 
•) .. 

....... 

. ' 

'> 

.. ,, 

,, 

,¡ 

'-



Table 5: EMISSION FACTORS FOR REFUSE INCINERATORS WITHOUT CONTROLSa 

EMISSION FACTOR RATING: A 

Particul~~es Sulfur oxides b Carbon monoxide Hydrocarbons e 
Nitrogen oxides d 

.... 
Incinerator type lb/ton kg/MT lb/ton kg/HT lb/ton kg/MT lb/ton kg/MT lb/ton kg/MT 

Municipal 

Mu1tiple chamber, 
uncontrolled 30 15 2.5 1.25 35 17.5 1.5 0.75 3 1.5 

With settling chamber 
and water spray 
system 14 7 2.5 1.25 35 17.5 1.5 0.75 3 1.5 

Industrial/commercial 

1 
Multiple chamber 7 3.5 2.5 l. 25 10 5 3 1.5 3 1.5 

1-" 
Single 2.5 N chamber 15 7.5 

1 
l. 25 20 10 15 7.5 2 1 

Trench 

Wood 13 6.5 0.1 0.05 NA e NA NA NA 4 2 

Rubber tires 138 69 NA NA NA NA NA NA NA NA 

Municipal refuse 37 18.5 2.5h 1.25 NA NA NA NA NA NA 

Controlled air 1.4 0.7 1.5 0.75 Neg Neg Neg Neg 10 S 

F1ue-fed single chamber 30 15 0.5 0.25 20 10 15 7.5 3 1.5 

F1ue-fed (modified) 6 3 0.5 0.25 10 5 3 l. 5· 10 S 

Domes tic single chamber 

Without primary burner 35 17.5 0.5 0.25 300 150 100 50 1 o ,~ 
e:) 

l;J'ith primary burner 7 3.5 0.5 0.25 Neg Neg 2 1 2 l 

Pathological 8 4 Neg Neg Neg Neg t~e¡; Neg 3 LS 

a 
A\letage factol·s given based on EPA procedures for incinerator stnck testing. dE . ·xpressca as ni t roí;-::~r. dioxide 

~Expressed·as sulfur dioxide· 
e 

.. :: i'"~. - -~ - - Not .av4ilable l' 
~presscd as meth~ne o o 
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Table 7: EMISSION FACTORS PER AIRCRAFT Lfu.'<DING-TAKEOFF CYCLE 

(1b/engine and kg/engine) ' 
EMlSSION FACTOR RATING: B 

So lid Sulfur Carbon Nitrogen 
par.ticulates oxides a monoxide Hydrocarbons oxides (NOX N02) as 

Aircraft lb kg lb kg lb kg lb kg lb kg 

Jumbo jet 1.30 0.59 1.82 0.83 46.8 21.2 12.2 5.5 31.4 14.2 

Long range jet 1.21 0.55 l. 56 o. 71 47.4 21.5 41.2 18.7 7.9 3.6 

1 
Medium range jet 0.41 0.19 1.01 0.46 17 .o 7.71 4.9 2.2 10.2 4.6 

..... 

.¡:. Air carrier 1.1 0.49 0.40 0.18 6.6 3.0 2.9 1.3 2.5 1.1 
1 

turboprop 

Business jet 0.11 0.05 o. 37 0.17 15.8 7.17 3.6 1.6 1.6 0.73, 

General aviation 0.20 0.09 0.18 0.08 3.1 1.4 1.1 0.5 1.2 0.54 
turboprop 

General aviation 0.02 0.01 0.014 0.006 12.2 5.5 0.40 0.18 0.047 0.021 
pis ton 

Piston transport 0.56 0.25 0.28 0.13 304.0 138.0 40.7 18.5 0.40 0.18 

Helicopter 0.25 0.11 0.18 0.08 5.7 2.6 0.52 0.24 0.57 0.26 

Military transport 1.1 0.49 0.41 0.19 5.7 2.6 2.7 1.2 2.2 1.0 

Military jet 0.31 0.14 0.76 o. 35 15.1 6.85 9.93 4.5 3.29 1.49 

Military b pis ton 0.28 0.13 0.14 0.04 152.0 69.0 20.4 9.3 0.20 0.09 

a Based on 0.05 percent sulfur content fue l. 
bE . ngl.ne emissions based on Pratt & Whitney R-2800 engine scaled clown two lime3. 
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o 
mixing lwi ght, which c.arr11 he dcfinred as the vertical distance availablc 

above the earth's surfa~~ a~ ~ given locati~n and at a given time ~eriod 

for thP mixing of.pollutants. 

and with the topography: (15) 

The mixing heights vary dai1y, seasonally, 

Figures 1 (16) and 2 (17) indicate the 

mean annual morning and afternoon mixing heights for the entire United 

Sta tes. Information o~ this parameter 9 as 'W'<ell as éssentially all of the 

in st~tes 9 or the National Oceanographic and Atmospheric Administratfon. 

Inversions occu~ ~hen temperature increases with height above the 

earth's surface. (18) Inversions typically a~~ present during the night 

or early morning hours due to the heating and cooling pattern at the earth~• 

s~xface. In general, inversions are most frequent during the fall season 

e=) of the year than during any other season. One of the characteristic~ of 

o 

inversions is that they are often accompanied by wind speeds less th~n 

sevcn miles p~r hour, thus they often ~epresent time periods when there 

Js limitPtl horizonal and v.erti1·al d1spersion. The maxl.mum inversion 

hetght in most areas of the country is limited to about five hundred 

meters above the earth's surface. Figure No. 3 (19) contains seasonal 

maps of the percentage of total hours of the occurrence of inversions or 

isothermal conditions below five hundred feet during the winter and the 

summer. 

Another indicator of air pollution dispersion potential is the bigh 

pollution pot~ntinl drlvisory (I~PPA). A high ~ir pollution potential 

advisory is issued followlng the occurrcnce of limlting dispersion condi-

tions over m 36-nwc.ur ~l2:riod .:md covering ~1!11 area of approxbill.!!!tely_ 75,000 
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~igure L lsop!eths (m~~ 102) of mean annual morning m1X1ng he1ghtc> . .;; ' 
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SUMME:R 

Fig. 3. Pcrccnt:lc~ frcqucnc:y (Jlcrccni. c-a' lol.!l h:>m·s) o( the occuncnce o( 
invcrsions or isolhcrnl3l condilions b3scd bdow 500 fl durinf: th~ winler end 
aummcr. 
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square miles (~O). The condltJons are: tl1e morning u~ban •lRing bciglt 

is .equal loor less than five hundred nu·ters, the morning wind spced is 

o equ."Il to or 1 ess than four meters per st·rond, the afternoon wínd ~pced 

is equal to or less than four meters per second, ;md the afternoon vent!-

lation rate (which is 1.o:ind speed times mixing height) is equal to or lf'ss 

Lhan 6,000 square meters per second. Figure No. 4 (21) contains a map 

of forecast-days of hi~h air pollution potential in thc United States. 

Another air pollution advisory is tcrmed cpisodc-days. wi.th the 

cr!teria required for defining an episude-day varyi~~ fo~ mixing height. 

average wind speed in the mixing l~yer, degree of precipitation~ and time 

period of persistence. Figure No. 5 (22) jndicates isopleths of the 

total number of episode-days in the United States in a five-year period 

for certain criteria. 

Another general indicator of air pollution dispersion potential is 

Q the mean annual wind speed at a given location. Figures 6 (23) and 7 (24) 

represent isopleths of the mean annual windl speed averaged through tlhlie 

morning and afternoon mixing layers, respectively, in the United States. 

Sorne areas are characterized by mean annual wind speeds as low as 3 meters 

per second in the morning, whereas others are as high as 9 meters per 

second in the afternoon. 
' \ 

Órie other thing that should be considerf'd is the historical records of 

air pollution episodes in the area. Information of this type has been com-

piled, and if previous air pollution episodes have occurred, these need to 

be documented in the environmental impact statement. (25). 

ASSEMllLAGE OF BASIC METEOROLOGICAL DATA (STEP 4) 

o Information which is associated wJth general air pollution d~spersio~ 

-21-
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Figure 4: tsopleths of total number of forecast-days of h1gh meteorolog¡cal potent1al for a1r pollui10n '"a 5-year ~er.od. 
Cata are based on forecasts issued s1nce the program began. 1 August 1960 and 1 Octooer 1963 for eastern and v!es:ern 
parts of the United States, respective!y, through 3 April 1970. .-
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Figure 6: Jsopleths (m sec-1) Óf mean~ w1nd speed averaged throug!l the mo~~~ ~ · .,·. :e>·.~; 
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potential, but more relevant to specific calculations of microscnle impdct, 

in~ku~es monthly records of pr~cipitation, temperature, wind speed and 
,, ,, ',1 o 

direction, solar radiation, relative humidity, and other items. Basic 

weather data for a given area can be obtained from several sources, in-

cluding state Climatology offices, Natjonal Oceanographic and Atmosphcric 

Administration, and the Federal Aviation Administration. A typical record 

of weather data is shown in Table 9. (26) This information is generally 

presented for the most recent thirty-year period for those stations which 

have been collecting information for that length of time. Graphical 

presentations of monthly, seasonal or changing annual patterns of various 

parameters should be considered. 

Windroses should be presented for the particular area or the nearest 

weather station. A windrose can be defined as a diagram designed to show 

the distribution of wind direction experienced in a given location over a 

considerable period of time. (27) lt is a pictorial graph showing the pre- o 
vailing wind direction and speed, with the wind direction shown as the 

direction from which the wind is blowing. A representative win~rose is 

shown in Figure 8 (28), with these two windroses representing the averages 

of ten years of data. Information of this type is necessary for microscale 

calculations of air quality impact. 

Any unique meteorological phenomena that occur in the area should 

be noted, particularly as related to the occurrence of tornadoes, or 

unique characteristics such as fog formntion and persistence. Some 

agencies require a discussion of the probability of a tornado occurring 

in an area, an this probability can be calculated from use of the approach 

suggested by Thom (29). 

o 
-26-
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Fig. · 8: January and July \\ind roses, Cincinnnti. The monthly distributions oC 
-.:-And direclion and wind speed are summarized on polar dtagrams. The positions 
e,{ the spokes show the direcllon from which the wind was blowing, the length or 
the segments ind1cate lhe pcrcentagc oí t.hc speeds in varicus groups. 
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· ~ fRESENT_:'\TfON OF AJR QUALJTY STANnAR.DS _fSTEP 5) 

One of the majar points of con.ccrn in assessment of air quality 

impacts is the question df whether or not air quality standards will be 
~ 1 

' ' ' 

exceeded. Two types of standards are r-elevant; ambicne ajr. •standards ami 
',1(~ .. _,.;, ',¡~~.~·.:~''i;l. t.,.r ': ... •''-.!~ .,. --~·'<· .r ','•-n r¡ .. , ...... ~ • ' 

emission standdrds. ,Ambient a ir quaU ty sl.andards are .th~se that apply to 

the general ambient .. ·atmosphe~e·;-'wheri~rs~·emiS-síoñ··-sEiñdards~ are related to 
~, H'tl\~,o~4 ;.:>~ 

, ,./-::_._,_.,...r:_~""':.:.: '!""';..n;~~ ,. . 
pollutant materia1s which can be ... ~?mi t ted_.Lrom.,a. source .,into the ambient _,. ~-......-~ ... ~-... ......_.,......=~-~---~-
atmosphere. 

-i- ,¡._.1' •1 4'., :ti '1 .,. ....... 

, __ ...,: .. , ¡-:::~.,.,\- i,r¿J('I. /\ 

1 ~. -':¡ l '1 '\ ~ l .. ,.> • ....-'-·' \1 ~~ •, 

The Federal Clean Air Act of 1970 established ~~~6g~~m for the 
,.~-·-,. .. ''·. ,: ... -,. "• .. ~.-.,·:_:"· :L~: .. ">;. ~;;:-·!-· 

crea·tion of air 'qüá'l!Üy{:stárid'ard~:;, ~ (3) A.' ~u!M_¡a_ry, of: thé' ambient air 
;~.. "'<~~ .. <-~' f" ' . 

,\,-' ..... "-",:¿,,.',~·~,, ... ~ 

s.tandards is co'ntai~e~ in Tabl_~- ~lQ_. (30)' ·Pr.imary ~ standárds· a~ e those 
¡,. • ~- t:'t-. ;;. -~ "·f!_ ; ,\•,• ~ ~ _,- '...,-' \ ' 

~rient~d. to the p·~~t'ection· of public heart~. wheréas ;·secóiídary· ~tandards 
'

/( st::...:""1t"~ ..... \:t"J',Ji.' .. : ~t"li'\~~-...... :t? .. :··-i;· (j~'>¡'jt~'-·r. '':..~ ,, ... ·r l. ,··~--~. 
. = t" - r •· ,.,. ' 

~re· _oriented· to the p'rotec tion· of p,Ub 1 ic wel~.{l;!,_,e;J , .. ~,Ji~· ~é~· iteí:"ia fot; the 
/,r , ·~ "'-. e:::•,f),'•,·\r."'-· _. \~"'· 

,_ -~~. ·¡·~ ~.:-~:- ¡ t \ · ) ... _. -, ·~~hi \P Jt -- -
, pnmar:y: standards are shown in Table 11. (31) Tabl'e,:-12 ,-(32)'' contains some 

/J i.~epresentative· new source p'erformaryce st;u'ldards for'yarfous types· of 

o 

1 • ' ; 

lll):.·.int sources of eráission~ · These new ~~'urce performance .sta,nd'ards are 
l "t" ' " ,.,,, r' - ~ - ' , 1 " • 

' '.... -
• ... ~--.~~"¡ .,.·,.¡¡,• <c¡'\ ·';'.; '--~.:;;:.).~;:;: 

sourses éontructed fo},lowing' the passage 'eeniasi:on· standards for new point. 

o! the: Clean Air Act of 1970. 

Every state has air _quality standards at least as stringent as those 

at the national leve!, and some states have standards that are more string~t:i!lj!r::o 

H the state or local standards do not match trye ·national standards, this 

~~ou1d be noted and both, levels of standardscpresented." Where there are 

lt~e schedules required for meeting standards, these schedules should be 

tií>scussed. 
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TABLE 10: NATIONAL AMBIENT AIR QUALITY STANDARDS 

Pollut!lnt 

Partic:ulate Maller 
Annual QeOmetroc 'mean 
Maxm1um 24-hour con~ntratoon• 

Sulfur Oxides 
Annual :mthrnetoc mean 
Maximum 24-hour concentratoon• 
Maxomum j.hour concrntratoon• 

Carbon Monollide 
Maxomum 13-hour conccntration• 
Maximum 1-hour concrntrzltton• 

Phot~mieal Oxklents 
Maxomum 1-hour con~ntratoon• 

Hydrocarbons 
Maxomum 3-hour 16-9 ami 

eonoentrstton • 

NitT~n Oxides 
Annual enthmettc mean 

Primary S«ondary 

75 60 
260 150 

80 (.03 ppm) 601.02 ppm) 
365 1.14 ppm) 260 1.1 ppm) 

1,300 (.5 ppm) 

1019 ppm) 
40135 ppm) &~me es primary 

1 60 1.08 ppm) 111me es protnary 

160.1.24 ppm) seme es pntnary 

1 00 1.05 oppm) 1ame as primary 

(AII measuremenh are e><Pr""sed in mierogrems par cubie meter (JJQ1m1 1 
except for those for carl:>on monoxtde, whoch are IIKPress.ed In mllhprams 
per eubic meter (mg/m1 l. Equoval•nt m•asurernents In perft per mlllton 
(ppm) are goven for the gsseo"'s pollutants.l 
•Not to be e11ceeded more than once e year. 

T, 
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- l -·. ' 

1o~t>k- 11: NATIONAI. ,\lit OIJAIIlY Clli-Trttl,\ AND NATIONAI. hllt QUALI rY 
· UANUAIUJS IN 1111 tJNIItU !ilAII:S, 1')71 -

- ------~----.--- --.- _.....; ·-·-- ·A,Ivtr5( lu;,1hh 
•. _; ';o:'~J171d- _ ~~:ITccts ohscrvco..l 011 

~-l'niiNiant--~--~~- ...... ~--!~~~~e concrlllr.llions 
. -Air qu;¡lity\-;.irirf.iitl;- ------

pr~ltc.th·' fu( hc.~hh 

. a• .. rth.·a•l.ttc nt.aucr 
1 ~ - -,..._'- .. ,. 

80 1'&/m'~ annu:.l · ·-·: n l•&lm', 3nnuJI ~colti~·trH: me.1n. 
':!(•0 1•rJm', m:í11: 2-l-h '':I_IUe mJy occur . ' -·~·~-m~n.' .. ~ .. ~.i.7i..._ /¿'""...., 

once- each year. · .. · · ... ,, 

Sulrur di<''idr ·_!::[ '11 S /•r.'m', annu.1l 
~ C)~·:'3'3·vr.J ~~ 1 • ~ l-n1can •. - •',: 

•• • ~ --7 - .JOO ¡•rJm', 2-t:h av. _ 
11 ·'-,>.for3'--4days · · 

,. "1 ,J ~' ,, 

C':srhtn mon~•dd~ <! •G '\:1_:.!-17 m¡:Ím' for 8 h 
f',"<;_, · J'f; v-);-,;',1-. ~pro<f,IC\'\ Cf'I11Cil Of ... ' ' :.·' '2~ú% •J ' • ' 

· ,;,;'" '~ •· •:iarbo't) hcnwglobin. 
'· "-}1;-í'"W'':Js ñlglm •- fr•r 11 h 

:,')'';' '·>.rrc-dl(cc~~ éClOCn. of 
'•" ,'q .. _' "'~d'};v. 2·~5 .. ~{ - << ' 

''" ... ""'''' ·, ~'·1;-:/-;T''·[; :.¡¡ • .--·.\c:a~b<•'l:>}~cmoslobin. 
l'hott~h\.'ftlicoll'o~idánts:' ·. ·"_ 130 ¡z¡: 'm'· hourly 

~,;~ '•t" .. - ~:~~~·r :~.~~ .. !'-~ ~. ''áv.- impaircd -
- ... ~ .. ~,.J. .... "--..¡·~·"!_...,}~··~r r 
T~ , ;v, ~ \, '"'· • · -,-- · .::. rer ormancc- o 

~- '> · "~"' ' '•'\:'-'} •• {1\""··1·'.· ·,· r,-;¡ 'sludcnl athlctcs. 
·_,;J·~~ :t;[.,.:t.:.'G~\~:"1:._. .. ~_:"' <s -'00 l't'm 1 ' -, 

,,, --¡,_;.,-·- '·"' , ÍmtaniJIICOIIS 1::;>..-eJ 
'~'inác:md cye . 

irrilat•on.· · · 
~90 l'&lm 1 peaks 

.80 ¡er;.'m', :l!"nual ,anthm~lic mean. 

Jr,s ¡•r.lm'. r,~:u.. 2·1-h ,.aiue m::n occur 
once c.u:h·y,:»v. ·{,:'.·-L.'..: 

-···JO ms.'m'. rnu: 8;)¡--v;'¡.Juc m.J)' occur once 
.t''!.Fhrc-ar. · L-'l::. '-"? 

~ "~ .. _ .. -- ·-;.:-......... '~----~ " 'J • .1 

-- -~- ')··~, 1..., -~ ~ ~."',~o ' 

40 mg/m1, m:Ji::t:Vi \·:a"l}thl:l)'• OCCUr ORl'f 
each ycar .. ,'¡~-';: ··,.' ·:.'~ 

't-7'1" J*'M(.;) 

, _ J..?~~·í~~ .. KJ :\./-1' 

160_~~~/m•,~~~~:-~~~"~~fu_c may occu1 
'once each yeat.~< · ._, ,.~ ·,, 

~ n 1 't_\~-r:. :~""·.h:_. .. c· ·,~~ 

· -:. Y:ilh 300 ¡tC m' hourly 
'· ~ .~,.~·av. incltdstd asthma , .. 

,~/--¡ :' f;~~:;)·-..;~;~1" !1"-t-: 

tt,.rrvcarbons' · : · .···: · · With nonmc:thane 
: ' · -~~- "• .. - ·--;·: · ·-·, hydrocarbon, .,.. ~--·--- -- -- ·> :¡, ·-~:-."'-~F- 200 1•&/m' in l h, .. , 

' "'?• ~'·,ü····-, ;_.~ .. ~'1'" 
·e 160 pgin11,-~u: Je\·ellhat may OC'Cdr 

,_ ,. 6:-:9 A.~Concc each )'e:tr.p• .. " 
'• ' - - - ¡ - .c.·~ ..... ~ 

"-~ ~;~·~~:: ~ -~·' ',' ,:/'':~_·:~1-~ 
·' ·=· ··' · ·'· ~:.-. • · 6-9 A M., prClduq:d 

• 1 ' ... , ~. ~· ·:: .. • ..... ''~¡ ' ··· .--.~-,-=. "~\!~- (2-4 h later) ,- · : ''··"'-' · · 
·' ' " ... - '- phoiClchcmk:tl o"idanl•: .-,.--~ ·:~h ,····~- · _,:,,~·:.·-;:-_. 

· ._ .. -·or up ro 2<Y.l¡•c:m': 
, thal laslcd 1 h ' 

,\,_,;-, , , IJy e.~u~polation 
•. ',.. ·,..._dOWII\\oUd, conc. or HC 
' ·- ''or '¡ocr¡•r.im' can 

produce IC'wcsi 
~·H· injurious IC\C'I or 

""'-'·,-.--.....,~J-<"""''-r"""'....,..-""'''~-..,.,..._ 

._ oi:· -"~·Jlh~_lochcnué"l oxidanl. 

IJ•ictc• of nilro¡:cn 118-J 56 ¡•c'm', 24-h 
mean O\'~r 6 mo 
produ"d inué.l\t: in 
acule bronduih rn 
infdnl\ :md 
scJ.oolduhh ··n; 1lus 

·av. 3$\0ci.llnl •\llh 3 
24-h ma~. <'r :!l\-' 
l•r.fm'. 
117-205 ¡•r.:rn', ~~-h 
fllt'.ln (IHr lt llll' .md 
ml':m ""rc:n,l.:,f 
nitr:~tc k\cl or 
J.S #'f. 'm' or more 
producc:d innt'.l,~cJ 

· re,rir atflr)· thwa'>\: '" 
f,IRliJJ t.FIIII!I\, 
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TAOLE 12: Ncw sourcc pcrfo11mancc standards _ 

Sourcc C3lcgory 

l. Fossil fut'Hirt'd slt'Oim ccncrators 
(2!:10 million 8tu/hr hc:.l input or 
s:rcatcr) 

rarticulotes 

Sulfur dioxide 
oil-fircd 
coal fircd 

Nitro¡:cn oxides 
cas-nrcd 
oil-fircd 
coaHired 

Visible cmissions 

2. Jncincrators 

rarticulates 

3. Nitric acid planls 

Nitroccn oxides 
Visible cmissions 

4. Sulfuric acid planta 

Sulfur dioxide 
Acid mist 
Visible emissions 

5. Portland cement planta 

rarticulates 
kilns 
clinker coolen 

Visible emisslons 
kilns 
others 

-32-

Emission 

0.1 lb/106 ntu 
(maximurn 2-hr average) 

0.80 lb/l 0 6 Dtu 
1.2 lb/1 06 m u 
(maximum 2-hr average) 

O. 20 lb/1 06 Btu 
o 30 lb/1 06 m u 
0.70 lb/106 mu 
(maximum 2-hr a'l:cracc cxprc~scd as 
N01) 

nol to cxcced 20% opacit.y, cxccpt 
that for 2m in in any l·hr, cmissions 
may he a!t grcat as 40<;0 opacit.y 

0.08 grains/scf 

3 lb/ton ocid 
< lO'io opacity 

4 lb/ton acid 
0.15lb/ton acid 
< 10% opacity 

0.3 lb/ton Cecd 
O.llb/ton feed 

10'1:. opacity 
< 107o opacity 

o 

o 

o 



o 

o 

o 

EMISSION _lfiYENTORY (ST~_§) 

An emission inventory is th~ compilation of the quantities of 

air pollutants from all sources in a dcfined area entering the air in a 

given time period. The time period that is typically utilizcd in an 

emission inventory is one year, and thc arcas are usually associated ~ith 

a county or perhaps with a multi-county region. (33) Typical emission 

inventory data contained in a state air quality implcmentation plan is 

shown in Table 13. (34). 

It should be noted that emission inventory information is useful for 

general a ir quality management and trend analysis. lt does not include 

consideration of atmospheric reactions and the damage associated with 

a given weight of pollutant. 

Another thing that should be done with emission inventory informa

tion is to identify major point sources of air pollution in the area. 

A point source emits 25 tons per year or more of air pollutants. Figure 

9 (35) shows the major point sources of air pollution in southwestern 

Oklahoma. For each point source that m:f.ght be located close to the 

area of a proposed action, information should be procured on the nature 

of the source, the pollutants, and the quantities of the emissions. 

CALCULATION OF MESOSCALE I~PACT (STEP 7) 

This step involves calculat.5on of the estimated annual quantity of 

air poll~utants to be emitted from the construction and operational phases 

of each alternative for the proposed action. This can be done based on 

emission factors and information regarding the size or type of activity. 

The calculated quantities of air pollutants should then be compared with 

-33-
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1 D. 1-"ucl Comlm~fion 
r: 1 ---,! 
¡ A. 1\csiücnibl fue)- Are:. S(\urcc ~· 
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~ 6" Total 
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regionaJ or local emission inventory information, and percentage incre~se~ 

should be calculatcd based on the proposed action. 

Attention should be focused on any Priority I or Priority II air 

~ollutants. Priority I represent those pollutants whose levels in the 

arobient air violate primary standards, Priority 11 indicates that the 

fevel:s are at or near primary standards, and Priority ITI indicares that 

d~e levels are better than primary standards. This particular approach 

' 
fs based on the concept that a given percentage increase in a pollutant 

:'.."s more important for a Priority I or Priority II pollutant than for a 

l?'riority III pollutant. Table lit (36) shows the priority classifications 

ia Ok.lahoma. (37) 

MICROSCALE IMPACT DETERMINATION (STEP 8) 

The next step is to calculate ground level concentrations of air 

pollutants to be anticipated from each alternativa for the proposed 

a~tion during both the construction and operational phases. It is 

b~yond the scope of this presentation to derive the various mathematical 

! 
mc~~ls for gaseous and particulate dispersion. This section will be 

~riented to the simple presentation of several mathematical models for 

use in microscale impact calculations, and the identification of reference 

sources which will lead to a more detailed study for an individual project. 

The two basic factors that influence movement of pollutants from 

their point of origin to sorne other location are horizonal wind speed and 

' 
direction, and the vertical temperatura structu!e of the atmosphere. Thes~ 

two parameters influence the vertical and horizontal motion of ~oliutant8 

-36-
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TABLE 14: STATE OF OKLAHOMA AQCR PRIORITY CLASSIFICATIONS 

~ 

" 
Prl.orl.ty 

\ 1970 ! 

Popu1ation Particu1ates lt-m2 AQCR S02 co 

Ce:ttral Ok1ahorna (184) 779,518 I ' 1 III III III 
1 

Northeastern 0~1ahoma (186) 771,412 I III III III 
~ 

Southeas tern Ok1aho:na ( 188) 305,750 I III III III 
' 
1 

Ncrth Central Ok1ahoma (185) 171,970 IIII III III III 
i 
1 

' Southwestcrn Oklahoma (189} 284,279 [II III III III . 
Northwestern Oklahoma ( 187) 123,8?6 III III III ITI 

Fort S::1i th Inte:=state ( 017) 93,822 .CI III "':II III 
. 

Shreveport-Texarkana-Ty1er 28,642 \ II III III III 
Interstate (022.) . 

o 

1 .. 
Oxidants (HC) 

I 

I 

III 

III 
. 

III . 

III 
1 . 

III . 
1 

III 

' 



released into the atmosphere. Thl; influence of these two parnmetc:r:: 

can be combined into a term called atmospheric stability, with representa-

tive values shown in Table 15. (38) The class A category indicates the 

greatest amount of spreading in the most unstable atmuspheric conrlitionn, 

whcre the Class F category indjcates the least amount of spresding in the 

mast stable atmospheric conditions. Each of the mathematical models for 

prediction of microscale impact involves the use of a stability classifica-

tion. 

The first model can be utilized to calculate ground level concentra~ 

tions from an elevated point source. The mathematical model is as follows 

(38): 

+ 
= Cx,y,o --------------~-----------------

e 

1T a a u 
y z 

C = ground level concentration ( ~g/sec) 

Q = release rate from stack (~g/sec) 

a 
y 

a z 

u 

= crosswind standard deviation (m); function of stability 
classification nnd X 

=vertical standard deviatjon (m); function of stability 
classification an~ X. 

= mean wind speed (m/sec) 

H = effective stack height (m) 

x,y = down~ind and crosswind distances, respectively (m). 

2a 2 
y 

The vertical standard deviation and crosswind standard deviation 1s 

9 function of atmospheric stability and the distance dovnvincií fc-,r whlld~, 
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T,ASLE- 15: 

~ ~" i' , ' 4:_1- ¡ , 

STABIL.ITY tATEGáRtES 
;J ,1 ,:.;; ~w, ~· l"J-:i ~ 

KEY TO 
~"~ 

INSOLATIOY STABILrTY CLASSeS 
- : \ ~--

Sra• ~~~e tJind 
S;t!ed'at Tqn 
r.:eter~·- P.eight 

., 1"1/see ·· 

t.¡ <'~ 

'\ v 

stro'na~· n.J 
.;··Da11· 

./'f.ioáe;nte .(2)., ~[-fight; (J) 
Thi.n_Ly OL!~!reas t .. 
or ·>'1~c!ciud Y4J <:. . -\ 

.r - <' .,;.~ ~ -\ ~ .... :'"':~ ¡:' ~f :-: 1 
~~- (4·;-:smph) " A. · ·~ i'<1 ·' ,_, A-B B '· -r;, - "'' 

2~3 (4i••S:..6. 7) '·· A-a·· Q '-·' ~ B C '· ~~. Eé''. :, 
3:. S ( 61.~-7-·11) . .· ··a .. ::'J t' ;::;· 13-C e ';;,·. O .. ,. 
S'· .,6. ( 1:1· ) . ~ ' ' ' " 1 

' ',¡ IJ ', (' . " '•, 
~. -13.~.5.) ;,..;e e,_~. ·~ ·!· e~D ,.. D ';;· D· 
~·6(?l~.Smph) '. e.!¿:! f ;} - ··[) ,. '" D ~-~· D-
;, .f::_ .··,- -e_~_~. ¡: ... .....-~ .... . ..-. . . . ...J -:_ '-. ~ ~ 

.- ._-/ ~ ./ - - ,"-. ..... ~"', '' • ' ' ~-- ¡,. - < t, -; 1 - !}J 

•'?' (.; ~ ~·:~:(1) .SÚn>600 above ·horizóntalr sunny swnmer ~fte~noon; ... 
·'-'' · ' ;:, ; '_:, . ver y · convéct'i ve· · · · : .... ! e' • ~_:¡ · ,, 
~€; .t:!; (2) :sui'n."Tler:, day '-"ith :few.~broken: clouds ~::_ b· · .. 
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the calculation is being made. Figures 10 and 11 contaitra summmc:ies 

of these di.spersion coefficients in the vertical and horizontal direclion. 

respectively. (39) An example problem utilizing this model is shown as 

follows: 

Q ¡.~g/sec 

U = 1.0 meters/sec 

H = 30 meters 

Property line is at 1000 m, find ground level concentration 

at property 1ine under most sté\ble condition (class F). 

From Figures 10 and 11, 

0 = 35 m. 
y 

0 = 14 m. z 

ClOOO,O,O = 106 
(3.14_)_(_1_)-(35) (14) 

= 65 J.lg/M 
3 

e 
[

(30)
2 1 

- 2 (14) ij 

It is possible to direct1y calculate the nmximum gaseous ground-

1\evel concentration from an elevated point source. (38) The 1ocation X 

of the maximum ground concentration will occur approximately where 

C1 z 
H 

= -- for a given stability condition. The maximum concentratiott· 
2 

can be calcu1ated from: 

e = 0.117 Q 
x,o ,oMax u C1 C1 

y z 

a and a for given stability 
y z 

condition and distance x 
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o 

Effl•ctive stack height is equal to the actual stack height plus any 

rise of the plume that occurs as it- leavcs the stack. There are two basic 

reasons for plume rise; the momentum effect due to the vertical velocity 

of the ~1s leaving the stack, and the buoyancy effect which is related 

to warm stack gase~ tending to rise in a cooler surrounding atmosphere. 

The Holland cquation as follows can be utilized to calculate plume rise 

when the vertical temperature gradient is equal to the adiabatic lapse 

rat2 (38): 

u 

(, -3 
'('5 + 2.68xl0 P Ah VeD = 

Ah = plum e rise above stack (meters) 

Ve = stack exit velocity (m/sec) 

D = stack interna! diameter (meters) 

p = atmospheric pressure (mb) 

(1 atm. = 1013 mb) 

T = stack gas temperature (o k) 
S 

AT = T - ambient temp (o k) 
S 

Thc mli:1b:1tic l¡:¡psc rate describes the rate of cooling with lift ing 

(or heating upon descent) of a parcel of air with no heat exchangc. Thc 

adiabatic lapse rate is - 5.4 °F/1000 ft, If the actual or environmental 

o lapse rate is greater than the adiabatic rate,say - 8 F/1000 ft., then the 

Ah above should be multiplied by 1.2; if the environmental lapse rate is 

less than the adiabatic value, then the Ah should be multiplied by 0.8. 
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, .T~e L03Centration of gases from ground level point sources ca~ be 

calculatPd on the basis of t~e following equation (38): 

e x,y,z = 
1T u o o 

y z 

e 

The concentrations of gases from ground level area sources or line 

~ources can be calculated utilizing the following mathematical model (38): 

e 
x,o,o, = 

- 2 n u(a 
y + 

where 

a 
Y = ~ of emission width (m) 

o 

The ground leve! center line concentrations of particulates from an 

~levated source can be calculated using the following model (38): 

e = x,o,o 

p .. 
B = 

___ P~-----------------------e 
u a o 

y z 

wt. fraction of effluent in a particular size range. 

H - Vs X 

100 ü 

V = Stokes terminal settl ing velocity for particles L.; 
S 

size range (cm/sec), determine from Stokes law as 

follows: 
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~-------~~--~--

11; .. 
'1 

¡:_~{Y:t:;~-~--'. 
.. r., • -~ 

' ' ,: ,. ""''' ~-~ ' 

'where 
~ •' ' ? ~"~ ...,. ' ... ·~ y~-: ... :. ~ . ','-- ~}~~'!'f"... -

parti~le radius (cm) 
' -, ~' 

g = gravitational constant 
(980 cm/.sec~) .. ,.-
- -_' . . . - . 3 

r ·~article'density -(gm/cm ~j 

~, ' ' 

·p 
p 

' 1' 
' • o ¡---¡; 

Utilization of ~h~ .. bas_i~- gr_ound leve!. concentration model above 

requir~s the "select:i8~ ~'o'f -,~e~er~l P'.:.varú-es )nd ·¿·aléulation "of the 
' ... _ •' ·~ l ' -

'J - ~ -- ? { <' -

resultant concentration; 
':-' ;,. ' ' 

Summat~on Óf these.concentrations over the 
/ 

··~.:~'... ·" ,-., ~·~ ~- ·' _, ! ·:' "',;_ '~' _. ' ' ~ f ,.,\- - _;\,- ·'• ' ... 

~f./ r(lnge of particle ·siz~s anticipated from tlie ·point source will yield · 
' ' - - - . ~ ' " 

' - • - - -:: -- ~ í'_ 1 1 • 1 « ' ~ ~ 

the total ant~cipated ground _-leve! concen.trations.· ·- ··. 

~ \ 1 ~ ' ' •• • • ~ 1 --- • 

The ma~hematical models shown above are basically--thóse. oriented 
-' o,_.,,, ', ¡' . /' ' ·:· " ' 

tq.point sources for gases,and~pa~ticulates, and.~reas\~o~rce~ for 
...,Lt '~ •· "'...:::: ;.' • • -.:'1.,-, .,.., ',- - , • .' ~ _ ,.- -~ • •- - ~-• • "' • r _.,_ ,. , 

g~ses. (40) Refinement of .these .models in, terms .. -óf_,-use~· for highway 
. ' ' -

- . ' 

+~pac"t stat~m~nt:i{ ~iv~ _be~rf made, and- they are· 'summ'~riz'~(Fel'sewhere. (41) 
,., . _'¡;: '·. ,·,:>ij,-7{_ "·' '· < .. r, -'~_ .. • :· ,..: . . ~-- •. í" .... - _____ , .. ,, .. - h' .._ ~ "' ' 

~umerous -othér- mathematical:'t:noaels hávé been···<tevi!loped" ior caiCulat·ion of 
~Y \ ,1 ' ' f "-- r • ~ ~ ' r ' ~ 1 ' (: r ', " ' ' r 

;1' 'rj\í.>r~r]'"!~rl'.'' ~(",¡.JI~ ... '~-'¡,.~ 

•the:-dispersi<ln of -a~r·;polluUon' from. aircra~t, ·a'nd·Jir~~n: transport and ·· 
• ... - - - ~ 1 ' ~ 

r•' ~ :· r, 1 1 ,--,,~',: 1_..~ .,.i , ... • _?. .. ~' - ,.... ,. .~ 1 • ~ 

reaétiCíñs of pollu'tañ't~ (42,43',44 :4s>. 
) '¡- ' (-..• .:, -=:-f < , ¿..._ ' ' , )(' .n, • ~ _,. 

· Utilization of mathematical· modefs· will, allo'w the develop-:nent ~f 

{ 1' ::!',~,...- í .,. ~ ..... • J __ , !.-·-~;-... ' . 1 :· ¡ ,t-1:. '- '¡-\'- ... ~ " 
isopl:eths of ·equal concentration arou'na· the\:source. of'' emi'S's:fon ·.for var !?US 

r r: '"~~ ')-; r. l 

These i~o~leths ·shoul~ be'calculated with c~gcern types of air P'?_~lutants. 

toward the frequency of occurrence based on the meteorological data as~~mbled 
'· "¡- ... ~ ~ (..~~ _,-. ,- - . . - 1 

earlier. The c~llcúlated g'round levét·'éoncentrations at various positions 

in the proj ec t area should then b~ compared to the appl icable ambient a,il' 
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standards. If the calculated grotmd level concentrations are less than 

the standards, then fractional proportions should be indicated to present-
o 

the degree of safety. If the calculated ground level concentrations ar~ 

greater than the ambient air quality standards, then control measures or 

abatement strategies must be developed. If there are other sources of 

..!lir pollulion in the area of !:he proposed action that would significant2-y 

contribute to the anticipated ground levcl concentrations from the proposed 

31Ction, these should also be included in the calculations so as to exar.üne 

~he possible additive or even potentiating effect of various air polluta~~ 

sources. 

In addition to these determinations, it is necessary to examine the 

emissions from each alternative for the proposed action in light of 

applicable emission standards. It is presumed that the proposed action 

vill be in compliance with the emission standards, and this point should o 
be discussed as to the extent of compliance involved in the proposed action. 

L_EioTEMENT STRATEGIES (STEP 9) 

If it is determined what ambient air standards are exceeded by the 

proposed action, then abatement strategies or control measures should ~e 

presented. Excellent references are available to describe various control 

technologies which can be utilized for various gaseous and particulate 

emissions (46,47,48,49,50,51,52,53,54), and it is beyond the scope of this 

~articular presentation to present details on control methodologies. 

SUMMARY 

In summary, this chapter is oriented to the types of informatio~ 3ud o 
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practical steps that 
,~ 1 ,"11._ ~ ~~-1·:/tt/-..:fft.· 

proposed ac t.iop bo __ th ' \ ~. 1 •• 

in -te~ms .of :the. mes'osd!le' vi"ewpofnt' as 'w~ll ~s. the 
microscale viewpoint. 

... • -,., "r. ~ ¡" ! -; ¡ /' .. ;.. ;;·· ~ 1 
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PREDICTION OF RACTErtiAL 
rt J. '(;• 

1
¡, ~ \ ' , • ~ 

SELF-PURFICATION IN 

; .·, , 1 ' STREAJ1S' · 

.. ,: ~ 'by ,. 

L.W. Canter* 
'> ' '.' 

In order to assess the potential E:!nvironmental impact of a proposcd 
' .. '~ "' ' ' J' " ~ ' ~ f 

action, it may b¿ necess~ry to predict bacteria! self-purificat.on in 

streams. This discussion is oriented to the principies of bacter!al self-

purification in streams as well as \he mathematical techniqucs available 
' r:'~ ., 1; '"' ~ < • ' < 

for describing these phenomena. 
~"..."• ,- ·; i;_ ~·· ... ~J·í/ 1 ~~""". ~ ~_,~t~¡, .. ,.._i~~. :-;r:' ,..,"'J..,",ti' :t,-< ''. 

I. Introduction 
-\ ( • ' ' ~ ~ 1 

A. Bacteria! Self-Purification 
'' :. 

-;: "' 
--- the decrease·of bacteria of all types, and 
J-~-~.,~~;~:~:-·~",,,~,.·~;~1t"~{~("J1J :.·~_,~J_,: -<'\_..~] ' 

l. Definition 

especially those of f~cal origin, as ·a function of flow dis-
t \' 

tance or flow time in a river. 
'~-""~"' \·~: r ;'f J ~- rf\1~ 

2. Bacteria :may, s~arve t,o .death, be devoured by ,Predator;,s, or 
' ? 1 ' ' < 1 '>. • l,. ~ ~ \ j ' : .'P 1'' t. .:1. 

be otherwise-inactivated. 
,., J:. 1 } 

B. Classic Work --- early work b~ Strecter and his co-workcrs in 
- ' ~ < 

Cincinnati on the Ohio River. (1920's) 
-,: 

C. Pathogeníc Microorganisms 
' ' 

*Director. School of Civil Engin~~ring and Environmcntal Scic11c~, Univcr
sity of Oklahom.1, Nonnan, OklahoiH.l. 

1 
• 1 



l. Spccial public health cnnccrn witll the disposal and ulti~nt~ 

fate of microbial WJstcs contained in municipal scwage, espcc¡-

ally those of intestinal orlgin that cause waterborne diseascs. 

These are principally pathogcnic bacteria and viruscs, and thc 

cysts and ova of parasitic worms. 

2. Examples of pathogenic bacteria and their associated diseascs. 

(a) Salmonella typhi --- typhoid fever 

(b) Shigella and Salmonella organisms -~- dvsentery and diarrhea, 

respectively 

(e) Vibrio comma --- cholera 

(d) Mycobacterium tuberculosis -·-- tuberculosis 

'-

3. Example of amoebas --- Entamoeba histolytica is known to havc 

caused epidemics of amoebic dysentery. 

4. Viruses have been known to cause infectious hepatitis. 

D. Indicator Organisms and Enumerati0n 

l. Coliforms (non-pathogenic bacteria) and fecal coliforms are 

used as indicator organisms. 

2. Values reported as "most probable number" (MPN). 

E. Per Capita Contribution and Seasonal Variation 

l. Coliform generation rate 

200 x 109
/capita/day 

2. Typical'scasonal vaniltions are shown in Tablc 1. Whcther 

these variations are traccable to aclual multiplicntion of 

intcstin<ll bacteria within the sewers or to a gr('at%'r per 

capi ta disclwq;c of thcse organisms in the summer months c.1n-

not be statcd. 

F. Gener~J Principies o( Sclf-Purlfic<ltion 
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Table 1: Expectc~ Seasona1 Pattern of Month1y Average 

Coliform Contribution Based on an Annual Average 
. ,, 

,,J 

; . •'. 

Month· 

J¡;;u·~ry 

February 

Mar eh 

April . 
---- ___________ _e~ y 

.t·,, ·Jime' 

_Ju1y,. 
~-' -

August 

~ --~.S~ptember 

October 

Novetqber. 

December 

, ' ~-'¡ ~t ~. 

.~ "f ~ ' 

Aimua1 average 

of 200 Billion per Capita per Day 

Monthly Average 
(Pcrc"ntage of 
Annual Avérage)_ 

,.f\ 

l ' ' 

45 

46 

53 

. ·-65 

92 

135 
:,'.'172 .. '•'-' 

-1§2 

165 

llO 

80·· 

..22. 
lOO 

-)-

" 

Monthly Av'crage 
, . Coliform Contdbution 

;er ~ap¡;a pcr D~;\ ~Xl09) 
' 

~' ':- - : 

'· 
., 

160 
' 

110 

'. 200 

'1 
1 



l. So me 

(a) 

ge1eral ~unc~usions of Strecter 1 s work are as follows: 
1 

Th~ maximum density of coliforms occurs at sorne d1stanc.· 

downstream of a source of pollution 

(b) based upon the maximum numbcrs of organisms, thc pcr-

c~ntage of surviving cells do~1stream follows a curve 

with a slightly decreasing slope when a log linear plot 

:ls applied 

(e) the variance of single observations rapidly increascs 

with a diminishin; of the absolute numbers of organisms 

2. Representative killing times for the first 90% of enteric 

bacteria in river wat~r are shown in Table 2. 

3. Killing rates of bacteria in natural streams dcpend largely 

on thc hydraulic and biological characteristics of the stream. 

In shallow rivers, where a large ratio of wetted surfacc to 

water flow exists, and a considerable amount of fixed biorn~ss 

is normally present, rate constants for the initial part of 

the death rate curves (e.g., until r
90

) of C< liforms might 

be found which are 20 or more times higher than reportcd from 

the Ohio River (see examples i~ Table 2). 

4. Incrensing temperature Pnhances bacteria! disappcarance 

considerably. 

5. The influcnce of tht~ or1',anic pollution lt,ad on tht' pt'rsistt'llt't' 

of coliforms or othC'r fc·c .. l] b.1cteri<1 in a rivcr is controvt•J-

si.ll. The multiplication nf pathn¡;C'ni.c org.1nisms in nat11r.ll 

watcrs is cert,linly n¡•gl igihlC' (spdimems V('ry rid1 in ft'< .1! 

mattcr may he nn exceptlon). Dissolvcd organic pollutants 

-4-
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Organism 

E. coli 

S. typhi 

\ 
\ 

Tab1e··2: :KU·nng'Tim'é's fo-r'the:Fii:·s·t 90% (T
90

) 

of Enteric .Bacteria -in River-,Water 
.!!Iv'~~'' ~• ~ .. 1.'./l"~,),'.,~' -...-~J ,, -~·,h 

Medium 

Ohío' River · 

Tennessee River ' 

Sacramento 
River 

Cumberland 
River 

Glatt River 

Thames River ~ 

·•' • J' 

' .... -

- ¡ 

~ ( ' 

.. .._ '- •' . ~ ' 

"' oc !Cmp., 

1 ~ ' ... ¡,. • wün:er · · 
' t ' ' -

Winter 

Summer 

Sumrner/ __ 
'- wi~ter --

5 

10 

'' 

a Small shallow streams. 

- ')-

\ 
190' nours 

60 

~ ~. 

47 

s¡ 

115 
' ~ \1 

: 

53 

32 

10 

2.la 

V2 

10~ 

77 



prooably indirectly increase the death rate by favoring the 

growth of secondary consumers (bacteria feeders). 

6. Systematic studies on the removal of viruscs in rivers are 

p:actically nonexistent. 

II. Prediction of bacterial Self-Purification 

A. Chick's Law 

l. Bacteria die at a constant rate; that is, a given perccntage 

of the residual population dies during each successive time 

unit. 

2. Basic relationship 

dB = KB 
dt 

Th]s integrates to: 

B 
log10 B = -Kt 

o 

where B = residual aftcr any time t (d 1y) 

B initial numher of bacteria 
o 

-1 K = reaction rate or death rate (day ) 

B/B 
o 

proportion of organisms that survivc 

1 -B/B = proportion of organisrns that die 
o 

B. Factors That Modify c;",ick's Law in a Stream 

l. Temperature --- increase in temperature increases the dc~th 

rate. Sec Figure l. 

2. Acídity and alkalinity --- both acidity and alk.<linity incr'-'.l~t' 

o 

o 

thc bacterial d<'ath rate, but under strcam cc·nditions tht• spPci- Q 
fic contrihutinn of pll is not d<'finnble ('XI"'ept hi!H'n thl•rt' is 
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3. Nutrients --- not much is known about the nffect of .wtn.~nts Q 
on bacteria! self-purification. 

4. Sedimentation and adsorption 

5. Presence of competitive life 

both incrcase thc dcatn cate. 

the natural biologic~l life 

of polluted streams is much too rugged for the survival Ol 

organisms whose normai habitat is the shclter of the int~sti

nal tract of man and other warm-blooded animals. In so•ae 

instances coliform bacteria appear to multiply to sorne extent 

immediately after discharge into the stream. 

6. These modifying factors can cause two basic changes to Chick's 

Law: 

(a) deviation in forro 

(b) variations in observed death rates 

C. Deviation in the Forro of Chick's Law 

l. Two principal deviations in forro of the survival curve are 

commonly reported: an initial lag phase preceding onset of 

the logarithmic decline, and an afterphase of apparent de

creasing death rate. In sorne instances during the lag phase 

an apparent multiplication in bacteria! numbers is obscrved. 

This phenomenon is dcalt with by considering the initial 

ba~terial load as the peak and shifting the orgin of thc 

time scale in determining the dcath rate to the position u[ 

the peak. The afterphase of apparent decline in dcarh ratc 

is shown when the scmilog plot bcnds upward at thc cnd of tht• 

deplction curve. 

2. Mathcmatical formulation of a two-stage equat!on. 

-8-
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3. 

4. 

ThÚ; lc-al~uiaü'~n i~ predi~~t~d on the a~.~';lmption that the 

residual number of bacteria at any time consists of two frac-
' ' ~ ~ ,.._,. . ~~ 

tions, - one···resültiñg. f'ri)in" the ·application of a death rate 
,.. !, '.--··¡.'11 ~ .. ·~ ~ -·~~;~~ ') ,.; .~ ·: ···: ~ '- .. ~--·~· ~ .... : •• '- ~~-, ""'~ ".- ; ' 

constant· k; to· añ 1iifHá1 ·population B. and another from 
o ' ' """\~ _f ... , ~: ~~ \. ,.-~ ~· ~'~ 

similar application of the rate k' to theirdtial population 

B'. 
,~·. >,; <' --- ¡ ' . \' ,,:-! .. 

Phelps described sorne representative values for the Ohio Rivcr 
~. o. ' 1 ' 

., . 
1., ,o 'l.,.. 

for the two-stage equation as shown in Tahle 3. r . 

{;_,. } - ' .~t~~ .. l;. !.." t'-
1

':,· 

A review of Figure 1 and Table 3 indicates that the survival 
\ ..... . ; \ -~ t: :7 

¡> ~ ~ --1\,'"-,t,_ .~- ·-- -·-

curve deviates substantially L om the ~~r~_!gtlt-:line Chick form. 
~- ·-- "'"i A• .... """Po e• ~-·-- .,.,-,.,.-.;< 

. ' 

The coliform group (in summer) is composed of the lnrge frac-, 

tion of 99.51 percent with a half-life of 0.64 day, and a small 

fraction of 0.49 percent of more resistant organisms with a 
1 

half-lífe of over 5 days. For practica! .purposes this menns 

that 99.51 percent of the coliform bacteri~ dieoff can be rc~re-

scnted by the ~imple Chick straight-line forro. Less than 0.5 

percent are involved in the apparent deviation refelcctcd in 

the upward turn of the survival curve. 

D. Observed tieath.Rates 

l. Sorne typical death r<> re K va lues are shown in Table 4. 

2. 
-l 

The K valucs for large rivers ar~ 0.5 ± 0.15 day ; for 

-1 
moderat~ size rivers the values nrc 0.8 + 0.2 day • 

3. Sorne death r;Jtt~!'; are shown in Figure- 2. I t will be nott~o 

from Figure 2 that for summcr conditions only a small pcr-
', 

CCf!
1tage of coliforms survivcs aftt>r 2 d<l)"8

1 timl' of pas.sag ... •. 
,, 
\ 
) 
) 

l 
\ 

1 

l 
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Table 3: Two-Stage Equation for Bacteríal 

Self-Purification on the Ohio River 

Parameter Wa rm We,"lt her Cool Weather 

B (percent) 99.51 97 o 

k (day) o .!~6 7 0.506 

llalf-1ife (day) 0.64 0.59 

B' (percent) 0.49 3.0 
o 

k' (da y) 0.0581 0.026 

Half-life (days) 5.16 11.5 
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~ ... • .... t ~ .. "• ~ .. ;;. ~... • \ :;_ 1 ~ c.· r ::.';1 -:_ (' . , .. 

,' .-,1Tao1e 1 4: / Có'Uforrn 'Dealh-- Rates k Observed in Rivers 

! / r ~ -
.-- C_h,ick_9 _s,):.aw: ·-lo-g7- ('B/B~}- 'ª= .:..k-t· ._, ·.-: 

~ I 

- l 

~oq_}t~,: r: Author"fty'lfór'-~'·1 ·_ '~,~¡::. 
'-. __ River Weather Survey Data Remarc<.s 

- ..... ~ ,.,' :~t, 1 'J ~ .v~~s~ri..} ,, ~·.., ,~··:;.v 

~------------------~~~--~---~~--'~,~------------------------------------. 

Ohio 

Upper Illinois 

Scioto 

Hudson 

Upper Miami 

Tennessee 

Tennessee 

Sacramento 

Missouri 

0.50 
l ' - "' ~ -¡ 

0.90 
0.67 

0.96 

0.80 

0.80 

0.46 

0.60 
0.57 

o. 77 
0.65 

~ ._ --, ~Q. 4St¡~. ·,: Frost ~lstreetef"·_,.G-eh~ralized results 

0.32 
0129 

0.46 

0.30 
0.26 

et. al. of analysi~ of ex
tensive data 

Hoskins et. al. 1-day de~line 
2-day decline 

Kehr et. al. 

Hall, Riddick, 
Phelps 

Velz, Gannon, 
Kinney · 

Kittrell 

Kittrell 

Kittrell 

Kittrell 

Freshwater reach 
below Albany 

Mean throu~1 rench 
above Daytou 

1- and 2-d~y declin~~. 
below Knoxville 

1-day decline 
2-day decline 
(below Knoxville) 

1-day decline 
2-diiy de el in e 
(below Sacrernento) 

1-day decline 
2-day ·decline 
(he1ow Kansas City) 

------------------------~------
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For a large stream (k = 0.5) only 10 percent survive aftcr 

2 days; for a moderate-size stream (k = 0.8) less than 3 

percent survive after 2 days. However, although these sur

viva! percentages are small, it must be remembered that, 

applied to the summer peak coliform bacteria loading, these 

declines may result in large absolute number of survivors, 

which, converted to concentrations in the diluting streamflow, 

may infringe the required criteria of water quality. 
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""' Selected aeferences for Bacterial Self-Purification 

l. Phelps, Ear1e B., Stream Sanitation, John Wi1ey and Sons, Inc., 
N~w Ybr~, 1944, pp. 201-221. 

2. Ve1z, C1arence J., App1ied Stream Sanitation, Wiley-Interscience, 
John Wiley and Sons, Inc., New York, 1970, pp. 234-253. 

3. Wuhrmann, Karl, "Stream Purification", in Wa~;er Pollution Micro
biolo.gy, edited by RaJ ph Mitchell, Wiley-Interscience, John Wiley 
and Sons, Inc., New York, 1972, pp. 133-137. 
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~he therm~l impact ~f: 

l. 
f ' • ~, ! l ~ 1 ¡- ' '! t. 

Proposed wastc heat di!>cí;:i'~g~s':-·'· 
; I!-> l ) "'•tj, 1 • • .-• ,. •' ~ "'" ~ < 

2. 'ch~ng~·~,<in 'the-hydra~aÚc rt¡a1~~~·t1e~l~1tÚ's-'ó:( .¡•'wat(•r 

n>( ··::r J ~ 1 .... - ,,~-~;, • .\"'"'!.~~ ~· ·~:~~.~. ~1,',.~~~'.[ ;~:;;, J· ,~~~"·"'rl -.,. 

body or stream--for Pxample, due to'th'e cor'istruction 

of ·aJ dam with i ts re!-:u] t tng flow reg~Ú.J.tlon~ 

' 3. Relf'ases of water frnm stratified reservoirs \Jith'·' 

rnullilevel outlf'ts . 
. . . 

¡ ~ ' '- ' • ¡;:, ~ ., ' 

'l'he fo1 :o-..,;ng discus'siQo~ plt".cnts a basic' appr'oach wlllch c.,,¡ 

d :-.. scu"is ion :i s f rnr.1 two bw; i e 

l. Rasic Princ-lples 

A. l-leat Transport 

~ 
1> 

ÍJ 
J • i 
:\ 
1 

r 
•1 

(1,2). 

,.·.r: rcclot~, 
\..iJ.~V•'iSÍty 

Se ho-;-;J---;;¡=-.e t ~--¡.,n '); TlL'• .,. in'' ,'1 nd Env i ronmt•n t. 1 l • t • M 

of 0K}.Jl10m;¡, Nonl·•·'~· tt·. i.Jhoma. 
"-1 ¡ ~/ 

) ,. 
I 

Se lCIIt L', 



1. Therc .1r1' twn ¡,, ... t transp11rt meci1anismc, \.Jfl io:l1 Pcr11r 111 

water--advt•rtiOll ano! Jisp<'rS.iOn or turhulcnt r:IÍXlng. 

/\rlvecrinn is thf' tr;msport of hc·at by th.· m.1t ion ,)¡ ,·¡ 

streamflow, uti1i7:.Hlnn of a dischr1rge blrt.'<ICi
1

'> Kllit'tlc 

energy, or water ffi•"Vcment clue to densitv g~.:->dlf'nts. 

2. Turbu1ent mixing or dispers1on causes heat interchnngc 

through eddy diffusion or molecular diffusion. Eddv 

diffusion occurs under turhulent flow, which depcnds 

on fluid velocity and channel charactcristics. Mixing 

resu] ts from the act ion of small fluid masses known .1s 

eddies, which are random hoth in size anJ oric·nt.'lt 1011. 

Molecular diffusion is that resulting frnm ranclnm mntinn 

of molecules. Its influence is much less than that from 

turbulent mixing. 

B. Heat Exchange 

l. Heat exchange which takes place between the water sur-

face and the atmosphere is;mdde up of seven mechanisms. 
,' 

2. The mcchanisms which are 1hdependent of water tempera
\ 

1 

' 

~ Incoming short-wave s¡lar radiation (400 to 2800 

\ 
ture are: 

Q = 
S 

BTU/ft
2
/day). 

Q = Incoming long-wave atn,(spheric radiat1on (2<~00 tt• 
a 

1 Q Q = Portions of bot\ short-wave and long-wave 
sr' ar 

radiation which are reflec 2d or scattered hv the water 

2 
surface (40 to 200 and 70 o 120 BTU/ft /day, rcspectivelvl. 
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'l. 'The mechanisms of ht•;¡t t ransfer whi.ch are, dcpenciPrH on ; !:o 

surf.1ce w;1Lcr t•'nll'•'rilttl• t' includt.¡ the fo] lt~wjng: 

Q·· ·= long-wnv•-·.h:tt·k !".;dtation- from the wnter to th._ .tnlhl!-.-
b r · · , ~ ~ ~· , · , . , 

. ' ? 
phere (2400 to, 3()(10,- t;í . .'{t-/.(),.w~ ... ~~ }s. pro¡~.ortíon.tl ¡,, 

•• ;; J 

{AT' 0 
S ' 

·q -~"" Hea-t excll;1rtí~C due-.tt) conduction-convect1on (-300 to e -· ~ ~. . , , 1 '\ ! , . , l 

+400 ·B~/fr 2 /d~y); 'wlhc .. ·is"· próportiona<l." to the wind sp~~?d 
( 

(~) ,-and·;·th~' dÚfé~ence between~;water' ternperature .(T ) and 
, S 

., 
...-.''"'.: ¡ ';':)¡,., : ·¡-,t "' ;'""' ' 

air temperature (T ),'i.'e.', Q a:•W.(t -T").···-A positive Q 
a e s a e 

1 ~ J l .(1' 1 :!.. 'l 1 ', ... 1 ~· 
indl.cateS an energy ·ro'sS. ' 1-~ -f ; , ... - '' ; r .__ ~\ ) ; ', , • • 

'e{-·~- ~~~-t Io:s; du~' {o· evaporati•on (2000: to .8000 ilTU/ ft 
2 /day~ • 

e 
. ' l: "'.; ..... -. ::..'" {; ; ·~ '· 1. t t .. "1 _. l ' 

, which is próportionai' 'ÚI thc' p"roduct'· .o'f. wind·. speed (W) and 

.- . 
the difference' hetwéen 'the wate·I-~ vapor :pressure in saturated 

vapor pres-
r ~~~G::,n.~-, ,: .. r ~- ,1_ , _, 

·· sure in the: ov~rlying1 air' (e )·,-'L-e. ,~:Q· o:,,W:(e, - e ). If 
;:¡ a e s 

e > e , condensation takes· ·plác'e 'and ·the water body gains 
a s 

energy • 

... ;r .. -...~ ... - , ~·_o:..,·¡" h , .,.,..
1 

is ~qudl to"tK~ riet ratJ of s~rfac~ heat exchange~ Equilibrium 

temperé! tu re is reached when· thi's sum :is zen). 

' r' ' - ' ' 
1 

l ~ "' .- l , ~ '1 .• ., n ~ 

JlrC"diction t·. 

\. Xacro ~odcls 

1 
o. 

'' ' 
Macro models are those \"hich descrlbé 11r pr<·d i'ct tempc·r.lture 

regim¿s in a comp~cte river or river.~ys~em, lake or rC"servoir, 

-3-



¡,,, .... ;1~1n1~.l.~, ar-.d \..!._'L••r :n .. '~\/,-.¡r.~ r1: •'11 .1 fl}n1·if1U:l1 hdl i'-, \·JJll. 

w;,tL'r surface. This llc<lt hudgPt mJy he expressed as f,lll••w-.: 

(Rate of lleat fn)-(Rate of lleat Out)+(Rate of Heat Stnr.J¡~c_·)r 

(Rate nf He<~t Exchange ::~t \~ .. tPr Surface)=O 

3. The rate at whi.ch heat flows into and out of tllc water !h'c\v ts 

determined from the flow ratps an.l temperr1.turcs nf inf1m.Jinc•, 

and Clutflowing water. These rates require evaluation of tht! 

heat transfer mechanisms in water to define the motion of 

heat cntraircd water masses. The rate of heat stora~e is de-

termined from the temperature and volume nf the w:-~ter hllJy 111 

consecutive time periods. Thc rate of heat exchange at the 

water surface is the algehra1c sum of all the water-3tmospher~ 

ileat exchange rr~tes. 

B. Exa,;¡p]e Pr0hlcm 

,\ power pl<1nt releases 6.4lxl0
9 

lrl'U/hr. Tf the Flü'·' in the rpc•'ÍV-

ing strearn 15 3500 cfs, determine the temperature changes 1n thc 

st rt~am downstream from the powt>r ,•lant. 

Solution 

A. Comí'utt.' the temperature risc in the 'stream. assumin~', comn1et.: mixin¡.:" 

Giv,~'i1 ,, dc.sign flow in thc stn',lfil nf-',3500 cfs. which in terms of lb/hr i:,.: 
; 

Q 3500 cfs) (ó2.4 ib!t"t 3)dh00)sec/hr) 

Q 7.86 x 108 lh/hr \ 

o 

o 

o 



d B. 

o 

o 

Do~-mstreorn U'm¡.¡eratures are co1nputed oy ussumiil9 cxponential 

te.í1perat~.:rt:: dr~cay. Tliis concept is presentcd m:¡thf'mdtica1ly 

os: 

dH -K(T dt - E) 

dH 2 l "'tihcre cft = net ratc of ¡.;ater s.urfuce h~at excllunge (BTU ft- day- ) 
.. 

K,; en~rgy e"xchange coe;ficient (BTU ft-2 d"ay-l 0 r-- 1). 

T = water surface temperature (°F) 

E= equilibriurn temperatute (0 F) .. l: 

For a wel1~~i~ed stream; thi~-~quatioo .can.be.w~itten as: 

pC y U a T = ··K ( T - E ) p Jx x · 
. • !. .:.J'-. 

't'Jher-:! p = 'water den:; ify ( G2 .4 1 h ft } 

C = specific héat of wate~·· (\ BTU.lb':"l Of-::.1). 
p· . . '. . 

~,"~ 1 ,-r i: ~n~1 '.(_'~ " 1 :~-~: r"', :, 1 , , ; ;·~ ::<,"~ rj 

.y = mean stream.depth (ft) . ' ,-

U= medn stream.velocity (ft d~y- 1 ) 

-}}=longitudinal temperature gradicnt (°F ft- 1
) 

x = downstream di~tance (ft) 

Define T
0 

= temperature ilt x =o; then 

[,;C~u- -] 
T = (T - E)e + E 

X O 

!3y definir.~ (\' :: -Kx ---- --- ; then 
pCPyU 

T ,., (T - E)r/' + E 
X O 

1 

1 

-S-
i .. 
( 2

,. ...... 
. ' . ·~ 

' . 
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D. 

{'~q_t_?_!:~l·_ol_o~_}_c__ Q_a_t<l 
.... ~ ' • • ;'. j .~ ) ~· .j• ..... 

The foi1rJI·nny datii Jrc ust:d in determinin!J K ~nd E: 
• 

1 
., /· ~ : • ... • , • • • , _ 1 ';' •• ._ (, I . · ' ~ J •• ', '1-;' 

•• ' ..... ¿ 

. {, ,_. ., 
'1( 

- \ 

f'•1dni~ht - L dm 4.0 170 65 4(l 5 1 
G ,Jii1 - Nuon 17 o . ~9·J 7~ 30 6 7 
~oon - 6 pe• 1;• o. 170 85 20 6 7 

'. 6 1'1!1' .. ' Hl,..d~1o,t•t -c.. o:' ' '. 130-
> 

• ;_Jo ',- .. , ,_, 35-- -'¡ b.6 

DAil y AVL>"Aí.E 11.5 215 74 6 S 

-------------------

',, ¡ 

<' 
' ~: 

Determination'of K 
"~¡ ~ ~ 4' ,__ "'. -. 

'~ ,•, 
' ' 

Theienergy··éxchange" ·coeff1 ci ent i-s ~ colílplfted · us i ng 

the following equat ion: 

K= [15.7:-t (o .. 26_+J)(blnJ 

where l~ = wind speed (mph) 
t, r: ~~r-: {; ""<~~· ·,í, 

b- experimentai evaporation cuef.ficient (a value of 

..... t)., 
1 

15 is ty~ical. 

50 te 60 
60H'o\ 70 
70 t o ~lO 
80 to 90 

1 

l 
. -- \ 

1 

11 " 

-6-

'/'. 

0.405 
o .-5~¡:> 
0. 74ft 
o_gqo 

1 '. 
1 

¡' ,.-, 

o 

o 
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¡/ 

o 

E. , ' 

o 

o 

r nus, í (l; ,¡¡¡ dVer.: 1)í' ¡j.¡ i ly \'d 1 U0 of K, u:.; ll(j i·l - e. S liifih: 

'()' ' ~~ ( flTI; f i -?. o -1 or -1 ) 
:. r 1 OdY 

- ~ 

60 to lO 120 
70 lo f·:O l'i4 

Oeterillinc~lion of E 
# f ,, • ' 'i' ,' '-'f 

Tlle equilibriurn tc111per·aturc is 1·eached \'Jhcn tht~·'ratc of chc•''~'P 

ot cnergy at the \'h•lcr súrface equals ze¡·o. fdin·ger· a:td (,(·y['¡' 

~-~') 
( 2 ) prec;c11t a mcthod for corrpuUr!g E. The lllCthod 

involve:. assuming a l ike)y 10°F ternperaturc ri\nqe for [ l!nd :;y 
. -~ i' :..!" ~ ':. ~ ~ J •1 .) ', • -:- ' "' ~ 

üSing the dppropriate valw" for K and -the 91VE'n mete'ó~ólOt¡il ;¡' 

data, corn¡H'•tin~ a value for l. 1f the·.cÓ;{,~u-t&d vaJuc of í~ ft~lls 
\>lithin thc.'assUJr:cd ranqe, tlrP proccss is co¡•;plcte. Hm·;l!vPr·, 1f 

; 
1 

• 
5 

1 t~' \- l ~ _ • ~ • \. • _ e : ·,.:; 1 ! , r ., . <~ ., , -, 1 \ , • 

the-com¡1utrd. v~rue>,of E falls ~u·t;icÍ~ .th~--as~un;~·d ronge, 
~ •• \ 'l --:.. • ¡'"~ ~~;·;_í·; ~~~ f}' ,}:·} ·;¡;;? 

another ron9c must b<' r1ssumed ond t.he proccss rcprated un t. i 1 [ 

falls within the propcr'lin.its. TtiuS:. E- is co1úputed by a tl'iill 

and error mcthod. 

fOl~ tnc slated mclcol'Cllogical conditions «nd computcd Villucs 

of K, we Ccln detcrnline a d.11ly average E by thc follOI·IiiHJ scven 

steps 

Step 1. /\ssulilcd rcHl~¡e of E = 70 to 80°F 

-7-
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·e 

/ 

' . ' 

1 ... }:, 

~ 

5::-:p Z. Cu._ .··• ~~· · (l.) fo¡~ u~;(• 1 ~~ S !_._•p u. 

t ,,', Hl 

.·,,r .:r. ¡:: rar~ctr: of 
' ·. ' .. 

IL) - 1 ¿¡()) 
t\ . 

'.,.1 ~ 

-- --- '{ ·------· 
• é • 

f ' • S> 

2 - r· Fr.~m ~-~H:. lt'ci_r';c~r~lop_ic _dat~ l,cl~le, HR =, _21~ llTY ft- hr 

.o1··.in- teru.lS-,of.-dciY~~ ~iR··"' ~)6Q.f3TU ~( 2 . dll.Y-~··· 
(>. \ .. ' 

Step 4. CCHH~lu L~ ).2 !·- \?,r u~~ i ~-" ~ ~-ep 6: 

-_.-_ ------- -~(0-:-26-)--(-T-)-. - ~-
~·! ' -· "' ,_ ~.' ~ . ' ... , .. u 

r.2 = (b.ió--~- -r'~T 

Fro,q thc meteorolo~¡i.c dota table, Ta = 74°F, and from 
[:~ '(, ~:'~ ;,,)·~~-~ ··r 

1 
( 

thc t~Lle of E rdngc vs. ~. B = 0.744 
,. 

~tep S .. CülllptltC 1:
3 

for u'·,e in '>tep 6: 

• F ¡ '• .. '' 

· _ _c_(Jú_' 

50 lo f,n 
&O to 10 
/0 tü· [;() 

eo to 9u 

(tlll/1 llq) 

-11. n 
-20. 1 S 
-33.30 
-53.33 

-S-

e ( :~) 

0--1 
t 

o 

o 



o 

o 

o 

Thus for an [ rangc of 70 to 80°F, C(B) - -33.3 

- 6 . 5 - '( - 3 3 . 3 ) 
E3 - -(0.:'& ~--b·.-i44 r .: 39 ·6 

Step 6. Compute' 11 for use in step 7: 

11 '"" E 1 + r{ K ) ( E 2 + E 3 ) 

M= 23.3 + (O~R91) (19.? + 39.6) = 75.7-

Step 7. Compute [ using the foJlowing relc:ltionship: 

o:oslE2 
~1=E+--K---· 

Inserting M and K and setting up a quadratic equation gives: 

E
2 (0-i~-~]_J +[ 75.7=0 

... O.OOQ354E 2 +E-- '75.7 =a·· 

Solving this equation_ using the.~ quéldraric fon_uula gives: 

E = _-J_ ± ( 1_. _191_19 )~!~ = _-]_ _ _.~_j_(~_s?·~~J-
o. 000/llS O. 000708 ; 

' l ' 

Reject i ng , the ncga ti ve Vcll ue gi ves: 

O OC:2''' E '= · ··- .::?. r.._J __ = 73. 8°F 
· O.U0070B -----

Q = 3500 cfs 

(This value_is acccptable because it 
fclll s · witlti l1 thc asswned t·ange of 
70 to sonF .· )_ 

Given an avcrclSC cro:.s scction 800 feet wide clnd 5 ft.'et deep: 

3500 ftJ Sf'C -l 
U = ··(u·0cf .. (tl (s· TtT = O.B75 ft/sec = !?~_6?-~·_./-:~~-~:l~'-

) 

\ 
-9-
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H. 

Eva 1u -1 t 1 (¡ n p f r, ----- ------ -

For X
1 in n:11es: ('( -_( 1 t, f; ~ ( 5? 80) X 1 

(6c .•fJ ( 1 f(5}(75-,600} 

í.L == -0.03?2x 1 

So1ve for T 1 for X
1 

= 10, 20, .... 50 miles ;._ 
-------- ---------------- -------------------

Assun,e unhca ted n ver tcrllíJCt ature = 7, 

T0 = 74°F + ~TR = 74°r + 8.2°F = 82.2°F 

T 1 = (T - E)e-0.0322xl + E 
X O 

For x' = 10 milC'"" -------------- -

T 1 = (R?.2 - 73.8)e-(O.OJZZ)(lO) + 73.8 
X 

Txl = (8.4)e-0.322 + 73.8 

T 1 = (13.4) (0.725) -l 73.8- 79.9°F X 

For X
1 ~ 20 miles 

-· - - -- -- - -- --- - - - -~ - -

Use samc va 1 uc of ct and rep 1 acp T by T 
1 

for x 1 = 1 O mi 1 es: 
O X 

T 1'"' (/9.9- 73.8) (0.725) + 73.8- 73.2°F 
X - ----- -·-

f_o_r _X_
1 = 30_,_ t;_Q ,_>O !111 1 e~, 

' 30 11' 1 1 [' ~' ' T 1 -- ( 7fL 2 - 73.8) (0.7?5) t 13. [\ X 

40 n.i 1 es, T xl = 76.l 0 f 

50 11:i les, T - 7r: ¡·Ü¡· 
xl .) • ::J 

-10-
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f. Tht!~e values teprcsent thr exponcnt1al tt>mperature decay 

which is graphicilly shown on the following plot: 

E 
o 
~ 1 ! 
~ ~ 
~ 75r i 
j ¡r----0 1 

~-o--__ j 

: ~ '~ ' 

8 7.o .. l_ ........ _!~-·-~-----l.. ........ --~ -.1----~-~===--..af 
Piont 10 . 20 , ::;o 40 , 50 

Oistonce Downstreom from Plont 
(miles) 

2 This grdph presents an idealizcd picturc of the dO\m~tn.>illll. 

t('lllpcraturcs. si.nce lhC·COillplltations \'/ere bascd on cWE'rage daily 

conditions, and thus no diurnal f'ftc>ct 1s cviJcnt. lt also assui!~0S 

thJt thc 1·1euthcr data on 1\hich ·K Jnd E are b<l<;c>d arC' lndicJtive 

of co~1ditions alon9 thc SO-lllilc strctch of thc ri\'ct·. In add1tion. 

no tl'ibutllry inflm-Js o1· heJted discthw~¡es ani accountcd for in thc 

-11-
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TIIEORf.TICAL S7l!DY o¡: Tf/FR.MAL POLLUTION 

RESlJMFN 

RAUL ZAL TZMAN* ANO 
GEORlrl: W Kl 11>""* 

Aproxnnadamrntc el 80% de todJ el agu.1 u,,,d,1 en la mdu<ll '"de lo' 1· <tadn' Un1do' In 
,., l'll opcr.llllllll'< dt• cnlnamiento ( omo lt:\Uit.id<• 1.1 uug.1 termal (talm) de lo< l.1gm \' 
cnm•·nte~ rcupn:nte< C< má< pc<ddd Len.t de lo' Lll111plcJO< indu<trmles Cu.mdo l.t cJntld.td 
de L'óllor en tale< área< comicn7.t a de<eqtnhhr.•r el pru1 e<o aru.ítko o a o~lct t.tr 1.~< e<peue< 
al'lloÍIIL',I\, el rcsul!.idO C< la lOntalllllldlllÍil tt•rnMJ 1 \lllll3l'HlllC< teÍmea< <Oble el CXLe<o 
futuro de la produt·c¡ón del calor apuntan la m·cc,,d,u.l de obtener más mformac1ón en este 
p10hkmo1 vital 

hte c<tudio <e refiere a los ctet·to< dr l.t contJnllnJCIÓn termal y a lo< procc<o< termaJe, 
en corrientes y IJgos Su obteto fue el de cont nbuu J la comprcn,ión tcorrt1ca de los 
procesos mvolucrados para que puedan dcs.~rroll.n\C plantco~m1cnto< con cntcno <Óhdo C'on 
tal fm, un modelo matemático del prot·c<o de contdrnmJcton lue desarrollado y cvJluo~do 

AHSTRi\CT 

Appro"un.ttcly 80% uf .111 water u<t•d by lhutcd Sta te< mdu<try 1< m cuolmg opcrallun< A< 
a rt•,ult, thc thcrm .. l loo~d (hcat) uf rcrciVIIlJ! <lrCdlll' ,md J,¡J...e< 1< hc.IVIe<t nc.1r mdu<tll.tl 
cornplc\t'<. Whcn thc quo~nllty ol hc,lt in <uLh .nca' hq!lll\ tu nnpdu JquJtll' protc,,c< m kili 

• llnu1nity of Wnt Vtr}(illia 
., Umvcrsity oj Ok/ahoma 

SS 

• o 

o 

o 

o 
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56 (,1 OIISI(',\ INI'LRNACIO¡,.AL 

.1quJI1c 'PCtU.'\, thc rcmlt 1~ ilht'lm.ll .pullu11on 'ProJct.:lcd C\llmatc~ un fulurc ex< e~~ hc.11 
prodllll•ll\11 ¡pllllll .up;tht• lllrl'U •loll IIIIOfC 11\lllll.lll.t 111111.011 ~ 1111~ VIl .11,1!1 olJicm , 

"11m ,ludy comcrm thc cllcch ttl thcrm.1l ,¡H>IIutwn Jll!l'thcrm,ll ,protc,~c' m ~trc:ll!l~ .. md 
lakc~ lhc obJCCit\c w.•~ ·.to contnbutc ··lO •lhl' :ttlé~icíu:al .uniler~tanduig iH 'thc prci[c~'c' 
mvolvcd 111 nrdr1 th.11 \OIInd ·de'l!!ll ·t·ntcJI,t ·cntlld •he ·dcvclopcd Tow.1rd thJt t•nd. J 
m,olhcmJIJt.ll mndcl of thc •pnlhi~Jon .pr<hl'\~ ·'-"·•';~cv,rJ¡~p_cd .tnd cv.tiUJil'd t', , 

) ; ' • ' f ',, 1 , 1 1' ' 1 ',• '"' 

,. < ~ : ' .) ; ~ -j •• ' 

' f~ ' 
' ' 

' · · !J,nvc':-.l:tga!:i'ó_ll··~onllitt'li:.d ;a'l :tlhé :Universi'ty·· of.''rúk'la'hom¡t for'•lllL' :l l S 
Se1Úk :Scl~cl rCónHni llét• ·on Wa lL'-T·Rc~ourLi:" ·on~:bow ;F·Juw ,t,o\rugmcnta-
11ioiÍ.:-cG&Il,si(Ích:ü: ,'orílv fli~ ·,l'l.cd~'lo'f .dissol'ved··,oxyg~:il :(ID: o . .¡ •(-Re id. 

·G::w.u·960)Y; .. · · 1. •·••· ... ~~··/[:· _;,, •· · 

· :flowevcr. :thc :Scle~.:t ·Comm'it·tce 'studics-~ind·rcatéd :th'c'•:st:ver·ity ·,of 
thc r:h.er;mal'~pollutibn\prohlcm an(l.th<t'Ftmore wor.k··~hould1.bc dont: 111 

lid~ .arca. ··. '·, · · · ' -.. · .-. ·' · · : ' ; , .. ·. · .. < 1 . 'l'·' • ·. 

· · J,f1e aCidit·ion ·of :a 1t·Íler.rllil'l :lóüd ('lléa t ), to á ·~treani ~6r liJOdy ·of ·wa·tcr 
,.-. iin.-::(¡u;Ínt'i t'ie's\'.i'.kti:imc n:la 1 ·:¡o· ·:bcné f¡¡(•ial '\,t:nv·it_y:-·con:-,fi tutes. ·:thcni1a 1 

·•· 1 )'Í¡1ó'llutio;1>:,',Nprox'i•wÍiC'I}/'~-'~O% ·of·'all:· 1watc.r'.\usc(Fil)y iUJ.nitdt· .St.tll'~ 
·.,'~ :ind us~ry)~ ~¡.,]·. ;~o{)liJ)g ·lHJ¿\rií r:ion\: · wit'h ·~thé_'~re~·td-t \íthit ·:disd1argc. of 
'•1.ct;,·,~l!~ qtl.mtitic'li··of :11cat· into:~thc·:.,trcam·s ·and ~l:.ikes. ·is·,comníoiYplat:c 

. .:::..ProJcct i1_1g · .. ¡ h is'· :;¡¡fuat lop' ~-:¡iltd lt'tír'';·~tli'!ürc /.~;ibuu~tqi:- :.fs :.e\pt:cted,, to 
· ~:,\!o u b'ic'":its · .. ext:es~ ;;:¡)¿a 1' :íJT_(~¿¡ uéfiol1 1 ;cadÍ• :ü<;ra(le ~··un ti 1· a t .,Jt;a~t ·.: 1,9,RO 

·l:í¡~·hi~ ~¡,] :t·l!Trl ·,~ili .. L:reatc J- grc<lt'JY· iincr~~;~d.l .w<\t'l:r\t!cmai1tl~.:-:ifromi:74 
.;~: Íl)gd"<iiÍ- :11'9 54' .to · an co;íiina tcl(~~()t)' 'bgd: :t or" ·J9HO_";·w.:idwrdsoÍH;.:J3 . 

'É-, ._ 
1 
'; " _ ~-;,r- ~}' 'll- _ , ~ 1 • - , '• , • ~ r , \ _ ~ • , "'_. 

":19:3;1,). ,j ' '··' -···' ...... ~ ••• ··, •• , • .( ,¡ ''J - •• _,),'~; \.'::.'<• ·'i,i•p¡; ¡'' !';•:J 

, . 'mlic ncc"e'sid~y ireqí.dr,cmént for ,f~nipératütc :as'.a'\major,ífactor ·oH he 
':physit:al cnv.ir01imcnt '·ot'<ú'r.f.il~c ·w;Hcrs iíÍuísr··bl! ííll1ai: :jt: ·allów a leve! 
1
.of,<" acfivi.ty :comn1cl1sura te W:itli ;m a in! a'i•iing'''uésira'b'lc: :aq uatk · ~pec.ies 
·in· ;al:cep'tablc ·nunt'bcrs. -·A·IJowab'lc'· :tcm¡)craúrrcs···arc· :notLW:ithin · onc 
:spcci fie'' ·hmg~' .. ·c·'_:,~;il\cy"":nuc:úia·te· ) w 1 Ó1'"':scáson diai1d·· '0ther .. ·natural 
•c.nv:ir.ohmcntill"'faetór~·. fJ>.rcsén-'f•:knowl'cdge ,.i(or .\the. 1lack uof.: it) of 
rll<fturc:'s ·,processes Jor maintaining it balan~c,.idf lifé· 'inur(alcs ·,tfhat 

·· ·" ·írlic'rc:'c·i¡í}'íbc1 
IJlO siínp'lc :.la tc.·r~cn't on1 t hcríildl 'l'l~_c)liirc ml:n ¡., o'f ~urfa ce 

walfl',f. ~ , _,.,.. , ~- .... t :ltr~ ·; }.i"'",'i L·~¿,, ~·"Ii; ..... ~, , , " _t? ~{~J 

·- /\'j1p.1rcnt1l.y '1 hl.· oh'ly Jci1~ih'lc rl-nH.:dy ·td" tlfi'> ~i ltla't:i<.Jil:li'i~'I!J' ~¿lc~el ~>p 
,.,'¡1c.'.:i fit:, it hu ~i>unll ··~·Ílginccritl~ •de~ign ·:prÓvi'>iot\s' tu·,.~,¡¡ i rl i nut.c,·\IJH· ~m al 
·po'llutton tirom inilu~trial :o.ilt:~. 'J he ÜhJcctwc of ·th1~ ~tudy wa~ .to 
contr.ihutc 'lO .t.hc .t'hcort:t·it:al undcr:-.tanüing ·of ~ut:h tle~ign<, by 
tlcriv.ing a .ma·t·hcma·t k al 'moti el of t he pollut ion _proccss. 
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lili'RMi\L POI.IliTION 

J:fjccl\ oj Tllcrmal f>ollutwn 

l'llL' lll1P<~d ot lilL·rm.tl pullution on water condit1om ¡., exempllfied 
by .11 k,,,¡ lo u r lil,llllL t re .Id 1un" 

( 1) (k.tlh or dt:-pi.!CL'lllCill of .ll(U.ttll' \I)CCICS 

( _2) Cll\ iro11111 ·nt.ll l!Hllllflc,IIIOil 

L') .1 d 1 Vi i y 1 L' d ll L t 1\ ltl 

14) unp.lif'lliL'Ill of -..trc.1111 "L·If-punf1L'at1on 

{t' tl1al tem¡)('ra tu re la e/' .11110 ng d 1 fkrcnt spccics of f1!>h vary 
mad~L·dly. in somt• ilhtann:~ J\lllllch ;1.., J¡o¡: (13retl. J R., 19ú0) 

1 or cxamplc, with t 1-.h the LTillc,ll lnnit for Caras.\ius aura tus i:, 
1 Oú°F. while Oncorln·nicu.\ gorh111ha c.111not endure temperaturc~ 
<tbovc 75°F Strc.un lcmper.Jture!'. which con~istently excced 70°F 
f.1vor warm-w,1h:r f1!>hes rather than cold-water ~pecies such a~ the 
Salmnnoid~. (lklding, D L 19 28) lncrcases in temperJture of 2-3°F 
.tbuw thc 70°F leve! llJvo.: been oh"ervcd to came dcpopulation of 
Salmonuids to less than 10% of thc total f"'h populat10n Minnows. 
~uáers, and other warm-water spedes gradually replaced them under 
this condition (TarLwcll, M C. ami A R Gaufin. 1953) 

While the change of temperaturc may be within the thcrmJI 
tolcr<tncc of lhe particular fbh. it may make em•lronnU!ntal cowJi
tion~ unfavorahle for c~sential food organ1~ms and for certain devclop
mcntal sragcs of fish lile -- 1t is known that the eggs of ~omc d.1phnia 
hJve to be chillcd' or frozcn hcforc thcy hatch Or the higher 
kmperaturcs may favor compctiiOr!> or prcdators of desirable spccics. 
Many oÍher organisms go through rc ... llng periods or spccif1c stages of 
dl·velopmc n t d uring cert a in ~ea~ons Fu rt hcrrnore, ccrt a in diatorns are 
ahundant only, al tempcr.1turcs bdow S0°F. Thu~. by elcvatmg the 
tcmperature of a "tream, the hiota dl"tribution may be changed and 
lhe cntire foou chain "criou~ly dl~ruptl·d (Tarzwell, M C, 1957). 

Thc observation wa.., made 1n 1947 th,1t water temperature Jffccts 
aquatic activilv through thc procc~~ of mctaboli~m in the life form~ 
(Fry. F. E J , 194 7). Experimcnts wcrc madc to dctermme thc effects 
of tempcrature and cruhing ~peed of the sockeye to demonstrate this 
relationship (Bn.:tt, J. R., et al llJ5S) The maximum su~tam:d 
~wimming speeds of sockeye~ at 1 0°C and I9°C are approximatcly 

o 

o 

o 



.. 

o 

o 

o 

' ' ' ' : • } j) ~ • 1 • 

cqu.ll llowcva. h~o·l·:1u''-' ol lll\ h .• ,,.d 111ci.W!Iill.,d~ol,l;IIHI .1l !he lii!.!lh:r 
- ~ I ~~· , ¡ ') · •-t.· ~q l • r:'• ~~1'U .,._.-::u ¡,·~... f ..._ l~o'lllp(•r:'l:iui"\.''.'~i..·n~.·li{v ·r~.·-...\.:i\L•\'ol 1!"11.' ll'>h w~o·r,· tound lo b~o' L'Xhau-.1\:d 

. "' l ' l _,. • \(, • ' '. ~ • ' ~' , • i ~ . 
·1 V" lo ~ 111111.'" .1\ •íll'ld,iy al J·lí'(' Wrcll·'.L'R ."el u! 11))¡..;) hoJll 
(J,Jl'\l' 'llld·II.':O.~IIJI\ .1pp.ll\'lll 'lll'(ll 1·:,1\: T.tll' o( .íL-!'ivi(y b d\r •. :ctiy 1\.'i.lll'l! 

lo ¡.¡¡,: \\,fl~o'l lt'lll¡~a:llllr~.· ... :IIHl· .. ,(o·' lh~o·!~ddkr~o·nu: bl'l\Wl'll I"L'\lln~· 
h 11.' L1 h\ 111 ,·,ll. a 11 d :11.-11 h' n1_~.·r.d 11 ~ 11 'J !1,-J\~·-t 1\:i t y:;ty~l \ll' 1.1on a 'Jll'l l" 111.1 y hL' 
L'\.il'llLkd lo lll.lll who .d.,o l',\jl.'IIL'IlL'L''> undí:~ir.1hlc df~:ch .11 l11gllL't 

• ! í i, f ' .:: ' '' l ' ' ' ~ '' ~ '}. • ,; ' ,. ' • • ' -

'' lcm¡'q.ti·Url'~ ,:1-ur ,e\,impk. lho..'c u ... ~.. of a ~li"L'.IIll for r~L'I.'I.'illlnn,d 
pur'p:u.;c.;:,, r~.·diié~.:d ,1'~ L'XI.l''~l\l' 11~.·at, ·., , . , . · .. ,. ,. . 

1 , ,,, /. ) r.¡,-<.,,1\:i' ,, t. fi•t: · ,,., • '' : .• l • • { . .;; ') '. ·,,¡ •· } ;.·•' ,¡ , ·
6

, 
~ , H.tl~h~l.l.il· !.!rn\\lll',¡,lk 111 ,..,Hl',Hns · 1 ... -.;J¡la\lllllllll ·;at ,~(l 1 A~ ;, 

"''1• . .:·~-~~'':t /¡r;·l·,..--.,~ ~ ~~ ,''- r~r'"" F.,._ Ir-'' :V ~ i, J·l-. ¡\_~., .. .; ~· ~i ~ • 

.. , :;t}>,l.~~::.• !N,."-Ill'_l>,) 1.1)-!!!~:r '1 rl,' .. llll' .¡ ~·.1111 1l'r\~ l_t.IIY;,· ds.~r~o:~~;~t· ~ 1¡~ .. ;~"lr¡¡u1y /('(1 t '' 111 

·¡¡, J~lll}{.'C:'!~ .~ ,, \~k \l,ll'.J ··'! '\' .. 1! ~~: ~~d d !.11(1,11' t_~!¡¡h~:.;n. Ji >:,}.llfl.l~·l.'.' '\·.11.~·,',? \ llLTL';I,t' \ 

. v · ¡ ':l~ ~.¡¡~~~~)S(~~~~.'} IJ.~·?, o 1, ; \l' p !:'~· ~:~ lJ1 d II}_O.l) ~ •;'.111.1J ":' t ~, ,nd_~ 1 ~o,< lll ;\1 h:~~~ ,.1 ~lL' w, lln 
un-.ult;\[lk ·:~Jor,,llldll\lllal · tl'li'L" o.r.~.!~r\',d.f.llll~mg l.purpo'L'i' WliiJout 
l'XPl'll\IVl' .. ln:;lllliL'Ill.-. · .-.·.- ', •· .·: · ...... ,., ' ' ·' 

1, 4 :))1¡: ·~i;~o¡~,·~:~. o,x~gc-n. conll'nt_;of ~.Yall:r. as:,_wtcd
1

_1.íi ~_1!\' inlroduv 
•· tton: ·l~· .. a · flliiCllon of.. _h'llll'l'l'aturc ... rangmg from tor exampll'. lll 

'p pm ;;.¡ :¡;¡·•)~··, ::·, ~> .:¡ l1: ppm a 1 )~(l" f: · -Thi ... rL'i.il ion :-h 1p h;t~"'h~c·,j úo kd 111 
... :~~ IÍ~p·u,:·, r;::a t •'on -~tuJte-. .,~ Wl'll ;.¡~ t h~ b'a(.;t\.·h.tl gt owt li · ra ll''-' lt ·-shou Id 

• ,,-,bL;-~ ;¡ r~·~ ... ; ... ~d lhalh · thc~ coudit1ons .. rel~tlc . to cquilibriunf condit1on' 
;._ ~. ;._ _, ", , , • ' : J • - , -" ~ J'- " .1 - , , • ,_,. ./ , -'... , r, 

, . .tnd,rarclv·on:urinv¡vo., .·,_ .::. ,. 1 ' .• - .. '·, 
' .... -.. ....,~ ,, ~ ' ...;. ., ~ ;. ~ . '''¡-~ , .. , /' ¡) ' ': - ' ' • 

. f•:l ~T·hl.·r_.dt•veiopnlcnt of,' a .lill'orl'lkal. lormulalion \vill giw a hro.1d 
"'·',ldc,(o(j'lie. '!""i'-niiatio~¡ C<!paci.l), ol: thl.''nríal wa-.le' it{ a Jct:t~un pomt 

· )¡J'oJ:_~· ;rrl:éiií1 thcrcby. 'providing .de~ign criteria to help prévént~ pollution 
.- )1~ <l'n .lllLTea~lllgly-~·n~.ICéíl;area., ., :: :.:~ .... ~-.,~-l,':. --:- ·.· ~(··, '· • 

l<., ,_, "-- • .. "--1 •• , '•·- '~ ,, ...... -~~.__-
- , ,,.... - .,, ....... ,,·{';f .. (~--~-... ---~,~~ .. ~,,~'<·~ .. ·~ v~~./(¡;-,H~--:'Ji.f(J ..... _ -~ , ,"H.':~t.·.:.:-t•'~ ~~l.';·' ._l;•;: J ., •• • : '' ··: ·- • • .¡ 

, \. ''. ~h·.;;~·::' :,~·:i ,,-· ~:-'·"'·,! ,~Y'.';;j ·:·¡~;:":· ;;;., ~· '.;ir.:i,:,': .. J',).: ~"" 
.. t\N:J\I·.YSIS Of -TIII:'TIII:RI\L'\1 BYID<;ET'IN t\'BODY 01. Wt\HR 

·.·: ~:St.~~.dY.;Hl¡: ll;~~;l~·,;,·,~roi·l·~~cs in ~wütcrl:n]u~t ·~~c~_ill .6y,~aL'~·ounting for 
, ."<!11· ·~ignilkant., fa~tors:·· J\ftcr thi.,' lús· bet'n·'-done.· ,ti'1c nature uf 
:Ji~;lci~(JilillR·.yt~~ ¡ .he .. an;liyt..cd an~ .~vi•}!htlcd · ,as 1 ~pcl·furlncd bclow 

(Bowet_¡.;l S.,, 1.9~6.-Richardson.·B.; 1931)': .,, _-,,. , . 
- :S.._>,i: _..,.. t: ~."'f ,!'"(_ 'j_,:... ~~~.rll._ f"i. ~~,~ o\ l '•' ... ~~t- •.- ~1 ' ('~(,,.,\ 

J\ .'' The. cot~l im¡l y cxprc~~ion. of, .thc 5 con~c_rvat·ion of cncrgy Lan- be 
~ ,_,:~.·... ...,~~~~:~r:.~: . ,. . ·- ;t 

H + 11 
1 ' ( 1 ) 



(;1 01 ISIC!I IN rl R\;,\1 IONi\l 

\\' it l' 1 L' 

lf,. ::::. ilL'.Il fL'ljliiJ'l'tl for L'V,IJlO!'.IIIOJl 
llh = hL',II loo;, tita..: lo cuiHIUl'lHlll lo lile .tlmo~hphcrc 

1(, = 111..'1 L'llL'J'~y .llh L'l'!L'd 
11

1 
== lllLfL'·''.._. 111 L'n.:rgy ... 1orcd 111 lhe hody of walL'r 

11 = llll'l(klll 'hOrl \\.1\L' J'.ldldliUI1 
' 11, = rl'lk,:tcd •hort W.IVL' r.1dialloll 

llh == nl'l L'lh:rgy lo"" lllroulh c-...llange of long wave :.ldi.IIIOil 

t'l 1f wc cvaluate thc<;c ll'l m<; a o; a funct10n of ln<;olat1on ( R1ch.u d
~on. 13. 19J 1 ), Wl' f11Hl til.ll lll"lll.!l1011 1~ a pOSI[IVL' llll,lllll

IY during the day, but ,11 nit!hl ¡., cqual to Lcro. Fvaporation 1~ 
alway~ po~itive. whilc thc othcr t.:nm (convection, !>Cn~ihlc hcat, 
~.:onduction and ntdiJtion) may be L'lther positive or negativc. Fx
pressed simbolically 1111.., 1~. 

L·E·RtL·F=I S C -- B 
r 

L = laknt he,tt of vaporiLat1on of water (5RS.4 at 20°(') 
E= qu.111tity of water cv.tporatcd 111 cm of dcpth pcr day 
R =ratio of convedion ev.1potation (Bowen's r<ttio) 

(2) 

l = radiant power pcr unil arca of earth surfacc from sun. 
calorics pcr minute 

S = dctcctahk hcat mca~ured by warming or coolin!! of 

water. caloric!>/tlay 
C = conduction of healh through the walls of the container 
Br =radial ion from water. calonL'..,/pcr sq cm per Jay. 

B. Effccts of cvaporation 

From equation (2). hcat loss by evaporation is: 

H10s, = L • E + L. • E • 1{ = 1.:-L( 1 + R) with (3) 

R= 
0.4ó (Tu - T,,) P 

(4) 

o 

o 

o 



o '') 

r\¡. 

o 
n~ 

ti!: 

o 

hÚ <;J or-rsw,,· INTI RNAC'ION/\1. 
¡ '~ ' ~ ~ ' ~ 

wiH'I'l' ~ \ !~t ro-·(, H·. ~~~~.,'-..- :.l::.•(i"~-~~=;,..,¡L;~ 

'; J: ) 1 ;:~) .. ~~:·--~..!!;~ h ~. ,J! •\' ·~~ t:\.'}L~~~~~J: !' 1- ''~""~l.,.~ 

·1 · = lt'111¡1cr.ltun· of wakr °C ¡ o 
p - ~ ¡ 

{) ~' ,¡ 
1 == tcntp~·r.íturc ol air ·~¡: .. 
1', :=·v.¡por p'rl·-.-.urc ol .... 11 vapor (al T .. mmllg 

() 

P2 
p 

.··,,· 

= p.II'IÜI prc-.-.urc ol .rctu,;rl"v~rpor in arr 
•); •oo \ 

· = a lmosphcrk prc..,..,urc · ' 
mm Hg 

,, 

/' '1 

1!Jl·é-o \!ffcct . óf wind' 1n ev~por~úoí~ ~ has'·been drsrcgatdcd 
o lbccailsc, ·Ílo'dClt•ctablc·. enot rcsults 'ftom~rlcgleclmg;·¡I-(Bowcn. 

t ' '" f -! ' ,, .., - )1. • ' ' f ~ -~ 1 1 ~·s·· 19 'l()) !;/: . ': ,. .. .1 e o ·:. 

00 ':,;~0 ,, ~"'• '>J\' . 

o ·:.~S~ o f;i;~ í~o mcntion· has bcc~:·rnade·of--'Úw a·rtif1ciaU1eatmg of 
·thc <trcam. :·bui,·wiÍÍl '·il tiÍe~'(;Íiue of ~ wlll ch.lllgl'. As lile 
val~ll'~ foi· E are known for lile initia! lCI)tpcraturc (T.,) of thc 
watl'f~ l'hé. ·vaÍul~ ofioR, Ío; good ónly 1i·or thi~ wn~i¡Jyn·. ,)'hus 

o VJ.I.ll'll. illl incn:il'>l': of temper.llme in, the. slrl:am ·ha~ ~.:hangcd lt 
l:o.: R'. · thc geo'metri~·'·~~c~il. value- ¿[,R. is o io·o b~o U!ted. and 

::-- ~-' ~, ' ~~ ... ,~ .;. ~. : ' {•l'-, ' •• ~~ ,,. 

-~ eqll:ltion(3)willb.é o' ' .· '·-: .. ,·; :::··•'-i. -'·' 
,f. Y--"1~'·-~· . . :j\i~ ·,_: r~· ~~-.. 7~~jJ~~h. ".".-.:~:-: ::::t -~,.: -t~ · ..... ~ 

r •• ::·.--:· .. ,' .,~,.-, ~ I·L ( 1 '+ \I¡{·R~~ r: .. 
: ~_¡:,J. : , _',, _, U"\'\ 

1 
• • 

"!~, - .... ~.- ~!.: ' ,,·_· ;., ___ ,:· 
" e 'cá·pacily ofllicrñlal ··~\imii:.Jiión: ·.

0

: '; .... 

'"~hcrc U!.Ílig ~ coí1sistenl ~¿t of units, 
ó <,~·~ iiÚtial flow ' .. · :· ·· ·' \ · 
'- _{~'('~~\ - ,-.,,.,\ ~ ,.. l 1 - -· 

~ '- 1 ......... •• " i ': ) • \ ! -l ~ '¡ ..... :-· ' ~ - • '. ~ ', ~. \ 

;Q, = tm.rl tlow ·· · 1° d·:i': ' '· 
r 

vf;,Q .:=. addeq J!ow (\\:'aste tlow) 
1 ' \. • ;¡ ~ • ' ' ·"' ~ j ' ' ) • - ' 

;,.'Q.: ' . - "', • .¡ ¡. \ ¡ '¡' i . :·~ ; • . . ¡ 
l ~ " !: '• 

-"7"" =:ratio of uilution 
.QI) o 

\\ 

T 
1) 

= initial tcmpcratl.m· .,, . ,. . . 

-~f 

·:·· 

r 
1; 

'i }(h.::, 

(' KQS 

61' 

. =.,. t.cn1 pcr<!l.l,lrc of rivctqual ity ~t<)nd~r,ds, or ftnal 
\ ' ,_. • ':. • ' 1.-) ·~ \, - ~ "\ ___ :¡, 

o =· allow<lhl~ temperature clwnge: or T nos -1:, 

1, 

(5) 

tlf = allowablc tcmpcr;•turc diffcrcncc bctwccn addcd llow 
\V 

and T ROS, 
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·¡ 1 lemper.tture lo"" 
·¡ =: ll'lllp•.:raturL' od .llhkd flow 

A = lll)ll '>Urfacc arl'.l or O.,(ll'.lll1 

v5 = ... uhs1diancc vdo~.:1ty. or Q/A 
L lh•Jt ofvaporito~lion of w;ill't .11 giwn tempcralurc 

1 /2 ( t
0 

t RQS ) 

Wl.' haVl'. 

<)T o .. , 

from cq (5) 

if 

thcn: 

6.Q(T 

if 

T6Q 

~ 

~o ... <O .. ,/\()) TRQS ;Q. T·us 

.l. TI. tOO t 60) -.= Q¡ TL 

0 1 T L = ELA( 1 + yl{R=) 

Q+ 6Q ---
A== •• md K:=-( 1 +v'RR') EL 

vs 

Q T =K(_9_,,_+_1'\Q__) 
1 L V S 

K ( -~~s !>_9_ ) 

T RQS) = Qu(T ROS 
T ) + K ( O u_!:___ 6.() ) 

o V 
S 

6.T W = T - T Rt)S ' & 6T., = T RQS - To : 

61 o 

(6) 

_O 
(7) 

(R) 

(9) 

( 1 0) 

o 
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o 

o 

., . 

~ 1' ,¡ 

.111d lin.llly if 

-, } 1? l ~( ' •• - ~-

,,,.' (_1,· 

¡\1) -·.,/'d·~~-· :; 'l•,:.Í\"J>Í'.- ,._ . ' . 
r ~ ' 

1 
' ~" , t 1.- ~ • J ~ \ ~ .J ' " >,lo~~;~ ~ 'i' •)} 1 " • l 

1\./V 
' 

<.l., 6 1 " e 
A() ~- . A ',·1 ' :" 1 • ( • u. ' t 1 (_) 

( 1 2) 

" ( ' .... : 1 \ ,1 f ) ~ ¡ '¡ ~; • ; ../ ¡: • í: j \ 1 \ : " : .. • .¡., ~; ; 1 

h¡u.llitlll ( 121 lht·n; n\:ly' ¡,,;·,;¡n,ul~:.:,.·d .1· Wl'il-..lllg c:..prl·~~illn 1111 

l . .t kul.11111~~ 1! li.!f l'l i ¡_!l ,·~":uu ··w .'í l'i.· 1. ~lll'v i •ll·i.ll· ~·(\~ 1íl i 11iÚd ... ~ lw 1111;¡ h'~· 1 ,,úl!'l (ltÍ'tll 

of .;,,·.t\k.., h:IVÍI·l·g ;in'y g1\_~:1.1 ~·h.n:I~-.1~'1_1:-.Ít~~- ¡:;,,:· lil~.'_f,l' in~;lllllai,)Oil ~~~~· 
._., ~.,¡ ,. í' ~ .. ,, 1 ~·"~",'¡ 1 • , -~.,. ,l•r·,:.~ ....... ,.....,, .... \ .._._:r'· '. ·J t~- ~~ t, ~,· ) ..,:~l·!d.'~_.,""•r"'f, 

lill' llll'l'f"rl·lalhut'·nl -lhl' van.ti,J.:.-.·¡n·p1.1l'lll',tl.dyn.ll111l'· o¡wl;tllon 1 -.~·~· 

,\ppentllx A.· lo. ·illu;ír.lk 'rulhcr lh/:~n~;::-·'(,r~·(;¡u;ltion ( 121 "l'l' 
• ' ' 1 1 ~ ' ' 

Appl'mlix · B.whidu .. hllw~ .lhe ·dl'll·rmin.llioil',of:thc.lhcnnal addilinn 
t ~ ·~,,,. '1'' ll'- ·~}, ~ "r :· : .~"' Ir·¡ ~t,,,-;·,~~¡,~-.t , ... ,·.~,," t 

i:apaL'ily of lhc Ohio ,,~~·~in r~~)Jii"C.Iat<! ob)~'ihcil from thc Scled 

·< ·o~~~~p i:! ~~~~ ~~~1}1 i~~· .. <_1~~'.\l! ~, ~; :,Vf :·) ~~!l_<?k¡'J)\L' 1so.tl!\_il!n is 1 •}l~~IS: .g,r¡\P}l i
cally from. Figures·. 1 · a1li:.l 2 1 Appcndix. CL F1gurc 1 and 2 wcn.· 

' '1 .- • ' • ) ~ ! ' ' 1 ' ~ '-

de_vc h>pl',di from data, prh~·n lclf.:.i n; ;\ ppcn~l ¡~-;D. . 1 : • ·~ • 

,~~)'t_'~ :: }<~::~;;·,). tlt •) 

RECOMMFNDJ\TIONS HJR 1 N<;INI·I'RiN(;·(~RIT,LRIA 
,:,- ,._ ::' ~ ' ..._ 

.... \: ;' { ~ 1 11 ' • ' 

·In order lo providc _a n.·fnl'lll'L' ha..,is ol acccptablc tempcralurc 
ranuc~. it i~ rccO'milú:·mkd illaí a¡I·LÍ.ttic ~p\:í:·idibc.:HIIowcd' to havc the 

, .... - "~ { ';.':' ~ 1 ~ ¿ • • -e- - ... • "' ,, 

hci1L'fit of al·ka<.,l 3/4-ol tlicir npliuuui lolal ~Kiivity c,lpahilily lor 
wurk L.lp;ldly ;.t mo-.1 í·a'vnr.d~k km¡wr.~t'urd·;:.vH)iVj>rl>Vi..,ion lllll~l 
l.lkl· inh> .tn:ount lhc living ri.·qltll'l'llll'llh l;l dc..,irahlc )>jll'Ck)> ol ¡!,e 
~pe..:il'ic water hody. 'For l:XaÍ11pfc. lite .Hin;r~t: dfccl::. of .1 3-<í-. 
l~mpcl.llurc rise- on tr_ou!~;f()rhHI· lhc di.,cha,rgc- of sigmficanl amou!'lh 

of hc.tl i1\t~ a ~lrl'.tlll in ~l;t·'i,· ~~ :1i!alllll.')\ that a lcmpcralurl· hloLk "' 
L'l'l.',l h'd. 

11 ¡.., lurtlwr rl'l.'Oillllll'lltkd lh.JI. l·lm.c allcntion be paid in tlll .. ' 
lk-.ign l,f lacilllk~ lo l'all'ful .,¡udk-. of lhL' -;p-:.:ics whu:h arc inlcndl'd 
to inhahil thc WJil'r Ulllkr no l.lrlltlll-.ldllL'l.'~ ~houlJ pt:ak enJuranL"t: 



Cl 011'-;1{ \ 1~' 11 K"\< ION \1 hJ 

:,·mpcr.llur,·.., pr,·v,tll f(lr lllOTL' filan K llnur'> ol e,1ch :-'·~ llour~ pcnod 

1 l"il\\ .1~ \ 11111 ,¡ h· prO\ llkd \VIJL'Il lill'"L' ,IL'l'Jli.I!Jk LOlldiiiOil" l'.lllllOI 
lll ill.'f\\ ,.,,. h1.• IIIL'I 

In ,,,11,1!1-..lllll. lilL' .lllllwr-.. hopL' 111.11 11!1.., l"l'IHll"l wdl ... timul.lll' 

III!L'n:,¡ 111 1111-.. 1111pnrl.tnl prnhkm .111d 111.11 1111.., lltllTL'\I wlll k.td tu 

lhc cnlkL"lion 1.11 urgenll~ ncctkd ¡¡,·Id d.1ta. lile .tcccpl,tllL\: or 

I"L'IL'l"iton of ti!,· lilL'Oh'til.ll tlllhHkl.llll•nc, 111.1dc for 1111' 'tudy c,llould 

pwvidc lhL' in-..¡gllh llL'C!kd lo hL·Ip 'ul\,· 1111" "fa..,t growmg prohkm" 

Appcnd ix i\ 

i\ppcndix B 

Appl'IH.lix e 

Appcndix D 

API'ENDICL~ 

1\naly~¡.., pf thc Vanahk~ 1n htuation 12 

Dilution \Valer Rl·quirements of thc Ohio B.t'>lll 

Figure 1 Determination of th~ Corrcclcd Heat of 
VaporiLation 

F1gurc 2 Nomog.raph for Solution of EquJI ion 12 

Tahlc 1 Scqm·ncl' of tlle Solulion of Equation 12 

Tahle 2 Dilution Watn ReqUJremcnh for thc Ba'\ins 
ol" the Uniled Stall'~ 

APPI.NDIX A 

ANALYSIS 01" TIIF V ARIAHLFS IN F()IJATION No. 12 

Equation 1 2 a~ statcd ~ays. 

\ 

) 

o 

o 

o 



/ o 

o 

o 

whac. 

whcrc· 

<.1 OII<;JCA IN"II R:-.lt\CIUN.\1 

K 
('= 

V= Vdodty of thc Slrt.•,un (in unil'> of llbl<tlllC pcr Oay). 
d = avcr,ag~ dcplh of thc ~lrcam. 
J = total di'\laiU:C lravdcli hy thc water in O!lC Uay. 

Tht:n thc dimensiones of V s for a ¡;iven reriod of time are: 

whcrc: 

L 
(v = --- ; d = L 1 ; 1 = L) 

(J 

L/8 • L 1 L 1 • V = ------------- -- = -- = d/tunc ==u 
S L (J 9 

time= unit, 

or in othcr word~, 
Thc loading ratc in our study is cqual lo thc aVt'ragc dcplh per unit 

of time ( one uay). 

Thcrcforc: 

K 
C=-j~ ............... "A"*. 

• 1 xprc••wn "A·· wtll gtvc lht• lormula 1121 '" lcnn~ of lhc .tVCidJ!C dcpth ol lhe ~Ucam m 
lhc 'n Uun m slur.ly 
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WORKIT\G INTER-RELATJON Of VARIABLES 

INCREASE DECREASE tJ.T K/E (' óT Q/óQ 
w o 

T X In<.: In<.: lnc. N/C In e 
T 

'RQS X In.: NIC N/C I:Xc. De e 

T KQS X lnc N/C N/C l.l:c. Dec. 

D~pth X N/C N/C De c. N/C Dec, 
Dcpth X N/C N/C In c. N¡~ lnc. 

In.: = ln~·rl'.J'i<.', Dl·.:.= Dc~·rcao;c, N/('= No ('ho~ngc 

APENDIX U 

DILUTION WATER REQUIREMENTS Of THE OHIO BASlN 

l. A graphil:al solution of thc equation ( 12) can be made by using 
Figure 1 and Figure 2 ( Appendix C). 

2. Required Data: 

T = Average seasonal tcmpcraturc of the water in the hasin 
" 

(for thc wanncst). 
TR Q s = Maximum lemperature allowable of the water in the 

basin. 
T = Average tempcrature of the WJ'\tc water. 
T = Average tempcraturc of lhc a1r in the layer in contact 

a u 

wilh the body of walt:r. 
E = Average cvaporation in thc hasin (Yearly average will be 
goml ). 
d = Average dcpth of thc basin. 

3. Allailable Data: 

T
0

- in pnnt 29. = 75°F pág. 6_ (Re1d G. W .. 1960) 

o 

o 

o 



o 

o 

o 

(\(! 

. : 

r (_.... , ' ~ ,~- ...,__ 

. T
1
{ Q s T .. = 5 4°.F !:: l.lT~~ -~:· ·jn-°C ; 3°C (-As~UlllCO 9°-F) 

T = <!~~1:_; !..\~.:uml·il'.ll'lllpcratí•rc-of thc wastc· water--· (To he 
givl..'il J)y-llii;-p lan h l. . . . _,~ _. , ' 

T J' · :;.:f\J in°C=--/\T in°F/I.R.="óT in°C 
1! 0 '-. \\ . () - . ' · : . IJ ... · 

ti-- 111 pnnl. 2'). i'!!· h tRI..'Jd. (i:W.,-19(>0) .: ·. 
E -- 111 p11111 U. < 1.1~' ¡\ pan t'Vélporataon ( R~·id G. W .. 1 <i60) 

a. Find T T . = "'0°F 
Jlr -

- 1, 

rr:.<b.--:.~;p L..Y·il_l_l, ·!''i~:vc.llt,.l_c.:,· ,.p(·20~F _lo Figur~ ,J 1 ),_agd find: K/ E = 84() - ..... - .- ---- .. - .... _>"'::'"· J'~l ·.,.,r<,~ ~~-- ... 
' • ' < ' 

<' •, · c.\Go.wath this·valuc·of-~46 to the n~mogran (Figur.~_2)_¡md 
solve for E' = 45 inchc!./ycar. drawing a straight !ine ~through 

. --~'lhc pivot Jinl'. lhl..'n draw anolhcr straight Hnt:. . . , . 
'· d: ... from lhc ¡mint in lhc pivot line through d ~ 4' &md tind 

a valuc for (' (S hour period) = 0.73. 
e. In equation ( 12), -

~ '1 : '~ ¿ \.. ' ~~ ~ \ \ > ~ -

·o ·· (l.lT· . -· C) ·., .. _ 
__!! .= __ w __ _ 

_ tlQ (/:lT Q- .+ _ (') _. ·. : ·>•,·: ;_·, , :.-' . ~:·.e . ~ 

'• :: 'i e= o.73 
t._,< ~' j ' ;-1 \ ¡ L 

' 
~ 1 ~.J : 

"-<,. ,~, ·. ,, ~~~~"= T- TKQS . 

'T K Q s = "Í'., t 5.4 = 75.0 + 5.4 = 80.4 

' A •1• : t)'j .. u w • 

,'' -'1' 

tlTQ = T H v~ T .. =BOA -- 1s.o = s.4°F = 3"c 

_ C)., = 8 0.7J 7.27 
--- = = 1.92 

tlQ J + 0.73 3.73 
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Ci Oli"IC\ 1:--..n RN,,,·¡or. \, 

,¡mi lrom 1 ahk 1 1 ¡· 

Figure 1 

Figur~ 2 

Tablc 

Tablc 2 

:.Q =6QII.92)= 19.121' 192=3(l,71232 
" 

APPEI"'l>l'\ C 

Dl·tcrmination of thc Co.¡~·ctcd Ht•at of Vaporization 

Nomograph for Solution of Fquation 12 

APPENDIX D 

Scqucncc of the Solution of Equation 1 2 

Dilution Water Rcqlllremcnts for the Basin of the 

Unitcd States 

o 

o 

o 



o 

u" • -.. a .... 

. 

... 

o 

...-----.,_.r, ---- ¡------
,~. 

_,:-_~, \ .:!h~~. '.;:·t ... ~ 
.. , · ... : .. ~- .::.: 

K¡E • ~J}+ ~~Rf(.l 

1 

(,1' ·~. 

:~ "" ~-t'? ::·~ 
:.·. 

y~--.''---::, 

- t-

-./-~-'.;'.~ 
¿, .. ~. 
,- ~~: l ,, 

~· 
' 

r-zo 

10 
------'--1--'' t-

?25 no ns aoo ·ezs 8$0 &75 

DETERt.IINATION .OF THE CORRECTEO HEAT 'OF VAPOfliZAT·IOII 

YALUES OF K¡E 

F!GUAE 1 

" o 

:.. 



o 
GLOHSICA INHRNM'IONAI 69 

--~ "'' "' 
u 

~-

1 ~. 4 .. .. 
j u 

o. •fzo .. 
Q .. 
> 

ct 
~ -· u 

"" u 1:: 
.5 .. 

e: 10 2 
.2 
u 

o 
G 10 ... 

o .. 
1 ~ 9 ... 

20 

" 8 .. .. .. ... . o ..f .. ... 
IZ lO-

"" ... 
~ E 

"' 
40 

...... 01 

" 1~ 
~o 'l 20 60 08 o 70 

lOO 2$ .. 60 o 7 . 
oz :. 9;) -r-• lO 

~ a oc. lOO o 6-

700 •o 
03 

'o 05 - l 
600 60 04 6 

70 o~ 
200 

lOO 80 04 

90 06 9 

lOO 07 10 lOO 

Ol$ta no 08 
11 

12 
OSI ll 400 

' 
10 1 -· 

' ·' 

NOMOGRAPH f'OR SO~VTIO" OF EQUATION 12 

i'1GURE 2 

o 



o 

o 

70 

1 i\UI 1 1 

SF()I'l NCI 01 1111 SOl UTIOl\ 01 I·OI{MUI i\ 12 
,. 0~--¡ -... -~...._ ..... .._.., ........ _- --- ~,,. _ ... ___ ~ ·, .......... ~,(\ ~,.,. .. __ 

ASSli\11. 111 = 1 :ur' T: 100, THQS-fu = 5.4 .. 1 

75.4 25:o • 1wi 30 : i4.u 

•, 

5 

6 

7 

·'' R. ' 

JO 

11. 
,] . 

12 .... 
[.¡14 

"¡') 
~\ (<) 

• ·14 

., ,·s-
16 

70 75.4 

711 

73 

15 

73 

78 

83 

74 

80 

¡ 75.4 

~~-·7¡¡ 4 
\, 

7R.4 

78.4 

"" 79.4 

( '\- ~ 

68 .;': 73.4' 

74' .' ;~~ .. '79.4 

78 . . ( 83.4 

82 

~f 
85 

10 

' •" 87.4 

90.4. f 

88.4 

IR RO 85.4 
'-{. '-

19 

20 

75 

6.5 
! -\J 
L~-~- _, -~-2 ~~ .• .L . ~Ji_'L 

22 113 

80.4 

70.4 

73.4 

88 4 

1 

25 ·u 11 

22:0· -~ 

20.0 

2ÚJ r 

' . 17.0·. 

HÓ: 

1s:o · · 

27.0 

21.0. 

' ' 11.0" 

'• ( 

13.0 
. ,, 

10.0 

1 2.11 ~ 

,. 

1 

869 

871 

869 

1!56 

!146 

85(, 
¡ 

805 

1151 

821 

H17 

R05 

~ 40 

-,-.-

"' 

35 

45 

45 

48 

50 

57 

44 

56 

60 

.. ·J.O 

30 

¡ .. ",''4.0 
l ! ' . 3.0 
¡ 

' 1 
-~., 

. . ,4.0 

.. , ;5.0 

3.0 

. 4.0 

.. 3.0 

_,. 55 .. ~- . .-.).5 

t,. 91 ~ •• 2.0 

60 

85 

90 

¡. 

¡'.,. 3.5 

¡' 4.0 

·u 

1 s·.o · 82:1 so 

20.0 ' 1 1'.46 70 

l 
30.0 

ú.h' 
17 o 

¡ ' 

1189 
1 
( 

. 87.7 

830 

40 

70 

110 

' \ 
1 
t 

1 

4.0 

•: 4.0 

0.5 

' t 
·' 

•19.6 

21 6 

19 6 

~16.6 

; 14.6 

16.6 

1 J.(i 

'.~6.6 

-'·.15.6 

;. ~.96 1 •• : 

21.6 

15.6 ',. 

11.6 

76 

. ;. 4.6 

' '·6 6 

9.6 

. '21 6 t' ,. 
11.6 



/ 
/ 

-
== ll '\ 

e 

11 ."ti 

n '111 

ti HO 

n 111 

11 .'i'l 

on 

1 ()7 

() 1\( 1 

o 711 

O 'IX 

o 117 

1 0(1 

¡ os 

~-90 

1 05 

1\7 

:uw 

'2 49 

4.50 

o 68 

1.27 

10.01 

" 1 
! l ~ oc 1 

1 r -T 
1 IH.,I'-. o T·T RQS 1 
i 1 

1 ;; 4 10 K ; 
1 

~ 4 10 R 
1 

~ 4 1 ~ 1 

~4 IOH 

~ 4 9 2 

54 !10 

.'\4 9.2 

54 5.9 

.'\ 4 3. 7 

54 R6 

54 ~ 3 

54 12 1 

1 
1 54 R (, 1 

54 59 

54 4.2 

54 2.6 

54 3 7 

5.4 53 

54 80 

5.4 13 7 

54 12 6 

54 5.9 

o 
71 

1 

(r-T ) -el o 
l RQ~ 1 

1 RQ~-lo (T-T RQS) e (T RQS·T) te (T RQS·T) t C 
1 

3 1 o 1(1 3 .'\(1 2 RO 

3 1010 3 ')0 2M 

J 11 10 3 HO 297 

3 1001 3 79 264 

3 8 61 3 59 2 41 

'l 727 373 1 92 

3 8 13 4 07 2.00 

] 5 10 3 RO 1.34 

3 3 00 3.70 0.81 

3 7 62 3 98 1 91 o 
3 4 43 3 1!7 1 14 

3 11 lO 4 00 2 77 

3 7 S~ 4 05 1 R6 

3 3 00 5.90 0.51 

3 3 1 S 4 os 0.77 

3 1 23 4 37 0.28 

3 - 0.10 6.RO -o-

3 2.RI 5.4Q o 51 

3 3.50 7 50 0.46 

3 13 02 3.6R 3.54 

3 11 33 4 27 2.65 

3 - 4 11 13 01 - 0-

o 
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·'4,480 . ' . '8,133 

··t.572 , :.:2,895 

10;320 ;.18,8?6 
....... ~ ~ 1 i '""' ,l 

~- ~·---"'·: -··21- Ccntr.;l.l'ac•f•c·.·.:~ ;1_0,111,1_,,~ ·13,926 24,542 

·' • f 2f-so:.¡·;;:-; ... l'il~c·~ ~-;~~:- __ ' __ ,: ·¡¡j~~~-~. ·--,~-.J;b_~~--- ·;(~.s;; --
14,380 1 26,092 

'\' 

·1 0,565 1 ' 1.9:09)' 

lOTi\1 S 219.155 306,510 534,669 2R2JI84 531.~47-

1 Sourcc S~·n.¡tc~ Sclecl ('ommltlec. and lfÍli\'Cr~IIY of New MCXIl'O, Stud1c~ on;;Rc,ource~ Jo~ lhc.~, 

2 · Whcnevcr hc.Jt~·d. water rs lo be dumpc'd.m thc st;cam 1t is recommendcd tc.ra1se the wcu toa 



llll.liTION WATER REQUIR011 NTS (l\1 

Qo 

6Q 
HIGI' (Fq 12) r.ow 

44,to17 2 so 24,950 

99,0R3 2 64 5 2,290 

511,210 1 2.97 33.721 

109,190 2 64 55,é56 

90,43 7 2 41 38,470 

101,141 1.92 36,712 

206,972 2.00 81,030 

2,459 1.34 207 

48,799 0.81 1,511 

5R,9b5 1 91 23,160 

111,397 1.14 3,887 

27,286 2.77 14,874 

11,479 1 86 2,542 

19,193 o 51 4,026 

14,012 o 77 2,978 

119,442 o 28 17,740 

6,425 - o 1,336 

18,407 0.51 2,629 

6,567 0.46 1,366 

42,585 3.54 13,837 

58,693 2 65 21,989 

42,591 . o 8,298 

1.201,960 35.93 449,209 

Future. 

mmimum ot 21 (total dcpth of water) 

1980 

MLnllJM 

34.:!13 

72,!!112 

47,110 

76,644 

55,311 

51,690 

114.238 

320 

10,583 

·' 1,821! 

5,501 

20,367 

3,481 

5,526 

4,026 

25,721 

1,838 

3,598 

1,887 

19,147 

36,903 

11,330 

634,144 

' \ 
1 

\ 
\ 
l 

i 
~ 
1 
' 

IIIGH 

60.219 

126.651 

82,055 

13 3,903 

96,199 

90,7 29 

200,812 

487 

Ja.454 

56,253 

9,456 

36,004 

6,158 

9,771 

7.067 

4 2.812 

3,241 

6,398 

3,346 

33,233 

65,036 

19,1!52 

1,108,136 

o 

G D.) 

2000 

IOW Ml:DilJM 111GB 

30.500 55.4':13 124.955 

62,261 116,397 261,579 

40,427 76,352 172,H83 

69,490 128,193 2118,261 

48,414 94,963 217,953 

44,945 85,282 1':14,190 

95,690 181,474 413,944 

789 1,468 3,295 

11,321 21,436 48,799 

2 7,246 49,797 112,623 

4,902 9,382 20,972 

18,462 33,533 75,582 o 
3,853 6,997 15,770 

4,652 8,507 19,193 

3,352 6,208 14,012 

26,225 53,242 119,442 

1,572 2,865 6,4 25 2 

4,480 8,133 111,407 

1,572 2,1!95 6,567 

36,532 66,821 150,750 

38,107 69,143 155,536 

10,565 19,093 42,591 2 

585,357 1,097,674 2,483,729 

o 
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Assessment of the Impact of Organic 
Discharges on the Dissolved Oxygen 

Resources of a Receiving Stream 

by 

L. W. Can ter~'< 

One of the most common problems of stream poll4tio? is that 
' ' ; 

result:i.ng from o?cygen deficiency caused by orga,nic waste discharges. 

Dissolved oxygen in a stream is deficient'when the actual concentra-. ' 

tion is less than the saturation concentration. Nemerow and Velz h~ve 

recently published excellent books which describe' _the myriad consider~.,. 
' 'o -(~ t' ~ 1 ., ' "~ 

.... ,• ~, .;:- ·,~,_, \- ;~;~,~~. 

tions involved' in stream pollution analysis (1,2). This discussion 
• - : ' ' ' \ ,.~S:. -~--t. -' ' ' '':. ' '~ ' ~ 1. _:_ :, ' 1_ ':' J": -;- }"'\ 

representa only a cursory presentation of dissolved, oxygen relationships 
.i'.),'íl .~; .. ~:~·-Le, :t...__,l • ,- ::~:", 

in streams. 
'' 

I. Dissolved Oxygen 

* 

A. Dissolved oxygen 1s one of the primary chemical parameters used 
" •, ) ,.. 'j ' • yJ• ~.::;; J ' 

to describe water quality. Dissolved oxygen is basic to the 
·, p,.-~ . -~~ :".- ,t~ 

maintenance and promotion of aquatic flora and fauna. 

B. Water quality standards have been established fo~ dissolved 

oxygen; some examples from Oklahoma standards are (3): 
''\ 

l. Gene.ral standatjs 

nirector, School of Civil. Engineering and Environmental Science, 
UniversLty of Oklahoma, Norman, Oklahoma. 

{ ·. ' 

2 
...... . . ... 
,tJ 



a. The instr._•am ntuner¡c;¡] , rltL•ria l1m1lc, sh.1ll he 

the flow 1s cqual to or Jcss than the s~v~~-day, 

two-year h'w f1l'w valuc or times wlwn til<· 1-low r,ltc 

is not Sl¡!.ni (ícant or (nscernable by tlw n.1kcd eyc. 

The numeric~l criter1a limits apply at a11 times to 

lakes and rcservoirs unless otherwisc cxL•mptcd. 

b. Dissolved Oxygen: The dissolved oxygen concentra

tion sltall not be less than 'i ·ng/1 for .1ll w.1rm 

waters, and 6 mg/1 for those waters des1gnated as 

small-mouth bass or trout fisheries. Under extreme 

cond1t1ons, the diurnal v~riations may cause the 

dissolved oxygen concentration to be as much as 1 

mg/1 below the above values for short periods (not 

to exceed 8 hours) during any 24-hour period pro

vided that the water quality is favorable in all 

other respects. 

2. Specia] Standards - Return Flow Streams 

Dissolved Oxygen: The dissolved oxygen content of 

a return flow stream shall not be less that 2 mg/1. 

The dissolved oxygen concentration just above the 

point where the flow of the stream combines~with the 

flow of a stream of higher designated use shall not 

be less than 3 mg/1. 

3. Special Standards - Mixing Zones and Zones of Passagc 

a. Mixing Zones: Except as indicated below, mixing 

-2-
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zones. :;hall he no tar,ger th;m one-fourth (!¿), tlw rrnss 

&ection;:l'l a-r,e·a. of the s:trc:1m or- no mo·re than. Pnc-lo11rth 

~!¡;)> the vohme· of f]ow-,. whichever- fs. most; r;estrktive. 

The· rerr:arining• po•J:t i,on, O'ii the S·tre;:¡m•''s. l"_ross. S<><i' t Ü'~n o·r 
l' ~ ~ 

( ¡1 

fh)WI shall: cons.tLt.ute· ar Z0lil•! o·fi pa~sage· for;'·r.'r:l:,' sw.hn-

ming~ and: d·ri'ft Í'ng ol:'gan-fsm& .. · Where• mor.e'· tlr.Jw QllL" e·ft' l11-
~ 

en1t enters a• stream! and• the· m:üxiing: zones. wouU'd· 0ve·rl·a·p, 

the· comb•fne<i m:i!xi!ng· z·ones sha1] not: exc·c2d: the· one--f;our,til 
, ' ' ~ l 
'·'"J. 1' > '-t - _-. . (~'•..: }-''-' 

Tone· rn<ixl!ng; zone: sli:a:m: begi·n· 

at. the po.]:'ntr of difs·charge andl extenct downsu:eam, t.o tne 

' 
s·peC'faili. mi!X-i:n~ zones; shÍül' be· d'es,i:gnat·ed\ whé;e re>turn: 

' ' 
f:liows: exceed' one-·four:.th• (¡f,;)) of: t.he·· combi:n-edi st::~ream' andi 

r.eturm fllOT:JS., · 

M·txi:'ng, zones~ :i!m ]}akes- shailil b~?• d'esfgn-a>t.ed! on, a case• by,· 

'~;'_.. -,f.;.J•:, .~:,-,'["~~C~'fif,.t rO:: r'""~.¡;_• ¡,,-,_ 

case: bas.fs;., 
; . > 

'; 

-· -~~~,_\' ,, •' :~;:_\';-({1 :;.,1 
'Dhe d\:Lsso:I.ved1 ox;ygem sh-a,L1 not: be 

lless· than- 2-' mgtr within, the· m:ilxing; zone·. 

C'. Saturat:iiom DissoJ.:vedi Glxygén, 

].. I•f' water- iis; sa:turated: wi'th• d!:i!sso>lved> ox~gen, it means 

pressure· an~ salt con~entd 

t ! J ~ 

-3-

9: '" 
f'OI- .... • 



2. In f l u en e e o í t cm pe' a t u re o n t he satura t ion e o n e C' n t r" 1 1 "1 1 " i 

d~ssolved oxygcn 

Saturation 
D. O. 

1 

1 
L--

Tempera tu re 

3. Influence of pressure on the saturation concentrat1on nf 

oxygen 

1 
Saturation ji 

D. O. 
j 

1 

Pressure 

4. Influence of salt content on the saturation concentration 

of oxygen, mainly on conern in sea water. 

Saturation 
0.0. 

Salt concentration 

5. The actual concentration of dissolved oxygen in polluted 

water is generally less than the saturation concentration. 

Deficit D saturation 
concent n1t ion 

(Cs) 

-4-

actual 
concentration 
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' ' ' 

Example: o Temperature of 25 C, normal atmospheric pres~ure 
,1 

and non-sea water; if the measured D.O. is 2.0 

i r 

II. Oxygen Rel~tionships in Streams . '1 

A. Basfc Foices 
' ',,.J-

l. There is a demand for oxygen exertec;i. by bacter-ia! decompo-
~ ~ • ) " >" _, ~ ' j , 

sition of organics; shown in simplified equation which 
J, 

follows: 
e - ,," 

Organics + o2 
bacteria .. 

co2 ~ H20 
·, 

"• r ' ~... ;- ,) / !.•'), 

2. There is a supply of oxygen from natural reaeration. .., 

3. Other forces are oxyge~ demand from bottom ?eposits and , 

oxygen supply. 'from' ,photosynthesis ~-. .' 

4~ The basic forces of organic oxygen demand and natural reaera-
.,¡~: , . ¡ ) , .. .r, n ,.,.:\ 

tion yield what is called an oxygen sag curve. 

n.o. 
Conc. 

. 
Time or d:Í:stance 

B. Streeter-Phelps Equation 

l. Originally developed ih 1925. 

2. Assumptions for oxygen sag curve 

-5-
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a . RO D de ere as e el y e en 1 y t n b a e ter i a l o}. 1 d .1 t 1 o n 

b. No hcnthal O~ demand 

c. No photosyntnetic effect 

d. Reoxygen~tion by reaeration 

3. Basic cllfferentldl equation 

aD 
dt 

where 

oxygen 
demand 

oxygen 
supply 

K1 rate of oxygen use by bacteria 

L biochemical oxyr,en demand 

K2 rate of reaeration 

4. Solution of the ,basic differential equation yields the 

S. 

following: 

D = 

D = D.O. deficit at time t 

sat. conc. - actual conc. 

K1 = coef. of deoxygenation 

K2 coef. of reaeration 

La = initial BOD (ultimate) (in stream) 

Da = initial deficit (in stream) 

K = coef. of deoxygenation 
1 

K 
l(T) 

T 

determined in BOD test at 20°C 

K. (1.047) T-20 
1 (20) 

o temp. ( C) 

-6-

o 

o 



' . -

o 

_,___q __ 

o 

10. 

o 

6. K2 = ~(surface expp~~re, ~epth, turbulence, velocity) 'f :"v l' ':1. .. ~ '' ' ' 

, -. Tables·or Calculations 
t 

K =K (l.Ol6)T-lO 2 
(T) 2 (20) 

7. 
·La(T) = La(20) (0.02T + 0.6) 

Influence of temperature' on · die oxygen s~Íl J:'~;~i '\~~~ · F ig. l) 
B. 

9. Critica! Conditions _ . _ 
"- •• •..;,. ,._.. .,~ T r 

'. ' 
Location and value of low point on curve. 

n.o 

a. 

b. Critieal deficit 
-- _,~, .. ~ ~ - - ~ "'-'<'- • r- -- -; '~ • "''-

:; -K' -K te 
1 '•' l De;: , :;= 'i(":'· La :lO 
2 

''' 

Maximum Permissable ROD Load 

Rearrange StreE;!ter-PheJps as follows: 

log La = 

La = 

De = 

log De + [ l + Kl 
(1 _ gz)0.418] lng -K2-Kl 

ultima te BOD (mg/1) 

allowabJe deficit ; 
saturation 

DO cone. - required DO eonc. in standard i 
!_ 

Da = initial de~icit 
) 

P-
' ' 
~~ 
} 

1 
8 

K, 

1\ 
] 



o 

FIGURE 1 (26) 

REL ,l', -,-¡ ON BETWEEN T l:-_ M PE~-? AT U í~ E ANO OXYGEN PF~Of",Lc 

(A 1' .-er La l3c;ge) 
10, l WASTE OUTLET 
gt r' -

' i 

1 
~ 8i-

1 

E 1 
z 7;-
u.J ' o 6~ >-
X o ; 

o 5?-
w ' 
> 4l. 
.J J o i 
C/) 3" .-
C/) :: .. ' o 2:- o 

i 
1 
1 

1;- ¡ 
~ ' _j o o 10 20 30 

Miles from Outlct Discharging Organic Waste 
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BOD react1on rate 

K2 = reaeration rate 

C. Thomas modification of Strectt~r-Phelps equ.ltinn 

l. It is known that stream deoxygenation 'ú(d). v.1Jues diflt•r 
=~ :~ - ' 

' 
from K1. 'l 

h 

2 ,· . Deoxygenation is s.t r~,a~ by ~x~dat.~~n,-

Í) = oxygen,de(icit 

·~~ - c6~f. of deoxygenation, ~ot equal ~o K1 in BOD 
:: 

bottles in lab, includes only deoxygenation by 

·~xidation in istream 
¡ 

1 • < 

\ 

Lt = oxidizable or:ganic Ínatt'er~remaining at any timl' t 
..:.K t 

=La 10 ;
1 

'l 

~'., r_ ... • ¡ j 

La initial oxid~zable organic I~atter at t=o (in sLrt.•am) 

4. 

' ... ,_- ~-,:.)~}~·' 
.... "" h • - _,.. ' 

rate of oxid~tiori fro~ fabo~ato~y 

t = time 

as follo~s.: 

dD 
dt 

-K t 
K_L lO l 
-TI a 

ThTs eq~ation expre.':ses: the rate of d~oxygenat ion 111 lt'rn-; 

~f the, coefficient' or' deoxygenation <~<u> arid 'the : aboratt•ry 

rate of oxidation (K
1
). 

The practica! considcrclt inns to he answ~red ,not is \•.'ht.•lltct 

the rate of oxidation deterrnined in·- the labora'torv (K1 ) ís 

identical to the rate of organic (BOD)'removal determin~J 

in th~ actual receiving ~ater. 

-9- 2,.-.n 
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K 
r ratP of ROD rcmoval 1n thc stream lt•;¡•\f 

rf the answer is negative then the above equation shnuld ¡-,._. 

expressed as: 

-i:( t 
du ~ ·o r - = La 1 
dt 

S. Environmental factors that rtffect the rat~ of oxidation 

Condition 

a) Turbulence 

Probable R~lation
s\np between K 

r 
and K

1 

K >K1 (BOD removal 
r in stream>BOD 

removal in 
bottle) 

b) Biological Growth 

e) 

d) 

e) 

on Stream bed 

Immediate 02 
demand 

Nutrient defi-
ciency 111 stream 

Toxic conditions 

K <K 
r l 

K <K 
r l 

6. Environmental factors affecting the rate of organic materidl 

removal in the receiving stream but not necessarily the rate 

of oxidation. 

Condition 

Sedimentation and 
Flocculation tak
ing away 

Scour adding 

Volatilization 
taking away 

-10-

Probable Relationship 
between Kr and K1 

K >K 
r 1 

o 

o 

o 



7. Overall relationship· ~etween Kr, Kd and_K
1 

a. If thP reactions in the stream were:ideniicnl to th~ 

reactions in the lahoratory then 

b. If BOO removal in the stream was by oxidat~ion nnl y bLat 

1'"1 ; 1 l < ,. ' ¡ ' ' ' '< ~ • 

the rate was increase~ by turbui~~c~-o~·sll~e grnwths 

1 : 1 •• ,·, _! 

on the stream bottom then it may be ass'ume(( that 

' t - .., , ~ 

If BOO removal in the stream was accomplished by a com-
~ ' . -

t-:: ¡ J J f,J. e> O "• J ¡, ([ ) 1 l í 1 ~ 

bination of oxidation and sedimentation, scour, volatili-
;- t f ~ \ ;, ,' 

8. 

9. Determine K 
r 

K r 
e 1 

t 

LA 
log-- L 

B 
'• 

Kr is rate of BOO remo~al, n~~ n~ce,s~rily j~st oxidation. 

t =-time of flow between stations A and B. 

-----------~--------
A B' 

---------~--7.-.. -.-.--------,~~-
LA ¡ LB 

BOO 
1 

loaping 
1 

' ' i " ' " ~~~ .. 
\ . 

- '. 
- .¡ ...... _, .i 

" B 
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Stream Sanitation, Wilcy-Interscience, 
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k"ETono · nE · niFEREúcíAs· :P.ARi. 
LA RESOLUCION DE ECUACIONES ~~SCENPENrES 

p·Dr~· "~~Ido· Bó'ni11a D. 
·~'Z 

:· ,.' !r·lt ¡' 
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POKENCIA 

1~TODO DE DIFERSNCIAS PARA LA RESOLUCION 
DE ECUACIONSS TRASCENDENTES 

Por el Dr. Ubaldo Bonilla Do 

O.- RE3Ul.'"EN 

En diversas ramas de la ingeniería, economía, etc., el 

uso de ecuaciones trascendentes como modelos que deben ajus-

tarse a conjuntos de datos relativos a dos o más variables, 

es muy comtin. 'El problema consiste en determinar los par.~me-

tros del modelo a partir de los datos. Cuando el modelo pue-

de transformarse, por medio de funciones simples, a un oode-

lo lipeal cuyos parámetros son combinaciones de los paráme-

tros del modelo original, el problema se reduce a un proble-

ma convencional de estadística; tal es el caso por ejemplo -

del modelo geom~trico de crecimiento de poblaci6n. En ffiuchos 

cssos, sin embargo, este tipo de transformaciones conduce a 

modelos lineales en los cuales los par~metros aparecen dentro 

de argumentos que son combinaciones de los mismos parámetros 

y una_o más variables, lo cual hace prácticamente imposible 

la resoluci6n matemática del problema; tales son los casos, 

por ejemplo, del modelo logístico de crecimiento de pobl~--

o 

o 

ci6n, y de la ecuaci6n de Theis para flujo hidr~ulico incst~ () 

Prof~sor-Invcsti~ndor, Fac. dG Ingeniería, UNAM 
Uiembro de la Soci~dad ~exicana de Ingeniería Sanitaria, S. C~ 
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ble hacia pozos. En este trabajo, se presenta un método de di-

ferencias, matemáticamente exacto, que se aplica en forma gene 

ral a la resoluci6n de ecuaciones trascendentes. 

UETODO DE DIFERENCIAS PARA LA RESOLUCION DE ECUACIONES TR\SCEN
DENT:65 

1.- ponccptos generales 

Puede cons·iderarse· que un modelo es la representaci5n -· 

cuantitativa o matemática de un fen6menoo A un fen6meno parti-

cular· pueden corresponder-varios· modelos~ y el mismo tlodelo -

puede. ser aplicado para repres·entar diversos fen6menos; por -

Q ejemplo, la descomposici6n anaer6bica de la materia orgánica 

puede ser descrita por un modelo logístico o por un modelo-

nutocatalítico, y el modelo logístico puede ser-usado~ además, 

para describir el crecimiento de diversos tipos de poblaci6no 

Los parámetros de un modelo son las constantes envueltas 

en la re1ac·i6n matem!{tica que describe a un fen6meno en parti 

cular. Las variables del modelo representan las distintas en-

tidadea· del fen6meno y el modelo al fcn6meno en totalo 

Eh diversas ramas de la ciencia se prescnt~ frecuente-

mente el problema de determinaci6n d~ los p3r~mctros de un -

(_) modelo o ec~aci6n matemática. Por ejemplo, en quÍmica puede 

sar de inter·~s determinar la r~pidcz con que procade una -·-



,. 

- ' 

dierta reaQ6i§~; en fÍsici resulta a veces necesario determinar 

~a rapidez con_que un gas se disuelve en agua; en demograft1 -
, ; r ~.:(~ t ._i_. 

puede ser requerido determinar el. límite de saturaci~n de ~a 
: ',~.;·¡.r:}·,.,_~~-- '·' 

poblaci6n~:en ;crecimiento; y en un programa/ de conservaci6n de -
" • 
recursos· ~u~~e ser necesario determinar los par,metros qUe rigen 

la. autopurifi·caci6n de una cierta corriente o 

En todos los ejemplos citados, as! como en muchos otro3 -., 

casos, la determi~aci6n de los par!metros del modelo usado pa-

~a representar c~da fen6meno en particular, se basa en conjun
\ 

tQs de observaciones de laboratorio o de campo, según sea el -

caso. 
~ ' ,,.:o 

'Para :dét'&~inar los par,metros de un modelo, es práctica 

·~enerali!zadé~ ~cuando resulta posible, linearizar el modelo por 

medio de tran~formaciones funcionales simples; en tal caso, -

·?los par,~metro~7 ~de la forma lineal resultante pueden ser e.st:!.-

~mndos, 'para:ootener de ellos los par~metros del modelo orici-

inal. Por ej~mplo, en el ca\ o 

(bx, 

éla linearizaci6n se efectúa 

' ' . -
ln y • ln a + b 

del modelo geom~trico 

(1) 

logaritmos para obtener· 

( •)) .._ , 

o 

o 

o 
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La determina.ci6n de los parámetros de algunG.s ecu ·,d.vl.':S·; Q 
~trascendentes implÍcitas se ha lo~rado mediante la apltcac;Ón 

de m~todos espec~ales, siendo una característica gcnerál ae -

estos el uso, en alguna etnpa del proceso de cálculo, de crá-

ficas o escalas especialmente discñadaso Obviamente, estos mi 

todos carecen de generalidad y solo pueden aplicarse a los mo 

delos para los cuales han sido desarrollados, y adem~s 
. , 

•::3 •.·n 

limitados por los rangos cubiertos en las gráficas corres..:··c:a-

dientes. Entre estos métodos son dignos de citarse el de 7~o

mas-SnO\Il para resolver los par~metros de la ecuación de la -

reacción de primer orden; el de Verhulst1 , correspondiente - () 

al modelo logístico; y el de c. -Vo Theis3, usado para det~r-

~minar las constantes de fórmaci6n de acu.Íferos en flujo ine~ 

table. 

En· e·s1ie trabajo, se presenta un método de diferenci:J.s -

finitas, matem1ticamente exacto, que puede ser aplicado en -

forma general a la ~eterminación de parámetros de modelos -

trascendentes. Para su presentación se han seleccionado dos 

mode.los; el de la reacc:i.cSn 'd.e ·primer orden, y el de flujo de 

acua a pozos-en'r~gimen inestable, ya que para ellos existen 

m&todos especiales que ;permiten la comparación de resulta~os, () 



O tan,to· en la precisi.6n corno en el grado de diffcul tad,. con r.~ ... -.-
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"donde: 

x, y variables 
o 

n número de parejas de datos 

I intersecci6n al origen 

P pendiente 

El m~todo de promedios consiste simplemente en dividir el~-~-

junto de n parejas de datos en dos grupos conteniendo k y ~-k 

datos respectivamente, para obtener dos ecuaciones simultáneas 

k k 
¿ Y • k I + p E X (8) 
1 1 

n n 
E Y = (n - k) I + P E X 

n-k n-k 
(9) o 

cuya resoluci6n permite determinar los valores de P e Ie 

El m~todo gr&fico es el m~todo más usado en la resoluci6n 

de problcm:ts ?e ingeniería .. El .Procedirniento consiste en era-

ficar los datos, y en pasar una recta por el promedio (X~ Y), 

de manera que se obtenga, a ojo, el mejor ajuste. Los valores -

de P e I se miden directa~ente en la gráfica. 

3·- Reacci6n de primer orden 

Este mud~lo corresponde a la ecuaci6n 

-ª.z • k (L - y) dx o 



o 

o 

·:(Ce ¡:a,: ,, 
1 . ' 

'·' 

:Es·te rmo:d~lo ~t·'i:,e·ne-;;,m'ti':lt~ples ,·;n.pli'caéi:on·e.S:· en .. ;:~l;-_;est:4-:d_i'Q rde; ~- ~· 
' . 

"-manaa tbiQqu!-mtc~ .~'-i;le :ox{;geno ::en :':la :es·.tabflizac·i:6n -:~:er:cS_btc~ -~de 

:l:a ;:m_áte·r!t.a ~iOiig~tc·a., :·la :r~pl:'de:z :de ·,e·stabí.l?i::zacJ:~n }0:~. ~e.mbalses 
1 ·- - 1>- \, ,' , .: '.lof J. ' . "~' ' . ; ' 

<de_:-agua,· :1pro_ces·os .. radi'ó'l'6gi·cos;1 ,·cr.eéi:ml:ento .:rtmi:taao ~ae .pe--
._- ~·~·:. ·~'" ~\_:, .. -... Jh: ~· _ 'Y\ ... ,'\~ .... :::t'r.~ -...~~-~ ~ .- l . ·_ , i ·~·--~:~-~ -: :r.~ ·., ~·1 ( > , . - ~- .. 

:~l>la·ei:'~n .. , -~e:tc.. _ 
• -.,-·._,'!:t_' ¡,_<'~;' ' •• :: '~.·' ~:. .-,( '-~- ·: ... :.-..., 

" ' ' ' 

1'M~·-toao •1ie ¿momenctos .. de ;Thomas -- SSnow 
" ->·~ t ~J '1 ' .:.._:: --. - •_,',' .. -:. J.¡~- ~ ' ? 

........ r /' f_ 

.:Este :-.m~t.odo ::.se '.ba·sa fen .:el ".uso .':de ;.grá~fd:ca:s .que :réla.·c:f·ono.n 
(l,_ ' '/ ·-~ ,, -' .. -: ,41: ·:, '~ \.,.)~ t ", ~::''),::: ... : -, ~~/./.;< !~, l-..) 

, ·:los ;primero·s .rdos: momentos -a e ~la ~,ecuaci6n á1 (COn ~los cpará:me.trbs 

·~~k ·:.i ~Le ·:.En :::una ·-grli'fica .. tiparece. ':Úna :.serl·e .ae -~c~r.va·s ~(I:yJ¿yoc)vs·.k 
/ l ' • - ~ \ 

' ' f 

.,...~ :';..~ "¡~,_t'-r~ ."' ''" ... .., -·" , ·t, , :~,~ - • r,,;',, ,, ~} ~.;._r ~.t. - r., ' r.,'J \r 

:ne·s__pu~s ra·e ,ca'l<cu'la:r :~los ;primeros ·-dos :momentos deil co::.jÚh-

:<:ia.··cur:vas ·en :1a·s ·,gra:f\1·cas ·corr(n~p·onge ·:a ·una .se·cuenc·ia 1det"':c-
'·' ' "" 

·mi:no.da ,de ·va'l'ores -'do ;x., .a ·un .cierto ;rango 'Oe va'l:ore·s 'de :..:>s ·-

0 ,par~me·.tros., :y ~a]. ·sl~stema a·e unida:d·es ~1:-nhe,rcnte ·nJ. .fen6oeno ... 

/ 
( 



?ajo estudio; estos inconvenientes limitan el uso de las c1·'l fi- Q 
• 
cas a íen6menos específicos. Su apl1caci6n se ha hecho exclusi-

·vamente al estudio de la demanda bioquÍmica de oxígeno en r.uo§. 

~ras de agua, y en otros casos se sigue usando el m~todo de -

1 
tanteos para resolver la forma lineal logarftmica (ecuaci6n 4) 

del modelo. 

4.- Ecuaci6n de Theis 

La ecuaci6n que muestra la relaci6n entre el abatimic~~~ 

de los niveles h, de la superficie piezom~trica de un pozo~ ~ 

una distancia T de su centro y al tiempo x despu~s de inici~cc 

el bombeo, est~ dado por la ecuación diferencial parcial: 

+ 1~ r a r = 
S Cl R. 
T ClX 

( ~ -.' ..LC::::¡ 

C. V. Thais desarroll6 una soluci~n a esta ecuación, basaf.rt .:n 

una analogía con el flujo de calor a un sumidero. Esta solüci6n 
! 

se expresa: 

,·\ 

~0-h • ~ (-0.5?72 - ln u + u - + 

u • (24) 

j 

J 

J 

o 

o 



o 

o 

o 

~,~.J~".~[:,t!--~- ~ ~~ 
~ -~ .... ',_ t,¡,~· ,1 , .... ~' ... p, 

~onde ~es el gn~to de bombeo en el pozo, T es un pararnctro de-
'(: 1 ~A ( >' 

no~inado coeficiente de transmisibilidad, y s• es un par~~etro 

dcn~minado c~cfici'énte· de ·~imac_enrunient~,. El coeficiente ~e -
... ~· ~~- • ,_ -t. ~ , 11 "í- ,., ~ , ~"' ¡ r ,: -
' 't .... _, .;-, 1_,~ e 

transmisibilidnd .r,epresenta la cantidad de agua que pu,eda fluir 
~ - - ~. -- • ~ ~ " -- '!. ( ~ • .; t:. t \ _, ~) r; .'d_>· , .: ~- :· -j ;:~ 1) :; ~'_::: J ,.. ·~ ., ~ . .. / .~~ .. _. , 

po~~ }lnJ~ad. d~: aDcC,~R. ~e, a~1~_{fer~; p;~; JD~-~a~ ~-~· .. ~ie.mp,? ~~~~u~~~.:; el 

gradicnte::pie zom&trico es uni t11,~!P 11 ,, y .él,¡ ~oeficiente de alm:3-cc-
~~ .... ~+ '1 _ '•'l . .-,'_ f~,_ ,,t 1._( ·: '• -:.,. :' e" '; ~·,,,, ",.;j :,}:.;.;.'f"' 

n~~i~pt~; la ~antidad de.a~a. libera~a por una ~olumna de acu~-
, .. J-... , "')- ....... _ , -r¡._'t - -· :..···,~_¡~.t.}-:.~·r ~::_·,r'( 

ciendo .. una. unidad. 
1..- _...- ,. ·-. " - ' 

M~ todo .de- .superposicic5n .. de Theis _ .. 
( -- _, .,.. """ , ... :/ ~ ..... .... -/,5 _,._ :. :. ·, ~\- ~-':.} .:::: )sr' \. ~: {"" t· í.. ; '.\. 

eJlo.s. •el. -D';l~.todo .. :P.!!."'S~pe:rP~.s~ci6~ <dabi:do ~1 propio,. Theis es· el -
- -_ ~-.. --~ ~d ~ ; ,,.,. , ···"'" ".,-~ .1' .-->\ ., "~-~ ~"' • ...:, L \e>,.~..::·-:_ --~~.,\,,}! -;. ~¿ ..... -~~".. ,. ~ .. J "' :· ,~ ,r, • ,. 

m!s exacto. 

-
Llamando W(u) a la serie infinita escrita dentro del parún 

tesis de la ecuaci6n 13, y haciendo Q/4 
,_,. 

h a c1 W (u) 

. . . 
,_ -~ ··---~ ........ ,.. .... 

,, •• ~.. <:' : 

( 
.. t'' 

{, ,, . .1.;7,-
' ' ' 

Hacióndo S'/4 T ~ c2 , la ecuaci~n 14.puede escribirse 
"¡ ,,.,_. 

" ' 

(16) 
- J \ l 
'-1 ~.. • 1 

'¡ 



Tocnndo logaritmos, en las ecuaciones 15 y 16, sumando y re-

arreglando, queda la expresi6n 

1' 
1 

1n u - ln (W(u) • 1n c1 c2 + lñ X 
(17) 

ecuaci6n en la que se observa que lns curvas resultantes de 

·gr5ficas ~·-, vs ·,'l(u) y r 2 /x vs (h - h
0

) en papel log-log, tie

nen exactamente la misma forma. 

Para resolver el problema particular, la curva típica 

(u, W(u)) dibujada en papel transparente, se superpone a la 

curva (r2/x, (h- h
0
)), tratando de hacer coincidir tantos -

1-

puntos de 8mbas curvas como sea posible ó,tomando un punto 
1 

com&n a awbas curvas, se leen los valores r 2/x, h - h
0

, u, 

y W(u) en las escalas respectivas; la substituci6n de estos 

valores en las ecuaciones 1~ y 14 permiten determinar los va-

lores de T y S'. 

5·- M6todo de diferencias 

Se sabe por el cálculo elemental, que para cualquier -

tunci6n 

y • t (x) (17) 

a cada incremento bx de la variable independiente correspon-

de un incremento A y en la variable dependiente 9 que los va-

o 

o 

o 



.. 

o 

o 

O. 

í'uncicSn yno del orden de magnitud, y que !(x) puede sor-

J •• éúalquier, clase' de :·1\iilci6n~. coiltfnúa·:.O" discre.tae .... . ,' 

En base a lo .anterior, el método· de diferencias para la 
- ~~,~.~ 2~~ 7~, :"- {~:~~3"' ' ""':. ::;~t~~~~:.'"l"!~'- > ~ ", ~·-"'"'' _;~)•r? ,~tJ::.~J ~.,,rj\~ :!,ij/;.::;~~!;? ... ~Jf) í:J,;i -g;~'-, {..JílJ,': 

determin~ci6n de parámetros de -ec~aciones trascendentes con-

siste simplemente-en 

;· ~r ~ , 
\ .. ,. -· f 

~l··~ .·.:, r-'.~... .. . ~ ... ).;.. ~ ..... lh'f ~~ "~'! ~"" ", 
(!:;:. • ·~ - - -.....,;¡. \-1 .. ~}.,:. ~J ... 1 ';. ,._ 1 -':.:1, "'• ~ 

asi¡;;nar un inqreoento a. la variable dependfe~te para · 
o bte no,r, ;~a,- r.t:.~F}Il,a ~- ,,' s r¡!'~ ? '-!. ~ ,.· •· c. •. , ;.- ~'. f , ~:i ~ :t 

' f(?C) + 11 y • f (x + 11 x) (18) 
... ' -~ .-, 

{ ... ... l,, ·:· ~ • .--_..... ...... -.-.~~~ ~·'1< ""'. .,.""' • ...~ 

- establ€cer~cl' tipo' de 
de las v~riables,, por 
para que una rel~ci6n 
sulte en una ·ecuaci6n 

.. , 
~: ,- ~· t e_-:> ~"~~ ~-- .; \~ S/ (':1 

"t.' ~i_ :~ .:-7- rt ~~ '1'""/~-;_. 
incremento que debe darse a una 
ejemplo ~x ~ conste, x a kn, etc., 
entre las expresiones 1? (;¡,~P~r;re
con par~metros explícitos;~,~..._, u 

5.1.- Reacci6n de primer orden 

se 
'.., .,.., 

: ;t :..o~ 

'· 

L - Yx = L exp. (- kx) . (19) 

(2u) 

tado 

.... / ' . '. ~·;r, 

yx) a expo (- k 11 x) 



de donde se obtiene finalccnte: 
o 

Yx + 
6 

x a L (1 - exp (-k !:!. x)) + exp ( -k6 x) Yx (21) 

que es la ecuaci6n de una recta aritm~tica cuando AX se to-

ma CO.:lstante. 

5.2.- Ecuaci6n de Theis 

La ecuaci6n 13, de Theis, puede escribirse 

h -h = a (-0.5772 - ln ~ + ~ -O X X 
+ o o.) (22) 

~ donde: o 
a 4Tf T (23) 

e (24) 

dando incrementos a x y h, de la ecuaci6n 22 se obtiene: 

c2 
------ 2 + ••• ) 
2.21 (x + 6 x) 

1.25) 

Substrayendo la ecuaci6n 25 de la ccuaci6n 22 se obtiene 

flh a o.(ln X+~ X 
e +---X+t, X 

e c2 - - _ ___.;::;..._ __ 
x 2.21(x+t,x)2 

c2 
+ -- x2 + ... •) 

2 .. ?lt, 

í 
\ 

\ 

1 



o 
)_ 

/ 

lih .. .a ln 2 
e. a 1 3-, :c:a a. ' 1 
2 i .... 2.~1 4 :2 + 

,J ~ r::,_} l¡"" L ' -~" _.; .. ~ o. 4-" ,.! •• ~~- ;~ ,~.... , . .: : .. ~ ~· X ~· 

o. !'J {?.6,) 

roma-line!tl, 
":·P~ t;~ ""''" .~ ~ .... ~ ~' 

.6.·- Ejemplos 

- ....,_ ' J ~ - ..... ~ -.... - '. -' - ~ .;.d..\ :. -;> \ • > .,.....,_, j. \ 

:·:'·Lo-s· .e,'jampl:os · qtie ·se· pre·serit9.n'··en;-'seguida .. ;- :estah' torn~dos 

O -:de"':la:- bi,blrógra:rfa.;··:que apare'c(f Lál , tiluil;· deJ 1e'~t-~' ~-ti:-db~J J\ El· 
• ' • J 

o 

-- ----~-,----- -~-, 

~._, ,~...,, -~,~ ~'~ Ji;. -F.,.,·;¡·r ."t ¡ •,-

,cuo.rido s·e ap~ica el m6todo de diferencias· .• El ·metod:o" mas· ·cr;:. · 
"- -~~- - ,,~ _.., -:..-... .... -·- ~ .... -..,.-J'.._ • ...,....,-v-. ~--- .. ..._ •• -- ,_ '•- ·-

,¡- )'<-'-:;:: ~,.._ • '""-":.';.--.-~~· ..' ~ r e-._.,;;. ,,.__ '• .. ~,."~"<·•• ,. .. ""'''-" ~~ ~~ •>-

'..,:r'\ t. ,, ... V ' ~ ' • { <' __,. ': ,-·~ 1 \ " • :~ f, ._-,,~ 

~d'iehte eri-':l:a resÓlucicSn de- ún .problema particular., es aquel 
- '" ' • k ~ + ~ ; ~ :) ~. :~ ~ ~ ~ j _:· ~:~ 

-que muestra la menor suma d'e errores estad:!~t-ic~o~s·"~.~ 

' . 
- ' '' 



Cada uno d'e los ejemplos se presenta resuelto en dos fnr- Ü 

mas, gráficamente para demostrar la simplicidad del método de 

diferencias~~ mediante la t&cnica de mínimos cuadrados, con 
< 

objeto de comparaci6n de resultados. 

Las operaciones analÍticas se efectuaron con una calcula-

dora Hewlet~~ackard HP 35 sin efectuar redondeo de cifras du-

rante el proceso, por lo que al leer los cuadros de cálculos 

se ruega al lector tener esto en cuentaa 

' 
6ola- Ecuaci6n de prilo~·r, orden 
' 

Dadas las lecturas de demanda bioquímica de oxígeno 

(D. B. O) obtenidas en una muestra de aguas negras, determi·-

nar los parámetros k y L de +a ecuaci6n 11, usada como modelo 

para representar este fen6meno. 
' 

Tiempo x, días o 1 2 4 5 

DBO y, !Ilg/1 o 82 112 153 163 176 

Soluci6n gráfica: 
,' r '' 

De acuerdo con la ecuaci6n 21, se grafican las parejas 

(O, 82), (82, 112), (112, 153), (153, 163), (163, 176). 

En lm figura 1 aparecen estos puntos y la recta de ajusto 
1 
' 

'( 

qua se hace pasar por'~l promedio. Mediante medici6n directa 
•, 

se obtiene: 

o 

o 



o 

o 

o 

pendiente P ·- 0.571 

.Intersecci6n1 nl origen I • 79~ 
~ - / ~· . ' . 1 ,¡ -. " • ' ' ' .. ..,.. < ' ~ 

._; 

/ f•. . 
> ,., -- ' ' ' ' ~ r. '~ ~ ..... 

'. '(29) 

'--(~0) 
... '-, ~ t, 

~-I/(1- P) 
', ' 

' : '.'" _; ' ' \t. 1 

Por- tanto :-
•, '¡ 

k e - ln 0-~ 571 
, .... ~.f...;(:-1'·,,)-~>· "~__..,t-~ej,. .. r~_i ~:~ ,,~_r--; 11:!~\-.'_n· 'f-' : '/ 

., 
')J , t ' ,. ,_ .. 

·' 

.r-•' '_;· --: 

L • 79/(1-0-~579)- L, ... 184 mg/1 
" ,!_;""' <~ ......... ,~, ... ;, 'i<.: .~ 

~-~ ' - ~; ~ ~; 
"' "'' '' ,, 

l!lnimos cuadrados: -

Las ·opéracio!les para· determinar P ~f I por el m&:todo d&• 
~' > -- t'~~~· r r . " .. ' f ;:~ ~.;¿ ,.. ; ' 

~ínimos se muestran en la tabla l.-La substit~ei6~. de.ios-
.... • 1 ,'• : '!- r 1 _ _,; • .J ~~" ~ > 1 ' • ' ;; 

r.es~itados ql:le aparecen en 'el rcn~l6n de. sumas, en lmrz" :Sr• 

mulas 6. y 7 conducen a: 
• ~' t ' ( 

(0-.5?9) o 

' 

,, 
1> ~· ' - •," ~:~'.';:_.\ .. 

r· r-. • ........ 

Finaltlente, aplicando las ecuaciones· 29, y· ~ó,z. :~e\ ~bt·f~~e· 
\ 

'' ~· -._, - '< ' 

k .. - Ln 0.579 • 
' ' .¡, ' ' - - '-' • ~ 

r, 

L a 78.1/(1 - Oe579) 
., -



Comparaci6n de resultados 
·O 

En- la tabla 2 aparecen los cálculos para doterminar la S,!! 

ma de erro~es cuadr,ticos tanto si se usan los parámetros obto

nidos con el m~todo de diferencias y m!nimos cuadrados 

(k ~ 0.543, L • 185o6) como usando el m~todo tradicional de -

momentos (k = Om523, L a 188) segÚn se reportan en la referen~ 

cia'l. 

Puede observarse que el método de diferencias propuesto 

resulta más eficiente en la soluci6n de este problema en part! 

cular. 

5o2o- Ecu~ci6n de Theis 

Los ,abatimientos del nivel piezométrico en un pozo de ob

servaci6n ~ituado a 200 tt. de un pozo bombeado a raz6n de -

500 gal/min, as{ como los tiempos contados a partir de la -

iniciaci6n del bombeo, aparecen en l~s dos primeras columnas 

del cuadro ;. Determinar los valores de las constantes de for

maci6n T y S'. 

Soluci6n 

de tiempo 

aplicarGe 

de la tabla 3 se observa que los datos -

la relaci6n A x = X o Por lo tanto pu~de 

graficando los valores 1/x (colu~-

o 

o 



o 
t = 8 min los datos carecen de· prcC:ist'6n, !.p-or lo éuai se de-

<--~~;~-~-~n~)f~~ ·:~1~- fie;ura 2 -~-!i:P~~~c·e~·-~ gf~_.r~_g~,~~s· -i~s :~~~e~as (1, 
--.,~_(.~,->:~),J-,; ~ :.--rr•,'';:<-","',•,, ¡ ... 

0.33), (0.5, o.;?), (0~25, 0.39) y (0.;;, -0.38). La recta 

o 

" ~ • ~t:<?-.·9Z95r rt. -_·.'m in 
\ ' . ~ . -: '\• ~ ' ,_ 

'' ' 

I = 0.409 ft. 

(31) 

, r 

(32) 

' ,, 

•' ' :· _r ; ', ¡ ' <J' ' ~ "- ' " ' 

s• • - 5.544 92250 (-0.0?95) 
0.409 (200}f:(:7· ~ld){r,o)(:24)·~ "' -_.,_: ', '"! 

o 



argumentos necesarios p;tra calcular P e I us<1ndo l:ts f6rmu.~as 

6 Y 7, d~ donde se obtiene: 

p m 4 (0.?392) - 2.0833 (1.4?2 . 
4 (1.4236) - (2.0833)2 , 

I e 
2447 + (0.0780) 2.0833 

4 

P = - o.zao rt-min 

I :a Oo4081 fto 

Aplicando las f6rmulas 31 y 32 se obtiene: 

T • 0.055 sg~4~1)(G02 ; T = 97030 gal/ft-d!a 

S' a 5o544 97030 (0.078~ 
0.4081 (200) (7.48)(24)(60) 

S' • 2.386 X 10-4 

Comparaci6n de resultados 

En la tabla 4 aparecen los cálculos para determinar la su~ 
'. 

ma de errores cuadr~ticos usando los parámetros obtenidos con ··· 

el método de diferencias (T = 97,030 gal/ft-día, S' = 2o38ó), 

y la s:uma de errores cuadráticos u sé•_ndo los parám0 tros rcpo r t:) 

• ' -4) dos en la referencia 3,( T = 103000 go.1/ft-chD~,s = L98xl0 .. 

Obsérvese que al m~todo de diferencias corresponde la ;.j~-

nor suma de errores cuadr&ticos. 

?e- Ventajas de_!__!T.étodo de difer~ncias 

Las principales ventajas del método de diferencias solre. 

o 

o 

' los métodos tradicionales usados ara esti~ar parámetros d~ - () 



o '. ~ ~ ... \ .. ~ 

ecuaciones trascendentes implÍcitas, derivan de la prcci~i6n, 
.. ~ ~ ~ , 

y simplicidad de su base matemática, esto es, del concepto 

. ~·~¿·~// : t -~~-~ -,' -·-- -_ -.:•'¡ ( ~ •• 1',\•,t::~.r.;'~(~~-- -~·= t --~-~ ~_,',~})•:!-~~> '_ ... ~ ·.~·-· 1
1 ';._ ~ -,-f 

ciories gráficas simples usando escalas nrit~~~icas. Este he-

cho permite com~leta flexibilidad eri la sel~cci6n del m&tod~ 
' ( , - ,. • ~ • l ~ ~- • ·~ • 

,1·~~~;,_· .. ::-: '> .,-.. .'_-:.::. ~ ~~ ~ ... --~:.~ ~-:-~,.; ... ,,' -.,-~. \':') 7~}!,.~ ~.~.,.' ... , ~J l. 

de so~uci6n ~1·~odelo lineal, as! comó en los medos de c4lcu• 
_,:;, ·~ .... :-.•,. J'. ' ~~ '.,.,~' ...... ( ·~: -~~; ,.'•,.'e :,:,r·.,-,_, ''.' •;~~ •. -

lo que se prefieran (calculadora, computadora, etco) 
• _· - ·~,. ' ' ' ~ ' > ,, '\1, t'1' : ........ ,..\ ...-~:¿ ....... ,_: ¡" ;,.._~:-:- 1:.~;·:., 

Una ventaja definitiva del método,de diferencias e~ la 
""·; _:. ~t ... ~ t:: ~1 ~~· "'. • : ·~._.-.' V'-~.~ J> 'J ~'c.; ... '~:~' :~~) '3f/ ;-_ ~: ¡ ~' ',' ·,V, 

posibilidad, inmedia~a de· ·aplicar la teor!a estadística a los 
.i~r .~ ''· i~~.;:~:~t fr~:) -~· 7 t:;' ,\ ~.{~~J·._: . __ · ~~~'t; • ["¡~~(.~ -~ ').} _. ")~)·¡ ; .~.~ ~.C,_)(7, ('\~oi !/ ~)''~~ .. ~~·~ '- ~' 

-'-.. · ... ---"' estimadores obtenidos de esta manera. Por ejemplo, se. pueden 
' ' 

o -> ,~",.~,J'~tJ;~~f !:_~ :~s,_'\,' \__,_.:~,;_.~·=~~:,';)'-: ~,'_ ::'. ~ ',:' {]'.-~"•(' ~\~;.'\ ~~'• _•J',,.J f.;;.~~ ,~:¡~'.(}~'':"':.,_~)..~ '"'[- "> v'~ "''f 

· ··obtener fácilme_rite l:!mi tes de confianza para· los valores de -
·:.._ ~ •. 1)- "-. 1 ,·-:~:;t·-~1-.... ~_:;> ~ ~-,·· ',:··_-·:~~,:. ·:¿; ·s.--~ .. ;_',. .'r:~··! .. : ) ... ·:." ·.'.~:~·~- /--.-.'') 1' :t·~:c_,··~ 

"k" 'en· cas'os similares al problema de Do B.O presentado en es-

L.~. ~~ "'"'< ~ J ••• -~~ _ •• -~~~ ¡ ... ,...-¡~: -•1''" 7 ~ ~· _ ;-, e'':-~ ,_rr :: ':.~.:.~ <EJ!,: ·: •"". ,~'~· !.¡,.,-, ";").~··t 
diferenc~as'vence las ~estricciones impuestas a los méto~os-

l .-~> · ..,' .... . .... ........ -#'\ e:--~ .. :~-_,·~~--.... ,.,.¿._;_ .. . :":JJ'....... ·, , '~.'.!~'> 
tradicionales en relaci6n con el sistema de unidades usadÓ en 

l , ' 1 • ';1 :~ ¡'~~ ~ ¡ )_ ·:. "> , < ~ --~ ,~~ ;, .- ~ 1: ¿ ~-,, :: :'< ·~·'"' ~~~ ..:· 'f o?' r ~¿,_- '\~~ ~·.~ .; •' •' _•) >. J, ' ' ('t 

la soluci~n-~e un problema particu~ar y eón el ranso de variA 

... .., ~ • - ... ~- :~: .... r~ --- .. _: ,"' ¡. ~1 - > \ 1.·. .¡ t ' )..,'\o !' e - r •• "'~ ... i J;• t. 

El método de diferencias permite, en uuchos cªsos, de-
~ - ' ....... -;. ft ~ ,..._ ; -~ - '• :;. ,: r , • ~· :, 

terminar si un modelo praasignado corresponde a una serie de 
; . ..,; ~ '' -" ~ ' ,, 

"" '~';. . ~-J • ,1 .J ~ >'•.e 

datos. Por ejemplo, si una serie de datos que pertenecen a -
o ', 

una serie da observaciones de D. B. o se graficun de ncuerdo 



con la forma lineal 21 y la cur·;a resultan te no es una r~cta 9 Q 

evidentecente ocurre una de dos situaciones: o los d3tos no 

se ajustan al fen6meno (aguas negras frescas o muy viejas), 

o los experimentos de laboratorio no se efect~an correctameB 

te e 

Un problema encontrado frecuentemente consiste en d~ter-

minar cuantos datos son necosarios y con qué periodicidad de~ 

ben colectarse para resolver un problema particular. La pri-

mera parte de esta cuesti6n depende de la precisi6n rl~!seada 

y es re3uelto por la teoría estadÍstica cuya aplicaci6n es fa-

vorecida cuando se usa el m~todo de difercnciaso La secunda - () 

parte depende del modelo en si mismo; por ejemplo, si se usa 

el m~todo de diferencias para determinar las const~ntes de -

formaci6n de un acuífero, resulta evidente que es a1~t.icconó~ 

mico medir niveles de la superficie piczoc~trica cu~ndo no -

pueda detectarse ninguna diferencia entre dos lectur·a3 cons.:: 

cutivas. Los intervalos entre mediciones no deben ser n)césa 

riamente constantes 9 sino seguir el patr6n dictado por col p.t'~-~ 

pio modelo. Los datos son m's valiosos en donde la curvatux~ 

del modelo cambia m~s r'pidament~o La pr,ctica dG tratar d0 

obtener da tos en largos periodos !e tiempo'¡) adem~s de s(,, r ,' " 0 



o 

o 

o 

tiecon6mica ~~e~e .i~troducir errores en la determinaci6n 

de los· parámetros del mo4e1o correspondiente. 
' > V p 

Finalmonte, como se observa en los. ejemplos presen~ados, 

el m&todo de diferencias es m&s eficiente, tiene UD nivel 

de dificultad_m&s bajo que-los métodos tradicionales, y so-, , 

br~. ~<?do, t~en,~ naturaleza· genera~,o 



o 
. ~ ' 

.. C' :· 

,- (~ \ 
~ \ ' -'~ 

o 

f o 
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200-

150 

lPO -

50 

Pendiente= 137·2 - 79;0 = 0.57 
102.0 ;, ,, 

Intersección = 79.0 
·, 
' 

.. _, 

O· 

. o~------------------~------------------._------------------~--~-0 50 100 
y, valores de D 80 al tiemp~ )(, en ppm 

. 
Fig l. Determinación de los parámetros de la ecuación de la D.B.O 



~y, incremento del abatimiento, ft 

S = 0 ·
409 ~ 0

·
312 = 0.0795 ft-m1n 

I = o. 409ft 

0.30~------~------~------~------~------~------~------._------~------~------~·----=:~ o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1/X, 1/tiempo de bombeo, 1/min 

de formación en flujos o pozos 

o o o 



o 

o 
' . ' 

o 



TABLA 1 o 

SOLUCIONA LA ECUACION DE DB.O 

=====================================~========================== 

Datos 
" ' 

Tiempo, Días 
( 1 ) ¡X 

o 

1 

2 

3 

4 

.S. 

¿ 

BOD, mg/1 
(2);y=X 

o 
82 

11 2 

1 53 

163 

ill. 
51 o 

Cálcuics 

(3);y =Y (4);XY 
X+óX 

82 o o-

11 2 9184 6 ]2L~ 

1 53 17136 1 2 544 

163 24939 23409 

176 28688 26569 

686 79947 69246 

' 

o 

o 

o 



• ..... ' 11 

o 

DE ltl DBO. 
... ;· 1 j ... + < l .: -~; 

===~~================;~================~============~=========~=========== 

Da tos· 

' - .. { 

(1 ),x ·(2),y 
Observe~os ·. 

o _.:"o---' 

82'' 

02 
3 

11 2 

1 53 

'- 163 

o 

4 

5 ' 176' 

'iariancia 

\ 
1 

"· 1 
1 

1 
\ 
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TABLA 3. 

C~LCULOS PARA LA SOLUCION DE LA ECU~CION DE THEIS. 

~=:==~========================================================= ====~=~ 

Datos Cálculos 

~~-------------------------

T i empo, m i n v aba t i m i en to, f t • .. 
(Y),x {2),(h0 -h),y {3),L=X ( 4)' 6 y= y < 5 L .: ·r ( 6 ) ,. :\ , 

X ----------------------------------------------------------------·. 
1 0.66 

2 Oo99 

4 1 .36 

8 1.75 

16 2 o 1 4 

32 2.52 

3 1.21 

6 1 o 59 

o.s 
0.25 

0.333 

0.33 

0.37 

0.39 

0.39 

o. 38 

0.38 

o. 185 

0.0975 

-------------------------------------- .. --~-- Co< .,. •• 

2.0833 1 o 4 7 

('; .. 

o 

o 

o 



o 

o 

o 

TABLA 4 

EFICIENCIA DE LOS METODOS DE DIFERENCIA Y SUPERPOSICION DE CURVtS 

EN L~ SOLüCION DE LA ECUACJON DE THEIS. 

:;~~~====~==~====~===~===================================~~=====~======== 

Otl tos Me todos de diferencias He todos de The i s 

2 2 ( 1 ) , ( 2) D {3),y' {4),yoyG (6),y' X y (5), (¡-y') (7),y-y' (8), (y-y•) 
Observados Cale. Error Error2 Ca 1c. Error 2 Error2 

1 0.66 0.60 0.60 0.0036 0.85 -fl.19 0.0361 

2 0 .. 99 0.96 0.03 0.0009 1 .oo -o. 01 O. G001 

3 1 • 21 1 .26 -0.05 0.0025 1 • 20 o. 01 o. 0001 

4 1 • 36 1 • 30 0.06 0.0036 1 • 36 0.00 0.0000 

8 1 • 7 5 1 • 70 o.os 0.0025 1 o 7 3 0.02 0.0004 

16 2 o 14 1 .. 1 2 0.02 0.0004 2.13 o.m o o 0001 

32 2. 51 2.50 o .01 o. 0001 2.49 0.02 0.0004 

64 2. 91 2. 91 o.oo 0.0000 2.87 Üa04 0.0016 

V iJ r i ó nc i as 0.0136 0.0388 

, 
( 

// 
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APLICACION DEL MODELO DEL T~~SPORTE AL MANEJO DE LAS BASURAS~ 

por: :Francisco Zepeda P. 

El crecimiento explisivo de ciudades en México, tanto en área 
como en población, hace que la planeación de un sistema d~ -
limpia pOr l'os métodos empíricos tradi.cionales sea obsoleta. 
Se requiere del,auXilio de los modelos matemáticos para mini
mizar· ios costos de transporte sobre todo en las tres.urbes=
mas grandes'del,pais; D.F., Monterrey y Guadalajara. 

El modelo. del .transporte. :trata .c:::on un probJ.e!t1a._t~pico de __ la-
progra~~ión l~n?al en, el cual el, .objetivo es transp'ortar un
rnaterial.\espec~ficó desde varios -''or.íg·enes'~cc.hasta varios "de::. 
tinos" con:. elcosto global· ·~nimo. Se; necesita ~onocer·- ia can= 
tidad ·.de,_rnaterial q~e. :P7oduce,; c;ad~ origen··;y;-·lo, que·:ae~nda p
puede; ac~pt.ar cada,.-~estJ.no, a~~ corno. los costos wu.tarJ.os de
:t7c~nsporte !.qe¡ mat,eri.~l~~d-7. le:>!?- <erige~-~~ .. a_/)-9_S ... ~i_f.~:Se:~t~sy ~e.§._
tJ.nos. ;En·'el ·caso de'J.~n: sJ.stem.a.-. de· l.1mp1:ª/ se debe conocer la
cantidad de-.basura por recolectar ·en~·éada···sector de la·ciu ~
dad;· -Y la· c'ántidad·~de "basura --que ~puede .aceptarl cada,"'siti_o-:-de
~isposción ~n ~unción da la capacidad de manejo de la maquin~ 
ria.-ex±stente, tractores en eL caso de los, rellenos sanitarios, 
y capacidad ~inStalada ,en ·el 'caso .de· ·incineradores ·o··plantas-= 
industrial'.i¡zadoras~ -·:Los. costo~-\mitarios ·(le trá.nsport~. de·- -
cual(¡uier<'Órige~ .a1 éúalquier destino. se.,encuentra divid'iendcr 
la distancia pc?r.- z::ecorrer'· ent):e 'la' ··velocidad. proinedl.ó' y rnul ti 
plicando por !el costo horario1 del vehículoo 

' ' ,. 1 , e ' ' ·' ,o '· 

E:l ·propl;llléÍ .. ~~1-< t~~--~~porte. ~-~·-· -~ :-c·aso ~pa1Jfcul~r·. ¿fe1-piobiema 
gen~ral d~ 1~ programación·lineal~ que-puede manejarse median 
te ... el métOdo' ;"sirnplex~·~·,: sin.-~argow í s_e __ :cuenta· <:;9I:l. ~~: '.'c~!go-
ritrno del transporte que es rnucho'mas eficiente para .el caso. 
Se tiene c·ornó en todos :los casos¡_una~; funqión lineal ··objetivo!' 
un conjunto de .restricc'iones lirie_ales estructurales'"·y 'otro -
de restricciones de no negátívidád~ ~ . ', ,. ' ' ~-- - ·~ .. ,_ , '"'' 

, ~ ~~,~~, ~-, ,-,r, \- ,~-""''~• <"'~ ~. 1 -,-" ; 1 ._?"~ '"'-r -,'\ f' 

.Pero· antes· de exponer estas r_e'lacJ.ones ,····coloquemos 'el cuadro-
't!pico. que se. lisa: par~, ·la·- soluc?,;ón '-qe]!, algqr_itmo~. ' 

- \ < c;t':._ ~ . .~., :.f¿'l -~ !, ~~·-:.::- ~ .. _ ·~· 1 
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1 o .1 INTRODUCTION 

The transportation model deals with a 5pecial class of liuear-programming 
problems in which the objective is to "h_ansport" a single commodity 
from Yarious "origins" to diñerent "dcstinatiollS" at a minimum total 
co~t. • The total supply a\'ailable at tl1e origi.ns and tbe total quantity 
dcmanded by the desti.nations are giYen in the statement of tbe problem. 
.-\l~o gi\'en is the cost of sbipping a unit of goods írom a known origin toa 
knO\Yn destination. As in the linear-programming problems discussed in 
pre\'ious chapters, all relationships are assumed to be linear. 

\\"ith information about the total capacities oí the origins, the total 
rcquircments of the destinations, and tbe ¡;hipping cost per unit of goods 
for a\'ai.lable shipping routes, the transportation model is used to deter
mine tbe optimum shipping program(s) rcsulting in mínimum total sbip
ping costs. 

In so far as the transportation problem is a special case of the general 
lincar-programming problem, it can always be sol\'ed by tb~ simplex ' 
mcthod. Howe\'er, the transportation algorithm, ~vhich we shall develop 
in la ter sections of this cbapter, provides a much more efficient method of 
handling such a problem. - Let us now tum our attention 'to deli~eating 

_ the rclationship between the generallincar-programming problem and the 
transportntion probleñi. --- ~- - -_ 

• Üf (rlUT~C, jf _the pa.yoff Jllf'!lSUfe Úl of thc "prof:t" \'9Tirfy, tbc objcl!live '1\'ill be te 
ma~imizc total payofl'. -
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1 O. 2 T IL\ ,l\; SPORT A T 1 O N PRO B LE 1\1 
-A SPECI.\L CASE 

Il:n·ing ~olvcd a gcn<:>rnllin<:>ar-programming problcm by various methods 
in pre\·iotis chaptcrs, we observe again that such a problem always 
consists css<:>ntiall): of tliree components:_(l) a linear objecth·e function, 
(2) a set of linear structural const!aints, and (3) a sct of n01in<:>gativity 
constraints.- Lct u~~illu::.tratc-thcse thrce components. 

_,p<, 

I Linear Objccthc Function 

Every linear-programming problcm has as its objective the maximization 
or minimization oí a linear objective function. This íunction is usually 
of the form ------ - --- --· 

- tf ---~ --

F(X) = _k ~x¡ j = 1, 2, • • , n. 

~-· 
-

Where Xj = set OÍ sfruclural variables; these variables rcpresent competing 
candidates or activities 

C1 = set oí so-called "price coefficicnts" ¡ in the problem, e¡'s are 
coefficients oí structural variables in the objective function 

A typical linear objccti\'c function involving n variables can be written 
as íollows: 

F(X) = C1%1 + C:Xz + · · · + Cn%8 

2 Linear Structural Constraintl!l 

Every lincar-progr.o.mming problem contains a set o{ linear constraints. 
They embody the technical spccifications and rcsource capacitics of the 
problem structurc and are thcrefore called sfruetural constraiñts. These 
constraints are of the form 

. . 

~ ~ < b _ _ {i = 1, 2, .' •• , m 
~ k a,~x¡ _ ¡ • - - -1 -2 - -

1-1 ,_. J =' J , ••• ' ft 

wl1erc the a,/s nrc Íu><.'t ~i ~lrurtural cocfficÍp1ls- rcfl<.'cti;tg thc tedmical 
,spcrificn.tions o_f. tl~c prohkni,- and Jhcy _nppcar ·as cocfficicnts oC tbe 

'< - ~ t 

- -. -~,- --- ------.;----- --- ~ '<-----~- ·-- - ---
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1 

~tructurnl yariublcs in the slructurnl constraint'>. The b,'s are a sct of 
co¡;,,fants rcflecting thc m:l:\imum rcsource cupacitic:l or minimum resourct! 
rcc¡uircments. . 

.\n C'\p3.ndcd form of the liucar strnctural cou~traiuts is gi\'Cn belO\v:• 

QllXI + a¡:Xt + 
G:¡X¡ + a::I2 + 

+ a 1,,x,. ~ ba 

+ a:nX,. ~bu 

3 ~onncgali\ily Constrainta 

The structural variables, slack variables, and artificial slack variables of 
all linear-programming problems are restrictcd to nonnegative values. 
This is accomplishcd by imposing nonnegativity constraints of tbe form 

x, ~o j = 1, 2, ... , n 

li "e let x/s denote the structural variables, S,'s denote the slack 
variables, and A,'s denote the artificial slack variables, we may write 
thcse constraints as follows: 

•. 

X¡~ 0 Xt ~ 0 z. >o 
S1 ~O s, ~o s ... ~o 
A.¡~ o A.,~ o A. ~o 

T\YO remarks must be made at this time in refcrence to the general 
linr:u-p10;;ramming problcm. First, the structural coefficients a,, are not 
rcstricted to any particular value or valuest For example, a particular 
a,, may be spccificd to ha ve a value of 10, 20, 1, orO. Second, no restric
tions are imposcd regarding the homogencity of units among the various 
inl:q_ualitics rcprcsenting the structural constraints. Oí thc givcn con-

. straint<;, some may rcfcr to availn.ble capacitics of machines pcrform
ing dlfTcrrnt kinds of oprrations, whilc othcrs may spcciiy diffcrcnt types 
of, ~ay, chemical c]Jaractcrbtics. In othcr words, thc units of any one 
0 The 'trudural < ou~traintF< in thc-ir nri~innl form can, or cuursr, be simple rqualities 
or wcquahtic-s of thc "k"'' than or etpUtl to" or "gnater thac or cqual to" type. 

10.3 THE PROBLEl\1 

A manufacturing conccrn has thrce plants located in three different cities, 
all producing the samc product. Thc total supply potcntial of the firm 
is absorbed by four largc cu~tomcrs. Let us identiiy the thrce plants as 
0¡, 0 2, and 0 3, and thc customers as D¡, D 2, D1, and D,. The rel
evant data on pln.nt capacities, destination requircments, and shipping 
costs for individual shipping routcs are rccorded{ in general terms, in 
Table 10.1. · · 

As shown in thc tablc, the matri.'l: of our transportation problein has 
three rows and four columns and hcnce is not a square matrix. This 
cmphasizcs thc point that in a transpo1 tation problema ginn origin can 
simultaneously supply goods to more than one dcstination. As we shall 
scc la ter, thc so-cnllcd "ns:oignment modcl" is rcstrictcd toa square matrix 
in the sensc that one origin c:mnot simultancously associate with more 
thnn onc dcstination in thc assignmrnt problem. 

Notice thnt thc first subscript in cach symbol uscd in Table 10.1 refers 
to the spccific origin, and thc sccond sub~cript to the particular destina
tion. For cxamplc, c12 is thc cost of shipping 1 unit of goods from origin 
0 1 to dcstinntion D 2, and thc yariable x 04 is thc qunntity to be shipped 
from migin 0 3 to dc~tination D,. Origin capacitirs and dcstination 
rcquircmcnts are ginn along thc outsidc (rims) of Tnblc 10.1 and are 
usunlly rcfcrrcd to as rim rcquircwents. Our problcm is to choose. that 
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:-tratrgy (a particular program of ~hipping) which will sntisfy the rim 
rcquircmcnts nt a minimum total cost. -, 

.\ nal) ~i:-, of tlu· Problcm 

T11c tran~portation problcm givcn abovc, like the gcneral,fnr>ar-pro
gramming problcm, comists óf thrce componrnts. First, wc c:iífformu
btc a linC'ar objC'cti\'c function '' hich is to bc~minimizcd. This function 
"i11 1 rp1 c~C'nt thc total shipping co::;t of all thc goods to be sen~ from thc 
origins to thc dcstinations. Sccond, \\e can writc n. sct of lin<.>n.r ¡,tructural 
constraints. Üf t.he SC\'CI1 constraints of "this prob]em, thrce (one ÍOf 

Table 10.1 

Dcstination Origin capacity 
Origin ....._ 

.Q~. ·n ~ per time per_iod 
"- D,/ 3 ./ D, 

~ l2: l::: ~ < 01 _%_1_0 %12 %13 za bs ~ .._ 

• 

~ ~ ~ ~ 
02 %21 %22 %23 %24 L.. bll 

~ ~ ~ ~~ . ' 
Os %¡¡ %32 %33 %34 ~"· ' 

De~ tination \V \ 

requiremrnt d¡l d2 ds d4. 
' 

per time period 

e,, ... cost of shipping a uoit of goods from ith origin to-jth dcstination 
:r,, ... numbcr o{ uoits to be sbipped from ith origin to jth dcstioatioo 

A18Ume 
1 1 ! ~ 

• • ~ ~ !. - ' • • 1 • 

... l \ 

' -. . . . ' . :. 
t \ 

l- - That is, totnl origin-i:apncities.cqual total-destination rcquircmcnts, and i ""-J,-2, 3;_.:_~--. .. .... -- ~ - . ~ ~, , ~ 

j. 1 1 

--.,--------~----------. ----------- ·- ---,-o· _-.:~:JtL . 
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cach row) will gh·c thc rclationships bctwccn thc origin ·capacitics and ! 
thc goods to be rccch·cd by diiTcrcnt ~rstinntions. Thcsc are callcd \ i 
rapacity constraints. Th" othcr four cón!>traints (one for cach co1u1\Jn) ~ ) 
"ill .spccify the rrlationships 'Qctwccn dcstination rcqui1 cmcnts and the • i 
goods to be .shippcd from diiTcrc>nt origins. · These are callcq rcquircme'nt í·. 
constraints. Third, wc can .spccify a sct of nonn-cgath·ity constraints 'for · l 1 -

t.he .structural variables x,r They will f:.tnte that no i1cgat.h·e ~hiplncnt '·:~· · ; 
is pcí·mittéd. Thc general corrcspondcnce bct\\'een n. typical linear- l 
programming problcm ami thc transportation p10blcm is thus complete. · 

The thrce coínponcnt púts of our transpÓrtation problem are giv~n ,¡ 

below: ¡·· 

Minimize -- :-

subject to 

.:ru + zu + zu + zu ""·bJ 
Zu + Xn + X:a + XJC " "" b, 

Xn + zu + Xn + Xu "' ba 
. +zn +zu • d1 

+xn +zu ... da 
+zu +zu ... da 

+zst + zu .. dt 

, 
r. 

¡ 

i 
'- .· . 

(I) 2 1}, l 
(2) .fz j 1 
(3) z:.~ . .'1 

(4) ... "':l../ 1·: 
(5) " 
(6) 
(7) ,, 

, \ ¡' 
and Z.¡·;::: O; i = 1, 2, 3;j = 1, 2, 3, 4. .& 7- etut) C'''·'> 1 · ,,. 

· -----._,_ · _,,......._ 1...., ,M.:~cc-~ 1"~ ·r :¡. : _ _-.. 

¡: 
1 

!+C.: .=/Có .'· -· G'- 0-) -·-~- ~ · ,, ·-
1 O. 4 BU 1 L ~ 1 ~ ~- -~~ S I:i\1 P LE X. TAn LE A~ - -~I: ~i-· . ~ 
FOR 'i'HE, TRANSPORTATION PROBLE.l\f ·• 

Since Equn.tions (1)~ thmugh (3) rcfcr-to origi'n capacitics, we can ~hink ' . L .Jl ~;_:·< 
of thrs_e as incqualitil't~ of tlie '~lcss tl_1n.u or_ cqual to" typc asscrting · l 
t.lw fuct tlult uiiTcrcnt origin,; cannot'pfoducc more than· thcir respective 1 '• 

't' F f · . f 1 · . . 1 1~· capn.c1 1es. or purposcs o consfruct10n o t 1e snnplex tablcau, there- ., . . 
fore, w~ may ·mouify Equ:;ttions (1) through (3) with, tllC áddition ·or, _ · l ! 
slack vilrbb1cs1S,, S:, nnd SJ, rc~pc>ctiv,cly ... Thc cost cocfl!cicn~s of th~e 1 • • ] ; ,'~ , 

--- ,"ln.ck -ynrjablc:;-arC',-of- cour::,c, -zcro:-~-Y:niahl~~::-s.-:---S;:-:md Bn"t'Orcscn~ -. -~~-, :--_1)-:- · 1 
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?n thc othrr l1nnd, ''C Elwuld com,idcr Equations (4) through (7) as 
!'!nct c<¡u~tions or incqualitics of tJJc "grcatcr than or cqunl to" type. 
L<mg-nm mtcicsts _of thc comp:.llly rcquire that it be willing to supply 
C\::~ctly that qt_wn~Ity of goods '' hich is spccificd by ca eh customer (or 
pcrhaps JllOic, ii c1rcum~tanccs Jcnnnnd). For purposcs of construction 
oi ti:r fir~t simpkx fo.blcau, thuefo1e, Equations (4) through (7) may be 
Inodllird '' ith thc a?Jition of nonnf'gatin~ artifici:1l :::-lack ,·:niatii~ ~,A,, 
. t J, ::llld A 1, rc!'pcctlvely. • Thc C()st cocfficicnt of ca eh of thcse artificial 
:::bck Ynriablcs is obdously M. · 

C<>ot 
cll cu C¡J c14 <r:¡ c22 c%3 cll C31 C32 cJJ e_,. O o OMMMM Prc¡¡nm pcr u=>t Quant.Jty :ru :r12 :r13 xu, lr21 .1"2.2 XZJ :r24 r:31 .r32 .X":IJ r:¡4 S 1 Sz 83 A 1 A2 A 3 A 1 

S¡ o b¡ 1 1 1 1 ID o o o o o o o o o o o o o 
s~. o b2 o o o o 1 1 1 1 o o o o o 1 o o o o o 
S a o b;¡ o o o o i) o o o 1 1 1 1 o o 1 o o o o 
A¡ M d¡ 1 o o o 1 o o o 1 o o o o o o 1 o o o 
A~. M d: o 1 o o o 1 o o o 1 o o o o o o 1 o o 
A a M da o o 1 o o o 1 o o o 1 o o o o o o 1 o 
A, M- d, o o o 1 o o o 1 o o o 1 o o o o o o 1 

Figure 10.1 

With this completed, the data of our problem can ~ reficcted in the 
~rst simplex tableau, as shown iin Figure 10.1. Wc note that all entries 
m the initial simplex tablea u are either 1 orO. The ls appear in thc form 
of sca~tered :ows ~nd slanted dlagonah. Furthcl\ each column, cxcept 
tho_se m the Identlty part of the tablcau, represcnts a column vector in 
":hJCh two elemcnts are 1 and t.be rest are zero. t Whcncvcr the initia.l 
Eimplcx t.a?lcau appears in a foJrlll such as that of Figure 10.1, thc linear
programzmng problcm can be C'lnssified as a transportation probJem. 

The as~ignment of spcciflc '"·..l!mcrica} valucs to origin capacitics (b
1
, b1• 

• ""e.a~surr:_e nact ce¡ u u lit y in thc ori¡¡:innl fonnulntiom, o( !he rcc¡nircmcnt constraints. 
t Thl.8 particular chnractcri~tic o( th«:- tran~porta.tion proLlcm fonM thc ba>~is oí the 
w-callc-J "mod¡f.cd-di,tnbution n!ctho•l" o( _snlving uurh problcmtl (bCC Sntion 10.8). 

The Tran .. I>orlalion :\to,ld lb7 .. - o 
1 ¡oc.Jo.s. 

b1), dcstination rcquircn1cnt.s (d~o d:, da, d4), and cost cocfficicnt.s (ev's) 

1 
in Table 10.1 \\Ould gi\·c us a concrete transportation problcm whose 

l initial solution by the ¡::Ímplcx mcthod would be givcn by Figure 10.1. 
¡ Furthcr itcrations follO\\ ing the rules of thc ¡::Ímplcx mcthod would, no 
· doubt, yicld the optimum so:ution to this problcm. This •rould be a ¡ rathcr Icngthy proccss :md would not add anything ncw to our knowlcdge 

oí thc simplcx method. Fortunatcly, howc\"cr, a simple and routine _ 

¡. mcthod of sol\'ing such probkms has bccn dcvelopcd. It is fittiugly called 
the transportation model. "11Cnevcr a givcn lincar-programming prob
lem can be placed in the transportation framcwork, it is fa.r simpler to 
solve it by the tram:portation mcthod th.an by the simplcx mcthod. 
Befare we describe and deYclop the transportation mcthod,.let us com
ment on ccrtnin charactcristics of thc transportation problem and its 
solution. 

First, a little reflection will show that for thc transportation problem 
of Table 10.1 only si.'l: rather tban sevcn structural constraints need be 
specified. In view oí the fact that the su m of the origin capacities cquals 
the sum of the destination rcquircments (.Zb, = Zd1), any solution satis
fying six of thc sc,·en constraints will automatically satisfy tbe last con
straint. In general, thercforc, ii m reprcscnts the number of rows and n 
represcnts the numbcr of columns in a givcn transportation problem, we 
can state the problcm _completcly with m + n - 1 cquations. This 
means that one of the rows of thc simplex tableau in Figure 10.1 repre
scnts a rcdundant constraint and, hence, can be dé't~ted. '' This a}so mcans 
that a ba.sic feásible solution of a transportation problem has only 
m + n - 1 positive components. 

Second, iL origin capa.cities cqual dcstination requi.remcnts, it is always 
possible to design an initinl basic fcnsiblc solution in such a manncr that 
the rim rcquircments are satisfied. This can be accomplishcd eithcr by 
inspection or by following ccrtain formal mcthods for making the initial 
allocation. Thrce such mcthods, t.he so-callcd "northwcst-corncr" rule, 
the "Vogcl's approximo.tion mcthod," and thc "inspcction" mcthod, will 
be dcscribed later. 

10.5 APPROACH OF THE 
TRANSPOUTATION l\IETHOD 

The trausportation mcthod consists of thrcc basic stcps. The first step 
involvcs making thc iuitiul :-lJipping assignmcnt in such a manncr tbat. 
a basic fcasiblc solution is oLtuincd.. This mcans that m + n - 1 celia . 
(routcs) of thc transportation matrix are uscd for shipping purposes. 
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-
Tl1c ccll-; h:n·in~ thc :;bippin~ a~~ignmrnt will he c:tllcd occupicd cciJs, 
"hile thc rcm:-~ining cclls of tiJe tran~portation matrix n ill be rcfcrrcd 
t o as clllpf!J ce lis. 

Thc purpo~c of thC' ~ccnnd stcp is to drtcrminc thc opportunity costs 
n~~ocia t cd n it h thc cmptr cclls. ThC' opport.unity cost.s of the empty 
crll'5 can be calculntcd incii' idually for cach cciJ or simultancously for 
the '' hole matrL"<. If tl1c opportunity co:,ts of al! the emp(V'tl.-1ls are 
nc~npo~iti,·e, ''e can Le con Íl<lcnt that nn opt imurn solut ion has been 
nlJt:tiurd. • On the othcr h:~nd, if c\·en a single cmpty ccll has a positive 
!IJ!j)OI tunity cost, \\e proccrd to stcp 3. 

Thc third st.cp im·oln·s dctc1 mining a JJC'\\' nnd bctter Lac;ic feasible 
~olution. Once tiJis ncw basic feasiblc solution has bcen obtained, we 
1rpcat stcps 2 and 3 until an optimum s·olution has bern designed. 

Thc rcmaining scctions of this chaptcr are devoted tó illust.rating tbe 
denlopm!.'nt and applice.tion of the above-mentioned approach to the 
solution of a given tramportation probJem. 

10.6 METHODS OF :\IAKING 
TIJE INITIAL ASSIGN.:\IENT 

'. 
'' 

Thc first step in the tmnspo1 tation method, as st:lted a hove, consista in 
making an initial assignment in such a manner that a basic feasible solu
tion (number of occupied cells equals m + n - 1) is obtained. Various 
mcthods of making such an a~signmcnt are available. We shall discuss 
threc such mctbods in considering the transportation problcm in Table 
10.2. 

::\'orthwe<;t-corner Rule 

.\ccording to this rule, the first aJiocntion is madc to tl1e ceJt occupying 
thc upper lcft-hand (north" est) corncr of the matrix. Further, this · 
allocation is -of such a magnitudc that cither thc origin capacity of the 
fin,t row is cxhausted or thc destinat.ion -rcquiremcnt of thc first column is 
sntisfied or both. If the origin capacity of row 1 is cxhaustcd lirst, we 
move do\\ n the first column and make anothcr allocation which cither 
exhausts the origin capacity of row 2 or satbfics thc remaining dc:,tination 

• TI1e trnn~portation prüble:n hlls under t!.c catc¡:ory üC clcddon mnking uoder 
artalntv. Hcnce, the opti·num ~;olution •nu~t not be o.<~orintc>d \\Ítb positive oppor
tuoity coetl:l. 

1(-1 

o 
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rcquircment of column l. On the other }¡and, if the first allocation 
completcly f-ati::fic~ the dcstinatiou rcquircmcnt of column l, we DlO\'C to 
thc right in row 1 and make a second allocation whicb cither cxhausts the 
1emaining capacity of row 1 or :'atisfies the dcstination rcquirC'mrnt of 
column 2, and so on. In this manncr, starting from the uppcr IC'ft-hand 
comer of thc ginn tulll::portation matrix, sati<sfying thc individual dcs
tination rcqui1cmcnts, and cxhausting thc origin capacities 011e ata ti11~-e, 

1 j • TaLle 10.2 

1 

l 
Deslinalion Origin capacity 

Origin 
D4 D:-. per time period 

DI Dz D3 

L:: l.!_ L:. ~ 1.! 
01 55 

~ L:_ l_s_ l_s_ l.!_ 
02 45 

L.:_ ~ l.!_ l.?_ l2_ 
03 30 

~ ~ ~ ~ L!_ 
o~ 50 

Destination 
requirement 40 20 50 30 40 
per time period 

wc move toward the lower right-l1and comer until all thc rim rcquirements 
are satisfied. It should be notC'd that when wc follow the northwest
corncr rule we pay no attcntion to the rclative costs of thc different 
routes whilc m:tking the fir:,t nssignment. 

For the transportn.tion problcm of TaLle 10.2, applicntion of the.nor:b
wcst-corner rule dicta tes that ,WC first "load" or "fill" ccll O¡D¡, wluch hea 
in the upper left-hand (north\\-=-cst) cerner. Thc product rcquirement of 
D! is 40 units, and'thc capacity of 0 1 is 55 uni~s; thc lowcr of thcse ~wo 
numbcrs, that is, .JO, is placrd in ccll 0 1D 1• Thts mrnns tl1:lt thc requll'C
IHcnt of D1 is fully ~atisfird, hut \\e st i11 huYe J 5 units (5j - 10) of un u sed 
"'~""";tv 1t. n. •r¡,,., ",. n>(l''" t0 tl11' .. ¡ .. 111~ of crll (),D. iu -the íirst row. 

. . 
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.\t thi..~ !'f:J.gc nc note that thc dr!'tination rcquircmcnt o( column D2 is 
:20 units. J\no11 ing that 15 unit<; o( capacity 0 1 are ~ti!I unuscd, wc rou~ 
al! 15 units to dc,tination D 2 (pi:J.cc 15 in ccll 0 1D:). 111is completely 
r:..ham-ts the c:1pacity 01, but column D: still nrcds 5 units (:?O - 15) to 
~:1ti~fy its rcquircment. Thus, wc mo\·e do\\"n co!umn D 2 and supply 
thcsc 5 units from capacity 0: (place 5 in cell O:D:). This !caves 40 
uuits o( unmcd c:1pacity at 02; thrsc nre' routed to D1 (plnéo"'"-111-in cell 

j 1 1 

{1] '- ; 
T:::ble 10.3 lnitial Asoignnr('ll[ by Nortluc('.d•corn('r Rule 

Destination 
Origin Total 

D¡ D2 DJ De Ds 

O¡ 
.l2.: -~ l.! 1!. l.!. 

@ @) 55 

~ L.!.. li E l.!. 
02 0 @- 45 

L:. ~ E :E l.!.. 
O a @ ® 30 

Oc 
~ l!:. ~ !.!_ _l!_ 

@ @ 50 

Total 40 20 50 30 40 ~ 80 

; 
¡<j 

O:D.). Thc remaining requi~cmcnt of lO units (50 - 40) !or Da is sup
plicd from Oa (place 10 in ccll 0 1D1). This leavcs 20 units of unused 
capacit.r at O.; these are routed to De (place 20 in cell OaD4). The , 
rcmaining rcquirement of 10 units ~30 - 20) for De is s:1ppliea from 0 4 

(place 10 in ccll OcDc). We are now lcft with 40 units o( unused capacity 
at Oc; thcsc are finally routed to D 6 (place 40 in cell O.D,). The entire 
tablc has now bcen loadcd, rcsulting in the initial program givcn in 
Table 10.3. The circlcd numbcrs in tl1e tnblc give the numbcr of units 
shippcd from a particular origin to a ccrtain dcstination. The cells in 
n·hich thci:>e circlcd numbcrs are ·cntcrc<l are our occupicd cclls. The rest 
of the cclls nrc thc cmpty cclls. _ 

o __ Q 
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It is to be obscn·cd that tl1c numbcr of occupicd cclls is 

m+n-1=4+5-1=8 

= (numbcr of rows + numbcr of columns - 1) 

\ 

Tbe solution at this stagc is thercfore not degcnerate. • 
The total cost of this assignment is 

1,095 = 
40 X 12 + 15 X 4 + 5 X l +. 40 X 6 + 10 X 4 + 20 X 7 + 10 X 9 + 40 X 1 

It should be noted thnt thc last allocation (cell OcD6) simultaneously 
satisfied the rcquircmcnt of column Db and exhaustcd the capacity of O,. 
This is the "normal" situation in the last a!location made by ~he north
west-corner rule· if this occurs only in the Jast allocation, we can be 
ccrtain of havin~ a basic fcasible solution. However, if any allocation 
previous to the Jast nllocation happens to be such that it simultane?usly 
sntisfies the requirement of so me destination nnd exhausts the capactty of 
so me origin, then thc number of occupied cells will be less thnn m + n - l. 
This will mean that wc haye a degenera te basic feasiblc solution. t The 
rcader should try to make nn initial assignmcnt in Table 10.2 by following 
the northwest-corner rule nfter having changed thc dcstination require. 
ments of D 2 nnd Da to 15 and 55 units, rcspectively. 

Vogcl's Approximation Mcthod (VAM) 

According to this method, a dijJerence column and a di.ffe:ence row repre
scnting the difference betwcen the costs of thc two cheapést rottfes for each 
origin and destinntion are computed. Each individual differcnce can be 
thought of as a pennltyt for not using the chcapest route. Alter nll such 
penalty rntings h:.wc bccn computcd for the given data, the highe~ 
difference or penalty rating is idcntified. Then thc Jowcst-cost cell m 

¡ ' 

• A bafiic fcasiblc solution for a tmnsportation problcm rcquircs only m + ra - 1 
positive cornponcnts. TI1us, whcncvcr a trnnsportntion program hns m+ n - 1 
occupied cclls, thc solution is not d<'gcnerate. . . . • 
t A mcthod for rcsoh·ing nl'gcnNncy in trDilbportatJOn problema JS dJscussed lat.er lD 

this chnptcr {scc Sl'ction 10.13). - . 
+ An-Min Chunrr "Lin<'nr Programrning," p. 248, Chnrlcs E. )l.ferrill Booka, loe., + ... o J. 
Columbus, Ohio, 1963. • 
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D1!"'trn•ce 
ro1urr.n « 

n, .'l n. n, D, ~ ~~lty 1 n, 1 n. 1', D, n, C1p.aaty 

o, L [;. L L l.! 
1 o, 

1 l 1.! 
L.:. ~ l.::. 

~ 

o, 1 
L!.. L'. 1.!. ~.!. u. 

6 
L!.. o, ll l L.! u 

45 

o, 
l.!_ ~ L.!. u. l2 

3 o, ,U. L.:. ~ l2 .L. 
~ ;¡6 o 8 r_r_, 

o. l:.:. L.: ~ l!. u. 
11 o, L.: 1.:: ~ l.! 12. 

:.0 

D-"c:-t=-e--. 
~· OT 1 3 2 1 8 J\t...;-_.."C=.c::.t ~ :!() :.0 30 40 
~L:r ./ 10 

TnLie lO.!b 

Dl.!rrrrore 
co~ur:la ar 

D, n, D, D, D, pt-"lalty D, o. D, D, D, C4paoty 

o, t: ~ 1.! ~ l.! 1 o, 1 ~ l!. 1.!. :~ ~ 

o, ~ L!. ~ ~ 12 11 o, !..:. l.!. !.!. 1.!. .~ 45 

o, ~ L::: ~ L! l.!. 
11 o, te: ~ [!_ l! ·-.__12.: 

@. ;;6 lO 

DJ"ru.~ee 

row or 2 3 o 1 8 ~~-.:r··:u·nt 10 zo :.0 30 ~ 
~~~ty J o 

T .. !,Je 10.4c 

DJrereD<It 
co1u..m.nGt 

D, n, D, D, p<~alty D, D, D, D, C.paóty 

o, 
¡::. ¡_._ l!. ·1! 1 o, !.;: E l! ~ 

55 

o, l..!. l.!. l!. l! 
6.1 o, 

-1.! ,1:!. 
6 

l.!. l! 
~25 

o, L ~ L! l.! 
ll o, l.!l !.!.:; ~ 1.! 

10 

D!"''trroc-e 
raw az 2 a o 1 F~-~::uot lO 1' 60 30 
f.'(""ahy o 

tll::tt row or column in which the hi;:.c;:t penalty rating• was placcd is 
tl1e c<:ll to '1\ hich the first as::ignmc:::.t i3 made. This assignmcnt either 
cxhau~ts the capacity of an origin or :r::ccts thc rcquircmcnt of a destina.-

• Should tLf:re be a tic !or highcst pcn!llty n. :::¡; or diiTcrcocc valuc, wc can nrbitra.rily 
< hCJose one to break tbc t1e. Althou¡;h r-:<3 !or brc~king tics are uvuLlnble, it iA 
u~u~lly cas1u sunply to pick oneof thc ti¡o¿ c,•'~mns or fO\\b for mnking thc ullorution. 
Scc :\.V. nunfclJ und \\'uliarn h. \",,¡:,:, :'\!.othcm •l1ral Pro¡;ramrning," chup. 4, 
PrtotJcc-Hhll, Inc., I:nglcwood Chffs, '!\J., 1958. 
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Tahlc 10.1d 

D.'!'~rtllc:o 

col.n:.:r. or 

D, D, D, }l(""'laltv JJ, Da D, Col"otr 

o, L:. ~ ú. 
c./ o, [!.:. l! _L: 

;.525 o 
o, 1!. l.!. [!_ 

o o, ~ !.!. !.!. 
%5 

o. !.!!' 1.!. l.! 3 o, ~ l.! l.! 10 
'. 

DI'YL'I''CDC'O 

row or 2 o 1 Rcqul.fvncnl 10 :.0 ;¡(! 
pcoalty o 

Tablc 10.4e 

o..r•-._rence 1 

columD 01' 

D, D, p•oalty D, D, C.¡>.aat,y 

o, [!! l! S o, \E l!. 25 1 
o, 1!. L.!. 

1 o, !..!. l.!. 25 

o, 1.!2. l.!. 4./ o, ~ J~ 
@- ¡4 o 

DlfTcrence 
row 01' 2 o Rcquiremco.t 10 ;;6 
peoalty 40 

T.Jble 10.4f 

DJruenc:~~ 

«>l=~ 
D, D, penalty D, D, C.;>&Ot.J 

o, !..'! l! S o, ~.~ L.!. 
2! 

o, 1.! _l.!. 1 o, ...,_L'. 
@. 

~ ;¡.S" u 

DJrerence 
rowor ' J 'Rcquirt'meot ~ 40 
p<oalty ..¡ o 

D, C.pecitJ 

o, J!. 
@ ~. :¡ 

o, @l.!. u 
'• 

Rf!-Quiz~menL 40 

) 
' 
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Con or both. 1l1c p:nticubr row or column which h.1s bccn thus satisficd 
i;.: •c·~'O\ cd from thc tr.;ncpm !:1tion matri."<. Thc procc5s is thcn rcpcated 

'1:nt1l :m l!l1ti:1l :l"~i;;nmrnt using m+ n - 1 routcs has bren obtaincd. 
'F1s :1pproach has thc Ji5aJ\:Jnta¡;c of ncccssitatin~ somc computational 
''ork bríorc thc initi:ll p1ogr:1m is obtaincd, but it usually 1csults in thc 
:ltt!'.inmcnt of thc optilllal pro¡;ram in fcwcr itcrations than a1c rcquired 
'' hrn thc initial progr:1m is obtaincd by usin,. thc nortlmcst-alt;rer rule 

"' ' r • 
1 

T:1ble 10.5- lnirial ·hsi¡;nllll'rtt by YAJ\1 

Dcstination 
On¡;in Total 

DI Dz DJ D. D!> 

O¡ 
-1_:_: E .L:. Ji ~ 

@ @ 55 

.~ ,l!_ - J_~ ~ [!_ -
Os @ ® @ 45 

J2_ ~ ~ l2_ -.E 
ol @) .. 30 

~ ~ -~ ~ '-~-o, @ @ 50 

Total 40 20 50 30 40 ~ 80 

. The mechanics for obtaining the initial assignmcnt for the transporta
twn problcm of Table 10.2 by Vogcl's approximation method (VAM) is 
il~ustratcd in Tablcs 10.4a through 10.4g. In Table 10.4a, the highest 
d1ffcrence or penalty rating is 7, and this falls under column D 1• The 
first allocation, therdorc, must be madc to that ccll in column D 1 which 
has t.hc lowcst shipping cost. Sincc ccll 0 3D 1 has the lowcst shipping 
cost ID that colunm, we now compare thc capacity of 0 1 (30 units) with 
the rcquirement of D1 t40 units). The lo\\Cr of thc two numbcrs that 
is, 30, is plnccd in ccll OsD 1• This mcans that thc cnpacity of Óa has 
Le:cn fully utilizcd, and row O¡ can Le removed tcmporarily from the 
trunsport.:ltÍrJn matrix. Column D 1, howcvcr, cannot be removed, since 
\\C ~iill mcd 10 unito:; to 'iflti~fy its rcr¡uircmcnts fuUy. 

1 
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' 

We now hnYc arri\ cd ut T:1ble IOAb. Thc proccss of computing 
pcn:lltics is rcpcatcd, nnd in Tablc 10.1b \\C note that thc highc::t penalty 
f:llls undcr column D~. \re thc1rforc m:-~kc :m a.::signmcnt in thc lowest
cost ccll of column D,. This ns::ignmrnt (pbcc -10 in ccll O,D,) is ~uch 
tha.t column D:. can now be rcmon'd from the matri.x, and \\C proce:cd to 
Table 10.4c. By rcprating thc ~ame proccss in Tablcs JO -1c to 10.-1:7, we 
fimlly obta.in thc assignmC'nt in Tablc 10.5. Obsene th:1t the number 
of occupicd cells is m + n - r = 4 + .) - 1 = 8. The initi:1l ~olution 
is thercforc a basic fra~iblc solution, and the problcm at this ~tagc is not 
Jcgcncra.te. Thc total co~t of this assignment is SG95-consiJcrably less 
tha.n thc total cost associatcd \\ ith the initial prog1 a m obtaincd vía the 
north wcst-corner rule. 

Initial Assignmcnt by lnspcction 

Onc can, no doubt, makc an initialassignmcnt in a transpo1 t.ation problcm 
!>Ímply by inspcction :1nd jndgmcnt. This is, nccdlcss t~ say, not a 
formal mcthod of ohtaining an initial assignmcnt. Howcnr, for trans
portation problcms of small dimcmions, it has thc adYa.ntage oí specd . 
Thc first allocation is madc to that ccll whosc shipping cost pcr unit is 
lowcst. This lo,\·cst-::o:,t cdl is loadcd or fillcd as muchas possible in view 
of thc origin capacity of its row and thc dcstination requircmcnt of its 
column. Thcn we mo\"e to the next lowcst-cost ccll nnd make no allocs
tion in view of thc 1cmaining capncity and rc(¡uircmcnt of its row :>nd 
column, and so on. Should thcrc be a tic for lo\\est-cost cell during any 
allocation, wc can cxc.-:isc "judgment" in brcaking the tic or v.e can 
arbitrarily choosc a ccll for allocation. The total number of allocations, 
of course, must be such that a basic fcasiblc solution (m + n - 1 occupie~ 
ce lis) is obtained. Lct l'S illustJ ate thc inspcction method for the trans
portation problem of Table 10.2. Wc note that cclls O:D:, 0 3D1, and 
O,D6 each hn.Ye a shipp;llg cost of SI pcr unit. Thus thcre is a tie íor the · 
first allocation. We arbitrnrily choosc ccll 0 3D 1 for the first allocation 
and route 30 units from 0 3 to D 1• • This mcans that the capncity of Oa 
i~ fully utilizcd (cr~ss off row 0 3 "ith a light pencil). For the second 
allocation, wc observe that thcrc is a tic bctwccn cells OzD~ nnd OcDr.. 
We arbitrarily choose O,D6 and ship 40 units th10ugh this rout.e. This 
complctcly satisfics thc requircmcnt of column D, (crot>s off column Da 
with a Jight pcncil). For thc third allocation, wc note that ccll 0 1Da is 

• In this case, onc ¡-ould cnRily hn·.'c CJ.crciscd jucl¡;mcnt io tcrms of thc VA:\1 peo&lly 
rllt~n¡;s nssoclatcd \\llh thc tio:-d crlls. As a mattcr of fact, onc ~l10uld cxerci.se sucb A 

jud¡;rncot i.n u.II b~ n¡;c, o! thc inspcction mcthod. 
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non tl1c lü\\Cot-co~t rclJ :Jn<l, tlJcrdoie, 11e :::hip :?0 units throngh this 
rclt.(,· (p~:1cc .:0111 rcll O:D: :1:1d e• o~' u!T cnl\111111 D~). Oí tho:::c Irmninin!!. 
e•<! ()¡[), h:F thc ln\'.C't ro~t. :l!Hl 11r IOllte :)O un1t~ tl,1o1:gh 0 1D 4 (pl:lce 
. ;o 111 et !1 01D, :111J ere-"' o:: ct•lumn D,) ~c,t, ''e oh.::rn e th:-~t thcre l'> 

:1 tH: Lct11ccn O:D~ :11Hl O,D: for tltc 11fth nllocation \re :lilJitr:nily 
choo~e C('ll O,DJ ::1:1J ~ltip JO unit~ (thr Il'lll:Iining cnp::1city of 0 4) through 
tlm routc (pbce lO in ce!! O.D: ::JIH.l ClO~s ofT IO\\ O,) Oi tl)o~~cm:un-

/ ·. ( 
~ . 

~ 
Dcslination 

On¡;m 

1 
Total 

D¡ D: D3 De Ds 

_l2:_ ~ _L:. .~ ~ O¡ @~ @~ ®~ ,55 25 
; . . 

~ ...... L!_ ...... ~ ...... l;_ ....... ~ ................... 6 

o! @~ @= 0 ,25 o . 
th 

L~ ...... l:_ ...... ~ ...... 0- ...... ~ ................... } 
OJ @; ;3Ó o 

st 

: 

~ ...... ~ ....... ~ ...... ~ ....... ~ ................... 5 

Oc @)¡ @j 0_~0 
th 

0 ~~ ~ ~ ft:6 . 
Total ,}6 o ~ o o 

o ¡5 
o 

8th 3d_ 7th 4th 2d 

ing, u.:ll 02D1 has the Jowr.:;t cost, anJ 1re route 25 units (the remain
in~ c::lp::Jcity oí 1011 0:) through cell 0 2DJ (place 25 in ccll 0 2D1 and cross 
ofT row 02). \\"e are 110\\" left with 25 units at 0 1, ll'hile D 1 and Da still 
n:quire 10 anJ 15 units, re5pectively. JJence, ,,.e Jonte 10 units through 
01D1 and 15 units tbrot:gh 01Da. ,\JJ the 1im requircmcnts have now 
been Eatió'ficd, and 11 e h3.\ e the initial as>-ignment in Table 10.5. Tht! 
dotted lincs cros-ing tlJe cost squn.res (c..,'s) have Leen numbered to bhow 
tite o1d~:r in \dJich~JifTcrcnt rows anJ colutnns werc crossed ofT asan aid 1 

to m~king thc iuiti~l a-::i;,;nrncnt by inc:;pection. 
It is to be ob'ln (U tbat th~ 'lUIJlber of occupieJ cells is 8 (that is, 
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1 

nz + n- 1), .:mJ tll\IS ''e lt:l\C a I•.J~ic fca~1hlr ~olution Thc tol:\1 cost 
of th1s :l"~ig11mcnt 1s ~;-Qj It ~hou!d be CCJ!IIJl:llcd '' ith !he tot:1] costs 
:ls~oci::Jtnl '' 1th thc miti:-~1 ~~)lutilnS ubtallwd by thr nortlJ,,c~t-corncr 
1ule ('3J,00.j) :liH~ ,.,)grl':; :-tpp:o\inution Incthod (:3Ga5} . 

Jt '' ¡JJ be JccnlkJ th:1t tlte :1pptoach of thc tJ:li15JlOr!::ltion mcfhod is 
ba~rJ 011 tll!cr ~tvp::-. (!) lll.lh1ng thl' initial :l~'iglllliCJlt in oJdcr to obtain 
a ba,ic fc:l5Jb!e ~olut 1011. (:.?) dcterminmg the opp01 tunity co~ts of the 
( n1pty crlls, anJ (:3) dc"Jgning a be t ter basic Ír::Jsiblc ~olut ion (proYidcd 
~tcp ~ mdicatrs th::Jt thr p1og1:1111 c:111 be imploHd) and 1cpeating :oteps 
:.! anJ 3 until :m opt ind Eolut ion h:~s bce11 obtaincJ. The applie::Jtion of 
thc first stcp h:1s 11011 bcc11 IllustJatcd in coJmc-ction 11it.h thc tr:-tn~portn.
tiun p1oblem of Table 10.2. ~c't ,,-e slJ:Jll ~how the applic::Jtion of steps 
2 :md 3 to complete our 1lln::-!1:1tion of the tJ:lnspolt::ltion mcthod. Thcre 
:-tiC, hO\reYci, t\\o mcthods of C::JI z¿ 1ng out ~tcps 2 :1nd 3. Onc is c::olled 
thc slcppingslonc mcthod, "hciC::J::, the othc1 is Jefelfcd to :-ts the modified
dnlnbulwn mcthod. \\"e shall fi,~t discu~:; the stepping.stone method. 

----r-::-:- ' J' . ' 
IO.i STEPPL\GSTO:\"E :\IJ:TIIOD FOR 
O B T A 1 N 1 J'oi G . \ i\ O P T D L\ L S O L U T 1 O N 

To illustrate thc ~trpping,tone method, \\C sh:-tll first sol\"C the \ery 
~imple tl:-tnspmtation p1oblem gi1·en in Tablc 10.7. Thc method will 
then be uscd in dcri,·ing thc optimum solut.ion to our problem of Table 
10.2. The pmpose oí soh ing the simple p10blem of Tablc 10.7 is to 

T.!blel0.7 

Dcstination Origin C:lp:Jcity 
Origm 

D¡ D2 per time pcriod 

L:_ L:_ 
01 1,000 

1.2.. ~ 
02 600 

Dcstination 

~ reqmrcmcnt 900 700 
pcr time pcriod 

()() 

! 
' l 
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;"~.n·1l:J: 11c thc rc:.1Jcr '' 1th thc tciminolo;;y anJ ratiOnalc of thc stcpping
~tl'l'C mcthod. 

r(liiüi\Íng thc llOrlh\\C~l-COfllCf ruJc, 1\C OU!:lÍn thc ÍnÍtinJ program 
In T:1~1lr JO S. Thc cnclcd !l\IIllbcrs '' 1thin thc boJy of thc m:üri.x rcfer 
to thc ~¡wc1Gc alloc:Jtion.;; of thc first p1ogr:1rn. This progi3m calls for 
-hipplll6 ~00 unit-, írom ol lo DI, lOO \11\l(S f¡om 01 ton~. 3nd GOO units 
from Oz to Dz Ob1 iou~ly, thi3 p1ogr::un s:Jti~fics:lll the rirn re(p\tn:ment~. 
:\otc furthcr th:.tt thc nul!lbcr of pccupicd cclls is 3, "hich is 1 Jéss than 

-Dcst1nation 
0:-igin Total 

Dt Dz 

[2 L:_ 
O¡ @) e® 1,000 

~ L:_ 
ol (@) 600 

To~ 900 700 

the :.:urn of the numbers of 10ws nnd columns. In other words, the 
numbcr of occupied cells in this program equals m + n - l. • Thus we 
ba ·,e a b35ic feasible solution. 

• .l.~" e ba\ e cstabli~hc'l prcYIOu~ly, only m + r - 1 cquat!OllS are nccdcd to state a 
t:ar.sportat10n problern. The prc;,ent problcm can be ~tatcd \dth the following 
equations: 

Zu + Z11 - 1,000 

z,. + Zu - 000 

Z11 + Z:t - !}()() 

:-.:11turally, lctting z 11 - O g1vcs a bolt,tion in "hirh z 11 - 900, zu - COO, and zu • 

o .Scc. 10.1 

Ddcrmiuing thc Opporlunit) Cosl of thc .Cmpl) Cdls 

Is the 3oove pro"r:lm :111 o¡Jtimal piOgiam'! To 3Il~\ler thi:> quc~tion, we o ~ 

must ::~pply stcp 2, th:lt i,;, detc1 mine thc oppo1 lunity CO-'ts of the cmpty 
cclls. Jn so f!lr :1.:; thc ti:ln~pOI t3tion moJel Íll\ oh-es dcci:,ion m:1king 

• • • .'•
1 rJ '1! (' 

unJer ceitamt\· 1\e h.now th:1t 311 opt1m:tl :.:olut10n must not mcur any 
po::iti\·e oppo;t;mity cost. Thus, to Jctc11nine 11 h~Útcr 31l)" po!3itive 
opportunity co:ot is a~::ociateJ '' ith a gi1 en p!Ogi3m, IYC nl\l~t tc::t the 
cmpty cclls (cclls rcprc~cnting Joules not \ISL'd in the gi1 en p1ogram) of 
thc tra11spottatiou matti.'.: for tite p1c~cnce or 3bsencc of opportunity 
cost. T.he a osen ce Q.Cpo:3iliY<~- opp01 tunity_costsjl!_.al/ __ c!_llpjy cclls will 
indicate th~J.t 3-;-;--~ptimal ~olution h:1.s bccn ootaincd. If, on ti~;;--ü-ü;er \..:. -J~------------------ -~- ...... -~-----·----~ .. -_;-_--.>._¡JI 

TuLle 10.9 

Take 1 unit out of 0 2Dl· -1 
Add 1 umt to 0 2D 1: +1 

Takc 1 umt out of 0 1D1: -1 
Add 1 umt to 0 1D2: + 1 

ú J '" ti /1 {.( 

o 

hand, enn a single empty ccll h3s n positive opportunity cost, thc given 
program is not the optunal ptogram and, J¡encc, should be reyised. 0 

Lct us e:-..amine our fir¡,t p1 ogram in vie_,~· _ of the aoo\ e di~cmsion., 
Since cell 0 2D 1 in this progrum is empty, \\e \\·ish to determine'' hether or 

;,,,,,~ot there is an oppo1 tunity cost a~~ociatcd \\ ith it. This is accomplished 
by shifting 1 unit of gouds to cell O~D 1 , making other shifts nccessary to 
¡,ati;,fy the rim rcquiremcnts, and then fi1\ding thc cost consequence of 
thc¡,c chauges. Let us shift 1 unit f10m cell 02D: to cdl O:D1 . ., This"· 
shift will ncccs~itate the chungcs noted in Tnble 10.9 in order to kcep the 
rim rcquiremcnts satisfied. Thcse chnnges are nssociatcd with the íol
lowing co~t conscquencc or cost chnnge: 

- 2 + 1 - 2 + 2 = - 1 do llar 

"lt \\tU Le rnallcJ tlwt tl1c tc,t fur optunality in thc simplcx ml'lhoJ \\O.S also be.sed 
un thc coJH'<'J.ll uf uppurtunity cost. •1 

í 
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1 
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Si11~e thr fhiftlllg of l unit to O:D 1 yiclds a nr¡;ati' e cost. chnn"'c it is 
oll\ :ut:-ly a Jc:'i1:1ble .._]¡ift. Tl1r f:¡ct th:Jt tl:e t::lll-fC"r of 1 uni; t~ crll 
n:~J 1rsultcJ 111 :1 nrt co~t <:J¡:¡ngc of -1 dolbr ÍIIUIC:J!c,:; tl::Jt the oppor
tunlty. cn-t o~ nul :ncluding ccll O:D 1 in thc fir;:,( p1ogram is +] dollar 
pcr •m1t of ::h1pmcnt. The cmpty crll O~D 1 nn1'-l, thcrcforc, be includrd 
1:1 a nr11 :111d impro\ rd program. 

{T¡~( 

- . 

Ib: ing Ji~co1·ereu that the opp01tunity cost of the cmpty cell 0 2D1 is 
posltl\ e," e mu::.t nc:\t obtain a new b:1sic fc:Jsiblc solution. This is done 

T:1hlc 10.10 

First progrom 
Ret"iscd program (with just 
1 umt slll(ted to O,D1) . 

D, D2 

E L:_ 
O¡ @D ~ 

L!._ l2. 
02 G) @) 

hy dcs_ign_ing a new improved program in '' hich ccll 0 2D1 is includcd in 
1 h~ ~h1pplllg strategy. Lct us make the impro\'ement by shifting just 1 
umt from ccll 02D2 to cell 02D1- The re\'bcd program is gi\·eu in Table 
10.10 .. Tl:c !ol1ift of 1 unit from cell O~D2 to cell 0 2D 1 mcans that we are 
k_ft '' Jth ,j~g 1mit::. ~n ccll 02D:. Tbi::. change, it ::.lwuld be notcd, has uot 
\ wl:-..tcd tlw capac1ty comtlaiub o{ eitl•cr row 1 or 1ow 2. But what 
about thc n:quircmcnt constraints of colurnns 1 and 2? With the above 
change, we now have 1 unit in 0 2D 1, ~00 units in 0 1D 1 .)!)!) units in 
O~D2, r..nd 100 units in 01D:. In other "ords, column 1 'has !)01 units 
(onc Tl1úre unit than the rcquircment of column 1) and column 2 has 
W? U!1its _(onc le~~ unit tJ.:m the JcrluirqiJf'IJt of c~lumn 2). Clcarly, 
tl11S loltllatJon can be H'l!lc<.lied hy :,)¡ifting 1 llllit from ccll 0 1D1 to cell 

e~ 
Scc. 10.7 Thc Tran::-portation Qcl 181 

0 1D:, a chn uge "hich 11 ill ~imult ancou:'-1)' ~n t i::-fy t he row :1 nd column 
1 cqui1 cnH:nts. 

Thc re\ i::-P~! prog1.1111, 11 ith 1 unit. !ol1iftrd to ccll O:D1, is ~ho11 n in 
Tablc 10.10. Thc chan;,;c in thc ¡JiogJnm cfTedcd by the introJuction of 
1 uuit to ccll O:D 1, as \1 c c~tabli~hcd carli('r, 1 ct!uccs the tot:JI ~hipping 
cost by SI. In so far as 11 e gain thi-, ad1 ant:1gc c:1ch time a unit is 
::-hiftcd to ccll O:~D¡, \\C 11111::-L sl11ft to ccll O:D 1 a~ many unit~ os po~sible. 
.\s thc clo:,cd loop (plus :111u !l)inus sign::. conncctrd by 3110\\S) of Table 
JO 10 sho\\'s, 11·e c:umot ;:,hift more than GOO units to 0)) 1, for tl1e alloca.
tion of moJe than GOO units to ccll O:~D 1 \\Ou!u certain.ly ,·iobte the 
capacity const: aint of row 0 2• 

TnLlc lO.ll 
-

D¡ Dl Total 

~ 12. 
O¡ ~ ~ 1,000 

L.:_ ~ 
O¿ @) 600 

Total 900 íOO · 

Our srcond program (a better ba:::ic fensiblc solution), the rcsult of the 
aboye discussion, appcars in Table 10.11. Is this thc optimal allocation? 
TI1c answer to this que::.tion can be obtaincd by testing the opport unity 
cost of cell O:D 2, "hich is nO\\' thc only cmpty cell. The answcr is in the 
affirmative, since the oppo1 tunity cost of cell 0 2D2 is not posith·e. This 
can be \'erified by ~hifti>ng 1 unit to cell O:D 2 and noting that thc nct cost 
conscquence of ~uch n ~hiit is + l dollar ( +2 - 2 + 2 - 1). The oppor
tunity co!>t, being thc ncgati1·c of the corresponding nct cost change, is 
thcrcfore ncgativc. IIcncc, thc a~signmcut of Tablc 10.11 givcs an 
optimn.l solution \\ ith a tot:.~l !'hipping co~t of ~2,600. No othl'l' program 
for tl1is problem e:.~ u rc:,ult in a lo" cr total ::.ldpping cost. 

Let us Jccapilulatc L1icfly thc mcthod of att':ick 'rollo\\cd in soh·ing 
this ti an::;poilat ion p10Llcm. Fir,:;t, ''e de~igncd a ba::.ic f cosible sol u-

,. ,. 
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t:on by follo\\ ing thc north" cst-corncr rule for m:1king an initial 
S.o-i;nmcnt. • 

~ccond, ll:l\ ing obt:JÍ!'CU a bJ.~ic fl':1~iblc solution, "e procccdcd to 
Jc-tn:~:inc thc oppo!lunity co~t of tl1e cmpty ccll in ordcr to dctciminc 
11hcthcr thr fi¡st plogTam 11:1s :1n optim:1l progulln. Thc mcthod 
c:•iplo) cJ to ddr1minc tl1c oppo1 tunity co~t of thc rmpty ccll con~isted 
in ( 1) dr:J\1 1ng a clo-rd loop 11 hic:J~ .. P:-~~ccd through thc cmpty-pl and 
t lH- ::>.dj:J.ccJJt occupicd crlb "ith p1 opcr plus .1ncl m inus signs at the 
COillC'l so[ thc loop, t (:?) ~hift ing 1 unit of goods to thc cmpty crll (accom
pli~hcd by thc addition of 1 unit to all tho~c cclls in \\hich fcll a plus sigo 
of thc clo~cd loop .1nd by thc subt1:1ction of 1 unit f10m all cclls in which 
fcll a minus EÍgn), (3) dctcllnining tl1c net cost change a~sociated \\ ith 
~hifting 1 unit to tl1c cmpty ccll, and (--1) tahing the ncgatiYe of the net 
cost changc in (3) to .Gnd the oppo1 tunity cost of the cmpty cell. In the 
simple tr:1mpolfation p1oblcm of Tnblc 10.7, \\e h:~d to find the oppor
tunity cost of only onc empty ccll. In a p10blcm of brger climensions, 
the opportunity costs of ::.11 the cmpty cclls mu~t be determined by this 
procedure. Thc point to cmphasizc he re is that a scp.:11 ate closed loop 
mmt be cst:1blbhed fo1 e1 c1y cmpty cell (in the steppin¡;stone method) 
beforc thc oppo1 t_unity cosb of the Pmpty cclls can be determincd. 

1l1ird, nftcr :J.ó'CCJ tai11ing that the opportunity cost of the empty cell 
"as po~itivc, ''e chan;;cd the iuitial prog1 am by filling the empty cell 

• In most C:Jses, thc miti~l =~~J¡;nmcnt mac!c by follon ing the nortLwc~t-corner rule 
n·¡Jl be such that the nun:bcr of ocrllp!cd or flllcd cells equals m+ n- 1, '1\bere 
mis !be numb<'r of ro\\ S and n is thc numbcr of columns. Wbcn this happcns, we 
ha\ e a basic fcasible solutJOD If thc number of occup1ed cells in thc initiul ll~signment 
i.s lcss thau m + n - 1, t},c prohlem i.s saJd to be Jegcncrate at the very beginning. 
Tlus l) pe of rlc¡;c'lfr~Q, ::..s \\ cll as thc dcgcncracy ocl\lrring Junng tl1c solution 
~t.·¡;c:', can ca~ily be rc~oh cd by judieious plucemcnt of n ~mall numLcr cpóilon in the 
empty ccll(s). Thc cp<llon is to be placcd in that cell(s) \lhich 11ill hclp complete 
the tbficrcnt loop~ for nU tl,e cmpty cells. An ¡Jlu~trative ex:1mple is given in a later 
H'l tion (see Section 10 13). 
t \\l,iJe tracing this closcd loop, one shouiJ btart ,-..th thc crnpty ccll bcing evaluated 
and dra'l\ an arro1·. from that cmpty ccll toan occupiccl rcllm the sume ro11 or column. 
Titen, a plus ~1gn is placcd m the crnpty ccll, nncl a ncgativc ~i~n in thc orcupicd cell 
to '' h1ch the arro11 "n~ dra11 n. Xcxt, onc 111o\ <·~ honzontally or vcrtic¡¡Jiy (never 
dJAgon:.IIy) to nnothcr OClUplld ccll, nnd eo on, untd one is bnck to thc original empty 
cell. At each turn of the loop, plus and mmus bignh are p!aced nltcrnately. Furtber, 
t}¡erc ~~ thc irnpurtant rutrlltion that therc nrc rJartly one ¡¡o~•tiz·c tcnninnl and exactl¡¡ 
une rv¡¡alne terminal m ar•y row or column throu~h "llll'h thc loop hnppens to pass. 
ObvJOuEI), tl1is re~triltitrl.l i~ imposcd to cnhurc t!.at thc nm rcquircment 111ll not be 
VJO]atrJ 11hcn thc u¡,j¡~ ltr<: ~luftcd (to obtuin n lll'\1' )JT<>¡;rnm) along thiM do~cd loop. 
:-.1cc!,nn!call) 1 tbib Wtplic~ tlt:.t clurwg thc trnung or tlll' e lo-ce! lotrp rigiJt-nugle turns 
n.u:t be rn11de onl¡¡ ht tl1c octupied cclls. The 8lnrting poiut of a closrd loop ia 
idc nt.Cicd Ly the ~ymLol O in this hook. 

d 
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Scc. 10.7 

(O"D 1) as m u eh a;:. po~><iblc in \ icw of the 1 im rcr¡uircmcnts. 0 The 
rcYi~ion of thc gi1cn ¡JJogrJm 1\::lS guidcd !Jy the plus and minus :::igns of 
the clo:::cd loop. Thc "llJ:!llc,.t of tltP nuJnlJels in thc cclls in'' hich minus 
~igns 0f thc clo•cd loop .tppca¡cJ (L;Oo) g:n L' thc totalnumbcr of units to 
be shiftcd to thc cmpty cPll. The ~l1ifting \\:1!:- :~ccompli~JJcd by adding 
this numbcr (GOO) to :11! tlJe cclb con!:lining the plus signs of the loop 
:~nd subt1acting it f¡om :1ll thc cclb cOJJ1:1iJling thc minus si.;ns of the 
loop. Thcse rh.:1ngc'>- g:n e us ou1 nc11 b:~~ic Íl'.:lsiblc solution. 
-finally, 11e tcstctl thc cmpty ccll (O~Dz) of the sccond plog':1lll and 
found that its opportunity ro~t \\:lS not positi\"e. \re thcrcfOic came 
to the conclusion that an optim:1l solution to our problem h:~d bcen 
obta.incd. , 

The proccdure dcó'cribcd .:1bo\ e fmms t.he core of the stcppingstone 
mcthod. .\lthough the tran~po1 t.:ltion p1 oblcm tlwt we ~olYcd wa.s 
represcntcd by only :1. 2 X 2 mati ix (Table 10.7), the stcppingstone 
method may be :1pplird to any 111 X 11 matrix. 

Suppose th:~t our initi:1l a~si;;nment in a 4 X 5 (4 rm1 s and 5 columns) 
tmnsport:1tiou p1oblcm zcsults in S cccupicd cclls and 12 cmpty cells. 
In order to test the optnnality of this p10gJUm and, thcn, to reYi~e it, we 
must calculate the oppoJtUJI!ty cost of cach of thc 12 empty cclk If we 
disconr that the initi.:1l plO!,;l:lm can be improYcd, 11e JeYise the p10gram 
by including that cmpty cell 11·hose opportunity cost is highc:::L Xote 
that, regardlcss of the number of cmpty cells h:n·ing positi\ e opportunity 
costs, only one ccll nt a time is included in thc new program. 

\V e shall now apply the steppingstone mcthod to the problem of 
Table 10.2. 

Stcp 1 Ohtain an Initial llasic Fc.tsihlc Solution 

An initial ba~ic fcasiblc so]ution for a ginn tJ an:::pm t.:1tion problrm may 
he obtaincd hy following the Jlort.h\\ cst-comrr nlle, by the .:1pplication 
of Vogcl's app1 oximation me! hod, or simply by inspcction. lt will be 
recalled that for thc tJan~poztation problcm of Table 10.2 \\C obtained 
thrce di!Terrnt u.:1sic fca.~iblc ~olutions, giYcll in Tablcs 10.3, 10.5, and 
10.6. Of thcse, Jet us takc the basic fcasiblc solution of Table 10.6 
(initial assignmcnt by impcction) as the :,t:11 ting poiut for obtaining the 

• Thc fact thRt thc opportunity 'o~t of 1'\ en n SJn~le rl'll is po~itive inJicatcs that an 
optimum t-olution ha~ not l><•t•n obtaiu,·cl an,J th:1t thc ¡;h en progrnm mu~t be revised 
to ohtain a bettt·r h ~>ir fc·:~-ihlc ~olution. Xorm:1IIy. ti1C impron•d program ,dU 
inrluclc tlllll t'llljlt~ ,c·ll \\ ho-•• opportullll) co~t i~ hJ¡.:hl'>t. ~JJH'C in thio problr!ll \\11 

l111d onJy Olll' <'lli)JI) rl'fl O,D,, tlil' 1111\ JITOgrJm iurludtd tb'\l Ct"l!. 
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T"hÍr 10.1:! rir•t rro¡;rum 

Deslination 
Ori¡;m 

1 
D¡ n. D, D~ 

.l2:. .~ ,L.:_ J~-0: _@) . ~- '@· ®-
';_ ·\-

' ~ '~ -~--J~ ~ 
02 - @)1_ -® "· 

_L:_ [E_ ,G_ L2. 
03 @) 

1 

~ ·~ :_~ ~ 
o. @).._ ..... --- --

-
Total 40 20 50 30 

------

optimum EOlution by the steppingstone method. 
are reproduced in Table 10.12. 

Check on Step 1 -

Clwp. JO 

Total 
D~ 

.L:. 
"':"T 55 

f7(-
l!_ ~ 

45 

l2_ 
30 

l.~ 
@ 50 

40 

-

The data of Table 10.6 
' 

Since the numbcr of occupied cells in tl..is program cquals m + n - 1, 
that is, 4 + 5 -. 1 = 8, this is indecd a basic fcasiblc solution. 

Step 2 Determine thc Opportunity 'Cost<; of the Empty Cells 

We repcat: in the stcppingstonc ·method a separate closcd loop with 
propcr plus and minus sig•1s must be comp]eted for cach of the empty cells 
l)(forc t},e re~pccth·c opportuuity costs can be calculatcd. * Since our 
fir.st program has a total of 12 empty cells, 12 difTerent closcd loops must 
be drawn. The opp01 tuuity cost as.sociated with ·ea eh émpty cell is 
calcubtcd in Tablc 10.13. An cxaminatiÓn of thcsc opportunity costs 

: 1 1 • - .- . ~ • ' 

• TIH! rcader ~hould firmly grnsp both thc lugic anu tiiC tccllllir¡uc utilizcd ia drawing 
tllUC rlo>cd loop~. :1\utc thf' dJITcrcmc L-:-t\HCn thc do~c,) loop for cc!Í o;DJ aod 
tJ, .. t for O,DJ. 
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~h'~'·" th:lt ccll O:D 1 i:: tltc only cell "ith 3 po5iliH· orpor!unity co~t. 
J:c:c·r, cell O:D 1 lll\l't hr incluckd in our nc\t progr3m. 

.\ commcnt .>l•,•ut tl1c op¡wJt unily co-t of 1crn (for cmpty ce JI 0 1D:) 
;" i:1 orcrr .\ll nppO!ll!llll)' co~t of 7C'f0 :l~~ori:llcd "ith 3 p:-~rticubr 
.. 1 .- p t y r {' 11 a t :lll.' ~ t · 1 ~e o f t he p 1 o b 1 r 111 , o 1 u t ion i 11 di e :1 tes t h :1. t if t h i s ce JI i s 

J
- _ i··ciudrd in tl¡c Ih'\l prog¡ ::llll tlte tot::ll cost of the nc\1 program \dll h<' 

¡},e 5:1J1Je :1s th:-ll d the ctment progr:1m. Thus ''e l~t "Ind{r'l',:->mt" in 
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t! e ·'.\ct10n" column of T:1ble 10.13. 1' ( 

JJ:n ing ::Jóce:-t:-tinccl th:1t a gi' en prclg~~'li~~~~~!~~_:_'1n_opJ!m:J.l p1~gr_0_~(oQne 
o?'n-;o;=-e <'J"p:~~~n~J2;, e~p_ó_~{i~·c oppoit.unlty .co-n "e next revise the 

T:>Lle 10.14 

Rct iscd program 
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giYcn program to obtain a ncw b3sic feasible solution. The revised 
program must i:Jclude that cmpty cell of the cu1 rcnt program whose 
opportunity co': i~ highcst. Xo choice is ncccssary hcrc, sincc ccll O:Dt 
is th~ ordy cm¡>:,:; ccll hanng a positi\'C opportunity cost. 

The rt\ i>ion 0: thc first program is guidcd by the closed loop oí the 
cmpty ccll to l ... · includcd (in this ca'3e cell O:D1) and is as !::hown in 
TaLle JO J4 S. !:ce JO Í!:> tl1c smallcst numbcr in a negat!Ye cell in the 
c]o,cd loop, it i5 :J.dued to thc c~ll~ co-;t~ining plus ¡,Ígns ;-;;~f subtracted 
from tl1e cclls cc::taining minus bÍgn.s. 

11JC ncx t e;.:; o: :on i<>: Doc<; our re\'Í~Pd program reprcsent an optimal 
EOlu tion? To :. ::o .u:r t hi<; qucstion, we ha \'C to rcpc:at ~lcp 2, as discu~scd 

! 
1 

1 
1 

l 
' 
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p 1 c,·iou~ly. Should/tl1c rr,;:ult of ~trp ~ inclirafc a nonoptimal ~olution, 
11c' ''ould rcpc:lt ~tcp 3, ll::lllll'ly, ol1l:lin ::111ofher b::1~ic fr:-t~iblc ~olution. 
In oJhcr \\O!ds. ::¡ftcr thc Í!tÍli.ll b:l-ic fe:l~Jhlr -olution !J::¡s Leen oot.1incd, 
thP optim:1l soh!tion is Ul'I ÍH·d by the Icpc:.~tcd application of :::kp5 2 ~nd 
:;. Dctcrmin::1tion of thc oppo1 tunity co:ot::: uf ::di thc c1npty cclls of thc 
rc\Ísed piOgi:\111 (Tablc JO.Jl) \\Í!l IC:\l':ll th:-tt nn optim::1l solution kl.S 
nJclccci bccn clc1 i\·ccl. The 1 c:1Jcr is cncouJ ::1gcd to \ c1 ify this by the 
.tpplication o.f stcp :2 to TaLle 10.14. 

10.8 .'.IODIFICD-DISTRIBUTION :\IETIIOD FOR 
DEHIYING A:\' OPTDL\L SOLUTIOl\' (.'.IODI) 

Thc ma;n difTcrcncc bc~,,-ecn thc stcpping:o-tone nlC'thod and thc modificd
Ji"tiilmtion mcthod (..\IODI) for ~oiYing tJanspOibtion p10blems con-' 
ccn1s thc :-t.agc. of thc problem solution at which thc closcd loop(s) is 
cl1:1\\·n. In thc stcpping~tonc mcthod, thc clo:::cclloops foral! thc en1pty 
ccJJs :l!C cJ¡ U\\ n IJcjorc thcir lC:"prcfÍ\'C 0pp01 tunity costs C:lll be c·aJcuJatt:·d. 
The cn1pty cell to be Íllcluclcd in the next program is then identificJ ~ s 
that h:l.\ ing !he highcsl oppo1 tunity co-:;t Tn other words, th_e pr_occr~··.-e, 
f or cakuh t ing _thc_oppor tuaity co::.ts oLthe cmpty _cclls is dcpeudent ' n 
{f{c~t-! ;c:i~1g_of_ thc closcd loops.-.. 

·r;.; th~ modificd-distiibution mcthod, howc\ cr, thc opportuuity costs <JÍ 

· all thc cmpty ce lis a1 e calculatcd and the highest opportunity cost is 
iJcntificd befo re any el o sed loop is drawn. As a matter of fact, J...n__t he 
modificd-distribution mcthod "e nc.~d_dra\\·_only_one closcd Ioop_ajleJ:., the 
high~st-~pp~;.t-~~~it):-~ost--~·¿1-l~as -becn ide~tjf:.c~ .... Thus, the proccdure 
for-~~~~bti~g-tll-~ -Ópport~7'r~it,y costsof<thc ~mpty cells in .r.IODI is 
indcpcndcnt of the tracing of thc loops. 

Wc shall illustratc the mechanics and mtionale of the modificd-dis
t 1 ibution mcthod by soh ing thc simple transpor tation problem of Table 
J0.7 the data of which are rcproduccd in Table 10.15. The initial ' . . 
as~ignmcnt made by following thc northwcst-corner rule is gl\·en m 
Table 10.16. 

Dctcrmining thc Opporlunily Cosls of lhc Empty Cells 
1 .( ~ 

V' J 1 : '( • ~ ~ ....... 

IIa.ving solvcd this problcm by thc ~tcpping,tonc mcthod, \\C are a'l\'are 
of thc f:lct that the tram.fer of 1 uuit to ccll O:D1 (a closcd loop for the 
rmpty ccli \\a<; c~tabli:o-hcd in Tnblc 10.9 befare this tran:>fcr \\'US made) 
rc-,ults in a 11ct co,t cli:lllge of -1 Jollar. This, of COlllt-C, mr:J.ns that the 
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.' 1 

opporfunity cost of no! including ccll O:D 1 in the úrst program is +I 
dnlbr prr unit of goocls. .\nothcr mcthod of rea·~

1

l;i1Íg 'the snme con
rlusion is Yia thc dctrrmination of \\hat maybe callcd t.1le i111plicd cost of 
:111 c111pty cl'll Thc implicd CO!,t of an rn1pty ccll sets an uppcr limit (in 
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vicw of tLe existing program •) bcyqnd which thc inclusion of this cell in 
a m:w program is not an advantagcous proposition. Lct us cxplain in 
conncction with our transportation problem. 

1 

• n,c irnplicd c_oEl ora givcn cmpty ccll can <.hnr.gc frum onc pro¡;rnrn to nnotber, 
•onrc tloc Írropli<'ri cro~t Í~ ¡nJ11 :olÍ\ e of [Jo<) rr/n(Ír'c :HJvnnln¡;r nr OÍt-nrJvnnfAge .of not 
11_•in¡; a ¡;ivco <'<'11 in n Jo3rlirular prugram. , ·• · 

Üc. 10.8 

In this case, ccll O:D1 is thc only cmpty crll. Ouc \\3)' to find its 
Ílllplicd cost is b~- ciJa\\ ing a rlo~<'d loop :1nd dctcrmining thc net co::t 
t ou::-cqucncc of :-::hifting 1 unit of good:, into O:D 1• I¡;JJOI ing, · ior tbe 
time hcing, thc actuar ~hipping co:-t p<'r 11nit Yia routc' O:D 1, \re ms.y 
( alculntc thc nct co;.t com:ct¡ucnéc of i'hift ing '1 unit of good•i into O~D; as 

, \\"h::tte\·cr thc actu.:ll shipping cost pcr unit da -ccll o~·D;, it is .obyious 
t!J:lt thc above shift is dcsirable only if thc nct cost change (O:D¡ - 2) · 
i~ n<'gath•e. It \\ ill be n<'gati,·c ,so long as thc actual cost of O:D1 is lcss 
than 2. The calcubtcd upper limit for thc actual cost of ccll 0 2D1 (in 
the e:\Ísting program), beyond ,~·hich the inclusion of"this cell is notan· 
adYantagcous proposition, is thcrcfore 2. In othcr words, if the actual 
shipping cost via' ccll O':Dl is great'cr !h::tn ')2 pcr unit, thc shift is not 
Jcsirable.- On the othcr hand, ii the aet~wl shipping cost is lc~s than· $2 
pcr unit, thc shift is dcsirable. nnd cell OzD 1 should be inclt;dcd in tbe 
ncxt program. 

Thc implieq cost of thc cmpty cell 0 2Dl thcrcfore is S2 per unit. 
Al so, as we noted earlier, the ncgath·e qf thc nct cóst charge involn d 

in shifting 1 unit of goods to an empty' cell gives the opportí.mity cost 
assocbted with the empty ce!!. For cell 0:/)1, ' 

Opportunity cost = - (net cost change) = - (0 2D 1 - 2) = 2 - 0 2D 1 

whcre OzD 1 is the actual cost of shipme~t pcr unit vía ccll ·03D 1• But, 
as we have just calculatcd, the implicd cost of not using cell 0 2D 1 is S2 
pcr unit. Hence, 

Opportunity cost = implied cost -:- actual cost 

Substituting the actual shipping cost Yh cell 0 2D 1 (SI) and the cnlculated 
implied cost of ccll O:D1 in thc abovc cxprcssion·, \\·e find tJJat thc 'oppor
tunity cost (of ccll OzD,) is ~ -1 = + 1 dollar. This is thc samc ya}ue of 
opportunity cost (for ccll O:D 1) that wc found carlicr, by a dircct obsen·á-' 
tion of thc nct cost conscqlt"cncc nssoci::ttcd \\ ith' shifting 1 unit oC goods 
into cell 02D1. This cquivalcncc holds.for a;1y cmpty ccll, and we state 
ngaif~' thc general :cJationship: 

Opportunity cost = implied cost :_ a·ctual cost 
- - { 1 ~ r d , J 1 ·/ ,lf 1' { / ; '~ ·' , -

Although we lw-vc 'now l;Ucccedct! ir1-dctcpnining, tlJC. opportuuity cost 
of nn cn1pty ccll by dcvcloping ihc conccpt of implicd co::.t~ it )¡:Ís been 
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¡w,-1hlc to do ~o o:-~ly by fir<t d1 ~''' ing :1 doocd loop. Thc ncxt logica1 
q llt'> t 10 n 1:> C::n '"e ~orn eh 011 clct e r mi nc t he i m plicd co~t of a n cmpty ce U 
"r:~JOut frct c!I:.1'. i11S thc c]o,cd loop" Should \\C find this to be pos~iblc, 
''e 11 oulcl est::JJ,kh thc Ill31ll fr:J.n~c\1 ork for thc ~IODI mcthod, for thcn 
11c cotilcl <ulJtro.ct thc :1ctu:1l co-t of thc cmpty ccll from it5 c:J.lcubted 
rmplrrcl co~t o.nd tlllls determine rts opportunity cost '' ithout first dra11 ing 
tl1c clo<rclloop. 0 (T"?-

- ' ' 1 
In this :1nd thc following p:1r:1graphs wc :-:hall de\ elop 3 mcthod for 

c~clcrmining tl1c irnplicd costs of cmpty cclls without dr:J.\1 ing thcir 
rcspcctiH loops Lct us 1cfcr back to the initial basic fcasible solution 
of Ta bl e 10.1 G. In th is pr ogr :J. m 11 e h:J.'I'e thrcc occupird crlls. In Iinear
progr:nmning tcrms, this mr:J.ns th3t thrce (x 11 , xu, xd of the four 
1 ::;raLles :~re b:-~,is ":m.1Llcs. 1t '' ill be rcc:J.Jlcd from the simplex method 
th:>.t the opportunity co:ot (rcprcsentcd by the numbcrs in the net-cvalua
tron ro\\) of any ":Hi:J.blc comprising thc basis is zero. Simi!:J.rly, it can 
b0 Eh o" n rn thc ca~e of thc tr ansportation problcm that the opportunity 
co::t of r:~ch of thc occupicd cclls (cells containing the basis \'::triablcs) is 
:.ero In ot hcr 11 or ds, rf thc b:J.:ois 1 ar iablcs are not going to be changed, 
t hcn t he hypotl 1<:1 ical int r od uct ion nnd remo1 al of 1 unit in a ny occupied 
cell 11 ill not r c;oult in 3 ny net cost change. X O\\, if 1re :1ssign a complete 
"ct of ro11 numbrrs (to he pbced at the e·dreme right-hand sidc of thc 
tab!e containrng a ginn progr:1m) anda complete sct of column numbcrs 
(to be placed at the bottom of the table) in such a\\ ay that the shipping 
co~t per unit of cach of the occu:t-·icd cclls cquals the sum of its row and 
column number::, 11 e ~h3ll satisfy tl:c condition that thc opportunity cost 
of en eh occupicd ce U be zero. t Furthcr, since the sum of the row and 
column numbcrs of any occupied ccll equals the cost of that ccll (a basis 
":ni:::.ble), tl1e sum of thc row and co1umn numbers corresponding to ench 
crnpty cell (nonbasis routes) gi1 es the implied cost of that empty cell. 

• .\s thc rc:1dcr "¡Jl rccRll, rt is this fcature tLat di~twgui~hcs the ~IODI mcthotl !roro 
thc stcpping>tone method. 
t TI,c trar,>porb(IOD prob!tm, if fcd Ínto the firbt bÍlllpl!'X tabJ<>nu, consists of co}uroo 
Hctoro rcprc.-,crJ(Jng otruLtur:d nnd c.thcr \DTJablcs (>ce F1gurc 10.1) In cach column 
\ !C!or npre~crJtlfl¡; a ~tructural \'3TJ:tblc, t110 of !he cntrics are 1, and the rrst are O. 
Jt Js thi'i EptcJal propcrt:- of thc tran,port3!10D problcm \\hJch maJ..cs it quite casy to 
find a IJCI'. b¡,~¡s b,: thc :\!O !JI mcthou Thc :-.rODI mcthod gUJdcs us toa new basis 
aftcr &JI the C'mpty ccll~ of thc trar,~portatwn matru: Lave beco "c\aluatcd" sirnul· 
tancomly. A sct of row numbcrs u, anda bCt of column numbcrs V¡ll.Te chobCD llO 

th:.t thc oppür!IInll) <o't of rarh cdl ¡, gn•cn by u,+ v, -e,,. \1here c., is thc actual 
• 1,¡p;''"g toct pcr ur'lt of tLe <.cll f<>illllg rn rth ro\\' nn<l ;th colurnn. Thu&, 1ju•e choou 
u, anrl t' 1 tucl, tJ,ot foral/ [/,e ,,ccup1cJ ce/!~ (/JOS!& rordcs) e,, - u, + 1' 1 , tN sa/rsfv the 

rr•¡1nrunrn/ O.at O.c "PV'rlun•ly r<rl uf ra,h r,ccup¡cd ccll" :ero For thc cmply celia 
(fioli}J!l"l" ro(Jtr~). rJr.fKlrt11nltV f-r,~f •e "''-"" ~.v ., ~ .,, - ,., 

lo o 
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Thc implird co~t of any empty crll, thrreforc, is giyen by 

Irnplied cost = row numLer + column number = u,+ P1 

Tllll~, by thc 3-~ignr,Jcnt of 1011 :J.nJ column numbers, 11e c:ln c::llcub:C 
thc implied co~t of ea eh empty ll'll \1 itl1olrt dr ~'' ing a clo~rd loop. \\e 
rnu-t 11011 t::l~kle the pr ohlcrn of :r;:-i~ning the:::c ro11 :111d coltilllll numbcrs. 

For cach occupicd ccll, 11 e h:n e !o choo,::e u, (1011' lllllllber) and vJ 

(column number) such th:J.t e,, (thc :rctu:-~1 ~hipping co~t r.cr unit in ~he 
occupird ccll) ec¡uals the ~um of ll, :1nd 1'1. For !.he occup1ed ccll falllng 
in row 1 :1nd column 1, for e\:1!llple, v 1 and v1 nrc cho~cn such that 
c

11 
= 111 + t· 1• Simibrly, for cell 0 1D: 11 e mu~t cho~e ll¡ and t': such tJ:at¡ 

c
1

: = u 1 + t'!· This pr oce~;: mu::t be carried out for all the occup~ed 
cclls But it should Le rc:1lized th:lt :1llhough a Lasic fc:1siblc solutron 
for a tr:m~portation pJOblcm comi.sts of 171 + n - 1 \'31 i:1blcs (in othcr 
11 ords there are m + n - 1 occupied cells), 11 e must nssign m + n Y::thres 
to ob(ain a complete set of ro11 :111d column numbcrs. Hence, to dct:·r
mine all the ro11 and colurun numbcrs, one arbit1ary number, sen J:->g 

as eithcr a ro\\' or n colur1m numbcr, must be chosen. Once one . ".v 
numLer or column numbC'I' h:J.s becn chosen arbitrarily, the rc::-t of the r.~ ,,
and column numbcrs can be dctermined by the rclatiomhip e,, = u, + ~·:· 
This relationslrip, as st3tcd rarlicr, must hold for nll thc occupicd Ct 11~. 
In so far as any arbitral)" numbcr can be chosen to rcprescnt onc of the~ 
n.'s or v,'s, we shall follo\r thc p1actice of making u¡ tnke thc \'alue zcro. 
This completes thc dcscript ion of the procedure for dctcr mining the _row 
and column numbcrs. The actual numbcrs for our e.\ample are g1vcn 
in Tablc 10.17. If 11 e :1rbit r arily eh o ose a \'::tlue of zero for 111, our next 
c¡uestiou is. \Yhat yaJue must be gi,·en to V¡ so that c11 = U¡ + Vt or 
2 = O + v1? Obl'iously, t• 1 must take a ya]ue of 2. l\c\t, we ask: 
What \'alue must be gi1·en to r: so that c12 = U¡ + v: or 2 = O+ v2? 

The ya]ue of v: mu;:;t be 2. .-\g::tin, 11 lwt \'alue must be gh en to U2 SO 

that Cz: = U:+ V: OT 2 = 11: + 2? Ü,~\'!?~~s)y, ~2 = 0. il~ first assign
ing an arbitrary \'aluc to 11 1 and then posing a senes of questrons, we have 
deter mincd al! the rO\\ and column numbera. 

Let us now calcula te the oppor Lunity cost for the empty cell O:D,. 
Thc opportunity cost of an cmpty cell, as stated earlier, is gh·en by 
implied cost - actual cost, tJ¡at is, by (u,+ v1) - C,r For ccll O:Dt. 
thcrcfore the opportunity cost is u: + V¡ - cu = O + 2 - 1 = +1 
dollar. Thc ans11er, of coursc, is tire samc :1s that obtainrd by the lon.g 
rndhod. In so far as the opportunity co!:>t of the cmpty ccll _O:D, lS 

pn~iti,·c, tl¡j, is not :111 optimurn prog.a,;; anJ hrncc mu~t he ~~:~S<'d. 
"· r~ _ ~ --·: ~ ''·~ .,l.,,,; ""'···rr,....., lrot .,c. ~"•nnwrizc thc role of the 
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ro11 and colt·,,,¡¡ numbcrs. Tu -.o f:u a.,. thc r011 and column numbers are 
a"i;;I'Cd 1'1 ~dch a lll::illncr th:1t !he aclual co-,t of C\ rry occupicd crll 
cq,;J!~ ¡1,c ~t:m of its J0\1 ancl co1umn numhcr~. thc ~tllll of t;," rc-.IY sn.j 
udt 1 JL!l nu;,;hcrs of e:1ch e111pty cl'll g;, es tLc ÍI11plicJ co~t of !h:ü cmpty 

r.,I.!r 10.17 

On¡;m 

o, 

0: 

Column number 

T3l>lc 10.18 

u,+ r, > 

u,+~. 

u,+ r¡ < 

Dfol•-;3lion 
Row nurnber 

D, D2 

L:_ ~ 
~ c:&D o 

2 

e,, 

e,, 

e,¡ 

~ L:. 
QQD o 

2 

Action 

A Ldler pro¡;ra111 can Le Jc;,¡g¡,cJ Ly ·•,duding th1s ccll 

m t!Jc solution 
JnJdTercnt; howc\·cr, an altcrn:.~li\ e progr:Pn \1·itb the 

samc tu tal co~l and !ndu<ling th1s ccll can Le d0'igned 
Do not wcludc th!b u·ll in thc program 

ccll (unuscd route). If the implied cost of the empty cell ÍB lcss than its 
actual cost, tbis route should be lcft out of our shipping progrn.m. lf, 
on thc othcr hand, lhe implicd co:,t (u, + v¡) oí an cmpty cell is more 
than its actual cost (e,,), then lhis route '' ould Le a candiclute íor inclusion 
in our next prngr::un. In ~urmnary, to evaluate and irnpro1 e a gi,·cn 
progr~iln in, .. hH.:h thc ohjccti\ e is lo uu'lllwize a gi\ <'JI fuiiLiion, ihc rules 
¡;1vcn m T.il,]< 10 18 upj¡Jy.·' For a llaii,..J!OJl:üiuu ¡.nolJlel!l m 11 l.irl1 thc 

n.J0.8 

ubjecli,·c is lo 111aximi:c :1 gin:n Íti:Jdion, tlJc .;;i_;ns of thc incqu:J.litics 
¡;iH·n in thc tahle mud be IC\cr.-ed to e~t.¡lJ]¡.-lJ the guidcl1ocs for :~ction. 

Ld 11s !101'. rc·t Ulll t o our prob!C'm. 

TJ,e Ja~t strp in thr ?IIODI mcthod is C\:1ctly the f':lmr :J.~ thc corrc,;:pond
Ílli,; '>trp in thr ~tcpping~tonC' method ll:l\'Ín~ idcntiflcd the cmpty cell 
to be included in thc ne\t piOg_J:'llll (tlll' ccll '' 1th !he hig,hr.<t opportuuity 
to-t), \\e d1~:11\ a elo.<,csJ_. l~OJ~ f_or this cell The ne,,· b:l'-'ÍC fe.1"ible .<olution 
1s tlwrt de11\ ed by shiitmg mto the cmpt.y ecll thc lll:l\Ímum pos::ible 

f.,J,Jc 10.19 

Tirst program. 

D¡ 

l2_ 
D2 

[!_ 
O¡ 

~?JT@ '---

1 L:_ 
02 : 1@ 

Rcci.sed progrom 

D¡ D: 

L2_ ~ 
O¡ CID 020 

12. ~ 
02 @) 

11111nbr:r of units '' ithout 'iobting !he rim 1e4uiJCmcots. 'l11e reYised 
progr[tlll i:, gi\ en in Table 10 la. To determine if the re\'iseJ program 
1s an optimal program, \1 e must dctc1 mine the oppo1! unity cost of tbe 
c1npty ecll 0 2D2. This is illu~tr::lled in Table lO 20. From the table, we 
hce that 

[mplicd CO::,t o[ ccll O~Ds Us + Vs = - 1 + 2 = + 1 

Actual cost of ccll o~D2 +2 
Hence 

Opportunity cost oí cmpty ccll o~D: implicd cost - actual cost 

+1-2=-1 

ln ~oo far ao, thc opportuuity co.'t of tll!' onl.r cn1pty ccll b nonpo:-ith·e, no 
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inlpiOnmcnt in thc prc~cnt p1ogr:1m is po~~ible. This program, then, is 

t he opt imal program. 

l Scc. /0.8 

Tahlc 10.21 First Pr'o¡;rarn 
'1 

\\"e ~klllno,,· apply thc modiíicJ-di~t,ibution mcthod to thc problem of 

Table 10.2. 

Tal>lc 10.:'0 
-· 

Dcstinat.Jon -
Ori¡;in Row nurober , r 

D¡ Dz 

1.:_ L:_ 
O¡ 0-ªD @:) o 

1i l.=_ 
0: @) -1 - cE: E ::r< ,· -·-... ,. \ _, 

v' 

Column numbcr 2 2 
/ 

Stcp 1 Obtaiuin¡; an Jnitia] llasic Fcasible Solution 

.\s discmscd carlic~, an initial basic fca~iblc solution for a given trans
portation problem may be obtained by following the northwést-corner 
rule, by the application of Vogel's approximation method, or simply by 
in~pection. Table 10.21 reproduces the basic fcasiblc solution of. Table 
IO.G (initial a~signmcnt by -impcction), which we shall take as a starting 
point for obtaining the optin1al solution··by 1v!ODI. In so'far as the 
numbcr of occupicd ccllS' in this program c4,Úals m + n - 1, .that is, 
4 + 5 - 1 = 8, this is indccd a basic fcasiblc solution. 

' ' e•1 C~U~¡;¡ 

Stcp 2 Dctcrminin~ thc Opporlunity Co~b of thc Empty Cclls 

To determine thc opportunity costs of thc cmpty cclls by thc MODl . 
mcthod, \\"C mm·t fir!::t tlc:tennÍ¡¡c thc impJiccl CO'>is of thc empty cc!ls }jy 

a-~igning a crHiJplet~ H:t of rQII aucl cohnnn lllllllhers. This ¡~· Fhown in· 
Tahlc lO n. Tbc uucjJclcd llUIIIIJCI'" ÍJI thc~;ll¡i~r.ix..:.r.mr'c_l;_~~l~ thc_iJ{apJ!ed __ --

1 
Ori¡;in 

Dl 

O¡ 
,L:: 

@) 

~ 
Oz 

.!_:_ 
03 @) - -

l!.?. 
04 

Total 40 

Tah!e 10.22 

D¡ 
' . 

-· ,L:: 
O¡ ® 

- - !.! 
02 9 

03 
J_:._ 

@ 
-

~ 
04 9 
' 

Column number 12 
-

' DestinJtion 
' Total 

D~ DJ De Ds 

~ Jl J~ l!. 
@ @· 55 

-

-~ -li ~ l2. 
@) @ 45 

~ ~ l2_ li. 
30 

~ '@~ ~ .l.!. . 
10 @ 50 

' 20 50 30 40 

-

D2 -D3 D-e D' . 5 Row number 

- ~ ®L.:_ J:_ E. 
4 5 ® 4 o 

- . L!_ JI ·~ l2. 
® @) 2 1 -3 

@. ~ Lz_ . 12_ 
-7 -2 -6 -7 -11 

-@ J~- ~ J_!_ 
1 @)., 2 ® -3 

4 9, 5 4 

1' 

' ' ' ' 

,, 

'. 
: j 

: ¡ 
; 1 

'1 
.¡ 

•• 1 

'¡-
' 1 . ; 

! 
' -,1 

i 
' 

\ -. 

_, :; ' 
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co~ts of thc cmpty cC'lk .\ comp::1ri-on of thc in1pliC'd :md actual costs of 
C'::lch cmpty ccll ~ho''~ tb::1t only (el! O:D 1 h::1s ::1 po,iti\·c o¡1portunity co~t 

of + 1 dolbr. for ccll O:D 1, opportunity co~t == implicd cost- nctua] 
co::t ==~-S == +1. .\ ~imilar c::~.lrubtion for cdl 01D 2 ~ho\\S that its 
opportunity co~t is zcro. Thc opportunity costs for the rcst of the empty 
cells are Jlf'gntive. 

lia\ i_ng iJcntifJc_d thc plc~cJ~cc of po-iti1e oppo1tunity cc¡f~e know 
th:Jt tlns plo:,;l:Jlll 10, not :111 opt1mum progJ::lm. IIencc it 111Ust Le rcvised 

to incluJc t h::1t empty ccll \\ hich has tl1c highc'3t opportunity cost (in this 
CJ~e ccll OzDJ. 

Stcp 3 flnising thc Givcn Prograrn 

·n1c revi.oion of tl1e gi1·cn prog1am is guidcd by a clo»cd loop clrawn for 
thc cmpty ccll which is to be includcd in the nc\.t program. The loop for 

T;~ble 10.23 

D¡ D2 Dl D4 Ds Row number 

~ ~ J..:_ @~ L!_ 
O¡ 11 4 @5 4 o --1 

J_~ D.. u E L?_ 
02 @ @) @ 2 1 -3· --

[i ~ l!_ ~ L!_ 
-o, @) -6 -1 -5 -6 -10 

,.-----

li?: 1.:: J~ ~ J.!_ 
04 8 1 @ 2 ® -3 / 

' 

Co1umn oumber 11 4 9 5 4 

1 / '/ 
! 

ce:ll 02D1 is drawn and tJJC program is reviscd in cxactly thc same manner 
as hho11n in TaLle: 10,14. The rcviscd program is then te:.ted for opti
lllJlity (Ly the application of ::,tcp 2), a:, slJOII 11 in Tablc JO 23. A coro· 
púrÍ!:>Oil of thc uncirclul uu1nLcrs (rqJr{:!:>l'IJtirJg tia! illlplicd costs) in the 

lo 
Se-c. 10.9 

-- ~ 
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t:npty cdl" and thc fl''Jll'dÍH' at'lu.1l co~t:; :'hO\\:i th::1t no cn1pty rl'll has 
.1 po~iti1c oppoJtunity cost.* lil'llCl', tl1i:, is ~~~ optim:1l ~olution. 

10.9 PHOCEJ)l.HE ~t-.:\1.\I.\HY FOH TIIE 
\IODIFIED-DI~THIBlJTIO.\' _,IETJIOD 
(.' l 1 .N I .\ 1 1 Z . \ T 1 O .\' C . \ _S E ) 

SIPp 1 OlJtain 11 llu:,ic Ft•asilJle Solution 

.\n initial b~sic fc::l!'iblc solution fm :1 ginn tr:111spodation p1 oblem may 
he ohtainctl by follo11 ing thc noilh11 cst-corner rule, by thc application 
of Vogcl's appro'l.imation mcthod, or by :oimple inspcction. . :, , /,( 

Testfor stcp l. .\ basic fcasJblc solution JlJUst inclutlc shipm~nts éo\1é'r~' J e· 

ing m+ n - 1 cells. Th::1t is, the ntunber of occupietl cells (b':1sÍ~\ari3.
blcs) is 1 lcss than thc number of ro11 s and columns in thc tran~porb.tion 
m a trix. 

If thc numbcr of occupied cclls in tiJC initial solution is more thn 
m + n - 1, thc1 e is a comput::1tion::ll en or which can casily be corre': cd 
by rechecking thc data. If the numbcr of occupied cclls is less '. r n . 
m+ n- 1, this is a dcgencratc solution. To rc;,olvc dcgcncracy,, ,!¿'•'' 

(J ' .J ' .. 

onc or more epsilons to somc "suitablc" empty cclls so that thc numbcr 
Óf occupied cells becÓ mes equal to m + n - l. t 

Step 2 Determine tl1e Opportunity Costs of tl~e Empty Cell.s 
(Opportunity Cost = impli~d Co~t - Actual Cost) 

a, Determine a complete sct of row and column numbcrs (ralucs). When, 
in a givcn progrurn, the numbcr of occupicd ce lis cquals m + n - 1, 
procced to assign ro\\· and column numbcrs (valucs) in such a manner 
that, for cach occupicd ccll, thc rclationship e,, = u, + ,,, bo'Id~ .. To 
'!>tart, a valuc of zero can be assigncd to any row having an occupied 
ccll. Thc rcst of thc row and cohJmn numbers can thcn be determined 
by lllaki;;g suré tl1at, for cach occupicd cell, e,, == u, + v,. In other 
11 onls, for each occupicd ccll, the actu::1l shipping cost pcr unit sbould 
equal thc sum of 1ts row nnJ column valucs. V"' ,,,, r; .. e 

b. Calculate tire implicd costs of /he cmply cclls. Once nll tl1c row and 
column valucs h:wc bccn as~ignetl, thc implicd cost of a givcn cmpty 

• Tl.c f:JLt tlJUt cmpty cdl 0 1D,I•.Is nn upportunity ro~t ur zcro mr.tns thnt nn nlter
natn·c ¡nugrarn 11 ¡,¡, h 11 J!l ''" Ju,lc crll 0 1D: anJ ha,·c thc snmc tol:ll Fhipping cost 
n~ tlri" prugrmn can Le t!c-"igncd. 
t lk¡;eurrury in t rau~purL.t 1u11 ¡nuble111~ ¡, ¡Jiu~tf"a(<'U 111 ~<'dion 10.13. 
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rcll r:1n Le c:Jlcul.itcd as follows: 

J¡~¡¡)licd co<t = ro\r ':Jlt:e + column 'ulue 

r. Dr:cnninc thc opporfrmity cosls of thc cmpfy C('l!s. The opportunity 
co~t of :lll cmp!y ccll i"' dctcrmincd Ly subtJacting the ac~~ost o! 
(]¡e ('llij)!y ccll fJOill its implicd cost In othcr \\OfUS, o¡;p;rtunity 
co~t, for cach ccll, is givcn by 

Oppollunity cost = u,+ v, - e.¡ 

Ji thc opportunit.y costs of all the empty cclls are nonpos1t1ve, an 
uptim:ll folution h:1s bccn obtained. If, on the other hand, e\ en a single 
cell ],as a po~i_ti',C, oppo1 Lllllity cost, a bettcr prograrn can be designed. 
Thus, step 2 serves as a test for optimalit:y . 

hré,' 

Stcp 3 Dcsign an lmprotcd Program 

Dcsi.;n a ne\\· program such that the empty cell ha,·ing the largest oppor
!t!l1ity cost (in the program to be reYJscd) is included in the solution. 
This is :Jccompli~l'Jed in the follo\\'Íng manner: 

a DJ:J.\\ a loop of ho1iwntal and n·rtical arrO\\S in sueh a manner tbat 
it ~táJts from !he empty cell to be fill~d, passes toan occupied cell in 
the c:::-tme ro\\' or column us the cmpty cell, ::md then, n;~l.;ing a series of 
:J.ltcrnate horizontal and vertical tums through occupied cells, rcturns 
t o t he origin:ll empty cell. 

u Pbce a plus sign ( +) in the empty cell to be filled. Then, alternately, 
place minus signs (-) and plus signs ( +) at the bcginnings and ends 
of the connccting links of the loop. 

e I::..amine tho8e occupied cells in \\hieh the minus signs llave been 
plac:ed. Of these, the ccll having the lcast .J.JUmbcr of units is vacated 
by tran-fcrri:1g thesc unih to the Pmpty .:ell This i~ accomplished by 
add1ng thc ~arne amount to al] crll:, ha\ ÍJJg plus ~igns and subtracting 
it frorn all cells having minu!:> ~igns. The iiJlprO\'f'd prograrn sbould 
kl.\ e tbc ~:une nurnLcr of occupic:d cclb as thc: prclcding program. If 
thc: numLc:r of occupicd cclls in tl1e i1npro\ cd prograrn is Jess than tbat 
of thc prc:ccdii1g program, thc proLicrn becomcs dcgcncrate. In such 
a case, add cpsilon(s) to wmc rcccntly vacafcd ccll(s) such that the 
nu1nhcr of occ11picd Cl'll~ a;;aiu cr¡uals m+ n - 1.• 

0 ::~e ~CllOD 10.13. 
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Step 4 

Ticpc:lt stcps ~ :1nd 3 un! il a pro;,;r.1m is .1CIJie\'Cd in \\ hich c:tch cmpty 
cell has :111 oppoJ!unity-co_,;:t \:Jlue \\hich is cithcr ze1o or ncg:J.tive. 
This program \\ 1ll be thc optim:J.! prograrn. 

10.10 ~IODIFJf:D-DlSTniBUTJO.N :\JETIJOD 
(:\IAXI:\IJZ.\TIO~ CASE) 

E-..cept for one tJ:-~mform:-~tion, a tr:lll!>pot!ation problcin in \\hich the 
objcct.i,·e is to ma-..imizc !l. gi,·cn function c:J.n be soh·cd by the MODI 

1 :-~lgorithm :-~s plC::-f'ntcd :-~bo\c. Thc tJ:lll~foJm:J.tion is made by subtract
ing al! thc c,/s f¡om thc highc~t e,; (f;JÓfit)'of the gi\'Cn tr.1mportation 
matrix. The tJ:J.no-fOJmcd c,/s ¡;;,e us thc rclatwc cosfs, and the problem 
then bccomcs a minim1z::-t!ion problem. Once :111 optim:1l solution ~·) this 
transformed minimiz::-ttion p1oblcm has bcen founcl, the \alue r·' the 
objectivc function can be c:-~lculated by inscrting t.he miginal ,:;' .s of 
the c,/s for tho!:'e routcs \\hich form the ba!:'is (occupicd cells) • ·he 
optimal solution. 

10.11 llALANCING TIIE GIVEN 
T n A N S P O n T ,.\. TI O 2'\ P R O ll L E M 

To solvc a. gh·en tran~por!:1tion problcm by the strp-by-stcp procedure 
gi\'cn in Scction 10 a, \\C mu~t cstablish equality bet\\ccn !he total 
capacities of thc origins and !he tot.1l requirements of the dcstinations. 
Three cases can arise. 

Case 1 :kb, = ~d¡ 

In this case, thc total capacity of the 01 igins cqua.ls the total rcquirement 
of the dcst inations. Thc p10blcm can be an anged in thc form o! a 
matrix, along with the Jclc\ ant 'cost cbta, and the tr:wspo1 tation algo
rithm may Le npplicd diJcctly to obtain a solution. 

Case 2 ~b. > ~d¡ 

In tl1is C!l.~c, thc total cnpacity of th<' origin<> c:..cccds thc total rcquircmcnt 
of tl1c dc,tinutions. .\ "d(llnL'•y" de:.-tinatlon c:1n be addcd to thc matri.x 

1 
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to :¡l1-uib thc C\cc~:> c:IJl:Jcity. Thr co-t of ~hipp1n;; frolll c::tch origiu to 
tl1i~ Jummy dc~tiu:-~tion ic :1'"'1Irncd toLe lCIO. Thc :1dding of a dummy 
crctm:J.tion c~t:11J]j,J¡r:, cr¡u:llity bct,,cc•n the to!::l] 01Ígin C:ljl:l.CÍtics and 
tnt:~l Jc~tin:J.tion rcquiicmcnts. 'Il1e proLlcrn is thcn aincn.:J.blc to solu
l'on b,:. thc tr::~ncpoitation ulgorithm. 

1/lu~tratitc E:lUillpTe 1 
ff.( 

T::.blc 10 :.?-1 giw·~ both thc unbabnccd anJ babnccd forms of a transpor
t:J.tion problcm in "Lic], thc tot:1l giw·n c:J.p::tcity of the 01 igins excceds 
the tot:1l gi' en rcr¡ui1 cmcnt of the dcstinations (~b. > ~d,). In praetice. 

T .• Lie 10.24 
...., 

1 Urbdcr.ccd form Balcr.ad {om¡ 

1 .. 

l 

J 
l ... 

1 ... 

Or.ill' cm, 
D, D, D, capaoty D, D2 D, Dummy capaoty 

~ u. Ii ll. ll. TI 1.§: 
o, 200 o, 200 

l!. l.! Il [!_ l.! l.!_ 12. 
02 400 Oz 400 

~t.ln.allon 

rl-qL••(t"'H."Dt 
200 200 150 

Desllcat:.on 

rt"q,Llnmcnt 
200 200 150 50 

thc optimal wlution idcntifie~ the pa1 ticular origin at which the excess 
c:.tpé!c.ity sl1ould be left idle. 

Case 3 ~b. < ¡;d; 

In this ca~e, thc total capacity of the origins is lc~s than thc total require
Jnc:nt üf thc dc>cti11ations. A dummy o1igin can be added to thc tJanspor
tation matrix to Ínect tl;c cxcc:ss dcmand. The co~t of Óohipping from 
the dummy ori;;in to cach dc!::tination is as:oumcJ to be zcJo. Thc adding 
of a dummy origin in thi':o ca<oc cstabli~hcs thc c<1uality lx·b1cCn the total 
capacity of thc ori;;ins and the tota]¡cquiJcmcnt of the dc~tinations.• 

• TI1c rcar]u 11 1ll oJ, .. u, e tl•at t!Jc role o! thc tlummy colurnn or Jurruny row coctaic-
11.¡: dummy Vúfi&L)"" in n. trllr•>¡,c,rtntion proLicrn 1s p~:,:dl~l ~;be n,Jc uf the eia.ck 

' 
1 

-, 

o o 
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/llu::.truti1 e Exnmple 

T::tblc 10 ::?3 gins both thr unhabnccd :1nd b:1bnccd forms of a tran~por
t:J.tion problcrn in'\ hicb thc total gi' en capac1ty of thc ori;;ins is le!'~ tkm 
the total rcquircmcnt of thc dc~tinations (~ú. < ~d;). In practice, the 
optimal solution idL·ntifies thc p:11 ticubr dc~tination '\hose rcr¡uirement 
c:1nnot be fully ~atbficd. 

In the initial a~~ignmcnt for a !J:J.II'j)UJÍ:J.tiun p10blcm '\hich k1s been 
b:llanccd by thc :1ddition of a dummy 01 igin ora dummy dcstin:1tion, 
only the hst ucccs:::n¡y allocations !:-hould be macle to the dummy cclls. 

T.~I,Je 10.25 

Unbalar . .ccd form 

D¡ 
ti_ 

O¡ 

02 
1I 

Dcslmat10n 
300 nquuet=ent 

On¡¡>n 

D2 DJ copaoty 

u. L?_ 
200 

IT l.!. 
400 

200 150 

l3alaHced form 

On~n 

D¡ D2 D, Cl;".,c.ty ---L2 ll. 11. 
01 :--) 

- --
02 

!..§_ ~ l.!. 
'•) 

-L2. LQ l.Q 
Dummy :;o 

---
Dc.stmntlon 

300 200 150 rcquiiement 

This procedure, in general, '\ ill te . ..,ult m fe,\ cr itcrations befare an 
optimal 5olution is dcrived. 

10.12 Sl.i\IPLE:X TRANSLATION OF TIIE 
TRANSI'OHTATION 1\IETHOD 

( 1 
.. ; J { • / tJ {J 

Some important obsen·ations can be made rcgarding parallcls in the 
general transp01 tation modcl and the simplex mcthod. Fir&t, the role of 
the dummy vari:-tblc::. in thc transport::J.tion p10blcm is ~imilar to thc role 
of thc slack va1 iables in thc general linc:lr-progrnmming problem . 
Second, the occupicd cells :1nd rmpty cclls of thc tr:msportat ion program 
corrc':opond, rc~pcctivcly, to thc ba&is v:-triables and nonbasis variables 
of lhc ~implcx tal)lcau. 

TIIirJ, tl1c rcvi ... ion of a gÍ\<'11 tran~po!l:ttiou prog1am i::o p:1rullcl to 
fh .... ~-"''"~" ,,f nl.taÍIJÍll•' a llC\1 ba!o-Í:, in thc :;.Ímplcx mcthod ... Lct UB 
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nphin thi" point fu¡lhcr. _\ gi' en 1 r:-tn•porf:ltion progi3ll1, it \\ ill be 
rcc:J!lcd, ¡, impi,l\ ccl hy í.llii'S or inrlud1ng onc rmpty ccll (th:-tt having 
tLc h·.;!'r-t rJ¡,pr¡•tt;niiy co-t) :1! a time In t]¡j, p1occ~~. a111hc units 
from c!lcr.': OT.r ccll :li e 1( !\lO\ cd Thus, :1 11CI\ ccll ¡., f¡)Jrd :lllcl hccomcs 
:111 occt!;Jtcd ccll, :~nd :Jt ]c:J<t O'lc of thc pie\ iow-l.r occupiccl cclls joins 
thc c:lic-_!,;ory of cmpty crll:: Thc 1o1:11 null!bcr of occupicd cclls, thcrc
foic, c:1n cithcr rc1n::in con·l:.lllt (onl.r n11c prc1·iou~ly occGpJc:\1 ccll 
bcco:11cs :1n cmpty ccll) or clrci r:Jsc (mo1c th:m onc of thc prcviously 
occupied ce JI, bccomc rmpty cclh) f¡ om 011c p1 og1am to thc ncxt. lf the 
11\Jlli bc1 of orcupicd ce lis 1 c;n:-~ÍJIS thc ~ame f¡ o m one p10gram to the ncx-t, 
!he proccss is <imil::n to :1 !-Ílllplex Itera! ion in 11 hich one new (nonbasis) 
':11 1:1 ble Í<: In t 1 oducccl int o t he ~ol ut ion t o 1 cn¡ove 011e of the basis variables 
cuircntly in thc solution. Of course, in this c:-tse \le obt::~in a ncw basic 
fc:-.,ible solution If, on the pther h::1nd, the p10cess of filling one empty 
ccll rr,:ults in thc ~imult::Jncous ':1cating of t\1 o or more of the cu1 rently 
occupiCd cclls, thc tianspoJt::Jtion p10blcm, bccomcs dcgcncrate. This 
b ttc r ~1t u:> t ion, :1s t he 1 c:>dcr "ill obscn c,--i&-parallel to the simpl~ 
itcr::.tion in '' hich the int1 oduction of one ncw (nonb::Jsis) variable 
rcmo,-c~, .simult::mcou,]y, t\\-o or mmc of the current basis variablcs
herc, too, the problcm bccomes dcgcncrate. 

10.13 DEGEI\"ERACY IN 
TR.\:\SPOHT_\TION PROBLE;\IS 

It "· :::!.' c't:::?.blishcd earlicr that a basic fea.5ible solution for a transportation 
pro!)lcm comi~ts of m + n - 1 basis variables. This mcans that the 
nUIJ'UCr of occupic-d cells in a gi..-en tramportation program is lless than 
thc numl;cr oí r011 E and columns in the tr::mspo1 tation matrix. Wbenever 
the n,umbcr of occupied cells is less than m+ n- 1, the transportation 
problem is <aid to l1e degcnerate. 

Dcgc-m·racy in transportation problcms can dcvclop in two ways. 
rir~t, the PI oblcm m ay become degenera te when the initial program is 
dc~i,;ncd ,-i::~ onc of the initial-assigmncnt methods discussed carlier. To 
nsvh e dc¡;cncr::cy in this ca<oe, \\e can allocate an extremely small 
am0unt of goods (close to zcro) to one or more of the empty cells, • so 
tb::lt tl1e num ber of occupicd cclls bccomes m + n - l. The cell con
taining this c;...trcmely Emall allocation is of coursc considcred to be an 1 1 

occupied celL 

•n,¡_., utrcrr¡eJy trn.,JJ nmount, rcpre~ented by cp.,ilon, ,, ma) Le ul!otutrd to any 
rmpt) r• ll <uL;•·· t ,,, tl11 ',,,.¡J!,,n that t),¡~ \\JIJ rnokc pm~iblc tLr Jt'!t·nnin:~tion of a 
U!JlfjJ;c H t of ro" :•rJOJ «Jitllnn nurnbera. 

1 

' 1 

¡ 

Thc Tr.111~port.ttion -'Io<IQ::!o3 

In linc:1r-prog1::mming litcr::Jturc, this c\trcmcly ~m::11l :1mount is 
u,u::J11y denotccl by thc Grcck lcttcr f (cp~ilon). Thc :1mount t is ::Jssumcd 
t o be so sm:1ll t h:1 t i t s add it ion to or :::u bt 1 act ion from :1 ~¡ 1 en nu m bcr dc.cs 
no! ch::Jngc th::Jt numbcr. for C\::llllplc, jQ +e = .jO, :md :?00- t = :?00. 
Of cour :::e, if t is subt r:1ctcd from it~clf, thc rcs11lt is :1~5;llncd to be zero; 
that ÍS, E -E = 0. 

Thc ele\ elopmcnt. of dcgrnci::Jcy during thc initi:1l ::Jssignmcnt and its 
rcsolution \\Íll be illustr::Jtcd ,,-j(]¡ the tr:1nspoitation problcm of Table 
10.26. 

Tnblc 10.26 Datafor tlzc Tron~¡wrtatiun Problem 

Destination 
Origin OriGin cRpncity 

D¡ D2 DJ 

L:_ D_ E 
01 20 

~ !!_ ~ 
Oz 40 

Destination 
requirement 20 15 25 

Sccond, the transporbtion problem may bccomc dcgcneratc during the 
solution sta'ges. · This h:Ippens "hen the inclu~ion of thc most favorable 
crnpty cell (the ccll having thc highcst opportunity cost) rcsults in the 
f>Ímultancous vacating of t\\ o or more of the cu11 cntly occupied ce lis. 
To resolve dcgeneracy in this c:Jse, wc allocate t to onc or more of the 
rcccHtly vacated cells, so t}¡at the number of occupied cclls in the new 
program is m + n - l. TI1is type of dcgcncracy and its resolution will 
be illustratecl with thc tran~port::Ition problcm of Table 10.30. 

Case l Drgn1cracy tlurin;:; thc lnitial Assignmcnt 

Follo11 ing the noJ! h11 c~t-corncr Iulc, \\e obtain tllC init i:1l as~ignment 
givcn in TaLle lO 27. ::\otc that thc numbcr of occupicd cclls in thia 

,, 

í 
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l'-".:;r:11n i:o :\, "hic 11 Jur' nr•t rqu:1l m + a - l. IIcncc, thc problcm is 
<:.-~~·ncntc :~t tl1c 'c1y hc,;;i•Jni'l¡;, :~ni! no :~ttcnÍpt to n~~ign rol\' and 
cc·1u:n:J JJIJJnlJcL:o to Tal_,]c 10 '::/ "¡JI :--uccrcd. IIo11 c1·cr, "e can !l':oolve 
<1.:o el\ ~é'll\ f.JC~ uy thc :lddi!Írlll of cp~ilon to :my of the ('lllpty cclls. In 
"•J Íé!r J~ tJ,¡, 13:1 minuPÍ7ation prublcm, 11c Jl!oc:Jte cp~ilon lo thc lo\\cst
cc.-t ccll O¡D: ('-ce T:~hlr JO :?S) \\'¡t]¡ tl1i~ mocJ¡fic:Jtion, thc numbcr of 
cccupicJ C'Cll5 cqtds l, th:J.t is, 111 + 11 - l. IIcncc, it i~ 119:}\~0s"ib!e 
to JC"-!6!1 !1 UilÍquc ~ct of ro11 :.nd column numbc1s in 01 dcr to' apply the 
~1iODI n1cthoJ (~ce TaLle 10 2S) It ¡, clr:n th:1t thc implicd cost of ccU 
O:D, is 5 (11: + t', = 2 + 3 = 5), 11 hcicas its Jet u JI cost is 3. Ilence, 

T . .I,Jc 10.:.!7 lnitial A,si¡;nmcnt óy Sortllllcst-corncr Rukl 
(a Dr¡;cncrotc Solurion) 

.D, D~ Dl Total 

~ ~ ~ 
o, @ 20 

L_s_ ~ ~ 
02 @ ® 40 

Total 20 15 25 

tl1c opportunity co:ot of ccll O,D 1 is 5 - 3 = +2. Thus, thc program in 
T:.:.lJle 10 2S i3 not optimal. 

Thc rcl'i.sion of thc program i.s sho11 n in Tablc 10.29. TI1c closcd loop 
of thc t:!ble shows that nt most 15 units can be shiftcd to ccU O:D 1• 

11tis necc~sitatcs thc subtraction of 15 units from 0 1D 1 and from OJ)s 
and thc addition of 15 units to 0 1Dz. In so far as 15 + t = 15, cell 
01D2 has bccn a::~igncd a total of 13 units by this :ohifting proccss. Also, 
nrJtc thJt thc rcn-,cd progr::un is not a dcgcncratc solutiou. If we test 
thc rcvicc:d program for optim:-tlity, wc find that it rcprcscnts an optimal 
<.olution to thc gi1 en problcm. TI1e rcadcr can immcdiatcly vcriiy tbis 
Ly a<:<.igning a ~ct of row and column numbcrs to thc matrix rcprcscnting 
thc rn i~cd program and thcn calculating thc oppo1 tunity co:ots oí it.s 
unpty cclls. 

\\l:cn drgrr¡c.rac.y rk\'clopcd in thc initial as:.igumcnt for the ubove 
tr:w-porbtJorJ proLlL·rn (Tablc JO 27), wc notcd tltat thc ad<.lition oí t to 

lo 
' Scc. 10.13 

.111.)' of tlJc cmpt,:. ccll:: cruhlcd 11:- lo dclf'Iminc a unir¡uc sct of row and 
column numLcrs Thi:: i::- II:'U:1lly !Iuc llhCIJL'\Cr tire irtitiJJ :1s"ignmrnt is 
m:1Jc by follo" ing thc no1 tln1 c"t-corncr rule Ilo11 cn·r, 11 hcn thc initial 
:1"--Ígnmcnt is m:.dc by :1nothcr mcthod, ~uch :1s by impcction, onc c:1nnot 
:1dcl cp~ilon to ju::.-t :1ny cmply ccll. In!-lc:Jd, t must be addcd to onc of 

T .~hle 10.28• 

D¡ D" DJ Row number 

L.:. L:_ L:.. 
O¡ @ 0 o 

~ ~ l.!_ 
02 @ @ 3 

Column nurnber 2 1 -2 

• Jn;tial bas1c fc:t~Jblc solut.on (:~ftN tllc adJ1t1on of • to ccll 0 1D1) and 
its row and column numbers. 

Table 10.29 

First program 

D, D! 

- _w+ u_ 
o, 

~~~¡e~ 1 3 Li_ 
+ -@ 02 0 15 

Total 20 15 . 

DJ Total 

l.! 
20 

L!. 
@) 40 

25 

Reuised program 

D, Dz Dl 

~ u. Ti 
O¡ ® @ 

LL ~ l.!. 
02 @ @ 

Total 20 15 25 

Total 

20 

4{) 

thosc cmpty cclls which n ill makc possible thc dctcrmination of a uuique 
F>et of row nnd column numbcrs Let us illustrutc this point by con
!>Í<.lcring onc p:uticubr dcgcncra.tc solution of thc tr::m::pori:!tion problem 
of Tablc 10.30. 

Clcarly, thc initial a~~ignmrnt, hy in"p('rtion, givcs a drgcncrnt.c solu
tion, ~incc the numlJcr of occupil'd cclls is lcss th:m m + n - l. To 
rc;,olvc this dcg('IH'ratc ;.olution \\hich has Jcvclopc<.l at thc vcry start, 

1 ,¡ 
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11 e mu.~t ndd t to onc of the cmpty cclls. I3ut 11 e mu~t c:10ose this cmpty 
ccll 11 1th c:ncful jud¡;mcnt, for if 11e mnl-.c ::llly o:1e of the cmpty cells 
O:D:, O,D1, nnd O,DI nn occup!c(l ccll by the ::~dJition of t \\C shall 
not lw :11Jie to a~~i¡;n :1 uniquc sct uf JO\\' ::~nd column numbcrs. On the 
othcr hand, tl1c :H1Jition of t to :lli'' onc of thc cclls 0 1D1 0 1D. 0-D .J J ., • s, 
O:D¡, 04DJ, :lnd O;D¡ 11 ill cn::.blc u~ to ll''Oh e thc JcgciJCI :1cy :ll1d allow 
us to Jctcrmine a unique Ed of ro\\' :lllJ colun1n numbcrs. fE;task of 
1 eri.iying thcoe statcmcnts is lrft to the rcader. l · 

T.oLle 10.30 

Dala for tM 
transpor~cUon problem 

D¡ Dz 

l2 TI 
01 

~ TI 
0: 

l.!. 12 
OJ 

12 l3_ 
04 

~ 12 
o~ 

Total 50 60 

-

DJ TotAl 

11. 
40 

l1. 
50 

!_§_ 
20 

L!. 
30 

12. 
10 

40 

An initial cssi¡;nment 
by inspection 

D¡ Dz 

l1. l.:'. 
01 

[.§_ 11. 
Oz @ @ 

ti_ 12 
03 @ 

[l. 1.3.. 
04 @ 

li. 1.! 
05 @ 

Toul 50 60 
,. 
1 

Dl Total 

L!_ 
@ 40 

1.! 
50 

l.§. 
20 

l.!. 
30 -

TI 
10 

40 

Once a unique ~et of ro\\' and column numbcrs has bccn dctcrmined the 
• 1 

\'anous t:tcps of thc tramportation algo!ithm can be applicd in a routine 
manncr to obtain an optimal solution. 

Case 2 Dcgcncracy Juring thc Solution Stagco 

Givcn in TaLle 10 3la and b a1e a transportation p10ulcm andan initial 
~-- igmncnt dtri\'cd Ly fullrn mg thc nortl111 cst-corncr rule. Thc solu
tJr_;rl n:prcscntcJ Ly Table 10 3lb is a La~ic fc.t,il,Jc "olution. Should 
11 < 3.ó' i;::n a &<.:t of ro11 a!Jd colurJJn nulllblfb to_ t!1e c_JIIIJty cdls 'of lhis 

-/ 

¡.¡rogmrn, "e \\OulJ Ji.::co\er th:-lt thcrc are ~c1rr.1l cmpty crlls (includ
Il1i; cdl 01DJ) kl\ ing po~iti\ e opportunity costs. Lct us drcide, :ubi
tr:nily, to lllduJc cdl 0 1D. in a nc·11 pro;;r:un This nccc~.::ibtrs sl1ifting 
10 units to ccll 01DJ :1:::: gt11Jcd U} the clo::-cclloop :ollo11 u in Tablc 10 3lb. 
The rcsulting program, giwn in Tablc 10.3lc, is a dcgcncr:1te solution. 

T.1blc l0.3la Darafor tite 
Traii.'JJor/ation 
f>rol>lrm 

D, D, D, D, D, 

l.!. TI 12: l2 ~ 
o, 

l.;:_ 12: li ~ ~ o, 

[], ll ~ 11 l! o, 

12 ~ l.!. ~ ~ 
o, 

Tot.nl 30 30 15 :::0 & 

T.thlc l0.3lc Prngrom 2 

D, D, D, D, D, 

1.! [2 l__1_ [1_ ~ 
o, @) @ 

l.'>_ TI 12 !.!. ~ 
o, ® 

11 1:! ~ ~ l! 
o, 0 @ 

.l!_ E ~ ~ ~ 
o, 0 <D 

Total 1 30 30 !S 20 1 

ToW 

40 

30 

:::0 

10 

ToUl 

40 

30 

20 

10 

T.thlc I0.3ló /nitiul .1.«io:nllll'llt by 
¡\'art Tr re e• t -corner 
Rule 

D, D, D, D, D, Toa! 

o, 
l.!. _g l__1_ li l.! -@) ~!±10 

40 

1~ + ' - !.!. !.!. ~ 
---

•O, 6 @ so 

ll ~ 1.! 11 [.!_ ---
o, 0 @ :'0 

~ ~ ~ 1! l!. ----
o, 0 0 lO 

-- ----
1 

Tow 30 30 15 :1:1 ~ 
1 
i 
1 - ---

Sincc thc drgcncracy has dcycJopcd Jming the solution f.!agcs, we 
bhould rcsolYc it by aJJing t to onc of thc Jcccntly \':1catcd cclls, i.e., 
ccll 01D: orce JI OzDl. Thc rcader should wrify that, in this c.asr, a sct of 
row une! coluum \'alur:> c:tn be dctcimincJ unly if cpsilon is :1ddl'd to one 
of the cmpty n·lls 01D:, OlD:, 04D~, O~D 1 , 0 2Da. 0 2D4, or 0 2D., 

!¡' 
1, 

i 

' 
' ,• 
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In ~o f:n a~ th:- i::: :1 lllinin¡Í;ation problcm, \\C Ehould add cp:oilon to 
; '.:.t rcccr,tly ':~c.ltrd cL·ll \1 hich ll:J" thc lo11 c~t Ehippin; cost pcr unit. 
-:·1,cc. lJC"ÍJ:c; a t.c 1n thi" c:1~c br!lll'• n cell 0 1Dl :1nd ccll O:D 3, \\e arbi
t ·::.~ily dcc...2c to ::JJ t to ccll 01D: Thi-; cnaLlcs us to :1S::,Ígn a uniquc set 
ci ~o·,, :~nJ colc:·nn \::lluu to program 2, calculntc thc opportunity costs 
of t)Jc rmpty ccll:::, :tnd iJcnt1fy thr mo:--t fa\'orahlc cmpty ccll to lx! 
ÍPch:Jcd in tl:c nc-..t program c~cc Tablc 10.31e). ff~ 

Thc ~olutJo•¡ rcprC":::rntrd by pro¡;ram 3 is, again, Jrgcnciatc. \\"e 
thrcíorc :.1cld 2.nothcr ep::,i]on to 'cdl O,D, bccau~c, of thc two cells 
iLccntly 'ac::rC'J (O,DJ anJ O,D,), (t:ll O,D, has thc lo11Cr shipping co,;t 
;xr umt • TJ,j, llle<.:ns that \IC nOI\' kn·c tl1o cclls (0 1D: and 0 1D, in 
TcdJ~c 10 3Jf) ]·::!\ mg an :J.s:oignmcnt of cpsilon. This modific:1tion cnables 

Taulc 10.31c Pro;;ram S 

P.e• 
D, D, D, D, D, Cl..=~ 

o, 
1 

!..!. 01 l'.. L1. -l.!. 
@ @ 
~ l.-'. ~ ~ ~ o, @ 

11. 11. ~ ~ l!. o, @ 

l.:. l.!.. l.!.. 1.:.. l!. 
o, 0 ® 

C<>lll!UD 

cumbtr 

us to contin11e the application of the transportation algorithm. The 
:.:.o-i;;nmcnt of row and column numbers to program 3 is shown in Table 
JO 3Jf. The calculation of the opportunity costs of the empty cells of 
p: og1 a m 3 11 ¡J] d10\\ tl1at ePI! 0 1D, is the most fa\'orablc cell. Hence, 
,.,e J¡a-,\· a clo~cd loop for ccll 0 1D~ and include thi!' ccll in our next 
progtam ('ce Tahle 10.3Jg). Note that program 4 is csscntially the 
~a11.c a~ pn.!gl:J.Jn 3, e-..ccpt that onc of thc cp~ilons has bccn shiitcd from 
c<:ll O,D, (in program 3) to ccll 0 1D, (in program 4). This illu~trat.cs the 
proccuur e hy \\ h icb í\ e haudlc thc f-hiiting pi occss \\ hcn thc mo~t ncgati\'e 
::nnount s1JOi\ n in thc ncgati\'c terminals oí thc closcd loop is cpsilon (see 
tLc clo':u.l loop 0 1D, - O,D, + O,D 1 - 0 1D 1 in thc rcvi~cd program 3). 

Calcubtion of thc opportunit;y cv.;;ts of thc cmpty cclls oC program 4 

• 11.c H ::.dcr •J.r;uld \ tnf) tl11s and CJthtr dct:ub "hith h11\ e nCJl IH·cn ~:>.plic1tly stntcd 
;_ !he"''"' ir.n (Jf tl.is nroblem. 

1 

Thc Tr.111~porl.llion \lot!d 

11111 rc1c:1l that ccll O:D, i:; thc mo~t f::norablc crll. Hcncc, \\C dmw a 
clo~cd loop for ccll O.D, and includc this ccll in our nc:-.t pro¡;raru (sce 
T:J.blc 10.3Jh). ::\uticc t1Jat, as a TL'::,Ult of thc inclu~ion of ccll o.D~ in 
program 5, ccll 0 1D, has bccomc a norm:~lly occupicd ccll. That is, 
in~tcad of haYing un :1~:::ignmcnt of t, as wus thc ca::c in program 4, cell 

T.tLic 10.31_.: Pro¡:rnm -1 

Ro· ~ ... 

D, D, D, n, D, ::.t.::::l.':>U ll, f'J, D, D, D, c.:=~ 

!..!. l2 L'..J 12.. l.!. . L.:. 1_1_ 12.. L!. 
-o, 
Q 0 1@ .. o o o, @ 0 @ 0 

- L.:. L.:. ~ l.!.. ~ 12. ti. ~ L.!. ll. 
o, @ -1 o, @ 

-
~ L'. u. L:. L:. ~ L.t l.!. L!. l!. 

o, @ 
_, o, @ 

-
.l.:, l-'. l-'. ~ ~ 

o, + ~ 

0 -0 0 -
l!. ~ l.!. !l. 1.!. 

O, 0 0 
Cc'uc:l!l Co1umn 

nl!c~er • 3 1 7 5 nu::~bu --

Taulc 10.311. Retis .. t! Prngram l Table ] 0.3li Pro¡;ra m S 
-- . 
~ 

l'.ow '' 
D, D, D, D, D, cL.:::::ber D, D, D, D, D, :::--: z 

. - -~ u. l'.. !.=. l.!. l.!.. ll 1_1_ 12.. l!. 
-o, + o 

@ 0 ® 0 
o, @ 8 @ 0 

o, ~ L!. ~ ~ !.:. 
-1 @ 0: 

12. t.:. ~ L.!. ~ 

® 
[]. !l. ~ [-': l.!. 

l o, -®¡¡ g 

o, + 
l.:. 1.!. l.!.. L'. ! L:. 

-2 
® -0 

o, !l. ll !.!.. l.!. l.!. 
@ ® 

¡¿ l!. l!. l.!. l.!.. 
o, .@ 

Column 
r~umber ' a 1 2 5 

Coh!mn 
DL.ober 

0 1D4 now hn.s an assignmcut oí 5 units. Thc cpsilous disappcar during 
thc solution stagcs of any tran~po1 t:.ltion problcm whose optimnl progrs.m 
is a ba~ic fcasiblc solution (scc Tnblcs 10.27 through 10.20). Howcver, 
ir thc optimnl plO{;ram oC a gh·cu transpo1 tation problcm is not a basio 
fca<siblc bülution onc or more cpsilons willtcmain in thc optimnl progrsm 
(!>ce TaLles I0.3Jc tl11ough 10.311). In thc luttcr case, wc simply dis.. 
r_q~urJ the routcs in 11 hich thc cp:oilons nppcar. 
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.\ tc-t of optinJ:Jlity [!pplicd to progr3m j 11 ill sl10w tl1n.t it is notan 
n;-:;tim:1l pro;r:1m. \re thcrcfore must dc<ign 3 DC\1. [lnd bcttrr program 
(-ce T:1 Ll e lO 3lj). The rc:1der shou ld 1 e rify t he dct 3 ils of t he derh·a tion 
of prograrn 6. 

If 11c test pr0gr3111 G for optim3lity, 11e -.h:Jll find th:.1t it rcprescnts an 
opt im:cl ~olut ion. Thc 3""ignmcnt of t to ccll 0 1 D~ c3n no\\' be di.sre
¡,;::rdcd, "hich mc3ns th3t no goods '' ill be shippcd from órí~ 0

1 
to 

Jc~tin:ltion Dz. It is to be observcd tl13t progi[l!Jl Gis 311 c:-.ample of an 
optim:d solution 11·hich is nota b[lsic fc:1sible solution. 

T:d>lc l0.31j n,., i•rrl Prn;;ram 5 T.ll>lc l0.3Jk Program 6 

1 D, D, D, D, D, 

~ 01 ll. l2. l!. o, 0 (i) @ 

o, ~ L!. 11. ~ 11. 
@ 

o, o, l2. ~ L~. l.!.. L!. 
@ ® 

o, @ -2 o, 
L.:. ~ ~ ~ L!. 

@ 

Cdu= 
tlt......"":lber 

lO. 11 .\ L TER~.\ TI V E O P T I:\1.\ L S O L U T 1 O N S 
T O T R A ~ S POR T.-\ TI O;-..- P R O n L E 1'1 S 

Ro .. 

'"=be. 

An optimn.l solution to a ginn tran:oport:Jtion problern is not always a 
unique solution. The e:'l.istence of more th3n one optimal solution for a 
tr:J.nc:portation problem can be detcrmined by e:'l.amining thc opportunity 
co<ts of the empty cells in the optimal progr3rn designed by following the 
tran<portation algorithm. If there is any empty cell having an oppor
tunity cvc:t of zero in thc optimal program, ::mothcr optimal program with 
tlle ~ame total shipping cost as the first C3n ah\ays be dcsigned. The 
!'e:cond optimal p10gram is obtained by rcvi~ing thc first program so á.s to 
mc.lude t11e zero-opportunity-co~t cell. Let us illu~tratc this by consider
ing the tran5portation proLlcm of Tablc l0.2, for \\ hich thc optimal 
!=olution in Table 10 23 wa~ obtained. Along 11 ith a uniquc &ct of row and 
colurnn IJUinbers, thc optimal o;olution of Tablc 10 2.3 is rcproduccd in 
Table 10.32. 

Tl1e ~ncirclcd numb<_:rs in thc matrix rrprc~cnt the implicd cost~ o( the 

o o 
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cmpty cclls. .\ quick 1 i~td check rcwals that the opportunity co~t of 
thc cmpty cell 0 1D: i=- zcro. • Hcncc, thc total shipping co~t of a new 
program including ccll 0 1D: 11 ill be thc ~ame as thc tot:1l s11ippin.; co~t of 

TaLle 10.32 .Uutri:r .f (l'ir<l Optimal Program) -
D¡ D; DJ D. D~ :\o"" nu=~c.: 

-t.:.:. ~ @L:.. .@)!_:_ ~ 
o 01 11 4 30 4 

-~ ,L.:_ ...~~ ~ 1.2. 
02 @ @ @ 2 1 -3 

_L:_ ~ ~ l2_ l2_ 
03 @ -6 -1 -5 -6 -lO 

.. .. -
~ ~ .J~ l.!_ J2_ 

04 8 1 @) 2 @ -2 

----
Colu:nn number 11 4 ·9 5 4 

- ~- ..... --
Table 10.33 

\
1 e•ru A ([in;l cp•irwm prcgrnm) . -· ~fa'ru B (ucond op:imum pro,r•:.:n) 

D, D, D, 1 D, D, 1 To:al D, D, D, D, 1 D, To:al 

!.'.-' +~-L.:. l2 l.!. 
55 o, 

11-:dr~ @ 
11. !1 l li 11 l.!. 

4S o, -· + @ @ @ 

l!2 ~ l.! L.:. L.?. 
SS o, @ 0 0 

u.. ll 1.! l!. l.! 
45 o, @ G 

l.!. l.!.: ~ l.! 12. u lE. L! 12. l2 
o. @ 30 o, @ :0 

l!.Q w L! 1! l.!. [!.Q l.!.: 1.! 1.! u 
o. @ @ ~ o. @ @ so 

Tot&l 40 20 ~o 30 40 Tol.a] 40 20 ~ ~ 40 

the present (first optimal) program. The rcvision of the first optimal 
program is illustratcd in Table 10.33. The total shippin~ cost in each al 
the t wo progr!lms is ~G05, ns t he 1 crHlcr en n vcri!y. 

• Oppürlunity co~t ~ impllcd C'QSl - :H tunl ('Obt. Fur cPll O,D,, tl1e impli~ ro.st 
cr¡u~tl• 4 and thc n' tunl ro>l Po u:~!~ 4 .. ·n~u~ thc onuortunit\: co"t oC cdl O,D~lS Zt"Z:O, , •• 

¡ 
j 

1 

i .. 
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Once tl1c C\Í'-!rncC' of t"'o ::lltcrnati\"C optim::1l programs is cstablic:hed, 
:;n infinitC' numbn of othrr :1l!rrnati\"C optim:1l pro;;rams can be dcri\'Cd. 
Tl1C' follo\', ing r0btion~hip gonrns thc dcri' :1tion of thcsc altcrnn.tive 
pro.;rams: 

De' i\ cd prosram = dA + (1 - d)B 

\•.Lcrc A = m::J.!Jix Icprc!'cntin¡; first optimal program 
fl = lll:lfiÍ"\ lCJ1ICSC!lting ~CCO!ld optinwJ program 
d = · any po::it ¡,e f r:1ct ion le~'> t han l 

Lct us illustr:J.te the :1.pplic:1tion of the ::J.bO\ e formula by comidcring the 
t ''o opt im:1! prog1 :1.ms gi,·en in T:1hlc 10 33. .Assume that d = l. Then 

Dcrind program = %A + %B 

Thus, ''e multiply e:1.ch assignmcnt in m.1tJ ix A by %, multiply each 
::J.-5it;nment in matrix B by }, and add the cOIIcsponding clemcnts 
(ciicled numbers representing nllocations) of the two matlices. The 

T ..thlc 10.3~ Dcri¡ cd Pro:;rnm (Tl1ird Altcrnnti! e Solution) 

Dl D2 D3 n. Ds Total 

[E_ TI ~ ~ ~ 
01 0+12~@ 10+3=@ 12+18~@ 55 

~ -ti E 
-

~ l2_ 
02 4+6=@ 5+0=0 6+21-@ 45 

l2. lE E 12 1.2. 
O a 12+18~@) 30 

L!.~ ~ ·~ L?_ L!_ 
o, 4+6~@ 16+24·@ 50 

40 20 50 30 40 

o 
1 

i 

·: 
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rc~ult is thc drri' rd protpm gi' Cll Íll Table 10 34 TI1e tot:J.J ;11ipping 
cost of the dcrhcJ pio¡;I:J.m, :1:' can c:J.<ily be \'Ciiíicd from Tablc 10.34, is 
the ~:::.me (~G03) :1s th:lt of the fir:•t t11 o optim:1l programs. 1l1c dcrivcd 
prot;I:llll fully :-:1!i"firs thc rim rcr1uiremrnt~. Howenr,. thc ~umbcr of 
occupied cells in thr dCii,rd progr:Jm is ~' !15 comp3Ied \\Ith S m the fin;t 
h\·o optimal pro;;r3ms. Thi~ n'cans tl1:Jt our deriYcd progr3m is 3 fe::;sible 
solution, but not 3 b3~ic fc3~iblr solution. 

In so far :1s ''e c~m Jet d be :1ny posith e f¡3ction, it is obdous th:::.t an 
inflnite numbe1 of dciiwd ~oh!t;olls c3n be obtained so long as t11o :::.lter
natin: optimal solutions can be identifled. 

In terms of p1 actic:~l s:::;n:f.c:lnce, the po::~iuility of drsigning altc·I I':Jtive 
solutions giYcs , :~luablc llc-.:ib!lity to the decision m:1ker. It shou!d 
:.¡]so be realized th:;t ::lll c\ainin:~tion of tl1e oppo1 tunity cost5 of the 
empty cclls (of thc optim.1l p1ogram) cnabks us to idcntlfy solutions in 
descending order of preferencc Jll terms of total shipping cost. 

q 
1 
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THE DESIGN OF H/\TER QU/\J.ITY ~\1\N/\GF.HENT PROJECTS 
HITll INADEQU/\TE DATA 

By 

. Geor~e 11. ~e id 
Re~ents Profcssor 

University of Oklahoma 

One of the :1 ncreasinr,ly i1nportant c>J c>Mcnts in the dcsi¡:;n of water resource 
.projects is, of course, thc managí:'Plcnt o[ quality and <1 tcchnology that \.Jas 
nlmost purcly hyd1·ological and hydraulic is now bein~ expandcd to include 
:what mighL be cla~;scd as thc cnvironmcntal and ccological impnct arens and 
systems. So, it is no lonzcr sufficlent to understand the interrelationships, 
flo\JS and transports, but Lo this must be acldcd the i1'1pacts on Lhe living 
bnd nonliving water, and pc>riphcrral cnvironments; with a necd to develop 
~colocical modcls or more specifically, vatcr quality models. Unfortunately, 
there is rarcly ~dequate dala to properly describe these interrelalionshi~s. 
'fhe mE!Lhodology uscd for hydrological studies involving inadequate data such 
~s thc transfer of obscrved points to points of inte~est; short term intcnsc 
~tudies; or use of simulatinn techniques, can and are being used in quality 
managcment t:Jodeling. Perhaps more basic is an underst:anding of data rc
~uiremenls, using thc system approach, tl1e sequence of cvents are (1) proble~ 
·~(Jrmul.ttlon., (2) symbolic modcUng, (3) data collection, (4) annly:::is :md 
(S) deslgn. (Sce Figure 1) Frcquently, the ordcr is changed, p:nticularly 
~he entire proccss will start with available data. 
\ 

The complcxities, of course, arise duc to thc fact that the proccsscs 
~ssociatcd \Jith water quality mana~emC:'nt: hydrauli e, J¡ydrological, chcmi cal, 
biolo~ical and ccologlcal -- are extrcrnely and impcrfcctly understood, So, 
~hat is a complcx rcality, \.Jith a grc>a.t many variables on \·.'hi.ch thcre is 
~vailable vcry poor ncasure!> ano \.Jhich thcmsclvcs inLcrrclatc in v1ays vcry 
;:Lnadcqu<1tely understoocl -- must be rncasurcd and appropriatcly rcJatcd to be 
i.,lseful. Ccrt<dnly, onc recor,nizes thc supcriority of an cxpliclt quanti
fiablc dnLa anu t'lodcls over intuitivc modcls and, hunches. The al ternaLivcs 
~o Euch a modcl, hascd on partial knowJcd~c, is ~mental model, l>ascd on thc 
inixtu1·c of incomplctc lnfon1atlon <1nd intuition similar to thosc controlllng 
most politic<1l dcclsions. A mnthcmatlcal modcl deals with thc smne incompll'Lc 
infort:J.,tion <1V<1llablc to an intuitivc model, but through organi ?.al ion oí infor
ination fr01:1 many diffcrcnl ::;ourccs into a closcd loop at last analyses is 

11 

~crmitt~d <1nd data necds studied. 

Prohl_,·.m Fol"nltllntion.: To nrrivc ata \.Jatcr resource projcct ch·~;lr,n, thc numhl~r 
of V.:lri:JI>Il's Ü> cnonnous, and thC'y <.ll"l' mostly nonlinenl:', Thc structurc oí 
~he sy~~Lcm j n more hierarc·h i cal th:1n functi onal, nnd m;1ny of l he p.u·,¡m(•L(•rs 
nnd va¡·f~¡hJc:; ,,n• un'lu.mtil l1•d nt prt'Sl'nl, Cl'l"lainly tho~a· :u;sol·inll'd with 
• 1, 

ccolo¡;v. Nonellll'l(•:;:;, Lo ~:ollll' liP¡:I"l'C, a llll~rglllg o[ dl!:clplln<·~: ami l"hc 
:lncrcasC'd use o( Lhe ~:y~l"('lll approach lw:; \leen L¡lldng plucc in lhc 1:Ludy of 
water syst.C"ms, nnd it is not Just n mat"tcr of coll(!cUng data onc.l íir,ur:Jnr. 
·out whoL onc hns. 

o 

O· 

o 
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If onc looks at thc typc o[ modc:b hciní; postul.:1tcd [or thc tlcs:ir,n of \v<lLC"r· 

quality !,ystcms tod.1y, it wJJl 1"~ :,ccn (.'ip,urc 2) thi:lt they f.111 wilhin a 
spectrum r.:1ngin~ from eruc.!ite Ir~lthl'Inatical modcl~ at. onc CIH.l of the ~.;¡cc:trum 
to sccn.:1rjos at thc othcr. In the flr.st ca<.c, thc m.:1thematical modcls may 
be rir,orously dcvclop~d in .:1 mathrm.aticnl sense, but all too often are of 
littlc use in dcscribing a real complcx systcm in inadequatc data. Q¡¡ the 
othcr hand, thc scenario modcl -- littlc data, numerot1r ideas -- may accurate
ly dcp:ict thc sir,nificant clclllcnts of the real system, but it is of little use 
to thc enginecr-pl .1ner becausc he cannot manipula te it or quantify ! t. 

Thc tarr,ct onc should try to hit is a rcasonable and uscablc bal.:1ncc l:ctween 
the polcs .of lntuj tion anci sc:Jcctin¡:; han.! data. One v.:ould likc to be ablc 
to use thc 1'\.:J.lhem<~tic.:tl rigor of thc physical sciPntist ~nd, at thc s.tmc 
time, ¡:;ive equol Hcif;ht: to thc hu..-~ristic insight of thc soci<ll scicntist. 
ihe rcsult would bv a useablo model for a systc~ design. So, pcrl1aps, or 
ccrtainly, for plonning purpo&es, one is dcnling with tl1c lowest levcl of 
quantification that .:tllows good cstiMates nnd tl1e lowest level of complcxity 
t.:ldch gives a re.:~sonahlf' pjcture of thc real world systcm with thc hopc of 
expoundin'g in both directions, 

The application of rnnthern.:1ticaJ modcling techniRues to water quality 
m.:magemcnt c::m significnntly aid t:h.; declsioL-m<Akers to arri'Je at bettc: 
dC'clsions. Thus, modcling providcs relcvant facts and altcrnativPs, lhc 
dccision-rnnker chooses the strategy. OperationaJ models are still priMitivc, 
prima.rily bccausc of thc probilistic or random tlature of the physical proccsscs 
1nvolved in waste diffusion. Onc is soiJctimes inclined to be skcptic~l o[ thc 
value of lncreasing Modcl sophistication which often secms to l1ave progressed 
much furthcr th.:~.n cur unJ0.rstandíng of thc complcx real '\.:orld situation; :tll 
models cm:rcntly f'l'Oposed in thc lileratur(~ have eno~mous (l.J.ta requirc1:~e.nts. 

which far cxcced thc data usuaJly availahlet and Hhlch, for the most pnrt, 
must be dcrivcd from actual mcilsuremcnt. ~·!any paramcters in the more sophü;
ticatcd moclcls are sünply not known in actual situations. 

The water quality man;JgC'mcnt prohler,¡ requircs: 
l. The cause ;:;nd cffcct relationship betv~en pollution from any sourcc 

and the prcscnt dctcrioratcd qu.J.lity of ~atcr in lhe estuary. 
2. Forecasting variation of water quality duc to thc natural and man-

made causes. ' 
3. r!cthods of optimal mana~cment, including treatment and fJm.,r rcgulatlon 

to control tl1p qualjty in thc cstuaty for municjpal, industrial, agricultura], 
fishcrics, rccrC'aUon .:1nd Hilcl ljfc prop.Jr,ation. 

4. Cll('mical, blologica], hydtolo.r,ical, hydr.:-~ulic, .1t thc samc time~ 

same place, and s.:~.mc accur.:1cy. 

Nodcls. Jn modcJjng Lhcrc is nhmys a cort.:dn incomp.:1Libili.ty beU·Jcen conc(•;,ls 
of-sul~~t:mcc .1ns gc·nc1·aJ ity; cl.tLJ rL'prcsC'nt.:~tiv~ncss ot thc re;:ll wor]d. Thc 
nim, of cou1·r;c, is lo p1·ov.idc th1·our,h .:111 idc;¡lj~cd ;1bstr<1ction .1n apprnxim.ltt' 
hC'h:lVlOl' or Lile ~:y[.Jt•ll\ ,,.hjclt .:1]\~.\)'S ín :1 com¡HOilllSC bel\o!t'('J1 :~implici!Y :md 
reality. \~.1tv1· qu:¡Jíly modp]:; c¡¡u he u~;pd to silllul;¡tc, ciPscrilw .lncl predicl·. 
~nd pror,¡·:ll•ll'dng lo.1ding to optlmiz.ltlon of dcsir,n. fl'Of,l'dll\~llHr, \·:hiel! lc:Hl:; IV 
policy rer¡uln·s an <':-..pllclt ~.et of ohjl'ctiV('S, oran objectlvc fmwt ion to l•lo~x

imi.zc lH'tH·Clts or ndnlmizc costs. Simulé.ttlon de>cs not requ1n~ l'>-:pllciL t'C'~;11l1 ;, 

So, GimuLit ion~; .:1l't' 



' ' 

misundcrr:tood, if onc cxpccts to use t~c numcrical projcctions and valucs. 

, ,__Us~ng numbcrs is \.Jrong if it lcavcs thc imprcsslon that dcsign projcct:Io}lS Q 
aré in any WIY prcdiction~ of thc fuLure. It is hclpful' ~ as a predfction 
but to geL one to rcali;~.c hD\-1 short-sj ghtcd -- how prcsent-oricnted -- imagcs 
of the fuLurc ordin:1rily are, but cxtrapolation of prcsent trcnds is a time
honored Hay of looking into thc future. Host pcople intuitivcly and 
correclly rcjcct cx~rapolations -- the point ls that it providcs indications 
of the sy~tcrn's bchavioral tcndcncics and as an analysis of currcnt trends, 
of thcir influence on cach othcr, and of thcir possiblc outcomcs. 

Models may be classified usefully by areal extent into national, regional 
and local • At the highest, or national level, data is ncccssary for broad 
planning purposcs, such as to determine an ovcrall level of water pollution, 
to determine the total invcstmcnt nccessary for pollution abatemcnt, tó 
determine national policies and to projcct thc problems into the futurc. 
At thc sccond hi~1cst lcvcl, U1e regional level, all of thc above information 
is necess.::~ry, plus thc particular information nceds for the rcgion. Thc 
third, local level, consists usually of checkh1g the operation of wastc 
tre<ttmcnt plants to insure compliancc \.Ji th rc::;ula tions and statutes. Thus, 
duc to thc diffcrcnt requircmcnts and obje':.'t;_,!es, a data program which may 
be optimal at onc levcl, is usually far from optimal at sorne other level. 
Unless a clcar objcctivc has hecn set, therc is no guarantce that all 
critical bits anibytes of information are coliected, and that the gathcring 
of usclcss data is minimixcd. Similar calssification classification can be 
raadc with rclation to time. 

,_ 

,_ 

' ' 

HypotheUcal attcmpts to describe thc intricatc relationships bet,.¡ecn Q 
nutricnts, phytoplankton, zoonlankton, fish, detritus, bacteria and man-
induccd \·Jastc loads ha ve resul tcd in ·a grcat varicty of models. Onc of 
the first devcloped, classical Streeter-Phelps'equation, describes adequatcly 
the dcoxygcnation and reoxy&cnatlon in thc rivcr. Tite familiar forro of thc 
uxygen sag equation is: 

whcre: 

D:.:: 
kL o 
r-k 

D = oxyr,en difj cit at time t 
e oxyr,cn dcficit at time zcro 

= BOD at time zero 

time (distance) in days 
dcoxy~cnation coefficicnt 

reoxy&cnation coefficient 

(1) 

This cquati.on has bc·cn cxpan<led to provjdc for evcction and dif(us:fon; alr,:1c 
growth, beulh.ll dcpo!d.U;, cte., inLo, jnrenli.ty, impo:.!->ib]e datn n.•quJrcmL'lll.!:. 
'l'he b.::~sJ e nccJ is for mollcls somc\vh('rc beL\.Jccn' l\o/O polc!l th•1t are hui ll u:• lnr: 
cxis'ting dnt;l .:md ó\S such can be respon~;ive Lo the nccJs of thc actlon a¡~cncll•::. 
lt is in llds l"('.Üill in ,,•hich the nuLho1· has dcvl'lo¡wd a serlcs of watl'l' qualJLy 
modl•ls. Thc projccts hl'lng mollc1ed f:l'IWr.:llly are of snch a natun~ that Llw 
ulU.mate rc·all;,..,ltion wlll oecur long ,¡[Lcr- Lhc. departurc of thc dC'sl¡:11l'n:, :tnd Q 
nn such dirC'ct valldaUon proc(•tlures are impos!dhlc. nccc•std taUng !:OIIIl! fonu 

'• 
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"' of intcrnal validatlon or jntern.ll 1nteí:r 1 ty. The prohlcm is one o[ using 
what informatlon ls avail~hlc [or a 50-100 yeat· future, and cloing it ln 
such a f;-¡shion that it ü; not. so clcr,.:tnl t!lat it bccomcs a classroom nr:~kc
bcl:ícvc world. Thc e:ssential thn,ad in the author'f; IHcthodolor,y J.:.; that of 
recognizlng thc complcxity of a problcm ancl dr.:n-ling on a comhinallon of OR 
techniques, dctcrmlnistic tcclmíqucs ,_ as wcll as imperical, phenomolor,ical, 
and analytical mctllods. Rivcr systcm modcls respond to organizcd pollution 
in n;odcs. 

Tl1cre are 5Uf,f,est01 síx categorics of strcam responses: biodc~radablc, 
nutr 1 tional, bactcr 1.11, soJ.it.!c;, pcrs i.stnnt of slo1-:ly dcr;radablc chcmlcals 
and thcn1al .• Thc response of a r,iven r;tre.1m to thcsc catcr,oriPs can be 
formulated; or thc rcvcrse, r,ivcn an insLream criteria (li.QS), allow.:1blc 
effJ ucnt qualily c<:~n he calculatcd. Tlle spccific critcria nm• can he 
.:,roupcd under response he<idiugs; for nutritional, one mi.ght sc]cct N, P, 
i.UP, or AGP, cte. lf pri!:l.lry lrcdrrncnl is estnblished as a lower con
straint on the cffJ ucnt, the soLids cr:i terj a can be del etcd; and furthcr, 
if él puhlic hcnlth con~;tr:~int on toxic and bé.lcterial lcvcls can be excrcisc~a, 
four n.llhcr than six responses can now be used leaving a four-by-four matrix 
to he examined. 

TAJ3LE I 

"lioder,raclablc _ ·---~~--- .. ControJ1ed by D. O. levels ...... -~--- .. ------------------
ÑÜ-i:ri u'op,,j- · .. Controlle<l by N and P lcve]s 

'111Cri~il( ··=::~_

1
1 ~=~-==--~~-~-~-~~(i·oJ.J_u~ .. ~y)c1.1pcra~ur_~. i~1c:rcásc; · ~ ......... . 

Persislcnt 1 , 
Chcmical . · Controllcd by SaltJ CCE's or ABS, etc. l --·r··--------------.,--------------------1-· --------------

So, a response/use matrix, changing with time will set goals; based on a 
matrix such as the onc in Tahle l and allernative socio-operatcd projcctions. 
A linking tec1mic.1l basin r-1odcl can be built and opcrated to provhle the opt.:im.:ll 
use of water rcsources, and of ncccssary treatmcnts; or in planning for 
futurc popuJation incrcascs anrl thc concomilant increa~;cd use of \l<lt<'r, it. 
'is possjblc to huild malhcmatlcal modcls cl0picting thc optimum trcatnl(!J1ts nncl 
stream flows necessa1·y to meet Lhc I~QS. Thc one-to-one input-output rclation
ship:J fcr thc four catGgorics of \·l<lste dü;chnrgcs fol.lm-;s \-Jj th the Lo\.J Flo\o~ 
Augmentadon FA), assocint<.'u H.ilh each trcatlllent lcvcl (TLi), \oJill be Q1 , 

QN' Qp ¿¡nd QT. 1'his is a terminal flow in HCD. TL
1 

is a fraction \olherc i 

refcrs Lo non, N and P. 

BIODEGI\ATJABJ.E NODEL (L) 

Q ::: J_ + (1-Y) 
L e 

(2) 

Y .. Fr;tc-l ion of total popul.1t Ion Jn S~IA' 5 

r"' Efflcil·ncy U•nrl~ J'olnt J.o,al/llnl!{lflll J.o.1d 
PE""' l'opuJ;¡[ lon Equiv;¡Jc·nL Jn :ni.Jljon~. 

1' e l'vn:·~nl<lr.l! cll~;cll;lr¡;l' to rJvvl', t•):prl·:;:a•d 



,b a [ t o.ctj on, Dcci.sion 
Vo.Ti.:hle =- (1-TL) 

e "' DO S<lLlll"cltlon lcvel @ givcn tcmpcraturc 
G .,:. 

A::: 9112,900 
k

2 
l1L 

V 

relates to strcam charactcr
istics 

whcrc n is csscnLL:illy Lhc nur.1bcr of rcoxyecnizcd volumcs, k
2 

thc rcacration 

constant, L thc rcach, V thc vclocity -- thcsc valucs will changc as the 
strcam ilsclf is subjcct to managcmcnt. 

ACCELERATED EUTROPliiCATIO::--J HODEL (N) 

Q = z·r 
N ----

FN·RQSN 
(1-TL -1.44 (1-TL ) N L (TL

1
3250) (3) 

wherc: 
Qp or QN = Nutritional Dilution Required, MGD 

THEPJ.IAL XODEL (T) 

Q = r 
• llQ 

Z = Rc]ative portion impoundcd and 
cffccted by RQSAGP lcvel 

P = Population, mlllions 
TLP or TLN = Phosphorus or NjLrogcn removal levcl 

exprcsscd as a decimal 

FN or Fp = BOD/P Ratio divided by optimum 
combining ratio 

TLN = BOD rcmoval lcvcl expresscd as 
a dccill1al 

= AcccpLable lcvcl, RQS dctcrmincd 
by RQSAGP 

Q == Thcrmal Dllution Requircd, HGD 
r 

flT\.¡ = Allowablc lempcraturc diffcrcncc bct\·Jccn addcd flow aml RQSt (t-RQSt) 

fl T Q ., Allo\mb1 e t<~mpcraturc chanr,c (l{Q\. - T
0

) 

. C a Ratio of K/V when K ·~ C.cometrj e lliClll"< f or llot.Jmc·n •-s ratio and V "" 
X 

o 

o 

o 



o 

o 

ü 

subsidancc vclocity 
óQ .. Wa&Lc Flow, .HGD 

-6-

CONSERVED OR PERSISTEN!' S:IEHCAL HODEL (C) 

Q a e 
t.J X fiQ e (6) 

Thcsc rnodcls» though cnst in tcrms of diluUon requircmcnts, can be 
altcrPd, givcn a diluted lcvcl to providc pcrmissiblc londines. TI1c 
modcls (2) thru (6) are bnscd on or¿:L~:1izcd (scwcrcd) pollution. Nodels 
ior storm drninings or dispcrsed pollu:ion have a1so dcve1opcd auch as: 

DISPERSED POLLUTION NODEL (D) 

Y2 = 4.8 + 0.0827X2 + 0.489X8 

where Y
3 

ís DOD 

Y
5 

= 2o36 - 0.188 lnX + .310 lnX10 

1..1here Y 
5

J s ON and Y
6 

is POx in 

Y6 = 2.90 ~- .00003Xl- .OOOlXJ- .0137X8 - .741X11 

and X = 1 
x2 = 
x3 = 
x8 = 

x1o = 
x11 = 

population 

?Opulation dcnslty 

number of houscholds 

comme:rcial cstablishmeJ.1ts 

strcets 

cnvironmcntal indcx 

(7) 

(8) 

. 9) 

Hodcls (2-·9) cnn 'Le uscd to rclntc wnst · inputs to strcnm responses un,lcr 
vnrying municipal s!:rcam cilar<Jctcristic:.> and against vnryinG goals (l:C :;) • 
Hany technicnl modcls <~.re ¿¡v;:¡ilnble Lo projccl flows (Q), and othcr sl :·e,,l'l 

c:haractcristlcs k
2

, I., V, cte. h11t a final modcl is nceclcd for cvaluat ion of 
thc cffeels of thc rur<~.l upstrcam \.J<llt'rshcd pro~rams on clm,·;-¡strc:.1:.1 rur.aff tn 
complctc thc sct. Such a modcl \vas clcvclopcd for the Con~:·ess in 196S. l, 2 

1 For dvtails of mod~ü devclopmc·nt scc,-TIIE OUTLOOK FOR h'ATER, \.'oJlm;:¡n and
Boncm, Titl' John llopkin:> Pn.!fiS, Halti1110rc l. Lontlon, J971, Appcndix C., p. LOJ. 

2 Tld s H;l!; a s¡1ccial con!';ultntlvc rcport lo the Sccrctary of tlal' 1 nu·rior, 
Octobcr, 1967. 



UPSTREA!i USE HODI:L (U) 

Wherc: 
Y = pcrccntnge of normal runoff 

x
1 

~ perccntngc of normal prccipitation 

x2 a pcrccntagc of watcrs}¡cds controllcd by hydrnulic structurcs 

x3 = annual above one inch prccipitation 

Yn thc:;c cqu.1.tion, thc simple Phclps cquation (1) has bccn rcduccd to: 

dL = k2 dO = f dO 
kl 

,t (10) 

(11) 

That is to say, thc load equals thc cnpacity. Distribution factors are 
added, load is put in terms of pcople, PE's, etc. This is uscnb1e. On the 
othcr hnnd and by way of contr<1st, O'Connor uses a one dimeL1sional, differ
entia1 cquation, first involving: 

= (QC) - kdL - k L0 + ka (C -C) -n s 
o D 1 
a t A 

Expanding this to thrce dimension, (x, y, z,) would require: 

u él o 
X 

dX 

u él o 
y 

a Y 

+ 

uz a o - k .e 
a x ). 

, etc. 

(12) 

(13) 

Also thc ev:1luation of E's, U, K., etc. in tcrms of vc1ocity, soJnr cnergy, 
~ 

depth, turbidity, cte. 3 

Thc cff~ctivcncss of rnodcls is, of coursc, acccptancc. Actually, vcry fcw 
modclr. h.:~vc bccn uscd. Limlt.:ttlons oí applyjng thcm to "rc.1.l" syr.tcn:s are 
rootcd jn m .. my fnclors, 1nost rclatccl to dat:1 in.:~dcquacics; thc acqulsiUon 
o[ pro¡)('r dat:1, adju!.itmcnt of non-homogcnity, or inconslslcncy, to n::uno i.l 

fcw. 

3 
SYSTE~IS A~t\T.YSJ S AND HA'J'El~ QUi\I.lTY, Tltom:1n, Environmcntnl Sch•ncc Scrvlc~..~, 

Ncw York, 1972. 
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o 
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Every moc.lcl, or systcra, i::. .1h•.1ys enbr>dclcd in ;¡ larr;cr oystcm in spacc 
or time, so onc! iG limitcd Lo ~;clccUon of a free bocly cut and c:xo13cnously 
el c.tcrmincd p;uar11ctcrs, Fin;~lly, scriouG fac tors, mos tly associatcc.l wi th 
social valucs cannot, nt prcscnt, be quantificd. 

An cfficicnt use of modcJs thus, argucs for diffcrcnt modcls to é3nswcr 
difíct·cnt qucstion. For cxamplc, onc for- scdimcnts, onc for social costs, 
cte. Thc systcrr proccss is itcrotivc and contlnucs whilc the modcls are 
refincd anc.l until satisfnctory.rcsults are obtaincd. 

Thc flm,• o[ information for all thc mcstcd modcls evcntually lcads to thc 
dcc.:ísion procc~;t~. Fonmrcl .:md feedback information flows takc place betwcen 
modelo until tl1e alternativc sclcction and information dcvclopcd is accepted 
ior dccision-m<1king. As illustratcd, there is no attcmpt to 11hang" all 
models to¿;cthcr. Nore important, diífcrent levels of data, can be used in 
o::ach modc, providing homogenity in each model. 

DATA 

The data must support thc models. Sorne of t'1e questions for \oJhic:h ans~:c::-~ 

are necdcd are, go~ls, includc,: 
l. Hhat sir,nificallt paramcters of \-Jatcr quality should be measured, 

fo~ an alcrt systcrn, for trcatmcnt plant control, for a quality forccasting 
system, for a r]ver Man~r,cment systcm? 

2. \·Tnat should be thc pcrioclicity or time interval in collccting 
specific data? 

3, \~1at are thc cross correl~tions of thcse pararneters? 
4. Are tl1crc any syncrr,lstic relationships bctween the parametcrs? 
5. Hhat is hcing accomplishcd to devclop instrumentation that can 

gage quantitativcly thosc esscntial parameters, such as BOD, that are not 
being measured autoinatically at the prescnt time? 

So, U1ere are all sorts of data, much of it redundant. One nccds a model 
to discovcr nceds, costs, etc. The r.roccss is sbmm graphically in 
Figure 3. 

Data has a cost, collection ancl deferral of decisions. 

1'hc quantity of infonnation collcctcd should be inc1·cased so long as the 
prescnt valuc of thc lnvcstmcnt opportunity (or cost savings if this is thc 
use to \·:hich thc inform.:1tion i~ put) is incrcascd by more than the cost of 
thc iníonnation. 

Thc cxp<'c.tcd V3luc of a dcdsion will he low with liLtlc datA. av.:d)abJc, but 
wi]l rj:.e \oJ1th more d.1L1 <lv.lfl;¡]l]p, Hith littlc d<Jt.¡-¡ av.liJ<iblC', thc :-.olutlon 
oflt'n \,'L1111d be· ovc·t·!;l;llt'd (rt·~:ultinr, jn unw;l'd c;tp;¡cily) ot- undct·::t;¡t,·.l 
(rC'stJltjn¡•, Jn lost opportunlty), thu!; reducln¡; thc (•xpccted pre~wnt v.1lue of 
thc oppol·tunity. F'or small cnour,h c¡u.1ntitics of d<tta, Lhc <'Xp<'Ctcd ·:Llluc 
will he ncga tJ ve. 

'fhc conclu~:ion tlwt t11C' clec:is ion tnkc place whcn tlie cost of r,cttinr, onc more v•·.tr 
of information js 0c¡u.11 to lhc t"('nlllllll)', incrcasc ill expcctc•d rn~~;ent vnJuo. 
Thc c.oGL of r.ctLlL_~. onc mon~ year of data js rn..&dc up of tHo clculclll!;, Lhc 



/ 

outl ... t:/ .. :u;:-inr~ tt~(..: du;·f~,r; ~-he· \Ca1 t; r~ci_ the d0ta11 k.~ a.nd intercst 011 the 
~xpcctc,,i prc~cnt v:tlllC of Lhc ..;p;)(;nur .• Ly onc uou}d C"X~crlcncc if ayear of Q 

"' , waiting is not incluucd. That.. ü;, H V(t) is thc haslc function, one ~~hould 
not \oo'<lÍt until lt~~ ratc of incrcasc, V'(t), is equal to [rV(t-) + k], whcre 
r is: the ratc of discount ( thc ratc of rcturn on invcstmcnt). 

Scvcral conclusions are cviucnt. 
"complete" iaform.:ltion. Sccond, 
problem is thc cost coming frorn 
from thc _dccision. This factor 
until t.bc incrcmcnt in cxpcctcd 
data. 

First, it ncvcr-will pay to wait for 
an cxtrcmcly important clemcnt of thc 

postponcmcnt of thc stream of net rcvcnues 
mcans lt docs not pay to accumulatc data 
valuc is equal to the annual cost of thc 

Expcricncc in the United Statcs has resultcd in thc cornmon utilization of 
only eigl1t Hcltcr quality paramctcrs th.:tL are thou¿jht to satisfy thc re
quircmcnts of rclia.bility, accuracy, and lm.J maintenance. Thcsc parar112ters 
are dissolved oxygcn, pll, turbidity, conductivity, tempcrature, ORP, solar 
radiation íntcnsity and chlorides. Time scquence is important. Paramcters 
needed coday may not be thc corrcct ones tomorrow. 

Time 

1960 
1970 
1980 
.,'t'\nf'\ 
.l.;;! ';IV 

2000 

Gritería 

FIGURE 4 

TUill SCHEDULE FOR WATER POLLUTIO}l AEATEHENT 
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Figure 4 suggcst a water pollution abatcn:ent time scale; that is, the 
standard tdll be upgr.:1dcd tvith time·, and thc resource must be uscd 
within thcsc constrajnts. 

One is still conccrned tvith thc frcqucncy Híth which data should be 
collcctcd, thc optii:num locat ion~;, o( collt'ctíon, thc provisions for daca 
storacc and thc rcsourccs for ana1ysis of thc data. Thc use of a short
tcrm sur.vcy a.ppro:cdl or est<JLlí:.ltmcnt of é.1. minim.:ll numbcr of perm.::LncnL 
sta.tcions. An ¿¡;nalysis of I1 i_storical cbt..1 will yicld insí¿jht into thosc 
paramclcrs \o!hich rcc¡uire> conlhluous a.n.dysi:s becausc o.f signifi.cnnt fluc
tu:rLion~~ :1nd' help to• 1 ch.:n:ll [y tho:;c ).ocalions t.¡hich bcst idcnLify changinc 
conditions in Llw rcccí.vin¡; \.¡atcr. 

In con.trast lo tl1c moniLol·inr, o[ a simp,1c point ovcr .:1 lonr; period, studics 
can be conc('nt·raLec.l ovcr sho·rlcr times hut more inlen~i·tc. 'l'hc.rc is a 
questiun of manual collt~ctJon versus en¡¡;_ j nuou~; ~ a u toma t. ic rcconli nr.. Al l 
parametcrs of intC-re:;t can be dctcr,r.ín<.··l on /a cont.inuou:; basis and tht~ rc!>ults 

o 

o 



o 

o 

u 

-10= 

transmittccl to .:1 central storar,c L1cill:.y, \!hile \v.::ltcr quality paramctcrs 
th.:J.L c~m be cconomic.1lly and dcpcndcntJ y mc.:~surcd in thc f ield .:~re s lill 
somcwhat limitcd. 

C0NCLUSJONS 

Br lcfly, nodcl:. to illucicJatc dcsign p.1rameters should be buil t wi th 
availilblc dnt.:1 " ~ mind. By a proccss of separatin~ and nesling, sub
modcls can ovcrcornc inconsistcncics. If ~oals are preciscly. statcd as 
to function, various par~rnctcrs can be rcprescntcd by what is av.:~ilablc. 

'l'hc author has devclopcd a series of modcls uslng very ¿;cncral data, 
lcaving il J.atitudc of altc:::-nativc data itcms to define a para1ncter. Data 
has a cost, collcction and opportunity or dccision crrors also cost. If 
.inadequacics continuc, shorL-term lnteusivc sludics are jusLified, cit:her 
now or backward, for cxamplc, point revj C\vS can be uscd. Nanual sys tcms 
can be rcplaccd by automatic monitors; nll ei~lt suggcstcd parameters 
handlcd by elcctrodcs. Gencr~lly speaking, howevcr, automatic monitors 
tend to provjdc more dat.:~ Lhan are necclcd, because noonc dares to turn 
thesc cxpcnsive ¡:¡achines off or sct the sampling interval to such a time 
interval that meaningful deviations c.:~n be recorded. 

One nevcr h.:~s adequate data, nor can onc afford to wait for it. So, modcls 
must be raade using evc1.y de.,rj ce av;lilahlc, rccognizing that thc final 
result will still involvc unccrtainty and risks, ancl rcquirc judgcment -
the only defcnsc against inadequatc d.:~ta. 
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CHAPTER 10. THE DR/\IN/\GE MODEL 

10.1 JNTI\ODUCTION 

Thc general purpose of the droinoge submodel is to develop o method thot con be 

"uscd to provide indicotors concerning storm runoff droinoge in on urbon environment. More 

spccificolly, the submodel is oimed ot obtoining pollutont lood indicotors. 

The present study is bosed on severo! previous studies. A rccent study by the AVCO 

Economics Systcm Corporotion (1) reloting to pollution octivities ond urbon lond use wos 

oimed at developing techniques for estimating types ond concentrotians of contominonts 

found in run-off from storm water. These techniques require o bosic knowledge of loncl 

use, street oreo, !.u11ilory co••ditions, impervious cover, ond the average oml')unt of rain-

foil for eoch seoson for the oreo under study. Although lond-usP. allocation is not sufficient-
f 

· ly sensitive to exploin the voriobility of storm water contaminont concentrations, the 

tcchniques developed do provide an estimo te. 

The mothemoticol models thot resulted fro~1 lhis project ore of 1 inear form. Although 
,, 

o 

eoch equation contains from one to five indcpendent variables that require careful projec- Q 
lion and estimotion, the results are reliable and rcosonable. However, data were not 

ovoiloble lo permit development of regression equotions based on the detailed variation 
1 

of lond-usc ond population cohorts required for the current reseorch. The meosurements of 

storm water q~olity ond quontity bosed on the approoch used to develop the mothemoticol 

models along with land-use tabulation would permito timely and feasible development of 
' 

output equotions for all urban oreas. 
,. 

Another. study (2), performed at the University of Oklahomo subsequent to the one 
' ' ' ' 

just described dcvel<?ped methods for predicting dispersed pollutionol storm water loods 
'1 

lo receiving streams from land-use octivity cohorts. Three alternate methods were used. 

The original methodology was developed with u~restricted cohorts. 
' ' 

Thc study yielclcd the average expected p,ollutionol load per season. This is done 
1' ' ¡' 

_ by cstimating the amount of scosonal storm water run-off by rational methods and multi-

. plying thcsc v~lumcs:·by the average scasonal pallutant" concentrotions (using the 
1( 

, appropriote conversión factors). Thc praduct gi·ves eoch pollutionol porometer in pounds 
, '' 

_; pcr scason. 
-241= 

o 
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' Thc stucly cmploycd 1 incar rcgression cquations, with more significont input inde-
o 

pendcnt voriobies, to obtoin average scosonol conccntrotions or load:;. This procedure 

rcquires cxlensive inforrnotion of lond use ond the sonitary conditions of the orca, and 

it is uniqucly opplicablc to urbon orcos símil<:~, to Tulsa, Oklohomo. 

Thc lolcst study in lhe pollution scqucnce (3) has been on effort to relate urbon 

storm wotc1 pollution to thc oclivity of thc iand, cnvironmentol foctors, and prccipi

totion on six condidote citics in the United Stotes similar in terroin and oclivity to Tulso, 

Ok!ohomo. One of the mejor concerns was to cnvision mcosures to control pollution 

mther than construction of facilities to treat or dispose of it. The study olso dealt with 

lf'llpproisol of the sourccs of pollution from thc vorious lond octivitics to provide a mcans of 

~ontrol of storm waler pollution by regulation of land use and urbon plonning. 

Rcgrcssion analysis was also used to determine urban pollutont concentrotions in 

thot. study. TI1e average onnuol foodsrfor storm water ¡::d!ution ·Nere obtcined by multi

plying the average concentrctions by the opproximote annuol roinfoll in pounds per ocre 

per year. 

The study pointcd out that: 

(l) The greotest omount of pollutont from thc test oreas rcsulted from 
wash out of mateliols which were dcposited on the oreas, ond from 
the erosion of drainage chonnels coused by greot amounts of run~ 
off. 

1 

(2} TI1e seoson with the most run-off has the most pollu!ants. 

(3) Functionol relationshipscon be estoblished between storm water 
pollution porometers ond variables grouped in cithcr the precipi
tqtion o~ lund-usc clossificotion to, obtain,a first arder estímate of 
the average pollulont concentrotions ot other gcogrophicol locotions. 
These techniques provide o. proccdure for looking ot the i~pocl of 
urbon storm water pollufionol loads on th~ receiving strcoms ond 
olso plonning for control. 

(4) lond surface choroctcristks with the strongest relationships to storm 
water pollutont concentrations ore environmentol conditions, geomor
p1,1ic choroctcristics which offcct drainoge, ond degree of develop-
rnent or ~nbanizotion. " 

(5) The cnvironmcntol index (Toble 10-1), wnich reflects the general 
sonitary conditions of the si tes, is a good prediction variable for 
bacteriol pollution paromctcrs. 



(6) BOD concentrotions dccreosc wi!h íncrcasing fiow during the 
rising limb of thc run-off hydro9roph. The omounts of BOD 
containcd in tl;c flow incrcascd with run-off rotes bccouse the 
i imc rote of fiow incrcased at a grcater rote than the BOD 
conccntration decreascd. 

(7) There is en increase in pollution produced per unit arca of 
commerciol ond industr iol use if thc daily number of pcople 
who visit the oreo is high. 

(8) in the residentiol section, the amount of pollution produced per 
unit orea increases with the populotion density. 

Thc rcseorch efforts culminoting in the reports cited above hod the common goal of 

invcstigating the urbon oreo drainoge problem. The proctical purpose has been to cnable 

thc cnginecr and city plonner to assess the need for urbon drainoge systems in the near 

futurc and todo so by looking at the appropriate environmental factors and the correlation 

bctwecn these factors •. In these studies, land-use classifications, along with lond condition 

a~d prccipitotion, hove been used as input functions to generate pollution loads. 

10.2 MODEL DESCRIPTION 

The drain"ge submodel developed for this study was based on the above-mentioned 

studies. Regresston ondlysis is used os the principal tcchril~ique for predicting urbon storm 

run-off drainoge pollutionol loods. However, to relate this submodel to other submodels de

velo?ed in this study, only the cohorstof population, lond use,and precipitation were used as 
' ' 

inpu."' for prediction of pollutionol loads. Although the restricted cohort inputs tend 

to decrease thc cccuracy of the estimates by regression equations, (due to the decreose 

in the number of índepef¡ldent variables used), in many cases rcasonable estimates and 

qualified magnitudes of pollution loods were obtained. 

P.egression equotiQns for predicting the quality of storm water run-off were estoblished 

by,correloting the meosurements of surface charocteristics of urban watersheds with ossociated 

me~surcs of storm water pollutonts for various test tHeos in Tulsa, Oklohoma. The four 

pollutants items being studied are total coliform, COD, total solids, ond soluble ortho

phosphotes·. The variobl.es used ond their symbols and units are listed in Toble 10-1. The 

regression equations developcd for predicting the average· concentrotions of the four 

di fferent poli u ton ts are ~·tated in the following section. 
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Symbol 

Dcpendent Variables 

1\)1 
1 

M2 

M3 

M4 

TABLE 10-1. Symbols And Units For Porometcrs 
Ulilizcd in f~cgrcssion Modcls. 

lfem Units 

Total coli~orm 
e 

lhousonds/1 00 ml 

CODb mg/1' 

Soluble othophosphcte 
b 

mg/1 

Total so!idsb mg/1 

Hndepenclcnt Variables 

Dl Area of wotershed acres 

02 Length of moin stream ft 

D3 Length to center of orea ft 

D4 Foil of drainage mea ft 

o .. Form factor* dimensionless 
;; 

X, 
1 

Populotion number 

x2 Environmental lndex (E 1} ** dimensionless 

X 3 
Arterial strcets acres/ocre 

x..1 Arterial streets miles/ocre 
• 

xs Other slrcets acres/ acre 

x6 Other streets miles/acre 

x7 ' Rcsidentiol density people/res. acre 

XB Residentiol density people/ acre 

x9 Length of main covered miles 
storm sewer 

x1o Covered sewer/totol lenarh ratio 
1 ' 

-2Lf..4-

1 

' 



TABLE 10-1 Cont!nued 

Symbol ltem Units . 

--· 
xll Arterial streets % 

x12 Other streets % 

x13 Commerc ia 1 land % 

x14 Industrial land % 

x1s Unused space % 

a Geomctric mean by events. 

b Arithmctic mean by events. 

Form factor (Os): An indicator ofthe drainage charl.lcteristics of a watershed 
by thc following equation: 

Form factor = 

whcre, A = orea of watershed in acres 

43,560 A 

(L )2 
e 

L = length to center of orea in feet 
e 

TI1c form factor itsel f is dimensionless. 

,..... Environmental lndcx (X2; El): An indicator of the general environmental condition of 
an urban watershed._ The Environmentcillndex of a wotershed is calculated by the 
following procedure: 

Fir!.t, the environmental quality of on urban watcrshed is assumed to be 
a funclion of three foctors: the housing condition, the vacont lot 
conditibn, aná the tC>~al number of envir6nmenl~l deficiencies {refuse, 
old autos, privies, etc.) 

The second assumption is that, in defining an cquotion to represent the 
environmental-condition of a wotcrshed, the number of deficie.ncies should 
be weighed mdre heovily thon the housirfg conditions, ond the housing 
conditions sho.vld be we ighed more heavily thon the vacant lot conditions • 
. Stated in equotion form: 
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whcrc 

B=-

Note: 

TAn u: 10--1 (Continuccl} 

G = number of good houscs 
F:.;: numbcr of fair"houscs 
P = numSc 1 of poor houses 

Total Vaccnr Lo:s 
G 1 2F + 3-=-p--

Note: G = numbe1 of good vacan! lots 
F ::: nurnbcr of fair vocant lots 
P = numbcí of poor vacont lots 

(A= Housil'}g lndcx) 

C = Total Structure!. - To1al Defiencies 
Total Struclures 

Note: Total dcficicncies can be defined as the sum 
of refu~e, burners, rubble, lumber, old autos, 
poor shcds, 1 ivestock, poultry, ancl pr i vi es. 

The necessory items, including the different; types of environmental defícicn

cies ancl the numbcr of houses and vacant lots in cach classification, are de
fined as set forth in 1he manual 11 Community Block Survey and Socioeconomic 
Stratification" p~blished by the U. S. Public Heolth Service. 

Foctors A pnd B in the obovc cquation moy v:Jry from a mínimum of 0.33 toa 
maximum of 1 .00; factor C may vory from a negoti~e number to 1.00. The 
Environmeniol lndex, when the necessory substituti.ons are made, may vory 
from a negativc f')Umber to a moximum of l .90. An El of l. :JO denotes on oren 
with oll good houses, all good vacant lots, ~nd no'porccl deficiencias. 

The El calculoted in this rnanncr does not lake intol consideration a number of 
other fadors which, if uscd, would result in a .more refined indicator of the 
general environmentol conditions of on orea•. Such ·items include a ir poliu
tion, parks, noise leve!, and traffic volume. 

. ! 
' ,1 
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10.2.1 Conccnlrotion of Coliforms 

Thc indcpcndcnt variables used to dcvclop regression equotions for the conccntrotion 

of total coliforrns ore those shown in the foliowing functions: 

Concentrotion of total coliforms = f (X 1 ,x6,x7,x9,x10,X 12~x 13,X 15, 0
5

) 

Thc bcst rcgrcssion cquotions for total col iforms togcther with their coofficients of corre

lotion (R) ond F volues (99 percent significonce level) are as follows: 

for combined lond use oreo: 

M 
1 
= 430 - 363 (X 

1 
) 

R = -0.856 

F = 35.76 

for· residentiol orea: 

M1 = 521 - 427 (X
1
) 

P. = -0. '383 

F =17.75 

for commerciol ond industrial orea: 

M
1 
= 372 - 329 (X

1
) 

R = -0.930 

F = 25.66 

10.2.2 Concentration of COD 

Concentrat~on of COD = f (X
1

, x
4

, ~~ x
9

, x
1 
O' x

11 
1 x

12 
X 

13
1 X 

14
, X

15
, 0

2
1 0

3
, 0

5
) 

" 11 1 

The best regressio~ equations for COD together with their coefficients of correlation 

(R) and F values ore as· follows: 

for combinedJand use orea: 

M2 .~ 71 - 45.4 (X
1

) + 2.61 {X
11

) + p. 00619 (0
2

) 

R :;: O. 839 

F ::: 6.32 

for rcsidentia-1' orea: 

M2 = 69 - 74.71 (X1) + 3.68 (X
11

) + 0.0105 (02) 

R = 0.971 

F = 16.55 
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for commc1cio! cmd industrial orca: 

q 
.M2 == i52 -.:?.2 (X¡) -1 1.1? (X·

11
) + 21.7 (0

5
) 

' ' ' 

R ~,0.862 

F = 2.89 

J.0.2.3 Concentratión of Total Solids 
' -, l. 

' - ' ' ' -" .J ' ., :, :·' ' ' ' -

Concoo>trolion. of : .>toi sol ids = f (X.l·, 'X:J, ·x
4 

,.X7''X
9

, XfO' X
1 
,
1
, Xl.

2
' X

13
, Xlfl' X

15

, D

1

, D

4 

i 

The bost rogrcssio~ csualions for tola! solids ond the:;, coefficients of correlotion {R) 
and F va/.ucs ar.c as fo/lows: 

for combined !and use oreo; 

.M4 .=.•2.l2-+ 50.~ :(X
15

) 
''':r·R 'k 'Ü. l33 ' . ' 

'!• ·.• 
{. J ~ ... t 

p' !.:: 1'5~:.f3 
~' ¡1 

o 

'· . 'i .;'J-.;h· .. A':~ ¡. l' 

'' ' ~ ,·, 

F = 21.66 

o 
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for rcsidcntial arca: 

M
3 

= 0.66- 0.0011 (X
11

) + 0.0645 (X
15

) 

R = 0.817 

F =4.01 

for commcrcial ond industrial orea: 

M
3 

= 1.35 + 0.0252 (X
14

) + 0.0622 (X
15

) 

R =0.882 

F = 5.26 

10.3 VALIDATION 

.. 

By the very nature of the methodology used in developing the model, the occuracy of 
' 

thc prcdicted pollutant concentrotions is limited by o number of foctors related to the 

choracteristics of the individual urban oreas themselves. For example, the models ore 

boscd on thc estimotion of dispersed rather than localized pollution sources. The exis

tcnce of local izcd sources of pollutants within the wotershed being studied would, of 

coursc, result in highcr concentrations than would be predicted by lhe models. 

The models, derived from the University of Oklahoma study, are based on the ossump

tion thot land-use clossifications ore among the most important factors influencing pollu

tant concentrations. When the effects of a number of addilional wotershed choracteristics 

were ossessed in the AVCO study, it was found that droinoge choracteristics were often 

for more importont thon lond-use clossifications clone. Finally 1 the rese'!rch into the 

, effccts of el imatologicol choracteristics undertoken during thc recent AVCO study had 
¡, 

dcmonstrotcd thot the effects of climote may, in turn, be more significan! than either 
' -

lond use or droinoge. In any event, storm water pollution is reloted toa vast number of ,, 
foctors, including el imate, land use, environment, and droinoge choracteristics, as well . " 

as many othcr factors which hove not yet been fully considered. Future studies to identify 

thc influcnce of regional differences~in precipitoti.on, temperature, geology, and other 

important factors on the amounts of storm water pollution should modify the models to make 
' ' 

thcir application more valid in regions distant from the Tulsa crea. 

/ 

/ 
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DIRECTJ~IO.D~ ASISfENTES AL CURSG n~ PROG~AMACION Y MODELOS Df 

· 1 NGENI i:i{i A ·M-151 é::\-fAL ( DE¡::-fbu-CnA1~i~l L AL lo. DE MAYO DE : ~ 

NOMBKE Y DiRECCION 

1. INOCENTE BOJORQUEZ~BAEZ 
Laurel 17-ó 
Col. Sta. ~a. La· Ribera 
México 4, D. F. 

2. FIS. RICARDO CAME-RÁS-ROSS 
Bahia Magdalen~

4

f32 
Co 1. Moderna 
Ensenada, B. C. 

' - -
3. ING. JOSE ANTONIO-CARDENAS MATA 

Nte. '48-A No. ·3623 Depto. 2 
Col. 7 de Noviembre 
México 14, O. F. 
Tel: 537-46-70 

' 

4. 1 NG. JOSE MA- •.. DEL .CASTI LLQ. A.- -
M-47 Lote 4 ·oepta.· 11 F11 

Secc. 4a. Zona 
Col. Ejército Oriente . _ 
México 9, O. F. -

5 .. 1 NG. JORG[ ·A; .. CASTYLLO O JEDA 
Candelaria Patos M-3 
E-H D-13 
Ca 1 • Merced~
Méx i co 1 , O • F • 

6~ ING. JESUS DIAZ ·BARRIGA 
Sánchez Azcona· 239 
Ca 1. de 1 · Va·lle. 
México 1 i, O·. F. 
Te 1: 5-43-17-48 

7. JOSE FRANCI~CO ~SPA~A RAMOS 
Calle 13 Manzan·a XI No." n 
Co 1 . Educación 
México 21, D. F. 
Te1: 5-59-66-72 

EMPRESA Y DIRECCION 

SECRETARIA DE RECURSOS HIDRAULICOS 
COMISION DEL LAGO DE TEXCOCO 
Francisco 1. Madero y Rio de Guada'•u
pe 
San Juan de Aragón 
México 14, D. F. 
Tel: 577-96-11 Ext. 43 

CENTRO DE INVESTIGACION Y EDUCACION 
SUPERI-OR DE ENSENÁOA,' B. C. 
Gastelum 895 
Ensenada, B. C. 
Tel: 8-31-15' 

CONSTRUCTORA RALF -ME C., 
Av. Miguel 'Miramón 157 
Col. Martrn Carrera 
Méx i ca 1 4 , O • F . 
Tel: 781-02-61 

S. A. 

CENTRO DE EDUCACION ·cONTINUA 
Tacuba No·. 5-rer. 'Piso 
Méx i ca 1 , O. F.' 
Te 1 : 5-21-40-23 

' . 
SECRETARI-A- DE- RE.CURSOS Hl DRAULI'Cú:; 
Paseo d~ 1~ Reforma No: 77-9o. Pi~o 
Col. San Rafael 
México 4, D. F. 
Te 1 : 5- 46- 8 1 - 2 4 

HIDRAULICA URBANA, :S. A. 
Sánchez Azcona 239 
Co 1 • de 1 Va 1 1 e . 
Méx i ca 1 2 ; O • F • 
Te 1 : 5-4 3- 1 7- 48 

SECRETAR! A DE RECURSos-:Ht DRAULI CC:S 
Av.- San Berñabe No·. 549 · 
San Jerónimo Lrdice 
México20, D. F. 
Te 1: 5-95-24-00 
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DI RECTOR~·,Q_~-DE ASISTENTES AL CU~SO DE PROGRAMACI ON Y HO~E~;·:·~ _--e¿·~ 
INGt:Ni[~iA A~"IBiC:NIA~ (o¿._ 20-j-.::--ABRIL AL lo. DE MA'Tb--0[---~,--_~_j 

o 
NOMBRE Y DIRECCION 

8. DRA. MA~I LOE EVA ESPINOSA RUBIO 
Alicia 5 
Fraccionamiento Colón Echegaray 
Edo. de México 
Tel: 560-71-18 

9. ALEJANDRO HECTOR FALCO SERRANO 
17 Sur 2726 
Los Volcanes 
Puebla, Pue. 
Te 1: 43-68-35 

10. ING. JESUS GARCIA OLLERVIDES 
Ret. 1 Jesús Galindo y Villa 
No. 63 
Col. Jardrn Balbuena 
México 9, D. F. 

1 
~G. ARTURO GARZA MELENDEZ 

:ur ó9 No. 3036 
Col. Viaducto Piedad 
México 12, D. F. 
Tel: 5-30-14-87 

12. HECTOR A. GONZALEZ COSIO Z. 
11 Poniente 704 
Puebla, Pue. 
Tel: 42-13-70 

13. ING. HERMILO GOROSTIETA ACOSTA 
Cerro la Estrella No. 69 
Col. Campestre Churubusco 
Méx i co 2 1 , D. F. 
Te 1: 5-44-62-27 

EMPRESA Y DIRECCION 

UNIVERSIDAD AUTONOMA ME"iR: --~._,::-:t~
NA 
Av. San Pablo s/n 
Azcaputzalco 
México 16, D. F. 
Tel: 561-37-33-215 

SECRETARIA DE RECURSOS HIDRAUll
COS-DIRECCION GENERAL DE USOS 
DEL AGUA Y PREVENCION DE LA CON
TAMINACION 
Paseo de la Reforma No. 107-2o.() 
México, D. F. 
Te 1: 535-63-66 

SECRETARIA DE RECURSOS HIDRAULI
COS- DIRECCION GENERAL DF USOS 
DEL AGUA Y PREVENCION DE lA CON
TAMINACION 
Paseo de la Reforma No. 107~Ü;.i'. 
México, D. F. 
Tel: 566-06-88 

ESCUELA DE INGENIERIA CIVIL DE 
LA UNI VERS 1 DAD AUTONOMA DE FU;.
BLA 
Ciudad Universitaria 
Puebla, Pue. 

DIRECCION GENERAL DE OBRAS 
HIDRAULICAS DEL DEPARTAMENTO 
DEL DISTRITO FEDERAL 
San Antonio Abad No. 231 
Co 1. Obrera 
México 8, D. F. 
Te 1 : 578-29-68 

o 



() DI RECTD:\i () JE AS 1 STE~;TES M_ CURSC DE P:\OGRA1v,ACI CN Y MODELO'? DE 
'INGEN!t:.-RIA AHBiENIAL ~L~D~-;¿-i3RIL AL lo. DE MAYO D-~1-9/b} 

NOMBRE Y DIRECCION 

14. ING. SALVADOR E. GUZMAN B. 
Santa Ani ta No. 260 
Lomas Hipodromo 
México10, D. F. 
Tel: 589--:5-49 

15. 1 NG. CARLOS HERNANDEZ CHAVEZ 
Ave. 1 n surgen tes Sur 1 7 7 2 
Col . F 1 o r ida 
México 20, D. F. 
Tel: 5-34-72-61 

16. ING. SALVADOR HENRIQUEZ AYBAR 
Cerro de la Estrella No. 55 
Campestre Churubusco 
Méx i co 2 1 , D . F • 

O Tel: 5-49-74-21 
/ 

1 7. CARLOS LARA FERNANDEZ 
Rio Mixcoac 235-1 
Col. Florida 
México 20, D. F. 
Tel: 5-34-95-81 

1-

18. ING. FRANCISCO J. LEYVA GARCIA 
Victoria l95-4 

19. 

() 20. 

Co l ~ 1 n d u s t r i a l 
México 14, D. F. 
Tel: 5-17-13-31 

ING. JUAN LIMON MONTES 
Faisan 108 
Col. Cuauhtémoc 
Monterrey, N. L. 
Tel: 46-58-53 

ING. SALVADOR LOPEZ NIETO 
Ponciano Arriaga 11-102 
Méx i co i : O • F . 
Tel: 546-76-21 

EMPRESA Y DIRECCION 

UNIVERSIDAD AUTONOMA M¿TROPOLITANA 
Av. San Pablo s/n-
Azcapotzalco 
México 16, D. F. 
Tel: 561-37-33 

SECRETARIA DE RECURSOS HIDRAuLICO~ 
Ave. San Bernabe 549 
San Jerónimo Lidice 
México 20, D. F. 
Tel: 5-95-23-22 

UNIVERSIDAD AUTONOMA METROPOLITANA 
Av. San Pablo Azcapotzalco 
México 16, D. F. 

INSTITUTO MEXICANO DEL SEGURO 
SOCIAL 
Durango 291-9o. Piso 
México, D. F. 
Tel: 5-53-21-11 Ext. 328 

SECRETAR 1 A DE RE CURSGS H 1 DRAULI 1) 

DI RECCI ON GENERAL DE USOS DEL ,,rj, 1
\ 

Y PREVENCION DE LA CONTAMI NAC!G~ 
Paseo de la Reforma No. 107-Ju·.,P. 
San Rafael 
México 4, D. F. 
Te 1 : 5-66-06-88 

FACULTAD DE INGENIERIA CIVIL e·_ :_A 
UNIVERSIDAD AUTONOMA DE NUEVO L~~~ 
Ciudad Universitaria 
1"1on ter re y, N. L. 
Tel: 52-34-77 

SECRETARIA DE RECURSOS HIDRAUL1CC·~ 
DIR.ECCION DE PEQUEÑAS OBRAS O::r'.t~. 
DE PROYECTOS 
Paseo de la Reforma No. 20-307 
t-'léx i co 1 , D . F. 
Tel: 5-35-48-63 
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DIR CTOQ.lO DE ASISTENTES AL CURSO DE PROGRAMACION Y lv10DEI_OS DE 
ING Nlt~iA Mi,SJtNIAL (DEL 2fJT5t ABRIL AL lo. DE FfAYOD~--f97TI 

NOMBRE Y DIRECCION 

21. ING. GASTON MENDOZA GAMEZ 
Rebsar.1en 1142-2 
Coi . de 1 V a l 1 e 
tvléx i co ; 2 , D . F. 
Tel: 5-75-36-44 

22. ING. ALBERTO NILA LEAL 
Manzana 22 Lote 1 

23. 

Dr. Alfonso Ortiz Tirado 
Méx i co O, D. F. 

ING. JUAN JOSE OLGUIN MANCILLA 
Calle Luna 178 1 nt. 11 
Col. Guerrero 
México 3, D. F. 
Te 1: 5-26-90-52 

24-. 1 NG. ROBERTO ORTEGA ZAPATA 
Valle de Ameca 49 
Valle de Aragón 
Edo. de México 
Tel: 571-46-08 

-------- ------ -------------
25. ING. HONORIO RIVERA MOCTEZUMA 

Lago Tana No. 66 
Torre Blanca 
Méx i co 1 7, D . F. 
Tel: 3-99-08-34 

26. rNG. FRANCISCO ROMERO LUNA 
Av. Cuauhtémoc 883-10 
Col. Narvarte 
Méx i e o 1 2, O. F. 
Te 1: 5-43-63-60 

EMPRESA Y DIRECCION 

INSTITUTO DE 1 NGENIERIA,UNAM 
Ciudad Un i ve rs i ta r i a 
México 20, D. F. 
Tel: 5-48-97-95 

- (\ 

DI RECCI ON GENERAL DE OBí\AS Hl ORAti
LICAS DEL DEPARTAMENi-0 DEL DISil'-•
TO FEDERAL 
San Antonio Abad No. 231-8o. Pis~ 
Col. Obrera 
México 8, D. F. 
Tel: 5-78-33-90 

COMISION CONSTRUCTORA E INGEN1fRIA 
SANITARIA DE LA S. S. A. 
Durango 81-2o. Piso 
Co 1. Roma 
México 7, D. F. 
Tel: 5-14-22-12 

COMISION DE AGUAS DEL VALLE DE 
MEXICO 
Ayuntamiento 146-10o. Piso 
México 1, D. F. 
Te l : 520-30-95 

o 

o 

CENTRO DE EDUCACTOÑ-CONTI-NUA-------- ------
Tacuba No. 5-ler. Piso 
Méx i co 1 , D . F . 
Te 1: 521-40-23 

SECRETARIA DE RECURSOS Hl DRAUL¡ COS 
Av. San Bernabe 549 
San Jerónimo Lidice 
México, D. F. 
Tel: 5-95-24-55 

o 
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o DIRECTORIO DE ASISTENTES AL CURSO DE PROGRAMACION Y MODELO~ OE 
1 NGE~--;-[RIAA,'1BI t~TAL ( Dt:C--n; O~ ABRIL AL lo. DE MAYO DE fs7S-I 
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NOMBRE Y DIRECCION 

27. ING. LUIS ROSADO PEREZ 
Edif. F-3S Ent. 1 Oepto. 41 
Lomas de P:ateros Mixcoac 
tv'1éX i e o 1 8, 0 • F • 
Tel: 5-93-97-72 

28. ING. FERNANDO RUIZ ARRIAGA 
Ceibas No. 64 

29. 

Jardines de S. Mateo 
Edo. de México 

ING. GILBERTO MATEO SADA Y RAMOS 
R8torno 21 de Lic. Genaro 
Ga re i a No. 8 1 n t. 1 
Col. Jardín Balbuena 
México 9, D. F. 
Tel: 7-68-42-11 

EMPRESA Y DIRECCION 

J< • C • O E ME X 1 C O , S • A • 
Monterrey No. 129 
Col. Roma 
f"\éx i co 7, D. F. 
Tel: 5-74-74-33 

ICATEC, S. A. 
González de Cosio No. 24 
Co 1 • de l Va l 1 e 
México 12, D. F. 
Te l : 5-36-5740 

SECRETARIA DE RECURSOS HIDRAULI COS 
DIRECCION GENERAL DE USOS DEL AGUA 
Y PREVENCION DE LA CONTAMINACION 
Paseo de la Reforma No. 107 
Méx i co , D • F . 
Tel: 5-66-06-88 Ext. 121 
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WATER SUPPLY, SEWERAGE 

MODEL 

George W. Reíd 



Thc wo,ter syst?m of the model is very extcnsivc ond has many sub-systems: 

rcsourccs, withdrawal, consumption, quality, transmission, treatment, storage, and 

distribution. Thc scwage system al so dcals with many sub-systems: rcturn flows (both 

quantily ond quality), collection, treatmcnt, dischargc, receiving streoms, ond 

quolity criterio. The main sub-systems of the salid wasle systcm ore woste generation, 

collcction, and disposal. 

The informotion system consists of o series of categoricoi inveniories or doto 

collectíon procedures. Preliminary to the collection of any dato, an ottempt must 

be made to identify the relevont data items needed for the completion of the planning 

modcl. These identifications are, of course, subject to refinement as the construction 

of the planning model proceeds. Briefly, inventaries are included for: 

1. Demogrophic variables 6. VVater use potterns 

2. Areal land use 7. Cost data 

3. Economic tactors 8. Fi non e ia 1 resources 

4. Existing water and sewer 9. Codes, ordinonces, and 
system facilities statutes. 

5. Existing resources 10. Soc io-pol iticol factors 

The interrelotionship between these sectors and systems is shown in Figure 8-1. n,e 

enformation system is not shown seporotely because it deols with oll the other sub-

systems. 
1 

o 

o 

---~- ------nre-'-model-comp6nen ts~and-the ir· genera hequent ia 1-arrangement~are-i ndicated- in--~~-------~-~-~~ 

Figure 8-2. The first, step is to conduct the required in'ventories and assemble the infor-

mation system. Nexr, the projections of the sector parameters must be made. Thcn, 

based on these proiections and a set of unit-use factors to be dcveloped, estimates of 

the total water system requirements, sewage loads, and sol id waste generation con be 

detcrmined. Also, cbmprehensive regional development goals must be evoluotcd ond, 

if necessary, modifications of the plan may be made to meet these goals. 

As in the development of the other sub-models, the water supply, scwcroge, ond 

salid wastc su~-models also use outputs from the population modelos the initiol inputs. 

Howcver, a special demand model was developed for the water supply, scwage, ond salid Q 
woste sectors of the urban system. Based on this demand model, a, water network sub-

.¡ ' 

model for the water supply systcm onda sewer network,model for the sewagc system wcre 
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Figure 8-1. I.nterrelationships -of Plann.iñg ·Model Sub-systems. 
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,Figur~ 8-2. Organization of the Planning Study. 
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O dcveloped. All thcsc sub-modcls, the dcmand modcl, the water network model, ond 

thc sewer nctwork model, are discussed separotcly in the following sections. T..., e 

sol id waste sub-model is not complctely dcveloped at present; thus, only the 

generatior~ component is discussed. However, a detailed salid waste model can be 

developed by using format _ ámilar to the formot uscd for the water suppl y ond sewage 

sysrems. 

o 

8.2 DEMAND SUB-MODEL 

Ás stoted earlicr, the demond model described in this section was developed 

e;)¡peciolly for the _water supply and sewerage sub-models. This model can be termed os 

o s:ub-model of a sub-model. Actual ly, the demand model supplies informotion about 

the water demands and sewage outputs for the ~tudy region based on current and pro

jected data occumulat::!d from the output fr om the pOfJu:ui ion modc 1 and other rcsources. 

The model uses selected technical coefficients that were developed or acquired 

from o~her studies (see References 1, 2, 3). These coefficients ore then applied to the 

d"va files to acquire the water ond sewcr outputs. The model is one of the final steps 

toward the development of the water and sewer plan for the region. lt gives not only 

the future requirements of thc study orea but also the incremental increases these ar¡;as 

hove. Tnis allows the user to see the actual increase that the existing system can 

hondle or the amount ot which the system will be over its capacity if it is already ot 

or near capacity. Applying this model, the user con gain an adequate perspective of the 

water and sewer\ network. 

8.2.1. Model Oescription 

The oemond sub-model is o dota acquisition model. Although the progrorn is not 

cxtremely complicated, the dota requirements ore cxtremely tedious to obtain. TI1is 

modcl has a greot deol of flexibility built into the routines. The development of a modcl 

that gives the user this degree of flexibility is time consuming but extremely rewording. 

Thc fact th\Jt a planning agency can eosily explore all focets of the possible world 

() without going through greot data changes or even reprogromming ond still hove a comprc

hcnsivc modcl is advantogeous. 
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rnc dcmand sub-modcl is basically an application of technical coefficients ro derive 

thc water and scwogc requircmcnts and the occounting of these rcquirements to thc 

diffcrcnt study arca for output. Thc model will not only give the water ond scwoge 

requircmcnts for ony particular study ycor but f1 om onc study pcriod to onothcr. TI1 is 

copability, couplcd with good cditing sub-routincs, allows the agency to look ot any 

size or particular orea by study yc-::rs and/ or incremental changes. 

The data is supplied to the model for each statistical oreo unit (SAU). An SAU is 

usual! y sclccted os a one-squore-mile oreo. An SAU can be os small os the type of 

detoil needed, but it connot be more thon two or three squore miles in oreo. The 

SAU' s for rural oreas con be larger, but if development is o possibility within the time 

frame of the study, they should be reduced to the size that they wi 11 be after deve lopment. 

lf possible, the boundaries used in def~ning other types of oreas (e.g., political 

jurisdiction, watershed, census tract, etc.) should be used in defining SAU' s. Each 

·SAU is given acode as are tf.e following types of oreas: 

l. Political jurisdictions 

2. Wotersheds 

3. Water treatment plants 

4. Storage systems 

5. Waste trcatment plants 

6. Rece iving streams 

7. Water sources 

An example of coding of streams and watersheds is shown in Figure 8-3. lt is 

suggested thot all oreas except watershed and receiving streom be coded numerically in 

sequence. In other words, start with one and numerically ollocate each succeeding number 

to eoch orea till they ore all accounted for. Each new plant or jurisdiction will be 

ossigned the next number in its orea. 

The demand sub-model is run for each time increment needed by the study. These 

data files are dupl icated as far as the orea codings ore concerned. The base year (1970 for 

this study) contains the inventory data for the region. The data files for the future years 

ore developed from the projected data. These files must be built using the sorne oreas 

~hot existed in the previous files but can hove new SAU' s in addition to the old ones. 
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The model wi th oll its sub-routincs con be found in Reference (41). The output~ of 

the dcmond modcl ere by the following cotegories: 

1. Water rcquircmcnts by: 

o. Poi i ti col jur isdiction 
1 

Source of supply o. 

c. Water treotment plont 

d. Water storoge system 

e. S pe e ia 1 orea 

2. Sewage loods by: 

a. Poi iticol jurisdiction 

b. Watershed 

e. Sewoge treatment plant 

d. Receiving stream 

e. Spec ia 1 oreo 

Eoch category must be broken into: 

1. Domestic 

2. lnst i tut ion a 1 (i nc 1 ud i ng hospi to ls, school 
and milifary bases) 

3. Commerciol 

4. Industrial by SIC code ond special user 
irrigation 

Thc demand sub-model has the capability of looking at severa! spccial oreas made 

up of selected SAU' s independently or within the general study. This ollows the 

consideration of severo! olternatives at one time to see which speciol orea is more 

suited for cerlain goals or objectives. 

The sub-model olso has the capability of handling special users of water. Thesc ere 

the users that fit in one of the assignment oreas but do not hove water usoge thct fits 

the linear cquation for computing it. These oreas can be handled individually which 

relieves thc model of complicated functions for water usage or sewage return flow. 

The use of th is model will greatly reduce the proccss of computing water and 

sewcge dcmands for large metropolitcn oreas. The model olso allows the user o lcrge 

degrce of frecdom for exploring the alternatives for the future worlds. 
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8.3 WATER SUPPLY NETWORK MODEL 

8.3. 1 Network Formulotion 

The bosic struc_ture of the v/ater supply';·~b"-~~-(1;~ :·¡s "the regional network. Thi~ 
• f 1 . . "-, ;, 

nctwork moy·vary gre.:.~ly with-each region but willu~·structl!red.by politicol ond.cor-
·~ f-" ( 1 • f. ' '> .. _ • 

poro te jurisgictions, sourcesí pipel incs, treÓ.tment plants, sto~rage fcl'c i,l ities, etc. The 
f •., . ' 

rcgion·mayibe made up·?~ severdl communi,tj~~ ond metropolitan are,as. Many of these 
.' ' ~¡ { ' ~- ;- ....... ~. ~, ~~- - ... -

politice! ·ju~isdictions will'have independent netw,o,rks_cind sorne, mainly·the metr~pol-
' ' . 

~Han ar_eas, will proliably hove an'.interconnected water system with several sourc~s ord 

.trcatm~ntpl.~nts;'"rl . . .. - ' · · -· . 
'>' - ' -< i¡ 

The ·,;a in' ob,j~ctiv'e. is to fo~m~lote these varied nety.'orks into one system for th~ whole 
~ ) ' . 

region.: · Th is ·d.oes:hot i~ply that the whole reg,ion s~o~Jd be made into one interco~neclted 
-"! • ;:--J. ( -:~-~ - ' r • 

network~¡ a!th,óugh .. t_~·is usudl}y~is a.desirable g~!~· lt does imply that thc whole re~io,n 
l ~\ 1 re ' ' 1 " 

has to;b~', formulat~d 6s one problem ond evaJua~~d as o complete system. 
' \ ;_: l --- -~ J ... t t.. .( 

.. Tne r1etwork consists ofoll sources thot are QvoilabJe'to the region, although s~me 
~... ó ' -' • ~'o '1 " ' ' 

of the~e soÚrc-es·m?"y Bé ~orrie disto.née from this r~gion. lt als~ includes the necess~uy 

raw ond fresh wate·r. storoge focil ities, treat!'llent plants, and connecting lines thot 
' . \ '" . ' 

provid~d the tr~nsportoti~n-.lin.ks for t~i~··;a~ter. ·. Ú doe¿ r:~ot indude the local net~orks, . - - ' ' 

those ins~de of the corporote limi~;, .. thot ~iis"fribute the wat.er t? the. ~.ser~ . Th~s: 
ore evoluated by using some special procedures (Sée Appendix B,, Water, ··sewer_, ond 

.-' ',. - / . ,.; ... 
Storm Drainagé -Micro Areo Rec¡ui rements in Referen~e (41 )~) Ar ex~mple o_f o ,'!'e.tr~poJii-

- ' • : • ~ ~ ¡ J ' - -1- ' - ;_ .; ' .le ., -

tan water s'uppl y system formulation is shown in ~igure 8-4. · ' · . - -,,.}(.~--:~ ... f·-: ,t/. :~--· "~<; • ','¡ 1"--

The first phcise in ·the network formulation is to form .the -current :r;1e_twork us,ing the 
- - ''' "· . 

inventory dato. This network is then evaluated against the projected demond for th~ 

specified time span (usually o five-year intervol) to det~r.~i~~-..h~· futu·r~~r·~~~i.·~~m:e{lts. · 
~ ~ ' • ' • • • 1 .. ~- ¡ - ¡ ' 

These requirements cife then compored with the existing an·d progrommed copacit.i~~· · By 

using this information, the actual network to be considered in the fir:~a'l network .anolysis 

is determined~··.~Th~·p'rocedúre Ú~ed to d~ternjine~*¡~ áctuol :ne.twork is é:J~scr.ibed be-low. 

The cxisting facilities were ev~luoted in the i':lvcntory ond onalysis.phase of the 

Q study. (The forms used to collect this data ore shown in ·Reference (41).) This doto, -plu.~ 

the inventory of the sources ond mejor p;pel ines (both existing and those that ore 

programmed.within o five-yeor time intervol), provide the .existing networ'k as.sho~n 
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P J - Political Jurisdictions 

S - Water Source Surface 

W- Water Source Sub-surface 

SA-lB 

p J-1 
,.,-

-TP·* 

SA-lA 

PJ-2 

SA- Spec ial Area of Poi itical Jurisdiction 

TP - Trt::atment Plant 

* - Programmed for Expansion 

**- Programmed New Facility 

Figure 8-4. Met1opolitan Water Supply System Formulation. 
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in figure 8-4. As shown in the sample exisring nctwork of Figure 8-4, thc sou1ccs, 

trcotment plonts, ond pipclincs for lhc cxisling and progrommcd network ore idC'ntiíicd. 

Each politicol jurisdiction lhot rcccives its water :;upply from o particular sourc0 is 

notcd, ond if it is from scpcrate sourct's, thc political jurisdiction is divided into 

speciol orcas. Also idcntified are thc capobilitics, cost, ond liabililics of each por

tien of thc cxisting f~twork. At this point in the study procedure, the existing nct

work has bcen evaluated ond identificd, 

Thc demond model is then run wíth this cxisting network dota to volidote the 

modei for the study oreo~ lf it is not correct for ony orea, thcn the technical 

~oofficients ond equations from the ~emand modelare revolidated. The result is an 

evalvotion of thc first specificd time span for the study orea. 

The dcmand model is set for the network by coding each SAU to its proper group 

(political jurisdiction, source~, special orea, trcatmer;t plant, etc.) that coincide~!:: 

the existing network. The dcmand model is then run for the ncxt time intervol for ¡·c.;ch 

alternativc under consider;:.tion. The future lond use of the existing arco is coded ir1to 

the sorne land use procedure as the current land use. The land use to be developecl is 

Ü added to the existing scheme as visuolizcd by the planner and is entered as a spcciol 

orea. This is done to preclude having to rc-evalucte this orea if it becomes incompatible 

with the exis.ting nctwork. This is al so done for each of the future olternatives that 

the planner wishes to explore. The demand model's option of e'.oluating the 

increase in water demand should also be run. This gives the increases ond new require

ments as o separa te output which makes evoluotion of these networks easier. 

After lhe run of the demand model and the inventory, outputs will be used to 

evaluate the existing and programmed networks for the specified time intervols. Thrce 

components of the network ore evoluoted. 

1. The first step is to examine, í.,;r eoch source of water by each of 

the user codes, if the existing and programmed sources take care of 

thcir respective users. The sources thot con meet their future require

ments ore notcd and their excesscs in capacity are evaluated. The 

sources that cannot meet future requirements are cxamincd next, and 

the reason for the deficiency is evaluatcd. Has it reoched or been over 

its copacity becouse of growth of the old u:;ers olone or becouse of 
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growth and new developmenl? lf it is because of ncw dcvclop

mcnt, thcn this new arca is examined as a special orca rcquir

ing a new source. Tl1e old arca is then checked to see it if 

con be handled by the old source. The deficie~cy or excess 

ts noted and recorded. 

The source dota is theJ1 compilcd for the study orea. The cxcess 
1 

of water by each s9urce is e val uated first. The control 1 ing agency is 

contocted to determine if the excess is available for use in other oreas. 

lf it is being held in reserve ond is not ovailable, then it is removed 

from the excess roles. lf it is avoiloble, then the cost per million 

gallons, amount availoble, and duration of the availability are 

determined. The obove procedure includes those sources which 

hove already been programmed for completion prior to 'the end of 

this five-ycar interval. 

2. The second step is to evaluate the treatment facilities and their 

capabilities. The evaluation procedure is very similar to that for 

the sources e val uation as far as identi fying the excesses and the 

deficiencies. The exceptions to the obove procedures ore the evol

uations of the treatment plants. Each plant that has a deficiency must 

be examined individually. Consideration of expanding the present 

plant too capability that would take care of the needed water 

supply is given first. The decision is based on the current conditiolil 

of that facility. The expansion of a focility versus the construction 

of a new one must be carefully weighed if the latter is also being 

considered. 

3. The final step is the evaluation of the pumping ond pipeline 

facilities that interconnect the sources, treotment plants, ond user 

networks. Again, these facilities are evaluated for their cxcesses, 
-" 

deficiencies, ond availabilities. Thc procedure is the sorne os thot 

described above for the sources and treatment plants. Thc completion 

of this phase concludes the informal ion needed for thc nctwork formulotion. 

The next phasc of the nctwork formulotion is to set this data down on o mop on o 

tabulation that can be easily understood (see Figure 8-4). This then gives thc plonning 
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agency its first tea! look at thC' rututc rcquitf'mcnts. Abovc all C'l5c, it lws rcduu·d 

thc problcrn lo thc actual nctwotk that nccds fo be evaluatcd. Rathcr thon o ma1.e of 

plonts, pipclincs, pumping stations, etc., the planner now has thc problcm in a form 

~hat can be casily exp!aincd to thc decision-rnaker. 

An cxample of a :uture altcrnalivc undct considcration is shown in Figure 8-5. 

The study orea has a new política! jurisdiction. Thc deficiencies hove been identificd 

and noted. Thc facilities that do not hove adcquate capacity ore also shown. 1hese then 

becomc the requirements for the time interva! undcr study. 

The process is repeated for each new time increment until the complete study pcriod 

has been evaluated. This procedure gives the planner en incremental analysis of the 

excesses and deficiencies of the study orea for the 11 desired 11 alternative. Thc 

occumulation of the future data for the formulation of this desired network is now 

complete. lf iltcre is mon· than one 11 desired world" to be analyzcd, then the proces.> 

is repeoted for each alternative. 

Grouping this data into individual categories for each 11 desired wor!d 11 facilitates 

ils presentation to the decision maker for the selection of the network alternotives 

that will be analyzed in the final plan selection. An individual dala sheet for each 

politice! jurisdiction, source, treotment piant, and storoge facility gives a much 

clearer piclure of the excesses and deficiencies, especially wher, occompanied by 

each individual mapping of categorics. Table 8-1 shows a sample data sheet of the 

City of Norman, Oklahoma. (Normon is used asan example because it is one 

politice! jurisdiction in a large metropolitan arca). This sample dala sheet shows 

that Norman has an adequate groundwater supply of cxceptional quality; lhe ncar

future wa_ter requirements.can eosily be met by the development of approximate ly six new 

wells. Norman' s water treatment plan'. on the other hand, will be inadequate 

shortly befare 1985. The treatment plont in this city is ncw and can be easily ex

pended to double its present copacity of six mgd (mi Ilion gallons per doy). Sincc the 

groundwatcr supply requires no treatment and is added directly to the water raetwork 

ond lake Thunderbird's capacity is only 8.55 mgd, then only 2.55 mgd needs 

Ü to be treated. This can be accomplished by ¡ncreasing the capacity of 

-174-



E~cess 

1 • Source 3 - 1 • 3 mgd 

2. TP (SA-lA) - 1.5 mgd* 

3. TP (SA-18)- 0.9 mgd* 

* Available for PJ-1 only 

~ New Speciol Areo 

SA-lB 

TP 
(+ 0-9 mgd)p J-l 

...,....SMA- ,.-

Deficiencies 

1 • TP (P J-4) -0.5 mgd 

2. SA-16-0.4 mgd 

Figure B-5. Future Requirements for the Water Supply Network Model. 
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Tcbie 8-1. A Scmple Doto Sheel of Wa~er Excessc~ ond Dc;f[d,~nces. 

l ' 
WATER - EXCESSES AN D DEFIC IENC lES FOR NOR·\~N 

t --
! 
! Time lntervols 

: 
1970 1975 1980 l 1985 1 

1 
i 

POPUlATION ' 52, 117 59,500 68,000 76,500 i 

1 
Water uscge-GPCD*** 118 120 124 129 

' Water usage-MGD 6.15 
! 

7.14 8.43 9.87 

1 Industrial Water 1.65 7.42 3. 81 5.47 
~s.~ge- MGD 

'-

¡ Total Usoge MGD 7.80 9.56 12.24 25.34 
1 

1---

1 SOURCE 
! --

1 Thunderbird Loke 8.55 8.55 8.55 8.55 
f AVG- MGD 
1 

Ground Supply* 30 wells** 30 we!ls** 30 wells+"* 30 wells""' 
1 AVG- MGD 9.00 9.00 9.00 9.00 ¡ 
1 Total MGD 17.55 17.55 17.55 17.55 1 

l 
1 1 

! 

Excess/ Defic iences 5.31 2.21 1 9.75 7.99 
í ' 

! 

' 
1 1 Treatment plant- MGD 6.0 6.0 6.0 
1 

6.0 

1990 

87,000 

-¡ 137 

11.92 

-~ 7.12 

19.04 

(\ 

0 

1 

-

1 ------

8.55 

30 wells H 

9.00 

17.55 
-

1 -1.49 

1 
-¡ 

1 6.0 1 
-~ ------ --- ---- - -· __ l 

L__ ____ ·----------------- -- ·------- ____ _J ___________ 

Excess/ Dcficicnccs l up to 6.0 
! . 

----- ------------- -~------- ------ __ _.. _____ --- -

~ up to 2./6 1 up to 5.44 

* Ground supp!y rcquites no trcotment other than chlcriro~ion 
"' ; A·.- J • y¡ el o =-- O . 2 ~ !/. G D / wc! 1 

+t • t:~~Air.·-·¡ C-::~1/ <t.:n~:'l~ 

-6.34 -2.55 
·---"----------------- --



t~c plont by on!y 50 percent. This proccdure givcs a good picture of the water rcquirc- Ü 
t,' 

mcnts and possiblc solutions for lhc politicol jurisdictio'l of the City of Normon. lhc 

proccss is repeatcd foral! other groupings being analyzed. 

~"\o.1y of !he water networks in a mctropol itan orea ore indepcndent; i .e., not 

intcrconnccted. TI1e interconnection of all the networks into o regional system that 

serves t~c me tropo! iton orea is.., desiroble goal and greatly helps the study oreo in 

meding futurc water needs, as _well as providing for emergency flows. This goal is 

uslmlly diffícul t to meet due to the poi itical and socio-economic nature of the system. 

The fo1 mulative network ollows the planner to develop a future plan for much, if 

not all, of the networks bosed on o simple cost onalysis of the few alternotives of each 

network without using any computerized network model. Due to the noture of these 

network rnodels, as much of the analysis of the future alternotives should be accomplished 

by this procedure as possible. 

The network formulation and the initial evaluation allow a complete understanding of 

the networks, their requirements, and the olternotives thot are feasible for the final 

se!ection of the al tcrnatives. 

The final selection of the alternotives is done by the network analysis through a 

·_:omputerized program, Fulkerson' s Out-of-Kilter Algorithm, which will be described 

iotcr. in the network anolysis, the cost data of each component of the network is 

r,ceded ond the cost functions wi ll be discussed next. 

8.3.2 Cost AnaJysis 

The network analysis consists of the employment of the different types of cost 

functions that are incurred in the development of water ~upplies. Bosically, cost 

functions can be categorized into four components: 

1. Wa1er source costs for e ither surface or ground water, including 
costs for reservoirs, streom diversions, and well fields. 

2. Transmission costs, incl uding costs for pumping stations ond 
pipcl incs uscd to convey thc water from Hs source to the oreo 
o f. use. 

3. Treatmcn't costs, including costs for.raw water storage, treotment 
plonts, and pumping plants. 

4. Distribution costs, incl uding costs for pumping stations, storage 

tanks, and water mains. 
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In this study, each of thcse. costs has bccn analyzcd and cstirnated. In gcncr~l, 

tpc c.osts 01c brok.en into capital cxpcnditurcs_and operotion and mainten~;mce co~ts. 

C'opiral expc~dit~~~s i~~lud:c: ~~~ts ~or enginccri.ng·.dés·i~n·, · l~nd and right-of-w~y, 
water righ ts, constr1.1c;:t.i9.n,. o~mini$trcition, · ond 'finan'c ing. Opc.rot ion and maintcn~nce 

. costs include labor, mat~ric:d, ad,m.ini~tr,at.ion,o¡~d_,oycrhe~ds·, chemicols, on.d powef.' 
' .. \ ~ ,l ~. - , ,. • • .. ' : ..,._ ¡" t' 1 --;. ~. 1 ·J ' ~ ,.' ' -' ' ' \ ' 

'"'' j,lh('"'""'\tfle--{(~1 ';'~(.,t.;-1. •• '' ¡.f.• ~ ...... ___ • r ,-1• .. 1 - •• 

'; · ' ·In· sorne coses, chemicnl o,ncj( or p~we,r cost.s,a~9,sbo.wn·separatcly~ · · · · · · · 

Capi~al. c'~~;;,a;~:~r~ie~;~d·~·s equival~~t ,annual costs using~on interest rcitc of 
~i;\ .. 1'.'")'".._~,~-_. :¡_ . ....,oj~J-~ r-~~{1 ~~í,J~-. ~ ",'. ~:";- ~ ••• ,~-.~ ' ~ .. ,.-,. -· • - 1 ........... 

'. six'~p~l·cent< onda p~riod Q~ twenty":'five years. \,QperatJ_on and main_lena.n~é.costs oYe 
~~l<~{\i:'i.+~~::~)~/_::.:¡_;\~·~r-,r\~!,,:1).,"•:'~~)- '~1 ">) ~~ ' -•• ~ ~ ,: •,_ ...... -~~ 

~ ~rresente·d:as annual co~ts.· Both are presentcd Jr.-1.97.0 dóllars;..;A?iy,sfn:t~ntJo a n~w 
' ' - ' ~ :> ~ 

' . 
lbose year. is accor.npli,shed ~y use ~f_!qe .E_D_gi,f)e;~r.ing· News-~e~ord:Buildi,1;1g Cost !n~e~ 

- , l'~~"i'H-q'~ o·~:-~ ~,-;lo,·-· lr.--:>· ~ ' '~ .~- .\ · , ,. 
5:(7) .for tlíc southwest region {Dallast. . .. · · , . : ... , .;: .· :·· ·. ·' ·. , ., · 

1 ' ~ - > ' • .,. ~ ~ , .. 1 ~ .:! • ,... • ' J ' 

' ' 

, .. "fhe cost data was·obtained from previou,s studies of generalizec;l costs for. water 
~ ~ " ' ; "-' ,-'' . . ' . '\., ' 

supply_ systems by the Tul so Metropo,l it~n ·Area Planning·CommissiC:,n {8), Bl~ck and 

Ve~tch· (9), .and Dawes (10). ;-.:J~ ~ 

.The cost estimating pro,cedures uscd,.here. are .val id .onlydor·.makir:'\9 prellmi~a(y 
; ' • """ •• , ,) f ' • • \~ ·\-- -, ~ ... "i' ,, 1 ¡ 1 ~ '' ' ' -"'- f 

comp~Í:isons and '5e:;~e ~nly 'to me~sure costs toa degree which will assist _in evaluating 
- ' ' - - ' :_, - 1 ~ • - : • ' ~ ~ 

planning olternatives. Cost estimates derived frorrl'these procedur_es should ·11ot b~ 
' ' ~ ¡ • ~ .... ' 

use~ in .actual fa,~i_l iti.es. design becauie they can na ·fa k~ ·the· p_lo~~ ~r',~~t~·¡_iecÍ , e"n~i:_ 
-' '" '•-' '>,' \ "'1 _r, •• 

ncerin9 ~-~~~ ;~\ate_s for,_ ~P~~J~!c .proJe.cts. ,;~ost eq'uations ar~ :.y~l,iCI .(or ·rae H~t.i~s._ba.se? _ . 

o~ u~.c ~~J19t ,~p~.p.J t~::l qp,m~ll i~~'~g~l-~ons 1'~!-:~~y::~ JC?L~~{r_~tcis )n -cxccss of 1 oo __ mQd, 
proportionat9 )flcr~ases .ÍQ c9st :est.imates are suggestéd · (9f;; .. · · , 

· ~ ¡t'}~ ,; : 'T\ ~ '.,1 ..-: ~. .. _, .. ~ , _ • , .~ • , ; , : L: r, 

Th,e~ c~st_-'esti.rn~~t_ing,procedures appl ic·able ·to' this·~odé'( a'ré described b~lo~. _f\1 ~ ·-. 
·,~ ,_, , • - ~ t ""'~ "'. • - ~r,.. -,_·,,' ~--#_; ,~ 

costs given are_ unit· annual costs~, .. To obtain the· total 'cinnúaVcósts;:·tlie 'unit-annual 
~· ~·"":t'I'~,.··- y • ,~: . ~ ' - • ~ 1 -- - 1 -

C?sts mu~t bc·multiplied by a design capacHy vériable~. '~'Desig~ cop¿lúles ~f futur~ 
' 1 .¡ i' 1 ' ~ - ' • _._.' ~' ' 

fccili,~.i~~~ ~.fe~~~~~y-~;-inte_nd_ed to be· the ·capd'citi'es í:é'quired bosed on water requirel!leflts. 

at th~'~ri~,~f the design period,·i.~•-, th~ long:..r.angt{forecó~·ts~ ''···- ~· · ·.-· . _,,_. 

8.3.2 .. :.1·. ·.Water ·source· Cosff '··. 
~ -. 

• P' t • , ,~ ' - ' ,. 

Unit c~pital ~osts for· impounding reservoirs, 
r,. - . .. ~- ~ , . .,. , 
including intoke and pump~ng station, 

are given by 
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,... = 74 2 X -. 38 (9) \....K • R .......... , •••••• 

where Q 
CR :.:: onnual unit cost of impounding reservoirs in thousonds of 

doll01s pcr billion gallons. 

XR = design copacity of reservoir in biliions of gollons. 

The minimum design copacity of future rese1voirs will be the capocity ccpable of supplying 

ihe total average daily water rec¡uiremenrs for all users of the reservoir. 

For well development, the equivalent onnual cost is $2 ,780 per mgd capacity (9). 

This figure includes the development of the entire well field and should be equal to the 

moximum dai!y requirement of the user. 

Natural suppl ies, such as !akes and rivers, require only an intake cnd pumping 

stotion. The capital costs for these facilities ore given by 

c
5

=3.95X
5 

-·
178 

..•••..••.•.... (9) 

where 

es-= equivalent onnual unit cost in thousands of do!lars per mgd. 

x
5 

= design capacity in mgd. 

The design capacity is based on the maximum doily water requirement of the user. 

Operotion and maintenonce costs, exclusive of pumping power, are $7.75 

per million 3allons produced (9), regardless of source. To obtoin an cnnual pro

dudion, multiply lhe average daily use by 365. Power costs are $5.25 per million 

gol lons produced per 100 feet of head (9). Head requirements for wel ls ere token ct 

400 feet, and 100 feet of head is required for surfoce supplies. Agcin, e multiplier 

of 365 should be used to get onnuol production. 

Finally there may be a water rights cost associatcd with each individual source. 

This cost should be ascertained separately by a review of legal agreements cnd local 

practices. The cost will general ly be íexpressed in dollars per mi 11 ion gallons used, 

where the amount of total use is 365 times the average daily use. 
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Trans~ission Costs 

whcre 

o '. sp·~~·-~quiypte.'}t a~nual cosf .. for 'pipel in~s in th~u~~nds of 
'· dollarspermdc·permg~~~---· . :· . ·''•· · . '\. ... - ' 

' 1 ,. 

~!peiine desigr.t capacity is oased on thé maximum daily water. .requireme'nt of the uscr. 
·• 

The u~e of this equation for esfimating pipeline costs requires'an estímate of pipeline 

distance in miles: This is,ge~e;·ally token as th.e .straighd.iríe distance bétwée~ sb~r~~: ·. 
' \ ,,-

intake point and the water treatment plqnt ,Oí disch9rge 'point. · 
~ ~(l ("".."'~\ ;- ~J ~ , •• t.. ... ¡ H\' ~ . . , ¡ 

Not included ín the ab'O.ve capit_al costs is the < ost of right-of-.way for pipe! ines. 
i'"· ·., 

, An average cost figure for right..:óf.:wóy '¡'s $'3200 per mile (9}. Amorl'izing this and 

reducing it toan equivalent annuol cost yields $~47 per mi le per year. Th is is.a fixcd 

co~_t and should_~C?.t ,~.~ rlncl_u~ed._,in this' equótión_·-becaus~ 
1
i,(A- i~~e'¡)~~,d~~t· .. :of design 

capaci~y. 
'-' • '1 .. , 1 • 

Annual· ópe'r:ation. and maintenance costs for pipelines can be expressed as 
! ~ ...-, !,': i', '"'" \ ' ~' - 49 . - .J ~ c.l ~~-·r·"<~~~r· .. ::,. ,;r~ -;,·:..._.-. ~~ -~- ¡ 

A = 1 '-32•\VI,, ~¡~• ',,\} ·"·..- 1 
·"' <-.. ' (8) p 0\- '>-,1'\p e~tDOeeOOOOOOOOOOOOOOOO ', 

where '' ' 

Ap = annual' operation and maintenance cost in tho_usands of dollars 
yermgdofflow. . __ ,.~.· .. '·:· •;. 

x¡, =pipeline uhlizatr6n'lev~Íc,i~~:;9d:· · .. ; . ,. ' 

In this in~tonce, the annuol operating leve!, not .the de~:ig~ ~¿po~ity,.·d.et~rmines.costs. 
' ' ' 

.. Pumping stat.ion costs dep~~d on, the t:l~"J)ber:,of pumping stations located a long t~e 
t!('t .l"r\ '~ •• ,}(._~ ... }.:; :~·'.~-.,.-~:). \-l ~~ ,-".,~ .- ~ -

1 

_ / 

pipeline. "To óbtaih -~~1is numbe~, -l;>oth.;th~ 9vailable head and friction losse's must be 
~.~J-~ ''-J\f~\·¡ -''lJ ,·--:· ... ;!t~;;~- '5; ~' " t .~ -... ~ ':~, ',' "',....;'"' 

token into account. _Fricti~n losses.;a·re_.assumed to be 4·feef per'líOOO feet of pipe • 
. '\'00<: t: .".~~.- .... .:.: ; ,.· ' . -· : ' 

Available 'h'eod is thc diffcrEmce in elevation betwee'r1 the intake and dis'charge poirú. 
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Posirive hcad, by convcntion, mcons lllol thc intoke is highc1 thon thc dischorg~ point. 

Assuming 

h f = elcvotion difference betwccn intokc ond dischorge points 
in fcet ond 

d = distooce bctween intoke ond dischorge points in thousonds of 
fect, · 

then, if h f -4d _:::O, the heod is suffic ient lo overcome friction los~t?s ond grovity flow 

will suffice (i.e., no pumping stations ore needed). 

lf h f -4d < O, the number of pumping stations required is 

hf -4d 
n = 400 

rounded to the next h igher whole number. 

The uni t capital co~t for eoch pumping stotion is given by 

where 

••••• " •••••••••.•••• (9) 

C = cquivolent onnuol unit cost of pumping stotions in thousonds 
n of dollors per station per mgd. 

xp = design copacity of pipe! ine. 

Ar.r.;tJal operotion ond maintenonce costs for pumping stotions ore given by 

where 

An = 2.12 Xp -.314 .•••••••••••••••••••• {9) 

A = onnual operotion ond m'aintenance cost in thousands of 
n dollors per station per mgd of flow. 

xp =pipe! ine flow leve I/ in mgd. 

In oddition to the operotion ond maintenance costs, the cost of pumping power must 

be included. As stoted, pumping power is priced at $5.37 million gallons of flow per 

hundred fect of heod. The heod requirements will be 1 hf -4d 1 os defined ~bove 
where hf -4d < o. The onnuol flow is 365 x¡,. 
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8.3.2.3 1rcotmcnt Costs 

To assure a reliabic supply of water, raw water storagc at the dischar~e I'IH• ul lhl· 

pipeline may be providcd. 

The copita! co:.t for raw water storagc rs 

where 

e = 1.ss x -· 201 
•••••••••••••••••••• (9) 

rs rs 

C = equivalent annual unlt costs for row water storoge in 
rs . 

X = 
rs 

thousonds of dollars per million gollons. 

raw water sforoge design copocity in millions of gallons. 

The design copacity for reliable supply should be ten times the average daily rcquirc• 

ment. For pipclines of less thon five miles lcngth, this capocity can be reduced 

proportionate: y. 

The operation and maintenonce costs for raw water storage are 

where 

A =O.lOX 
rs rs 

-.201 
........... 8 •••••••• (9) 

A = annual operation and mointenance cost in thousands of dollars 
rs per million gallons. 

Treatment plant costs include the costs of the treatment plant and treated water 

pumping plant. Unit capital costs are given by 

where 

-.257 
CT = 25.6 X

1 
••••••••••••••••• o o. (8) 

C
1 

= cquivalent annuol unit cost of treatment plant in thousands 
of dollars per mgd. 

X
1 

= design capacity of treorment plant in mgd. 

lhe design capacity is based on thc maximum cJoily water requirement of the user. 

Operation ond maintcnance costs of the treotment plant, exclusive of chemical 

ond power costs, are givcn by 
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AT= 7.25 X'T -·
257 

.••.••••.•.•.•.•. ; •••• (8) 

AT == annual opcraf ion and maintcnance of treotmcnt plont 
in thousonds of dollars pcr mgd. 

XT = opcrating level of plont in mgd. 

The operating leve! of the treotment plont is bosed on the average doily requirements 

for the year of operotion. 

ehernical costs vory widely depending on thc quolity of the source water. Thcrefore, 

these costs should be determined individuolly for eoch source. This con most eosily 

be done by prcparing o schedule showing costs versus water quolity by type of use. TI1ese 

costs should be given in dollors per million gallons treoted where the total omount of 

treated water wi 11 be 365 X~ • 

8.3.2.4 Distribution eosts 

Treated water storoge requires o capital investment of 

where 

e = 14.3 x 
ts ts 

-.274 
••••••••••••••••••• (9) 

e = equivalent onnuol unit cost for treated water storoge in 
ts thousands of dollars per mi Ilion gallons. 

X = design capacity of treated water storage facilities in 
ts millions of gallons. 

The design capacity is estimated as 25 percent of the maximum doily use. Operolion and 

maintenance costs for treated water storage are given by 

A = 1.80 X -·
274 

.••.•..•...•.•.•.••. (9) 
ts ts 

where 

A = annuol operation and maintenance costs in thousands of 
ts dollars per mili ion gallons. 

Thc distribufion systcm nctwork costs con be estimatcd at $800,000 to $1,000,000 pc:.·r 

squarc mi le of development. Distribution pumping power requirements ossume o heod 

of 250 fcet; thus, thc power costs are $14.50 per mi Ilion gallons of flow, ond thc total 

flow is 365 times the average doily flow. 
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8.3.2.5 Total Costs 

Usino the above cost dota, the a'nnuol total of any water supply for ony use con 

be estimalcd in 1970 doliars. Since each system will hove its own speciol rcquire

ments, no gcncralized total cost equotions will be attemptcd. For cxomple, one 

town moy develcp o sL:rfacc supply requiring treotmcnt while an industry moy 

develop its own well water source requiring no trcatment. For each identi fiable 

futurc water use, an individual total onnual cost can be developed by the above-

cle~cribed procedures. 

The cost data shown here demonstrate the effect of economies of sea le on water 

;>;ystem development. As the size of the system increases, the level of service is 

ímproved ond the unit cost of providing that scrvice is reduced--a fact verified by 

the negative exponents on design capacity terms in the various unit cost equations. 

Water systems hove long lives ond rcquire large capital investments, two factors 

that make consideration of se ale economies imperative. 

With the total costs of each alternative in the independent networks now derivcd, 

the decísíon asto the best alternative can now be madc. TI1is then concludes the 

analysis of independent networks. 

Future cost data can be acquired applying the Engineering News-Record Building 

Cost lndex to the actual and derived cost data (7). There are othe1 methods used 

for deriving and projecting cost data. No attempt wiil be made to suggest that onc 

mcthod is bctter lhan another in this report. The methods bcst understood ond used by 

the planner should be appl ied. lhe method described he re was the one used for this 

research. 

8.3.3 Network Analysis 

The network analysís of the modcl actually is the further evaluation or analysis 

of o set of alternativas of the network ofter the initial evaluation described in the 

network formulalion section. In this analysis, the computerized model determines 

the uscful pcrmutotions of the nctwork. These permutations are then used with the 

possible networks. 
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ossigncd to on ore that connccts ihc two nodcs which denote the entrence and cx;t of 

that focil!tx. Then a flow of onc mgd is os~ioned os both the uppcr ond lowcr limits 

forcing o consfont flow. Thesc 11 onc mgd fokc flows 11 hove lo be addcd to thc "super Q 
sourcc 11 1 in k for eoch ore of fixed costs tho t ore assigned to the network. They must 

also be balanccd in the network storting with the "super sink, 11 (which is a fictitious 

streom whcre oll water goes) ond working bockwords to the 11 super source. 11 

u .• -1.. 
IJ '1 

The variable costs, which are 1 ineor in th is model, ore then ossigncd to another Ü 
are thot describes the focility, and the proper upper ond lower bounds are designated. 

By using this technique, the cost functions can be closely approximated for each link. 

By following this basic procedure, a very good flow ond costing analysis can 

be run on any type of network. This process moy e ven be enhanced by using new tech

niques such as those developed by H ~A~ Reeder and P.A. Jensen, who developed a 

program thot uses a convex cost function (6). The copabilities of this technique are 

only limited by the versotility ond imagination of the user. (The flow charts of the 

mode 1 ore presented in Appendix D of reference (41 )) . 

Aftcr completion of the initia! network evoluotion which reduces the number of 

networks to the olterr.otives thot needed to be considered, the process of network 

anolysis is begun. The first step is to identify oll the independent networks and their 

olternativcs. These are simple in noture and moy be anolyzed by standard engineering 

proccdurcs. 

-185-

o 



o 

o 

o 

' 
1 1' ~' -A'¡'¡' ;,~twó'rks in' thiscotegory are anoly7ed u_sing a procedurc thot opplies_d,~_. 

'~~'~i.-~j'~b1;¡)¡a~3cti~ns t~-éoch of the possiblc altcr~.atives. Thc applicotion of thcsc 
L •• f ' ~ < ~- ¡ 1 "' 0 ,' - 0' ~ ] - 0 < " 

,: '\~ f~,;~'ti"o~i ~rFthe ihdepe,1dent--net~~rks c-onstitute the network an~lysis oftl)c 
- ·' 

k'l. ' -' - -- '- :. ; 
~- ' .,.,~.;--.7~ ..... ( .... \'! t .. ·,_:.~;·_. • .,. ..... :·~, ,.it,'·,;~ '-.'\,'/~ ~-"- ... 

"'"';' l~i-thJ'h'étworkánolys'is"therc are certain primory steps that ha.v.~_-.t,9JJ~.rnade. 

___ .,e)¡:: 'iii~·\c·l~~'tion1 ;o;f':-;;~Gr¿~-s ~n'd· tr~at~~:,~:t "rl.~~~~ -~an be. ~odifi~d--~epen9in9 on q~¡ql-
• ['-\.t,\•J;~· ¡ -- ,..-;, ... ,_ ---¡ • ,.,,' ....... ' " ~~ ")'- '~:.~ >, : • ,>-

'· ~- -~ ·- .'~" ~"·¡¡·tr'cotm'cnt requm~d. Thc 'sele.ction 'of soui·c~s·a~d the required_ tre?tment col) be 
- _'~'l. .r ~ .). 1 r r' J ~ : ~ (,' ~. :· l .) 

::·· :~ .• ,;:d ;;;·pár't'fq fit the'network. · · 
~ . ..- J .,. ' .... ¡ - ' ' ~ : "-- 1..' "¡ ~ ~ ~ .,' -

_,~,.' ·'rc,;.'c~í1"·d~' tl~ci\.;'E9~ri09ebtedness. of existing facilit,ies is fully token into occount 

lltird, ·;r ~lfernatives' are to be co,.;sidered, thcn ~he féasible l~cotio'ris ·for thcsc 
~ .... ,.~~ ... r: •;¡-'\'~-'~,,,'-. ~ ~ •' ·~"·>i~~._ '_-:r_.~ ""'~~ ·• ;'~' 

''1'~,,,.~>·~itlíiÍi-<thé'ne'tV./or!<"'must be known prior to'o model run. ~y cstablishing' 

-". · :¡·¡,~,umtr1~~1¡•~eif6.in 'con'stFáiñts· o~ tl1e -~~t~~~k ~~n,-be ~exer¿ised 'on the network 
' '· -.' - ' ' ·, . ' ' ~ ' . ' -'o ' ' o ' ' ; ·: . ' .. l. . 

"'J.,¡I
1

\'j(l~;r'ing wopose'd'ond existing facilities. A zero:minimum flpw is used to. 
1 ~ .t • • L 1, • ' ' 

';: ·" ::>;.',,,,~.,·r,~aiaJilitj of prbpÓsed Íi~ks. 's¡;)c~·-;h~ -~ol~tion m~y indicole a.p~ro 
- ~ ' • ' ' 1... ' ._, ~ ' 

'~~' .1;~: u' p-¡'Oj)o;cdil ifik'";: wli'it~l' rriebn;··th~t· it\ is·~~~~ -~~-~~o~iéol! ~- feas.d)J~: th~ .~bso-
' • ~ l.. 1 -...1 ' ' ~ J' ... {-< • ':.-> ~ 

;-~:=--~ :'::r;.:~()fc!·o;ibfl_it)/bf ea~h~iYni/¿ém:5e,,d~te'r~i·~~d •. · Al-~o, ~y ~stabi'h,!,!ng a _se.t ·_., 

'f1:-.({\i .:/'.i',~·-'r·¡-,'Ot'·ifiéáF¡'Jri~d"idÍ~~rfi'6~: b~1 ~~¡'~{i; ¿ ',~~r~~i~: ~~~e·Í·~~f ~:~~¡~~~~ ·w.ithi~ the 
'1 ·~ ..... ,-•C( -.',,-' ,1;! -?.>~T -,,~-~, ~~¡ / \:' ,(;'11\,J~j~ :_•'/¡\~: ~;-._, f, -lw ~-•'', t•ll',"·, ~-~), .. ,. -~~· 

-·:.<'• ¡';:tl,c rcvcrse is·afsó'available when one wishes to examine the economics of 
... _ ... , .. ~t 1 ~ ~-~~-.-.i _, ~ .'""¡-: ,t' ~ ·.·{,,.," ·, 

¡(-,.~ ~-;;;1 'dí,(. oi- mórfd·:p~l iti2afC:'on~t~ci-~t~ ¡:~ favor of mefropol itan sourc,e and_tre¡;:ttmcnt-. 
' ~ :; 1 ' 

' ,• 

''fl·f~ ~t:•~·'tiíe:ma~·;..ntlrl"flé)'Ji·6r''~~Pg~ity. e~~-~~~~·¡,~ used to ~xpl?!e aJ.t~_r~~.riv~s and 

~-·'·~;~,{~ ... ;:j,(¡'iJrccs~'tl'h;~,inci'xlrhÜ~;.fl~v/~:;~6~h ,:ink C01~··be s;;~a-t ~he ~x-ist,ing cqpa-." 

-¡í~:·;u.nr~ link ·or' the' ccip~cÍty ~H~; á -plann~d expansion. The maximuiTI flow ca¡;. 
• , r~- ' ,-, •, -•• '.] ',..J--~- ' 1.: "\ ~. ~/ '"' ,;¡ 

:. ~{ ·~,-J~;;f/.,!o·c·ol'\t'r'ól 'the dci~ired loádÍng of o -~otÚral ~esource without exceeding its 
•, \ ,.__< ' ~ ' ' ·, • ;, ~ .J; ,'" "- ' '; ' "":! r ' ,._ 

' _, ', ~ . 
\ . 

::·:,.:, f.r,>' p;,_;,,~d dot~'fdr run'~·ing-~he ~-ode¡··is fed into th,e modeiJ?Y e~c~ are. Thc 
.... • .,. ~f - ~ "p '"~ .... : ·~·~,~· 1~,_ ~,..,._~ ,' ~-.. ~~ ... • .:.., .. \., '~~'' • ~"'· ~· ¡ rf 

¡~,;.,.:_,: .! · ':\_J¡H:d for\each pair of nodes within thc nety.¡ork. Thls procedure gives 
... ' - "'# • 1 

-:: .. ~: .·1~~ ::!•':• 'i<Jrriing_capability V:.hen allern~tives ore being explored. 

y~. ' " .: .:.JO:· ,',, ~~.~~; i;n, th~ establishment of the dato requirements of this model is to 

• '· 
1 

... ,. network. The nodes are estoblished for eoch facility within the 
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network. The facilities, primarily pipc!ines, can be broken oporl to fit SAU politicol 

jurisdictions or basins if dcsircd for complete anolysis. A dctoiled network is built 

using succcssive runs, ond the nctwork should be kept os simple as possiblc with coch 

slcp (Figure 8-6). 

Thc dota rcquirements for the sourcc and sink nades with their connccting links 

will now hove been sotisfied. The next step is the ossignment of the upper and lowcr 

bounds for the flow in each link. The bounds can be set onywhere from zero to 9999 mgd. 

lf zero is used, the solution will be equoi to or greoter thon zero. When establishing a 

fixed cost or when it is desired thot o plant be used at leost to its dcbt limit a mínimum 

flow can be set. lf a specific flow is desired, then the upper and lower bounds ore 

both set equal to that flow. 
-

Since there are no limits to the number of links entering or departing a nade, 

altr1ough each nade must hove al leost one link ent.~ring ond one 1 ink departing, a 

fui! ronge of possibilities :s available for eoch of the facilities. The fixed cost is 

set by ossigning one mgd to both the upper and lower bounds of onc of the 1 inks. Th is 

mgd is then added to oll the fixed source 1 inks thot feed it so that it does not offec t 

th<:' actual flow. This network is referred toas "fake flows. 11 The variable flows con 

b:: assigned o cost per mgd, and the mínimum ond upper bounds assigned from O to 9999 

n.:,d. n-.e only constraint is thot the upper limit must be greater than or equal to the 

k "''er bound. Zero cost ares can be added to provide continuity and/ ora certain disag

-gregation of ores. 

After the capacities hove been assigned, the remaining data requirements ore 

odded to each of the links. This is the cost of that link in dollars per million gallons 

:per doy($/ mgd). Th is cost doto should be the actual cost dota in all coses possible. lf 

·the actual cost dota is not ovailable, then it should be estimoted by standardized pro

:cedures. lf the variable cost is a linear function thot depends on the size of the facil-

ity, as in treatment plonts, then an estímate has to be mode initially asto the size 

needed. A family of curves is developed based on the cost per flow (Figure 8-7). The 

~slope of that particular curve is entered as the cost of thot link. After the run, the link 

•rcsults are examined. lf the results show that the plont is being used to full capacity, then 
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• Í\ d··~i 1 oblc ond o largcr focility curve is used. lf it is not bcing used to 

'r . ,· • 1¡11 • 11 a smoller focilify curve con be tricd. 
f• 

, ,,.,. lJí)proach that has preven cffcctive is to toke the lorgest focility curve ond 

•.• ,.\ 1 und sct the lc>wer bounds equal to zero. After the first run, set the 1 in k cost N:..J.:Jl 

•1 "Y, 111 ve slope thot the resul ts die tate. Tncn run the model ogo in to vcrify the rcsuits. 

,.., ;: NETWORK MODEL 

·· ,. ''"'e ture of the sewer network modcl is basicoi ly the sorne os lhe water So.lf'~ 

-; ..... L rn(\(Jcl. Therefore, o~ly the philosophicol and technkol differences thot 

•... 11rrwork creotes in the applicotion of the model will be discussed in this 

·, ,,.,. ,iously discussed, the first pho~e is the isolotion of the feosible indepcndent 

, , .1 ,;.,. r-.:duction of the problcm to its simplest form. The first slcp is to re-

... 1 .... ur~. lo the 11 ;eal 11 network by identifying the infeosible alternotives ond 

~~ '
1
''''" from the nefwork. This is o coarse screening done by the best quolified 

~'' .... _ : 1 .. indq,cndent nctworks are then evoluated using engineering cost data 

e. :· 

c.~ .... 

\' o 

cv:- · :-

it, ;,: . 

e ~ • r 
•• o 

... ·· •r~ronnccted networks or the alternate solutions that interconnect indepcn-

• · • ' or,. l'valuoted by loading the system onto the computer and evaluoting thcm 

· ..... ._~ rnodcl. The flcxibility built into the model for the water network ancl

...... ''"'1 for thc evoluation of the scwer system. 

. ~· .• ; rmnulotion 

• ~·" •:• nctv10rk vories from the water network in that it is primarily o 

· • · · ~·· -· · lhe use of pumps, pressurized lines, ond lift stations ore normally 

• · .. ,, ohsol u te 1 y necessory. 

. . . 
·" "~r:twork bcgins with o collecto1 system in each smoll bosin. TI•cse 

' 

1 f,,,_k collector nelworks ore sized by using the techniquc describcd 

'' 'J'•·r, Scwer, and Storm Droinagc Micro Area Requiren.ents of Refcr-

~ ~·· "'J"JO thcn flows from tlw collector systems into the scwer moiros which 

' "' l .. ,¡,,0 the tcchn ique dcscribcd in Appendix A of Refercncc (41). 



Thc dcsign of the collcclor syslc.ns thot serve thc small basiris is the responsibil- O 
i,ty '0( thc po!itical juris:-Jiction:- involvcd. This study dealt only wíth the collcclion of 

ihc scwagc from thcsc ~mal! basins and political jurisdiclions, its transportation ro 

0 systcm of trcotmcnt plants, and the dischargc of the cffluenl into a rccciving strcam. 

No attempt was rnodc to dcvelop a strcom recovery model that examines in dctail 

ihe effcct lhat the cffluent will hove on thc recciving streams. The network modcl does 

considcr sorne of thcsc effects by limiting the upper bounds of the ore that connects 

the outfall of a treatment plant to the rcceiving stream toa value of effluent thot the 

stream can handlc. l11is value is obtained by using methods de!>cribed in Appendix E of 

Ref. (41). By controllingtheamountofeffluent, basedona specified level of trcatment for 

the study oreo {in this case secÓndory) that con be discharged ot different points, the 

quality of the receiving streoms can be mointained. This con be madc seasonal by 

changing these volues bosed on the seasonol fiows and cho acteristics of each receiving 

stream. 

The seweragc rnodel examines oll these feasible alternotives for the region and 

op: ímizes them into o regional sewer network. lt is also possible, if not probable, 

thc'í the region is made up of severol mejor basins of different chorocteristics that ore 

not connected within the study orea. Thesc basins may be onolyzed separately or by 

i,,~erconnecting lwo or more of the bosins. There is olso the capobility of the planner 

to ~voluate the alternatives of 'having one mejor treotment plant or any combination of 

smaller trea!ment plonts. 

The procedurc for formula! ing the sewcr network is identical to lhat describcd in 

the water supply network model. The first step is to estoblish the current network from 

the inventory doto. The only difference bctween the sewer networks and those for water 

is that the flow is reversed. Thc use of speciol oreas, moinly bosins, within each 

political orea is greotly increased. This allows the demond portian of the model to 

work within the fromework of grovity flow across corporate boundories. 
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litcroturc rcview has foilcd to rcvcol ony model thot con cffcctivcly hondk· :hi:. pho:.(· 

9f thc problcm on o general basis. A model thot conbc eosily undcrstoodondrun w:1i:c 

not rcquiring largN computcr capobilitics thon are gcnerolly avoiloble is dcsirablc. A 

widc ossortmcnt of linear progroms is availoble for a nctwork anolysis. Thc most succcss.ful 

algorithms in tcrms of tht" present requircmcnts, ore Fulkcrson' s Out-of-Kilter Algar ithm 

cmd scvcrol of its voriations (4,5,11 ). This method was devclopcd into o program by 

R.J, Ciasen (12). Thc bosic dcscription ofthis model con be reviewed in ony ofthese pub

lications if o detoiled onalysis is requircd. 

The Ciasen program wos c.ltered to handle bolh sewer and water networks. Thi!. wos 

~~!)ne to simpli fy the model ing requirements of th is study and has preved to be odcquotc for 

plonning P.urposes. lt wos then determincd thot the cost functions could be disaggregoted 

ond simplificd to linear functions fhat would give good approximations. This allo•m 

o program to be run that is relo~ively simple and still indicates the feasibile alternativos 

to be onalyzed in detail. 

Thc network model is mode up of a systcm of nades andares thot ore interconnected b; 

are. Eoch nade represents an intoke or exhaust of sorne facilities. Depending an thc dcgrct· 
9 

of accuracy needed, computer capCJbilities and avoilable cost data, this network con be 

as detailed as needed. An orc-node grouping can representa complete treotment plonl 

or each of the steps thraugh the plont. The usual proccdure is to simplify the network 

as muchas possible, depending primorily an cost data, for the initial runs. When flows 

hove been determined, then infeosible or undesiroble permutations of the network con 

be removed and ncw detailed networks can be derived ond run. 

The model slorts with a "super source," which is a fictitious sourcc of water for thc 

water sources thot actually supply the nctwork. Thesc sources ore the first series of naJes. 

Sincc each node can be interconnected with one or more ores, the cost functions can be 

disoggregated by the user. This is accomplished by determining the fixed cost (the cost 

incurred by thc planncr no matter whether the foc i 1 ity is used or not) and then assigning a 

flow of one mgd to one are. In other words, the fixed costs of a 1 in k in the network are 

~--
__Eixed cosj_$ 

1-1 

u .• -1 .. 11 ., 
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Thc idcnHficotion of the rcol sewage network and its !>hortoges and capobilide$ 

is hondled in thc sorne monner os for the water network. lt is olso advonced into :he 

11 desirable" worlds ond evaluoted asto their incremental copobilities, dcficiencics, 

and availobilitics. 

At thc conclusit.ii of this proccdure, the plonner will hove o complete unders!cnding 

of the sewer networks, their requirements, ond feosible olternotives for thc rcgion under 

study. The problem wifl hove ogoin becn reduced to its ¡Ímplcst form ond be rcc.dy 

for presentotion to the decisionmaker for final sclection of the oltcrnotives for further 

anolysis. Each choice will then be modeled for thc selection of the best alternotJves 

to be incorporotcd into the final plan. 

8.4.2 Network Analysis 

The model again varies with the type of net·vork under considerotion. lf it :.; "' 

simple independent network, the use of derived cast functions are used, but if it is a 

~omplicated independent ar interconnected network, then the computermodel i¡employed. Ü 
o 

When the computer madel is run, it is used in the sorne manner os that of the water 

network. The netwark is ogain made up of nodes ond ores. Eoch focility is represented 

by o nade for the inlet and another node for outlet. lf a fixed cost is encountered in 

this facility, it is reprcsented by an are with a fixed 11 foke flow, 11 usuolly one mgd. 

Jf the conservation of flow chonges this foke flow ta another value, then the fixed 

cast is reduced proportionatcly. Anothcr are is used to represent that portian of th~ 

cost, obove fixcd cost, which varíes linearly with Aow. A system of cost fines ore 

developcd for each type of facility. These ores and nades with their derived co¡t 

function~ con be used to depict occurately ony type of facility. The use of these 

dual nodcs ond multi-orcs is limited only by the users1 ability ta depict each facllity 

by its propcr combination of ares. 

lf thc network undcr cansideration is o simple independent network, it can be 

hondlcd using cost functions similar (in mony cases identical) lo thosc uscd in thc water 

network. Thc cquations for tronsmission, pipcl ine, and right-of-way costs ore thc sorne. 

The remainder of the casts for the systern are from references (1 O) ond (13) to (16) • 
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The dota rcquiremr.nts for ,IJis modcl are thc sorne os thosc rcquircd for thc wc.IN 

nctwork. The only diífcrcncc is in the cost curves ond functions used to providc lnc 

actual costs. lt is obvious that thesc cost data are available from many sourccs ~nu 

those thal are used he re are nol considered os obsol u te. Thc planner should use lhosc 

functions that he fcels are most accuratc. The functions that thc author uses are 

obtoined fr orn those ~ jsted in re fe rene es (1 O) and (13) to (16). 

Therc were many runs made of di ffcrcn f arrongements for the network. The rnodcl' s 

full usefulness is limited only by the skill of the planner in depicting the system and 

a!ternativcs in modeling nomencloture. Once o proper set of cost functions for thcir 

systems has been developed and projected [this study used the E NR cost index (7)], 

the optimization of the netwo¡k wi 11 be obtained. 

8.5 THE SOLIO WASTE SUB-MODEL 

The objcc~;vt: of the s11!id waste sub-model was to develop methods for prcdicting 

ond managing sol id waste generated in an urban orea. The prediction is mode by using 

parometers previously employed in the population modcl. lhe network model used for 

the water supply and seweroge system can be modified to deol with the monagement 

of solid waste generated in an urban orea althoug~1 the applicotion of thc nctwork mode1 

for salid waste is not included in the present study. In ofher words, the present model 

only deals with the quantity of sol id waste produced in an urbon orea. lt does not 

consider the other components of the sol id waste system. 

Actually1 the sol id waste systcm in an urbon oreo consists of three main comp~ncnls: 

generotionl collection 1 ond disposal. Sol id waste geraeratcd in on urban oreo- can be 

divided according to the sources of generation; e.g., from the commercial, sector, 

industrial sector, residential sector, etc. Obviousl'y 1 the col'lection component varíes 

among different sectors of on urban oree Unless the charocteristics of OR urban orea 

are knownl it would be useless to develop a sol id waste collection system for an urban 

arca. The third component of o sol id' waste system, the disposol component 1 is al so 

vcry much dependent on the local characteristics. This is due to tl1e methods used for 

disposol; e.g. 1 sanitary land fill, incinerotion, composting 1 etc:. ore dcpendcnt on the 

local needs and choroctcristics. Thercfore 1 the salid woste model is concerned only with 

the volume of waste generoted from different sectors of an urban orea. 
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8.5. 1 Dc:.::riotion of lhc Sub-Model 
' 

•,,, The so!id wastc sub-rnodcl is on onalyticol formulotion devcloped to compute :he 

volumc of sol id wostcs gcncrolcd in on urban a¡ ea. Thc modcl uses only porametcrs 

d~vclopcd in lhc population modcl. In othcr words, thc solid woste sub-modcl docs 

not makc dircct prcdictions, it only uses oulputs {¡om the population model and scvcral 

o:;surned constants to compute future sol id waste generation. 

!n the dcvclopment of the rr:::del, severa! assumptions were madc. First, thc amount 

of soí id wosfes generated in on urbon oreo ore ossumed to be bosicolly a function of thc 

number and the charocteristics of people residing in that orea. Further, the amour.t of 

sol id wasre generated per person per doy is assumed to incroose ot o constont rote. For 

exompie, the current notionol average increCJse of 2.5 percent per year wos used in the 

present computotion. 

The rnai1. vu.iubles u:ed in the model fo¡mulotion hove oll been prev:ously used i1 

the populotion model. These variables ore: populotion growtf-. ~ate {person/year), work force 

in monufacturing (percent of total work force), and work force in service industries. 

Other porameters needed for calculoting future sol id woste generation are cuírent 

ge.-.eral ion rete ('lb/ cap./ doy} andínationol sol id waste generation annual increose 

rote (perccnt per year}. The current generotion rote usually can be obtained from the 

f···l>l ic wo1 ks division of a city government. 

The model computes the total sol id woste generation in an urban orea and al so the 

fmctions of those generated from the commercial, industrial, and residential sectors. 

The lotol sol id woste generated at time (T) can be computed by: 

where 

WT= [P
0 

+ 6 P (Tp- T
0

)] [WGR (1 + 6 WGR (Tp- T
0

)] 

WT= Total solid waste (lbs/doy}. 

W dk Woste generotion rote (lbs/ cap./ doy}. 

P = Present population. 
o 

b.P = Annuol population increase 

T = Prescnt year. 
o 
T p = Prediction year. 

!:lW= Annual increasc rote ofsolid woste. 
GR 

-195-

o 

o 

o 



o 

o 

o 

From data collcctcd from eleven citics, shown in Tablc 8-2, there is a positive 

corrclation, which is shown in Figure 8-8. bctwccn the percent of total sol id wastc 

gcncratcd from the commercial and industrial sectors and the percent of work force in 

the manufocturing or thc service industries. Hence, the percent of work force in the 

manufoctu1 ing or in the service industries was uscd as a paramet~r to compute the 'volume 

' of wostc produccd in (e commerciol ond industrial sectors. The formulo derived is 

whcre 

\'V C, 1 = W T (M + S) 

WC
1 1 

=Sol id woste produced by the commerciol ond industrial 
sectors. 

WT =Total solid woste generated. 

M = Percent of work force in manufacturing. 

S = P ~rcent of work force in service inciusrry. 

The volume of solid woste generated from the residential sector is computed by sub

trocting the sol id waste produced by the com~erciol ond industrial sectors as indicated 

by: 

whcre 

W R = Sol id waste produced by the residentiol sector. 

WT =Total solid waste. 

W C 
1

:::;: Sol id waste produced by the commerc iol ond 
1 industrial sectors. 

In summary 1 thesc formulas con be used to predict the total sol id waste produced in 

on urbon oreo as well os the fraction of waste produced by the commercial: industrial, and 

rrsidcntiol scctors. 

6.6 VALIDATION 

Thc primary objectivc of this research project was to provide the average plonning 

group with o usable model for regional water, seweragc 1 and solid woste planning ne~works. 

Thc model dcvcloped fulfills all the originally stated objectives for the water supply .::md 
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City 

Son Jase, Col. 

Tabi'e 8:..2'. Percent of Work Force in Mcnufccturrm: ~n-:i' Services 
l~dustries and Percent of Sol id Wasre Gen~:r~ted from thc 

Commercial and Industrial Sectors. 

Percent of Work Force lbs/ cap./ day 

MFG Service Total COM & IND Pcrcent of Total 
---------: ~ 

34.5 19.4 53.9 3.50 5&.3 

Hockensack,' N • J. 38.7 14.7 53.4 3.70 53.6 

Poterson, N • J. 38.7 14.7 53.4 2.89 54.0 

Clifton, N. J. 38.7 14.7 53.4 3.78 58.6 

Passioc, N. J. 38.7 14.7 53.4 3.3t 54.7 
' Phoenix, Ariz. 24.3 16.2 40.5 ! 2.20 44.0 
1 

Fl int, Mi eh. 53.8 10.2 64.0 3.13 67.6 

New Orleons 15.2 17.7 32.9 .2 .12 46.9 

Los Angeles 30.4 18.2 48.6 3.20 48.3 

Oklo. City 14.0 14.7 28.7 1.40 26.9 

Tul so 24.6 16 .. 1 40.7 1.50 31.3 

o o 
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sewcragc sy~.fcms. For the sol id wu~IC' sy·,fcr,,, :l1c uppl icuf ion of thc nctwor k ~n0dcd lü Ü 
thc ~ystcm .,: ¡ 11 necds to be done. 

At thi:. point, the modcl has complcted a!l ncccssary information for the dcvclopmcnt 

oí thc fi;1ol ~!an. There remains to be done only the portian which takes thc cost oF all 

thc dcsiroGic alternalives and incremcntally evaluates thcm agoinst the financia! structure 

of :he region. The final step is to establish thc priorities for thc development of the 

alternatives thot were selected for implementation. 

The process of financia! analysis of these alternatives is a rclatively simple procedurc 

that fo! lows 1he standard techniques used in economics. A profile of the financia! structure, 

including bond debt limits and future financia! resources, is developed. ihis onolysis is 

done incrcmcnfally, using the sorne steps as the models. The cost of eoch of the alternotives 

is then evalualed against the financia! profile, and priorities are set by the commit~~::: 

of concerned agencies. The net result is the capital investment profile of the region to 

obtain the se!ected goals. 

The process, os described in this report, leads too comprehensive and continuing 

plann:ng modcl. The output can be easily developed into a plan thot will moxirnize the 

use or r¡atural rcsources, help protect the environment, ond preserve the quol ity of life 

that is desired. 

8.7 L!MlTATIONS AN D FUTURE RESEARCH NEEDED 

·:he primary !imitation of this model is the availability of doto, porticulorly cost 

functions. Thc simplest possible 1 ink-node configurotion for eoch type of equipment or 

facility in thc system should be developed. After the configurotion is complete, then 

cost functions can be developed for eoch type ond common manufacturer of the equip

ment. Thcse packages con then be placed info.the input-like building blocks. This 

would greaHy facilitute the use of the network model for obtoining the olternotives 

to be comidcred in the final evaluation. 

This modcl can vcry casily be expended to include solid waste, stream control, 

air po!lution, 01 transportation, to name but a fcw. For thc salid wostc system especiolly 

thc network model can be used for the sol id wastc manogement onalysis. Howevcr, this 
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would hove to be done in futu•c rcseorch. In ony ca:;e, thc modcl should be dcvelo?c:ll 

to it~ íull potcnt:al because thc uvailabilily of o single tcchniquc for anolysis of so 

mony urbun plonr.ing functions woulcl be invaluable. 

Thc on,¡ olhcr limitotion is, as alwoys, tlw dcvelopment of o usable ond genero 

lond use modcl, one thot would bridge the tedious step from lhc populotion model to 

thc d~mand modcl. What is necdcd is o modcl ihat cvoluates old ncighborhooch on an 

incrcmcnlol bosis ancl al!ocates the proper portian of the po¡:>ulation modcl to them. 

lt should olso take the differencc bctween two conseculive periods ond coJTipute the 

new neighborhoods ond industrial oreas ncedr?d to support this growth. Thc plonner 

would then only hove to intervene by ollocating the different types of neighborhoods 

!o the land be fore proceeding to the demand model. The development of these oreas 

wou!d then give the planner o model that could be uscd to depict completely the 

development of the region using a mínimum of computerized models--a most desirable 

goal. 
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Pi\HT I JI 

IV. Hydrnuli.c::> of Pipe System::> 
2 

A. h = f lv 
f u2e 

l. 
2. 
3. 
l¡ • 

5. 

hf is thc head loss in fcet of water. 
1 iG thc lenGth of thc plpc in feet. 
d is thc diarneter of thc pipe in feet. 
v is the mean velocity of fJow in feet 
per second. 
f is a dimenstonless friction factor 

a. f = 6l1 = 6~~ , where R is the Reynolds 
R vd 
nwnbC'r andA/vis the kinematic viscosity 
(for laminar flow; R - 2000) 

b. when R = !1000, f varies with R and.!! , 
d 

where n is the absolute roughness 
( turbulent flow) 

Tem:perature, e 
M,... 1 centipoise 

5 
1.519 

10 15 20 
1.310 1.146 1.011 

25 
0.8975 

30 
0.8039 

B. The Ha7.en-iVilliams Formula (See Table Alignment Chart for Flow in 
.Pipes, pagc ) 

l. Q = rate of discharge in mgd, gpd, gpm, or cfs 
as needed. 

2. D = diameter of large circular conduits in fts. 
3. d = dj_ameter of small circular conduits, especially 

pipes, in inches. 
4. v = average velocity of flow in fps. 
5. a ='íld2 = cross-sectional area of 'conduit in square feet. 

--¡¡-
6. r = a (wetted perimeter) = D/4 = d/48 = hydraulic 

radius in feet. 
7. s = hr/I = slo8c5~r hydraulic ~adient, or loss of head 
8. v = e r0.63 s · ~ o.Ool- 0 · 0 

0 4 9. v = 0.55eD0 · 63 s0 ·~ 
63 

0Óll~e0.63 s •5 
10. Q (mgd) ~ 0.279 CD ' s 45 
11. Q (gpd) = 40~ es2·f3 s0 ·5 
12. D = 1.53a0 ·3 r · 2 , for identica1 va1ues of C and s 

C. Pipe eharacteristics 

l. in paralle1: \Ql + ~····· + ~ = ~ where Qt is the total flow; 

h1 = h2 = •••.. ~ where h is the head loss; 

1 
0.54 = 

r{· 
t 

1 
+ 

wherc Rt is thc total resistance to flow 

1 

o 

-o 
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Q - Q o. h1 + h2 + •••• + h =h.: 1 - 2 = ••• o •• = "'"n' ·-n ""t. 

Rt = R1 + R2 + r •••• ,. + Rn . 
- .... e 

!: 
3· An equiva1ent pipe is used· to rep1ace 

series or in paral1els an4 sti11 have 
properties of the orisina1 pipes·. 

' ,-.-' 

_ ( 1 )0.5~ ~~·(1 X h)0.54 4. Q- Kh L - - -
. r · L 

Va1ues of K fo11ow: 

e so 90 100 110 

6" 60.2 67.6 75.4 82.8 

8" 128.2 ·.143.2 160.2 176.2 

10" 230 259 288 317 

12" 372 419 465 511 

14" 562 1632 
¡ 

703 773 

16" 793 832 991 1,190 ' .. ' . ,._ 

<~~,' . 
/ 

" ' '" 
.,. 
~" 

·-'" j 

'· '•_..,_ __ t . 

. ·' 

two or more pipes in 
the same over,a11 

'· 

120 130 

90.4 97.8 

192.4' 208 

346 374 ,? 

5~8 605 

,.843 
,, • l ~ 

913 

]:}i9o 1,290 

.. 
.• 

,. 

,· 

. 140 
' ' ~ .... 1.. 

' 105·.2 
J ' 

224 
<'f. 

40~ 

654,;· 

983': 

·¡, 388 

" .._ 

': .. 
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Cast Iron Pj_l,e 

Age of Pipe 
in Ycars 

o 
10 
20 
30 
1~o 

50 

J.¡ 

130 
]06 

88 
~(5 

64 
56 

(; 

no 
1 o8 
92 
80 
íl 
Új 

ninmeter of 
8 lO 

130 130 
109 J lO 
94 96 
83 85 
7h 76 
67 69 

pjrc in inchcf; 
12 16 211 36 Go 

130 130 130 130 130 
110 111 112 112 Jl2 

97 98 99 99 ]00 
86 87 89 90 91 
78 '79 81 83 84 
71 73 75 76 78 

Reinforced Concrete pipe and nitumastic and Cement-1ined pipe (also transite}. 

C - 140 rcmaíns there almo:-,t indefinitely. For safety say 
C 130 Best Probable, Ylorst 145, 120, llO 

Steel Pipe 

Lock - bar joints and welded joints - same as for caet-iron pipe. 
Doublc-riveted joints - same as for cast-iron pipe 10 yrs. older. 
Welded steel - same as 5 year o1d CIP. 

Masonry Aqueducts 

Sewers 

Very smooth sidcs - 125 reduced by roughness and deposits. 

Tile - 110 
Brick - lOO 

Pipes of Uncerta]n Age and Miscellaneous Channels 

Basis of general calcu1ation - 100. From average expericnce. 

Concrete Pipe and Tunnels (Wood Forms) 

Best, Probable, Worst ~ 130, 120, 90 
If slimed - 20 points~ 15 points, and 10 points below. 

Wood Stove Pipe 

Best, Probable, Worst - 145, 120, 110 

o 

o 
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Rt:S 1 ~..i'fAN'l' VALUES 

' 5 Valucs of r x lO for 1000 fcet of pipe based on the Hazen-
. Willüuns Formula whcrc h =- rQn ( (¿ in gpm) 

PiP,~ Diumeter, 

e = 90 lOO 110 120 130 14q 

I11ches 'l""' 

ll $'- 300 F48 208_ 177 153 
6 ..... 41 33·7 28.4 -24.2 .20.9 
8 10 8.4 7.0 6.0 '5.2 ,. 

10' ~ .. '• . 3.4 2.8 2.1-t 2.0 1;7 
üi 1.5 1.2 LO .83· " ' • 71 ..... s. ,. ' 

14' ••••• .66 .55 . 46 ·39 .34 . 
i6 ..... .35 .29 .2h- .20 .18 
18 . 20 .16 .li.J. .12 . .10 . •' 

.08 .06 20 "" ..... .12 .10 .07 
24 _()h9 .04 .03 .03 .02 
'36 .016 .013 .011 .010 .oo8· 
6 .0067 .0054 .Oo46 .0039 .0034 3, 

.• 1 

;',/' 

o :p !' 1 l4inor Los ses 
'1' 

Dia. 1 l.!. 2 ' 2~ 3 ·:· 4 e ' 5 : 6 2 

e 2. 5 3. '(5 5 ' :: ..... 6.25 ·r. 5 10 12.5 '15 
·7 

Dia. 8 ' ,9, .. , 10·. 11 12 '15 .16 18 
20 22.5 25 27.5 30 37 ·5'- 4o 45 

20' . 1 

------~~---~~--~--~~~--~~--~~~~~----~-----~.~5~0~' 
'¡;! ~ l 

' ' ' 
J '.-

' ' '· '1 
---

.· 
/ . 

.. "1.,, ,, 

o 
90 L - 1.0 

·1 
" ~ ' r ' -, 

Tee - 2 .o' ··. · .. 
') ' ~ ' ~ ' \ 

- ' ~. 

' 1 ~, - ~ 't ' 
< '-. ¡ -

, .. 
Gate Va1ve '-:- O. 37 · · ~ 

,.. , .. ' .. ' ,, 

Globe Val ve - '3 . 33: : .. 

Check Valve - 3.0 

Disk Meter - 9.0 

. '' ~ '~ , . .. 



1,, ¡ 

\ ' ' ~ ' 

Piston Meter ·· 20.0 

·'" Turhine Mct~r--· 8.3 
' 

VPnt.uri - 2.66 5.66 

dl o. 5 -0.4 
' d 

' o 
For example lO' pipe - · 300' loor, with 2-90 L, 1 gate, '1 check. · 

' 

~a~d a vcnturi dr ~ 0.5 - the additional· footage 
d 

.2L .- 25 ft. :ea. == 50 1 

l gate 25 X 0.37 = 9' 
<: 

1 check 3 x:25 ::; 7'5 > . 

. 1 vcnturi ::; 

25 X 2.66 ::: 66 

200 ft + 300 ft. of pipe = 500 ft, 

Allowable Leakage 

Q p nd ( P )! .1."85! . 
Y)¡' 

Q = g/h 
··P. ~ ·psi 
n = joints 
d == diameter in-· inches 

t' ~ '' 

V. Collection and Distribution.of Water 
cir~le, section, Hardy Cross, nctwork analyser, algebraic 

A. Circle Method (Fire - flow) 

•1. · Used to determine the. nwnber of fire streams 
available at any poin_i,; ~n--the -water system 
( onE! fire -stream 15 .. 250 galloll's per minute) 

2; Diá.w a circle · . ..-ith a radius of 500 feet and 
its center at the point of the fire 

3. Count the number of pipes .cut by. the circle 

\ 

1 

G 

.1 

o 

D 



[~-: 

...,....--~--------·-----y-- - -. - -- \ 

5· 

(prpr;¡;m·c drr,p from ma.in to hydrant) (2.31) 
= di!:;tanec from muin to radius of circle 

Detcr~ine flow pcr pipe in gallons per minute; Q = 
0.54 

l h'· ; t ~ ~~. 1.-:1 ~:; 
6. -.Mult"iply flow per pipe by the numbe_r of pipes ,-~ '· f';f' . ' 

cut to ob~ain total flow. : -,,, _ -~ -----··. · \· ?~f. 
~ .•.:·~~ ·~:J.."":lr ,,;'; !:-"' ¡• , r¡""' __._.,..__ -"~ > _,-···">,"J...-,._.... q, \., 't 

' "' ~ ~ ¡ . \..- ... .---,. J ¡," :7·~ Divide total flów by 250 to obtain the ;·nwnber · " 
of fire strea.ms ~avo.Üabie. - -· ; '-., · ~ 

o 

'' ' 

l-;_¡ ·"',.;. -<----. __ :_· ---~ •' ,: -. _: _____ -- "~::.."...~ "~~ _______ ,___ ___ ---· __ .'"''\ 
.·,.,,B.-. Hardy:;.cross Method of· Analysis of~ Flow in á Pipe Netvork ;. Used for ~~ 

' ~~ f ~' y ' 

'', 

-a micro solution. ''\.- • ··-.. 

2. 

: "-, ~ 
l¡.'_.m._.. ~ ... ~ 

"('' 1 "< t ) ~"\ 

Q is the ad't~Lamount. of _water flawing, 'h 1s ; ,_ 
the asswned value 1 ~nd ·1:1 Q is the :flow cor;rect;on·. ._ 

a, 

For any pipe 
·point in the 
travelled. 

~\~ ~ r .----~ .,., • ..,.,.._.,. "'-"'"'"-..~~-"~" .. ~"' .... _,)_ • ..,....,..,_ ---~~ ....._ ~~· -.4 _......,. '-...,- • .,..) 

. ~- ' ' ' -, ; 
sys:t.~m the ¡sum · of\~he hea~ loss to any , '\ 
system is the same; r.egardless of ,the rou~e · ; \"' 

~, ~ ~s : ~\.. .., ~ .t , ')~,n 
~'-<"- ..,__ ~~·-.- -...- ~.-, < ~-••- -• --;r ... _.. '1:_ l '• ---f-"' ~~~---- ,_< • P~ --'""--'-~~~- ... ~=--~-~-~-~ 

- ·:' ~ L 85 '" i ' ¡ i 

_::~~~~-"·~-A Q = ~i~~=-..... ~m~~R~Q~i~e. 85" ;. ~- ~,< j . ¡ 
~- ·: 4~. ,, · Procedure: 

l·::,.,...._ ... .._,.._..,..oc>r._,,.._;'),. .... .-2~ ~-,- .... -~~ . '...,_,,... . .......- ... ..,- ............. _ ...... ) ... ,_,_-~.=-;:--_..=;;.-·~=!j 
• ~ ..... 1 .,_ • .,. ~ 5 

a. .Assume any distribution of flow as to amount 

b. 
and direction 
Contpute the head loss in each pipe 
Compute the total head loss around 

Ql 
1.85 

Al~ebraically: ~ h1 =¡ R 

h = RQn 
each circuit 

same 
,.~ ~" ~ .. ,._! ~~ ~~- ·~:"f.~: 

Compute, without regard ~o. sign, for the 
O. 85 '( .!! per pipe 

circuití:R 1.85 Q¡. = L-Ql ·~, r:·, C· I f ~ ~; l?r.\-;Q. 
,... .."" 1 ~, 

.. 

e. A Q = ¿_ hi ..:. ih2, ~ (: hl 

1.'85 (,!:! ~~·. :~ ~--.·.~; .-;,;; '" \..•. ·' L ~>.J~ :, r , 
_Ql_;,·:... ".:: . 

.,.}(},~ ,-..;? ~ ~¡ ""j 

! .:.{ ... 

\-

~-
... ! .; ~- 'l. 

,¿,~ .... ',.;..._ 

~~--~e:-~-~ ·s~ · 

r. AQ is added t~ t~e~route.,having::~, and'lis \Sj:-,:J.r_0:_s;') 

subtracted from ~~tne route havirig h1 . 

- '> ·g. 1 J~sua.lly.;a·,systeñi· .can oe· :balánéed .in ttire·e:: ';· .. 7 ·~d' =1.~~<>)', "-2" ··j;'ll 
· tr1f1ls. ·tlQ~ 11Q . ~· --'. ·r·--::1 c·:..~·~._:_.~c.:;~) 



C. Mcth~l of Scctions, Good as a muero so1ution. 

Sec c-e 
-nemand (reduced 1/8) 7 .o MGD 

Existing pipes 2 to 12'' 2.0 
1 to 8'' 0.3 
5 to -6" 0.8 

Capacity 3.1 
3-9 

::;_ to 20 3. 7 
2 to 12 2.0 
5 to 6 0.8 

'6.5 
o.s 

Pipes 6"- diamcter unless 
noted; e = lOO for all 
pipes 

As sume 

l - Est water Reqd 
beyond nrbitrury 
sections 

2 • Count cut pipes 
(aa = J, bb = 2, 
ce :::: 8 and note 
sizc and d¡stri
bution) 

3 - Grade; 1-3 nnd 
s.::::2-1, 

Solution 

e 

Sec a-a Q 
--zlemand 8. O ?-1GD 

Capacity la24 '' @ ,_· 

= 6.0 MGD 
Deficit 2.0 MGD 
With no additional 

pipe's a-a carrie ,_. 
8.0 @ 3.6 

Sec b-b 
Demand 8.0 MGD 

Capacity 2 to 12• 
1.8 

Deficit 6.2 
Try 2-20'' ¡.8 

,20'' vi11 8.0@ 2.h 

Change 1-12 to 20, 1-8 to 12. Add 1-10" - 0.6 and bring to capacity. 
Continue thru (e-e) o 



o 

o 

p. Anulocn 

2. 

t. 

L 

Electrical :Netwórk.Analyser 
- '~ • \ •'..! ' 

~ropo .. ~~b...-~l~ \•..qc. 1'(.~\fokt-.!> 

E·= IR 

l. Reid - corrective curve 

2. 

4. 

' ·,' 

Hazen (h )'] -~-- [ -l '' 
H =. RQ -- _, Q . ~ ,., ' ~ 

Mcilroy. 
E·= ·¡t:lR. 

Reid- H·balance 

' ... , .. ,-,'; ~ .. ,),,;_:},' 
'¡' '~ • ': 11.: J..¡ -V ' 

' . '~ ' ·, 

c.l~h\,lo. ·~~~· 

' {' 

·C 

.. ; ~ () 

1! r,- ~'V ... 

:·;·<) 
·~v ::: 

,, 

. - ~ f · ,: ! ~ r. g,-; V~\ 
~::::;: ;> r ~- ::- -

..·.:;_:) 

l~f ') :~ ... 
~-:t. 1 ¡,~j 

' ) 

(-,\ 

{ .t: ::<.:\;, -~, )~ --~\' ' 
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J)iff 

CF 

Ó C!o" 

J."'~iff! 

Cf l 

our.. 
Goo 

C'JI, ... , .. ,. . ., .• l., 
l .... :.. .. '\.A\ '\ , .. 

•. l \.. ···'("(J' •.••. 
.&.)...,.; ,_ .• .. t., 

01~· OCOt' r~ '*" , • " ... 

.. 

.. 

.. 

-~~ 

--- 1 

(:\ n: :..~low Ratcf 
K 11 )/1.\uetlon of l'!n2,:b, 

... _,..,..,._ ___ .,.,,...,.r.,.. ,.. . .,.._. ..... .,.,¡,.. 

t e~~ e• ''"(' • G .) 
¡. • b.1 • e:,,.!.lo. ),Z:"4 

· dl:J.lneter e,nrl fr~:t.hln 
fé'.ctetr ol pl:;c bnseci un 
Hnzen WUHa:na formula 

H~ n~ 85 
K t' • o.) -r-r•· {'\ • t.·_, ""' Q • 

~.v)'"'1:_ '" ··'·¡,-.-e ,.... +c._.,.. ~D .-1 ;... ~ J..A' .l. .~.· ~ '~!_, &..A.r .,. 

D•·r ,,.,~.. '· ' ) \ .., ' .. 
_.........,_,.,.a~,.,..--.---,._.'"'""'".-

1 •r: "''(' • .:..J • h :.t )C ·¿ .. ¡:, -~111 

o 

o 
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' · Hardy Cross 

PDS 1020 INTERPRETER PL/~NNING SHEET 
Usin6 lntcrprctcr/1: PR5413 

PROBLEM: Two Loop H.:lrdy Cross /~nJ.lysis \ 
~ 

~s=T~E~P::------:.--------------------S::-C=R-:1-~ T~C~H:-:P::-t-:-\-::D:-/-:-~-::S:-::S~:-IG:::-.:-:N:":"M-:-L~E l'l{ 

NO. OPERATION COMMENT NO. SYMBOL 

1 

2 

3 

4 

5 

6 

7 

8 

9 

lO 

11 

lZ 

13 

14 

15 

16 

17 

18 

19 

zo 
21 

zz 
Zl 

24 

RETAIN 1+ 

INV 

e 4 Go 

INV 

C 5 Go 

INV 

e 6 Go 

INV 

C 1 Go 

INV 

e 2 Go 

INV 

e 3 Go 

INV 

e 17 Go 

INV 

e 11 Go 

INV 

e 12 Go 

INV 

e 9 Go 

INV 

e 10 Go 

INV 

e 18 Go 

Kcy in Q/lB 

11 

11 

11 

11 

1' 

11 

11 

11 

11 

11 

11 

c1~ 8 -· 4 

0
BE 

Q ~ 5 
BE 

Ql: r.-
• .LJ 

K.I\B 
K --':.1 

AB 

KBE 

K ··-' 2 
BE 

K/1E 

K -·} 3 
1\E 

~-CF 1 
.~':.eF l -'! 17 

QBD 

QBD-!11 

QED 

QED -j 12 

KBD 
K -i 9 

BD 

KED 
KE0.-.~ lO 

¿~eF2 
óCF 

2
--> 1 ~ 

\ 

\ 
1 

1 

3 

4 

S 

6 

7 

8 

9 

10 

11 

12 

13 

15 

16 

17 

18 

19 

20 

21 

22 

23 

K/1B 

KBE 

Ki\E 

QAB 

QBE 

0
.AE 

Diff
1 

CF l 

KBD 

KED 

QBD 

QED 

Diff
2 

CF
2 

l. 85+ 

.85+ 

.l!. eF l 

¿J CF
2 

Test 

l.+ 

• 1 -

Temp. Stor~ciC 

~KQm' 85 

o 

o 
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r~----------------------------------------------------~~-~·r'L-~,-~(-~~~c~·~~------

(·· OPEni".TION 

f=~- --~- ___ -, .. ' -
L. 20- Go 

J 
i>""'~·-=,~"-~-c~---1·9' Go - -·-

ll1 D + 
_,_; 28 D + 

"" - ' 2 9 L 4 G O· 

30 e + 
3l L 5 Go 

32 e + 

33 L 6 Go 

3-! ~ . +~. 
' ' f •. 

35 L 8 Go 

36 e + 

37 L ···7 Go 

o 38 e + 

39 L 6, Go 

40 Exccutc 2+ 

41 M 3 Go 

42 e 22 Go 

43 L 5 Go 

. 44 Exccutc Z+ 

45 M 2 Go 

46 S 22 Go 

47' e 22 Go 

•l8 L'4 Go 

119 Exccutc 2+ 

50 M 1 Go 

51 .ú 22 Go 

52 e 1 Go 

53 L 6 GIJ 
o 

54 Exccutc 3+ 

55 M j Go 

+ 1-: Arilhmctic Unit 
o ''. 

Rcturn Typc B:tll 

Rcturn Typc BnU; 

C:f ¡'~- A:· u.·,.,, 

Print GF l "U ,, · '.· 

11 

1'1 

-). 22. 

' \ ' , 
' ' 

'' 

. , 

.... -. 

1 

'1 ' 
• p ~ .-1 

...... C! 

,. '' • '!; .. -: > 

·, 
r-,,. ~~ e 
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V. 

....-. 

·" 
" 1 
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~--¡. 

1~\t-) 

e~·\~ 

c'\~3 

:_-,., 

--~;:,¡ 

1· 
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~l~ 
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,, 

,,• 

.~{<:' 
.... u 
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llardy Cr.::>ss 

STEP 
NO• OPERi~TION 

57 L 5 Go 

58 Ex~.! cut~.: .H 

5? M 2 G-:> 

60 ./. 22 Go 

61 e 22 Go 

62 L 1 G.:J 

63 :Sxccutc 3+ 

6'.! M 1 Go 

,:, 5 ~ 22 Go ... 
S'J ~ 23 Go '-' 

( .. 
Ul L 7 Go 

.:,n D 23 Go 

6CJ l) 15 Go 

70 M 21 Go 

71 e 3 Ga 

72 ¡, 4 Go 

73 e Lf 
"' Go 

7L: JJ 6 Go 

75 5 8 Go 

76 e 6 Go 

77 J.., 8 Go 

78 M 3 Go 

7') ~"tq. 'Rt. 

00 ~ 17 G? 

31 T/J 8·1 + 
,., ... 
VI• L Zl Go 

33 e 19 Gv 

G•l .i) + 
85 L 11 Co 

D6 e + 
87 L S Go 

1 
~-- _, ______ -- -~ 

eOMMENT 

Diff l ->- ;,, U. 

Diff
1

/ ~KQm' [ 5 

1 
~ • 85 

Diff 
1 

1 . 8 5 x ._,__ KQm = CF 
1 

-1 · cr = cF 
1 1 

CF _, 8 
1 1 

QJ\B +CF 1 = Q/~B 
Qi.IB ~ ·i 

Ql:.E __ , ! •. U. 

QAE- CF ~ Q l .AE 

Q A E ---> 6 
J l • 

CF l 

CF 2 
1 

"'(CF 2) 1/Z::: \CF \ 
1 }, 

j CF j -A CF 
, L - 1 
Is this Diff (-) or 'O?· 

-1 - . ¡,,u. 

-1 -~Test 

Rcturn Typc Ball 

0 BD __ ,J •• U. 

Pt·int Q 
BD 

QDT:"--'! 1>. u. 

\ 
\ 
\ 
\ 

'\_\ 
\ 

\_ 

o 

o 


