~IMANUAL OF COMPUTING

JAND MODELING, TECHNIQUES

{AND THEIR APRLIGATION
TO HYDROLOGIGC STUDIES

S Lp-o16s -

|| TEXAS WATER COMMISSION - ..~
I} JANUARY - 1968 PR

' LBRARY =i
- TEXAS WATER DEVELOPMENT Bomm :
T AUSIIN, TES :




TEXAS WATER COMMISSION
Joe D. Carter, |Chairman

0. F. Dent, Commissioner =~ = & SRR
H. A. Beckwith, Commissioner

. ,Report LD-O0[L65

u;'
. MANUAL OF : .
- ‘COMPUTING AND MODELING TECHNIQUES =~ AR

 AND THEIR N T S EE P A

LR

L S _ L
- 45" APPLICATION TO HYDROLOGIC STUDIES ~. '*' '
o - i,. S IR G “‘, ‘7‘ i - N
;oo e TR . l
e. . . « . o .;lf‘.;;‘ ) - By '
IR 1‘5?fff'j3:¢f_f} 3.{?C"Jf-Ru33ell Mount
J A ) .
January'1965' . .



‘models mainly for the purpose of removing

PREFACE

?,.This manual is written for employees

standing of -computers and models they may

increased efficiency and output of work.~

of the Texas Water Commission. engaged

“’in problems of water resources, with the hope that by gaining a basic under- -

develop new ideas which will lead to

-Much. of - the manual is devoted to ex-- -

plaining the basic principles of digital computers and analog computersfan&

¢

hydrologic applications of advanced mathé

.

some of the mystery surrounding'theSE.j

.devices as they generally appear to the layman. Other parts are concerned with -

atics. 'The material presented is .

directed toward proolems in both ground-water and surface-water resources;

‘ : . oo . s . . o W,
* Because the aim of the manual is to present information in an understandsble ™ -

wey, complete development is not pursued.

heavier emphasis is placed on ground-water applications owing to the writer's .

. - . —.~ l L. ! . . L . "".
‘experience, however almost all material presented is from available literature. ..

An extensive bibliography at the ‘;'3

end of the manual may be ugeful to the reader who wishes to investigate nis

area of interest more thoroughly. This presentation is not a technical paper °.

but rather a.comprehensive teaching aid, thus in order to facilitate clarity

references are_nOt'dopumEntéd.
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Chépter

INTRODUCTION

Since World War IT considerable progs

. of automatic.computers.and their applicati

to advances in electronics technology. Tt

' “con31derable rlvalry developea However,
51tuat10n, and as engineers and sc1entlstc

't they generally reallze that ‘eacn method hy

fﬂgho;ce Fhouldldependon'a crltlca* apprals

© Before beginning to understand the ba

‘zcomputers, it is advisable”to'point out th

Flrst c0n51der the digital computer:

‘?DEVICL WHICH bOUNTS fA most;primitive for
“We'flrst learned to count by u31ng Tingers
" system 1s an outgrowth of pr1m¢tlve man

Chlnese abacus ;s another prlm tlve form o

1

.. t0 us are desk‘adding machines'and calcula

Q}'Howavef; the term digital computer general
: machiné'called “eiectroniclprain",_the ama,
x, 80 many clerical jobs ana create unemploym
—E,are tremendoﬁs:speed of computation and fl
remember about 8 digltal computer (and thi

,but also to the advanced high speed electr
i v ;-L:t:; '_" . >, . .

I o PR

ess has been made in the deveIopment
ons to engineering processes, owing

e computer field rapidiy divided: into

; two branches,‘digital and analog. ‘Aé eacll computer method gained gdherents

et

thiS‘séems'téjbe.only.a temporary'
become familiar witﬁ both methods;‘
s 1ts own adVdntages and that the ::?{3:
al of the type OI pfon¢em 1nvest1gated
sic p‘ nc'nleb Of ana;ov dnd dlglt&l ;;i;

eir éi tincticns ana alfferencesv

BAS: CALLY A DIGITAL COMPUTLR LS A

m of dlgltaL computer 1s the f1ngersas\ X

<

’ and'Probably the decimal nmber . %

= S

use of his fiﬁgérs ig.counﬁingF“ THé77
f digital computer More‘famiiiar)
tors, complex digital‘compute?s, :
1y impiies a mbre sophistica%ed :
zlng device whieh threatens: to)replace‘-
ent problems. Its de51rable features
exibility. 'TheAlmportant'thlng to '

5 applles not Only to the 31mpler ones

bnic: dlgltal computers) 1s that 1t

e




deals in digits and provides rather exact|numerical answers. Again, a digital

computer counts. Its accuracy.depg§q§ upon the number of digits provided for

. processing numerical data.

Next consider an analog computer or an analog model. The word ahalog l

~implies similarity, or analog. Two systems are said to be annlogous if there is
. a one-to-one correspondence in their physical pfoperties.

L

Analog computers provide answers to dalculations by deeling in a physicaiA“

system analogous to the system which is belng studied. Tt was pointe@ out: in
r‘f jthe previous paragraph that digital compugers count. Cofrespondingiy, ANALOéx;-

COMPUTERS MEASURE. An exsmple of an analog computer is .the gaéoline indi@ato}:{ y

:in an autombile. A fioat in the gasoline |tank is mecﬁanically connected‘ﬁo ah:
' }{T,device which controls electricity flowing into an electiric ﬁeter:on the dashvl«

———

“.-.board. Actually electric current flow is jbeing measured, not gasoline. But

the rate of fiow of electrical current is analogous to the amount of gasoline
b
*in the tank. Another example of an analog computer is the slide rule on which .-
'?; mathematical operatdons are performed by measuring lengths along the memberw-of.

‘ ‘\‘thé rule. The term analog computer, however, generally refers to complicated .

\'Q"devices callied electronic differential analyzers; they perform mathematical:‘
-\ " operations by using laws of electricity. Their most COmmon appl*catlons are in-

\Qsolutions of differentisl eguations.

An analog model differs from an analog computer mainly In that the computer’

“ . is' & general-purpose device designed tc solive mathematical relations, whereas a

. model is a special-purpose device created to simulate & physical system af inter-
 est; hence an analog model is sometimes called a simulator.

AT \\‘ . B N
An analog computer uses physical laws for mathematlcai purnoses, but an

EANALOG‘MODEL HAS A DIRECT CORRESPONDENCE ) 178 PHYSICAL PROPERTIES 20 PHYSTCAL
PROPERTIES OF ITS PROTOTYPE. |

An analog computer has a broad range af utlllty in mathematlcal problems -




:rélé%eé to enginee;ing;'ﬁhfsics;'chemistry, énd sb‘on, but.an anai6g hodei.ié
rlféOnétructéd only to prﬁfide answers to a specific problem.- - | ;{Gi“
| A scale model~may.ﬁe consiéered a sﬁe:ial‘type‘Of analog:mgdel. Well;;;u‘-

‘;;pubiicized scaie‘mééels are the fiver models a£ Vicksburg, Mississippi,lWhefel
 'specialists Oflthé Corps of Engineers attempt to predict, among other thiﬁg;z;: QJ;
"a river's hydréuliq reébonse fo-ﬁroposed médificationéViﬁ‘ité.channel.  Aiféréffl‘
i:deSigners usé scalé modeis extenﬁively in‘wind‘tunnel studies. M

"In‘scale.models‘we'observe‘that the physical system in‘érototypefaﬁd.mpdeifgr”
. 'are the same,.hTﬁe,oﬁly phaﬁges ére’in thg scalinglof diﬁensions.,‘But Witﬁ‘ o

f}-aﬁalog models'otheruthaﬁ-Scale models the physical'systemé are different. Féfﬂ

PP

1"éxam?le, flow of heat. may b?fsimulated or modeled by flow of electricity. - -

A summafylof‘differénceéAih anaiog and digital procesgses follqw.‘rpigitél-‘f:‘

.. computers use counting techniques, but analog computers and models use heaéurihg‘
- "techniques. Digital computers are more accurate than analog computers and models, .

and where accuracy is critical, digital computérs-are recommended.

Iod

s

Computational processes in & digital computer diffgrlfrom those used in:

“menual methods and the.scientist or engineer is separated from his provlem

rduring the ‘computational phases; but with an analog computer or model the methods

. of computation are laws of physics, and are therefore quite direct. 1In this

-

‘sense, an snalog tomputer or an analog model may be distinctly advantageous in,

~

b

'~;%hat it can provide a better insight into the behavior of a problem than a -

digital computer.

In the past few years notable advance§ have been made in digital combutér'f
- technology involving greater computation sﬁeed, larger memory storage, simpler °°

-

programming technigues and more efficient,cirpuit'dgsigﬁ._ Ccmparable,aGQéﬁEés

‘havg nqt-been made in analog #omputgtion. fherefore.many ?roblems Which‘p¥ev1-‘
ously were coﬁsidéréd‘solfaﬁlé only by énafog‘mefhods are ﬁéw bgihg Sleed;byj.:h
'digiﬁal.meﬁhodsli‘;h p§rti§u1a? there is a tehdehCyitowardfprefefencg bf dig§}éI=;

)

)

P




bomputers over analog models owing to thé greater accuracy obtainable with

' digitalugquipmeht; A singuler disadvantige in using analog models in the large

finvestmenﬁ in equipmént which has app;icatioh only to &<specific problem.ﬂf'.x ,
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Chapte; IT

| 1 |
THE HIGH-SPEED ELECTRONIC DIGITAL COMPUTER

The high-speed electronic digital c?mputer-is often called simply a digiteif

computer. It can perform a tremendous n&mber of computations with incredible..

l

speed, which accounts for its acceptance |in business and industry. However,.

because of the machine's sﬁructural complexity many are apprehensive toward
developing an understanding of it. It is hoped that this chapter will ovércome‘
some of this fear by explaining generally what & dlglt&* computer is, how it’

B

works, and what must be done to use it.

¥

First consider briefly the method of] operation of a digital computer by

' - . . g - - I ! X . .
comparing it with a desk calculator. BSuppose we have numbers to be used in a
o o | . _ : | . |
" computational process. WNow, in using a dalculator, we must decide which numberf

O to enter first, which second, and so on. | We must also decide what operatloncs

X ' : |

\ {addition, subtraction, multiplication, and division) are to be used and-their‘-
sequence. Computation operations,are theh perxo rme¢ in the aealrea sequence, -+

O ]

The answers obtained must then be properly recorded, manually.

. i “ o
\ If we wish to use a algltal compubeq for the same pulpose, we stlli decide
\ i

v in advence which cperations to use and iﬂ‘what.sequenee; furthermore we Gecide

B

called & program, which the computer

on the ferm‘in which the answeré are to be preseuted. 'ﬁowever, all‘these'de;
“cisions are converted into instructions,
:‘reeds, memorizes;'gnd'executes: The computer is also gifen the_numbefs‘or ﬁetaff
;te'be used. The 1nstruct;ons and data are genefally pfeeented on punched ca;ds,
or magnetlc tape.. The pr1n01pal dlstlnctlon betwaen the calculator and the :3;4

5.

~~f:dlgltal computer methods is'in tne speed of computatlon Wlth the dlgltal

. . . . o "\ E. . N ¢ " - a'
: o : B . h [ . . . N e - . .
P . O R . - B Lo Lo AR




computer, computation is extremely. rapid] although considerable time is fequifed

to devise a program. The decision to use either a calculator or a computer,

A digital computer can add algebraically, make decisioﬁ§, and follow‘é4f.;

 shQuld fherefore ve éoncéfnéd ﬁith the £ctalify of timekaﬁdfcbsts inﬁolved...Ai f,
" computer would be preferred forlinstanCe in-problems of a recurring nafuré. ;Aj

.Qigtipct advantage iﬁ using a computer is that by reducing the time requi?ed}:fg;
:‘for tedious manual computatioﬂs, ﬁqrale of personnel is cohsidefabiy iﬁﬁrévea?f"

‘and engineers and scientists can then devpte more time to technical duties. .

logical set of‘;nstructiohs. The method in which a computer solves a problem '

_is to read and store instructions, read and process data accéording to the in-

*-strucﬁions, and present the results.in the desired'fOrm:

.. Having considered the computer's method of operation we now investigate . .

mechanism of a digital computer.

“its mechanism. The mechanism of a desk calculator will ve compared with the ... .-

Anyone familiar with the desk caiculator realizes thal numbers appearing

in the register windows of the calculator|&are actually digits printed on indi- .,

vidual ¢éylinders. Fach cylinder contains|i0 digits, from O to § {{his is

N

basically the decimal number system). Th?se cylinders are turned by mec@anicaiwlf

' : | o ‘ s
puises generated in the machine's computing mechanism. A high-speed digital.

3

computer uses electronic pulses rather than mechanical pulses, and in the more .

i - _edvanced computérs millions of pulses are |generated each second. These pulses

‘magnetize tiny iron cores and open and close tiny electronic switches connected” !

in intricate combinations. Some of these [tiny components are used to stqre”,"

information {the memory), others are used |in computing processes.

A digital computer does not use the decimal number syétem; it uses the

binary number system, which -contains only |2 digits. The reason for this is that

in electriecity and;magnetism;there are only-2 stable states. lEiectricity,br u1‘

magnetism is. either positive or negative.

An electric switch is either on-

. Th

"

f”off:



A comparison of gome decimal numbers and
below:

'Déqimal'Systgm

it | e

= ‘ ’ . o
HowoNowvFwhor o

'._J

' In manual computations the biﬁary sy
. decimal system, and it would seem impracg
no problem, however, to an electronic dig

which the binary system can be handled.

fi;principles Of.booléan'algebra?!anlabstrac
| | Although hundreds of thousands of el
" gigital computer, they can-be packed into
.. recent advances in'miniaturization techni
. One. would suppose thét in order. t; b
1.hwoula have to be acqualnted w1th binary a
mlnhe computer dengn englneers nave assist

" and the compuuer_a‘"blackgoox ;%cailea a

~

t

corresponding binary numbers are shown .

. Bihary‘Systemfil-'
OE
L
10
1
100
101
110
111
1000
1001
. 1010
- 1011
gtem is much more cumbersome thén,fhe
ical to use such a sysnem It presents‘
1ta¢ computer, because of the speea 1n ‘
Dlglt&x computers are de51gned with® . -
t aigebra, which deals with two sets. i <.
ectrical parts are uged in an advaﬁééd;~
a relatively small space, owing to
ques in electronics.
e able to.use a digital computer he
rithmetic and boolean algebra.‘fHowevef;
ed us by pLac*ns between the operator

QOﬂQ&Lef, wnlcn tfanslates uatq from v

‘ deéimal,to'binaryrsystém and codes our 'n

Because 1nformatlon must be pr

. language.

form, there have‘been,evplved many compil
require-a great deal of”kpéwledge about t
been recently developed for scientific an

forward language, called FORTRAN (FORmula

! ¥

'TRANslation).

uman'-instructions-into machine

esented to the complle“ in a gtandard -

er languages Some compiler languaggs?jl

I

|‘ t

he computer's sysfém,‘but there has-
i.éngineering work a rather straighte;

One of the principal R

LIBRARY

TEXAS WATER
COMRICSIAN

.lf



‘*ﬁstandard.that now-almostpall computers fo

‘7ficed.

" services of a professional programmer are

. ! fabricated"

.

advantages‘of‘FORTRAN‘iSjthat besides bei

"JWhich“afaautomatic transmission is not as
"FORTRAN‘there are also some problems whic

machlne language or & compiler. language d
. of -the problem.

. are important emough, the <

ucompilers. 7 _

bne disaavantage of.FQRTRAN'is that
capablllty By beiné'removed from.the ah
dependent on a compller language, some‘of
~A FORTRAN compiler-is to & digitag

m1351onnls to an automoblle. The automaty

gt entlrely satlsfactory Ior most dr1v1ng

enter the Plke s Peak Race w1th a car so

Slmllarly, although many problems can be

than FORTRAN is used. .

In general, the difficultj of creati

cgst of the zern

Most computers have ouilt into them

square roots, trigonomeiric functions, an

program_calls thEydESiTEd subroutine into

u31ng FORTRAN language 1s shown below.

4

des1red - 1t 1s not speclflc. If the sam

be performed later, only the data ‘needs T

the computer to calculate the sum of two

Many problems can become:

instructions for commonly used mathemat

T he program can be used as often asr:.{ﬁ‘

ng easily learned it has become so-

r scientific application have FORTRAN

it cannot'utilize all of a computer}s;‘
solute computer language, and beingl'
the computer s resources are sacrl-'

1 computer‘what an.automaticltransr‘

ic transmissiOn is easily,learned.ané
purposes, yet no thlnklng drlver'would

L

equlpped.‘ There are some tasks}for
adeouate as:a standard transmission."
golved on aldigital-computer by:uslné

n can'not:be'solved unless'thenabsolute
eallng more intimately_with:the'machlne‘
ng‘a,program:depenos'on tne'complexiey[
so enormous and involved thattthe:t |

warrented.  However if the results

vices are Justified.

-

£L

special subroutines, which are ['pre-

o u’r \

~r

ical operations such as' . |

+

p ie code ini,

6 logarithms. A s

aetionc

An elementary example of 50lv1ng g proolem by the use of a dlgltal computer

1

e operatlon w1th dlfferent data 1s to

o be changed.' The program 1nstructs

4 “.

whole numbers whlch have no more than

- : -
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three dlglts each Each‘stetement is to be-punched.on a separate card. (The”'
. " punched card for statement 1 1s 1llustrated on the facing page.)

:=;1~;READ 2,7, K-
"2 LFORMAT (214%)

 3.L=J+K
“ “1‘PmmT5, -
.5 “FFORMAT (hX, I5)
" h GO TO 1
7 END .

Statement 1 instructs the computer to read‘from a data card two numbers;.
which it wiil call J and K, eccording to specifications of statement 2.
Statement 2, = format stateuent, specifies that J is found puuched'wiuéin
. the first four columns of a data card (the first coiumn is for a pius or minusu
sign),-and that-K will ce found punched within the seconu four columns. " The-
letter I is a code whlch 51gu1f1es that the numbers are integers - decimalsuéue'
not-used; (The punched card for data in fsnis fofmaf is shoWn'oc‘theffaccngfﬁ
. page.) |
Statement 3 instructe the computer tp caliculate the sum of J andsﬁ‘enoﬁﬁo t
‘call the result L. | | .
Stetement kignstructs the computer to print the number cailed .L, ih;uc;f
fégor&ence withzthe format specifications of,statement'5;
Statement f'specifies that the sum (L) will be printed in3e block 5fépeces
wide,llocated & spaces to the right of the left hand margin.
Statement 6 directs the computer to return to statement 1 and uead auoéher
deﬁa caud,_ené hence reﬁeat_the addition &nd print-ocut process..

Statement 7 is necessary for the proper reading ané compilting of in-

”etrucﬁions.' It is a signal to,the computer that there are no more instructions
-“and to proceed w1th the executlon of the problem. T
Dlgltal computers are qulte expensmve and are generally purchased only by

large corporatlons. maller corporations| either use computer consultlng serv1m

or obtainicomputers‘on a rental basis.’ Computer-time'rentel‘ratesirange.from )




'abouf-$35/hr.1for the smaller computers s

 160A to about $550/hr. for the largest co
Business Machines Model 7090.‘”

uch as Control Data Corporation Model

mputers such as.the International . .




Chapter

TIT

ANATOG MODELS

Before proceeding- with the discussic

to review differences in the digital and

\

A\
\

- physical quantities. Furthermore the acc

*Eéllimited by the Qualiﬁy of its components.

‘There are, in general, two kinds of

" lators) and analog computers (diffgrentia

anglog systems,

1 analyzers);

It was pointegout

analog systeﬁs: analog models {simu- -~

n on analog models it will be helpfui 3
. that the princiyal difference between digital and analog processes was that‘; 

waigifél types use counting technigues, whereas'analog fyjés use measurements of'ﬂf

uracy obtainable with analog équipment;l

In an analog model, a

 prototype'physical.system, such as & ground-water aquifer, is_represéhﬁed-orlfl'

‘modelled by another physical system with
eireuit. rhe;model'is"sﬁbjeétéd G- condi

' the prototype, and the behavior or reacti
o measured,

An analog computer has features simi

,analogfmpdel is builf'oﬁly for”a specifié'

. general purposé,tOOIfdesignéd.for:a‘widé

puters are USECL exten31veJ_y 1n englneerln

'Véntlal equatlons and.’ are dlscussed more spec1f1cal¢y 1n uhapuer VI

i Analogfmodels are used lnsm&ny branc

\and uen1gn ox tne moae¢ depends on the ty

:qanq other factors. A famlllar e
,quéiiiﬁ the”scaieimode}zg;Bpth_prototype

Lo

O

*

i

g

on of the model is studied and/or
lar to an analog model.

variety of applications.
hes 01‘englneemlng-research;- The choice,

and model have the same phy51cal

similar properties, such as an electric

tions analogous to those encountered.in -

v
¥

However an

problem, but an analog computer . is a

Anaiog com-~ "

g problems to solve ordinardeiffer{"

s

pe of prOblem, ihe fesulté*sbugﬁtsﬁénﬁi“f

xample of a spec1al type of analog

;._;_‘ R



properties; only the dimensions differ.

Where the physical systems differ, .

electric- or mechanical-analog models are generally used.
. 1

o
. !
An example of a scale model is 2 san

with sand, gnd provision made for water 1
. Various conditions may bé imposed, for in
.lated‘well,"and chaﬁges in configuration
served. Often this type of model is used
the prototyﬁe system; measurements can be
\ An exampie of a mechanical-analqg ma
application, consider a well pumping from
\ ) |
through sand toward the well causing the
A\ with.its apex at the well. ' The same shap
fa\gharp inétfument against it. Elastic p
'ttqwaj:er-trénsmi_t‘ting pfoperti_es of the &
force appligd.té ﬁﬁe membraﬁé is analogou
;‘:aquifer; | ‘
| Electric—anélﬁg mbdéls, hpwevef,'&pp
f2fmechanical-analog modeis_begause‘eiectric
—-other physipél‘éyéfems.:

Furthermore, ele

expensive, their properties{are'not affec

- modifications are easily accomplished, an

for: convenient access in measuring. Spec

this manual is confined to éleétric.types
) Constructlon o* an. electrlc gnelog mp

'only w1th the phy51cal behav1or of the pr

theory and technlque in order that parts

1and assembled The general procedure is

. ‘.... RTINS

rilled
¥
o Tlow continucusly through the sand.

d tank, in which a glass box is

stance water may be pumped from a siﬁu¥
of the water levels in the sand qth'
only to illustrate the béhaviorhofff
migleading.

del is & membrane. To illustrate an

Water moves

a water-table aquifer.

[ - o . A :
water table to form an inverted cone

o~

e occurs in & membrane when one presses

roperties of the membrane are snalogous

quifer, and the magnitude of the.point

e

s to the rate of pumping from the -

Ay
»
H

ear to-have greater utility than

Lh 30 manyr

roperties have anslogs in

.-

ctric components are relatively. in-

ted by gravity, substitutions or

d arn electric system can be constructed

ific discussion of analog models in.

bdel

reguires that one be familiar riot’
atotype sYstem but alsoc with elecﬁronic:

for the modei can be proper 1y, seiecteu f

to construct the mode; (the szstem)g-

or measure the respons .




Electric-analog models are used in two types of engineering problems,
synthesis problems and analysis problems.| A synthesis problem is one in which

the excitation and response are specified |and it is desired to determine the

, < g
system conforming to these specifications. An analysis problem, on the other

iﬂhand, is one in which the system and exciﬁation are specified and it is desired

to determine the response,

; In a-synthesis problem the usual procedure is first to construct—a model’ *
VT : ‘

Y.
Y

ﬁ‘by estimation of properties and to test the model's response. Then the model

" is repeatedly modified and tested until ifs response conforms with sufficient .’
‘sccuracy to the desired specifications. “ R S p—

+
» v

' Electric-analog models provide solutions to partia;-diffe&ential equations,’
\ ) R - ‘ R . . L L ! LT L

\

\a‘subje

\

ct ‘which will.be;&éfeloped-in.the next‘chqpter;-




‘Chapter

PARTTAL DIFFERENT

Partial differential equations are c
jengineeringé mathematical methods of hand

'.eetgrowth of scienpifie research. It is
only a physicel ex@ieﬁetiohfof‘partial di
pfecision‘is relesea;‘ Moreover; in many
L cannot be solved by classic mathematlcal

f7 methods. Nevertheless, the-mathematical

jhorough understdndlng 01 the suoaect S

v

;‘Aused types‘of partialmdifferential equati
. Before -introducing partial different
j-point out some elements of their broader

Flrst observe that an aegebralc eoua

v

TAL EQUATIONS

ommonly used in.physical seiences é%a -
ling them have principally been an
the purpose of‘ﬁhis_chapter to etteﬁbﬁ{‘
fferential equations; maﬁhematicallF

cases:partial differenpial equesiens :-

techniques, but only by approximation

a

concepts are useful for gaining &

implified explanations of two commonly- -

ons are given in this section..., -7

ial edﬁatiens it‘mey.beJhelpfulftbff: 

methematical field, calculus.

=14




\
"

\

,'fpfoblems'investigate equations-by analyzi

_ line segments tend tc¢ zero.

ff”ségménﬁs-of finiteliength,,(Thé smaller ¢

" the

.to be composed of tiny_line_segmgnté Join

- However, -in many engineering problem

”whéolﬁtions tb‘problémé may be- obtained by

and the equation € +y =1 graphs as a8
Y

circle., - o S

';“In'calcu;us,'wher? eqﬂétibﬁs*gfapﬁ a;

‘the asso¢iated‘eQuatién-isbﬁBtWaVailable.

apﬁr

s

oximation.) Sueh nethods ofcsolut

¥

e}e@éﬁf&%y exémﬁlé‘ofkéffinité‘di

“‘area of &

- 15

.é{hjlgiby;appfokimétigg'i@s{bqur

3 cupvés,uﬁhé‘éuryes are;consideréd)* ;
ed end to end. .Formelly, calculus’
ng their graphs.as the lengths of tiny -

1

s only a graphical curve form is known;

In such probliems, satisfactory =
approximating the curve by line . .
he line segments, the more accurate .

diffefence:

oy

ion-are:called finite

B

I'ference method is to

¥

idaries as. straight iine segments:.




The circle on. the left is approximated by the figure on the right whbée‘v

area can be .calculated by "counting sgquares'. S S

Finite difference methods can also be used to approximaté-algebfaicg”"“

equations in three variables, which graph as surfaces in space.

Differentiél eqﬁations is a disdipline which dealsiwith differential L
léalculug.‘ ﬁifferentiéljcalcuiﬁs deals ﬁlth express1ons called derivatives. K 
dcrivntive of‘an_aigebpaic equation descrlbes the inclination or ___2_ of any’
;tiny line ségmehp inlthe’gréph of the curyve. Solving a differential equatiqq":
:cohsists‘of finding an algeﬁraic equation whosg deriﬁgtives satisfj the*‘ )

differential equation.’

Partlal dlfferentlal equatlons 1nvolve algebraic equations in more than“  .

two"variables., They are composea of- p&rtlal derivatives, which are derivatives -

_involving on;y two ‘of the varlabLes. Partial differential squations are en<’ .

;countered frequentiy-in prgblems involving space and/or time. -

"~ We begin with Laplace’s partial differential equation, . . . T

Expressea 31mply, Lap;ace 58 eguation meEns chat the rate of iniliow eguals

the rate of outflow. If we deal with & hydraulic systemﬂin which the rate of

movement of water flowing into the system|is the same as the rate of movement
of water flowing out of the system, then we say Laplace's equation is satisfied.
. Furthermore, there is no change in the am}unt of water stored in the system. To’

Gite_a common-éxample, if you spend all y$ur monthly income and your savingsil
. ] ?

.remaln ;ntact, then your flnanc1ai system more. Or less obeys Laplace s equatlon.‘

<. - .
P ¢ . -

In order to see how Lapiace ‘8 equatlon applles, con31der a water level
RN T N '

conﬁour map;; i

f 16 K




Flow

VA R R

“Thé flow is clearly'inloné principal difection; east. Water enters'the

"

wést.side.of the small outlihed.box; and exits.from the east Side; Thexngffa.

has w1dth W and length 'L, as indicated. S i '?' ,'  A i:ﬁ;;
: Next change the map dlrectlons E and N to graph dlrectlons, x and y.

Flow
—rrrrr——

ef%fﬁ?irigﬁt

Land Surface

(Water_Table) | @




- Aﬁjpoiﬁt 1t
" the rate of inflow is § ,
the pieéometf;c head is b

the hydraulic gradient is I; .

:‘fA%:point.E:
‘the rate of outflow is Qu,
. ‘the piezomeﬁric.head is hé; ;7
_ thé&hydraulic5gradien§ is In.
’f,If*thé;cpeffipignt'bf trénsmissibiiity}of ﬁhe-séhdJis;T,;f
‘";s;“:thé'iﬁFLow-qt”ﬁéinﬁ_1j;s,qll¥ T,
| the OUIFLON &t potnt 2 is Q= LW, o L L C

‘and

Divide both sides of .the last expression by L, the length of .the flow-path .

in the small box,.. =~ . ' S

T T AU SR S A
.(l)f-f A e — = O.

" Hydraulic gradients, I," and Iy, are §xPressedeiﬁ mathematical symbols as:

LA - . B S

I =

x
Ig = _a]:?e . '

-:'Ihe terms on the rightﬁaré partial derivati&es (Slopgs)f" NoﬁQggbst%Eﬁﬁg‘E’
" these terms “in équation {I) to obtain RS ?ﬁggﬁf. -
S ame amy | T e

l
O




i

When L becomes very tiny, we have the second partial derivative which-is,

in symbol form,

dhy  3hy) :
- - T ‘2 X v
. iim ox % o°h ‘
P 0 = .
! - B L Y B ,
\ . | S o .
The expression o
' - °h _ o IR,
L : ' : e . _ T e
5 ' . .
*is Laplace's equation for flow in one dimension.
L Now consmder anotner water-level. contour map.

Y (North)

wff | e

: The flow 1s now in two prlnc pal dlrections;_nOTth and east;"Water enters "
the smali box on the south and west s1des and exits oh the north an& eastusidéé.

L4

"By'using‘a process similar ‘o obtaining Laplace ] equat¢on for ILOW in one d1—~

e

"“"mension we can’obtain Leplace's.equation for fiow in 2.dimensions:
el e can obtal P o 8.5a - L B

I “3®n  a%n _
—_— T —w = G,
. R & Ay o

fSuppdsé-now thatJWéﬁeridlso.flows downward (1n the z= dlrectlon) in Whlch

‘»case there are. three dlrectxonal components of flowo: uaplace s.equatlon for ’75’




Sometlmes Laplace 8 equatlon appears in terser Symbolic_formf':

. =]
. Ph(x) = 22 < o _
A a "_“"M‘f’,‘c-
noa%h
Phlx,y) = 22 3 2B _
dy°
2 2 ~2,. - ‘ S ;!
“h(x,y,z) - h+a-h +_a h‘=‘o. SR
' ax? 3 dgf ' ‘

. The symbol Va is the Laplaoian operator.

The importeht thiné to remember‘is that whenever a fluio eystem $atiSfie?;ﬁ
“;Laplaoe‘sgpaftial-diffefential'equation (steady'state equetion);.theh,atjéogﬁ |

; place”io‘the efstem the rate of inflow equals the rate of‘outflow,'aod thé?é“ﬁ%?‘

no.change et an& time in the amoont of fluid,store&‘io'the system.uiFotthermoﬁg;t

the hydraulic head at any point does not change with‘the,baséage.of,tihe?ian@:

- there are no fluid& losses or gains within [the system.

Beturning to the water level contour [maps recall that we considefed oolypj"

fitthe 1nuernal part of a flow system. Because there was.a flow condition fluid.~

g obv1ously had to enter and leave the ‘system at places external to it. These’ . -,

 ojp1aces are called bOundariesj and the description of the.fluid”System‘becomeeu{Hf

“more meaningful if the_looation of boundaries and the piezometric head or other ’
e L . - Coe o - R
. conditions there are designated. Hence, a|flow system which is described by &

+ partial differential équation and boundary conditions is sometimes called a.’ .-

' boundary valiue proolem

’Laplace 'S equatlon lb éeneraily oz‘thtle:beﬁefit in oﬁffquahtitativeﬁ;‘

s‘:-".:grc:)oncit—water studlesm 'its greatest utlllty is in Droblems of dra;nage and i““
.seepage - where steady—state flow condltlone oCcCur. In quantltatlve ground-;

Ew water studles, we are usually 1nterested 11-non—steady flow, whereln plezometrlol

* :head (or water level) at any p01nt in a system changes w1th paSSage of tlme, and;

consequently storage of water 1n the systen continuously changes. A 31mple

) “ ;

L




general equation despribing’non—steady fiow is:
A - INFIOW - OUTFLOW = CHANGE OF STORAGE.

"Think about this for a few minutes. It is{indeed logical and is applicable.nét

‘K.ohly to ground-water systems but also to shrface-water reservoirs. =~ L
_ We alter this equation slightly tc consider passage of‘timef ;f
"\ RATE OF INFIOW - RATE OF OUTFLOW = RATE OF CHANGE OF- STORAGE.
Now let’ 8 return to’ Laplace 5 equatlon in two dimensions,

f\ ' . . -

L axe ay2

AR . - . , o

r . B . . . . s ) ) K o .

““Recall that we obtained this after dividing an expression by the coefficient- of*

transmissibility; T. Then'it is permissible to multiply both sides of this:

"?eQdéfiqn‘by'T:'

| 3%k 3®n]

\\:._a L2
3K 37+

+

= O_

NS

sThis is & more meaningful statement that irflow and’ OhthOW r'a‘l:es a“e 1dent1cal g
" . ' * . . ‘,‘ ‘41'

and ﬁhe left éide of the equation'is in fact a statementAof;the‘differenpeminA :l

- rates of 1nflow ‘and outhow“ )

But in the nonmsteady state %the aifference between the rate of inflow and:

,~ outflow w1ll not be G out w1ll ve

; PO

4.-;;‘(?‘).-:}. R ?’ by a-hj) RATE OF| CHANGE OF STORAGE.
axa yz 4 : R

ST e resSzrate-of,chan e oz storage.mathemat¢caLl ;lrst con51der tne “ﬁ
o Xp nrate change 0% at Vs "

ﬁmaquifer propertyfof storagé; - Coefficient of suorage¢ Sg is- uef1nea as. the vo;ume

@change of ater 1n storage over a unlt area as & result oz g_unly-phangejlg

;ahydraullc head* or ‘:; - }; "; } o N . L ]tn‘ ?,‘;J
CHANGE OF STORAGE = (CHANGE OF HEAD) xS,"
RATE OF CHANGE OF STORAGE = (RATE OF. CHANGE OF HEAD) ' 8. s gt




v’h =

'The non-steady state equation is

the diffusion eguation,  sc named pecause of

:,Now“
) RATE OF CHANGE OF |HEAD = 9B ,
SRR - | 3%
the first partial_derivativé of head with respeét to-timeQ Coe SRR
j'ComEining equations (2), (3) and (%),
SR A."T'(:éiﬁ L BN s (:éﬂ:) ;
S N R/ Nt/ l
"' Divide both sides by T, |
¥ 3y T|Nat . "
This is ‘the non-steady state flow equdtion in 2 dimensions.
. Using Laplacian operator notation,. _

.5(%-;). -

comménly called the continuity equation,

or |

its appiication to heat flow in solilids.’

. A system which satisfies the non-steady state, or continulty eguation is

E

called a transient system because changes in the system with time are considered.i

It may be of interest to note thal mathematicians classify the Laplace and .

differential equations.

The classification i

' 'the diffusion eQuations respectively as elliptic and parabolic types of partial. . .

g based on similarity of appearance

Jq-of differential equations and algebraic eq%ations of analytic geometry. The
. - . '. '. R J ) . W ) Y ‘ .
-~ classicatlon does not reflect shapes in flow patterns or boundaries.. - e
In summary‘the two important differential equations we havefcop§ideredifdr-‘
%-;yater-rgsources studies are: ‘ - .
1.7 Laplace's equation (steady state equation), - o
2 2| - i S
Ny R - P U Tl .
3 ' ‘\_ o : el s s ' } . ) . ; - Lo
.. which specifies, that anywhere in the flow system . ° . ,
Y " . “a. .RATE OF INFIOW = RATE OF QUTFLOW, .. . =~ . =~ . = T, ..
N e T o AR St
o “'\:. \
S - 22 - :
SN : '



The continuity equation (non-

b, no-change in storage occurs.

steady state equation),

3®h . 3°n 5<Bh> S
at ~»

which specifies that
.RATE OF INFIOW - RATE OF OUTFLOW
It is strongly emphasized that the te

" to bulk rate of flow, such as gallons per

i

- per‘day. - The reason for this distinction

v,

"

= RATE OF CHANGE OF STORAGE.
rm Tluid movement used'herein refers‘

minute or cubic feet per second; it

" does not mean the discreet velocity of‘individual'fluid particles such.asjfeéﬁ’ L

will be shown.in the following chapter.

which.deseribes the expression of Tluid-flow systems with electric-shalog models:

o

‘ +




1 . ‘Diode .mm,mmnmnonm.n IR
<€ (Constant Recharge Simulator)

o By T

o u;‘\.‘

irotutoet n s

i

R R

&

b

LTI et on eyt

i

mnawvﬁmnwnmmma in Electric-Analog Model
.Study of Aquifers in Houston District




Chapter|V

FORMULATiON OF HYDROLOGIC PROBIEMS INTO

ELECTRIC-ANALOG MODELS
C
- This chapter presents an explanation of some of ‘the analogqus,pererties,

~ of flow and storage in-fluid and electric systems.

Flrst, con31der1ng flow propertles, we begln w1th a spe01al case of fluld

A flcw through a pipe.

e . — i

——rrrr—

]
BN . N |

e Fluid flows from left to.right through the square gravel-filled pipe shown -
' ‘because there is a difference in pressure from left o right, along the flow ..
‘fjpath; water flows in the direction of least pressure. The rate of flow, Q,

depends in‘part on the difference in pressure or piezometric head, h. The gravel::

1lied plpe offers res1sLance co leW‘.the amount of resistance depends on crdss-w

.seetlonal area, length and permeablllty of the grave;. The mofe resistance

there is to flow the less the rate of flow will'be. The rate of flow through

uthe plpe can be:expressed by the follow1ng equatlon-»f“

Yh,




j’.wgereﬂg.is the rate of flow through the pipe,
rl.P ié aquifef coefficient of permeab;lity.(applied to the gravel-inl$he:!3

T is‘aquifer'coeffiCient of transmissibility (apﬁligd to fhe gravel ian'
the pipej, and | :

Y i; hydraulic conductance (Y = TW/L). . ".;f;l

In words,

RATE OF FLOW = HYDRAULIC CONDUCTANCE X HEAD DIFFERENCE.
Next let us compare the corresponding properties of fiow of electricity;-
through a rod, or resistor, ass shown by the following illustrations and'scg:ﬂaﬁic

\‘dlagraq.l

N
. : .
A ! =
l LJ
- Battery R .
\\ A .
{
I-‘\..- 3 \.
~% \\\ ) '
’ ‘\\: ~ NN

S s o . Resistor : C
"ROD (resistor) ' RS

'Similar to the flow of fluid in a pipe, electric charges {coulombs) flow

from left to right through the rcd because there is a differénce in electric

pressure, or potential, between the ends of the rod. The direction of flow is - -
T frqm'higher;to‘lower potential, and the more resistance offered by the rod to

. the Tlow of charges the less will be the zate of .flow, L. The rate of flow of -

'
1

‘electric charges is current; measured in amperes, Or.coloumbs per -second: - The

}.“appropriate equation of flow of. electricity througﬁ;the;rd@ ié'Ohm@s_Lawf:

=+ ] T

T
4

Tat
f

= current, ‘in amperes, -

‘-gjdifféfépCéfih;éléqtfig‘ﬁqtential,’iﬂ vQ1t§,{5etwéen‘fﬁewehdsfdﬂjﬁhéfrbd)

. AT By 1 e i 3 . E TR e .
P ' H e . N . o0 o e - AT @,
W3 : - [ - L : ; = o .
- o N . - E ks -
. . o i .
. : ¢ .
Ty i - 7 .
] ; RE - 25 - ’
‘ « . s L
- : LT T
M . . » & " k




+

‘nCorrcsponding analogieS'bétween;the fluid
(-;ﬁrcsented below.,"‘
R Fluid (Q = ¥h)

h, hydraullc potentlal or plezometr1
head in feet ,

Y,_hydraﬁliC'conductance,'in gpd/ft

- Q,‘volumé‘iate’of flow, in gpd

7»With’thesé”corrcsponiing properties o

i “to obtain fluid-flow-rates

“q

Q:

where C,

The electrlc system shown on the right

'ZsWthh states that the sum of currents flow1

ae

‘ currents flow1ng out of the junctlon.'

. .. " LRy
' $mo Tt .
.
Con T . K
. ©owoT :
. ' K - 26 =
N, ! L. . . g
X "

,,insohms,}

and electric.

KV
is a scaling factor or constanu of propor 1onality.

Eluid'and‘électric;

{1 =kxv)

V, electric potential,

Electric
iﬁ‘volts"‘mw

" K, electrlc conductance, in, mhos

I, electric curredt (rate of’ flow ,Jf
_of electrlc charges), in- amperes

>

-

’ . 1o

illustrates Kirchoff's Current Law,

ng into ‘a’ junction equals the sum.of |
- = ‘ ., . -’. ot s
. S S




An imﬁortant property of fleid fiow which does not have a cerrespondlng
analog in electrlc flow is thau of partlcle velocity. A fluld partlcle can
 ihave practlcally any veloc1ty, but the absglute velec1ty of an‘electric‘eherge.jﬂ
;;lS the speed of llght . Therefore‘only oull rate of flow,;not'partiele Veloeirggf
";1n flulu systems can be 31mulated dlrectly by.electric’systems._' |

.HWe now d;rect our attention to_proPerties of storage in fluid and eleeﬁrin

. systems, and begin with fluid systems.
Con31der the dlagram berow, in whlch fluid flows out of a large reserﬁoir7.

" into a small storage tank when & wvalve betveen the reserv01r and the tank 15";‘*‘

e

opened. . . L L
: [ [] storace ] - -
L ——— - CTANK 4 -
; - I / ' £
““‘ . A : . A y | A “
RESERVOIR |/ —nT -
S — / A h
RO yd g
VAR A A SN A A A S L A A A e T T A

When the valve is opened fluld fiows into the storage tank and the fluid -
level in it vrises. The amount of fluld in |the storage tank at any time after

‘the valve is opened.depends upon the size of the tank and the height, b, of the °

23]

luid level in it: - It is intuitive that the rate.of filling is greater at first

ywhen the difference in head between the reservoir and the tank is greater; or =
5 . . : . ' . o

-

rate of Ilow, Q, through the connecting\pipe decreases as the fiuid level in -

\5the tank moves-closer to the fluid level in the reservoir. Furthermore, as: h ﬁﬁ

N . :
Mncreases, the amount of fluid stored in the tank increases. Aﬁ'equatiqn'whiéh”
Sy o o . ‘ S S
‘expresses the rate of change of storage in the tank is:
-l»\.l_. Lo v .- : . .

T

""" RATE OF CHANGE OF STORAGE-=' A" x (RATE OF ‘CHANGE OF HEAD) = iQ,

! + . Coo . .
° L ., . . " - .'
I - 27 -
. < X . . . Ly .




. where A is ﬁhé cfbss Sectional area of the tank. In symbol form,
T g = AdH, '
. SRR S 34

If the tank were . fllled w1th sand or gravél'haVing coefficient bflsﬁbﬁééeg .

S then

Lo TR T g s ASRR, L
‘V_Simi}grfpfdﬁérfies dccurfin‘electric stOrage;'.Cbﬁsidér‘thérskétéh below, .

*"&ndfthefécpoﬁpanying schematic diagram,

-

Capacitor - - L Capacitor -

;Eéjwhen_the'swifch is‘turnEd on,‘pésitive eleqtric‘éharges floﬁ.Onto the:éapacitof“jj
sﬁ‘Pléte oﬁ the left, bécaﬁse:of fhe.atfractipn'by the negative charggs on thé;oﬁhef
’?éiplate. As the poéifive chargésfaccumulate on the 1éft plate'%here‘is‘afﬁoéiﬁi#efgy
Jipoténtial,buil&uﬁi'thaf ié’fﬁe positive'vcltaée-Qoltage V, on the‘$e1t plate ﬁ‘ix

f{ibeco@es lincrea;singly.grea’cér}iri(tirﬂe9 appros éhlng the potentla¢ of tne p031t1ve:?if

" battery terminal. A%t any instant, the amgunt of charge stored qepenas-on_thg S

' area of- the plate {capacitance) and its electric potential, V. However as the-
potential increases, the charges accumulate &t progressively siower rates’ since’s

_ : L - ' e

.w:the attractlon OW1ng to negatlve uharges on the right plate is progressiyeiy”}f"

:neutrallzed ' '¢‘";‘A: f} R A

L

iif‘ ; The storage expre531on for electr1c1ty can be descrlbed as follows.

Jj: . RATE OF CHANGE OF STORAGE OF CHARGE = (GAEACITANCE) g(RAiE,org
: T R A T D S
mmwOmemmm,.hwpﬂ;g- igy¢Mg;4av;mQ;u;w¢"i
E N N AL AU SR e TR
DT lgg e s o T T T s




where C 15 capac1tance, in farads.

:v;'ﬂe=q0WhCQmPare analogous storage properties In fluid and electric systems.'"'

, iﬁ t%eyfiﬁid'flow sysiem described the rate of change of storage was Q, in’ wal—
.ioné per‘day. In the electric system described, the ‘rate of change of storage
was I, in amperes, which is also the rate of change of storage of charge.llAlf;ft'
capac1tor stores electrlcaL charges in a manner 51mllar to that in- whlch a.cen—:
talner stores fluld Hence, Q is analogous to I,'and AS is analogous‘to C‘ '

<

'A capaC1tor, then can be used to simulate aquifer storage pr0pert1es. U51ng the

i,

above relatlonshlps, an equetion for an electrlc 51mulator of fluld storage@‘f”"

would be e S . :f
. i STQRacEff ;.Qfggg uif'
: Lo | . R L
L.or cho e b e T o Sl e
As 3= o0V, R
3t 3% |

'~ where ¢, is a scaling factor.

It may be helpful.at this point to reyiew previous discussions. First, .
«: fluid-fiow fields and the corresponding partial differential equations which ...

“describe these fieid were explained. Then|fluid flow in pipes was compared to-
w;electriciflow in conductors (or resistors)} and fluid storage was compared to '

d ,‘.
s

-nxelectrlc storage. The problem of how to present e fluid-Tlcw system by meens*%_:{‘

it Do | e e =7

_of an electric-analog,mddel is still unexplained. The procedure is‘first.te :

'texprese'the flow field as a pipe network, and then to represent the " flow of }_;‘

fwater through the plpe network by the flow of electr1c1ty through a. network of

electrlc components.
1’
. ot

. To demonstrate thls, consxder a steadv—state flow system, or aqulfer whlch

PR

?is'describable by;LaplaCe“sgequat;on”end boun@ary‘cqnditions,- If the flow fleld

BT O S o . i PO “ L o AP :




'/is an aquifer it might be 1ike this.

%\oneof Saturafion

T‘E\

X5K

‘%ﬂﬂi

P 'V""" P v
slestntestenietiesies’sy

KSCSXIXS

. Now suppose & pipe networx is constructed such that boundary conditiomns,

" as in the flow field.

At P

-+, of the, flow field.

" head, and general direction of -movement in’ the pipe network are about the same -

~ The. pipe network is tnen a-finite difference approximation

5
v
5
\ .

- 30




~ The pipe-network;$yéﬁemfof?fiuid‘flow

" - network system ofﬁeleétric flow.

can be modeled with a resistor;“

G
q° 6@“

o '
4." .
S e
E

) ‘ ?place¢s:fwo—dimensibnal equation for flow fhroughﬂfhe agquifer is -
r“‘ . G ag h aa h S
t rw el ST "

3% B3

“and since head, h, is analogous to voltage,

o .

Lﬁ?quation for electricity'infuitively follow
! 2 2
g A 2V , V]

To convert values 0f ypltag; ih‘the.el

.Q?theré mgst”bg:éomé:écaleAfégtcr o, such’ tha

.xvgluesliq thé*mddél must be such. that
. o

where c, is a scale factor selected on the

1

=CY

. of the electric equipment used. In order %

o |

ate fléwu

V;rd:siﬁilar“stéady—St

£F £

ca

0.

ectric model into values; of head, ™ .-

t ho= V. Furthermore, resistance °

i
&

basis of current-voltage capabilities ~

¢ obtain values of head by using an .

electric-~analog model it is necessary o mi

w:pode‘in the mddél,:qnd mul%iply'the voltage

vaoﬁfconsidér the ¢

ase in which & grouqd—water‘systém<

ssure voliage at. sach junction or | -

obtained by, the scaling,factor, c,. .

Wi

sidéscriﬁeﬁ-bﬁ‘fﬁe!

. ., o - . . . ) ’ g) - ; - 5 i
l”diffusiohg:br'non—stéadyustaﬁe, equation, f : i} i
Gl Y mat -
‘\ N _ 31 -l .} .




~ In this case, a change in storage occurs in

that rates of inflow differ from the rates

i,

_ma&(be constructed similar to the steady st

there is & provision for storage at each node, a capacitor.

the aquifer, and it is specified ...

of outflow. An eleétric—analog ﬁodei,-

ate system except that in addition . -

.
indicales “ground” .~ ¥’
R o
~:.The analogous -electric non- ation is | ¢ :
. w I" Coli v . ;: _ ’-—,{.. ‘a . a \
’.@.Y: o ©

I

" A is:land:surface ares represented by

.8 is aguifer .coefficient of storage.

7 : .

.~ changifig. Hence a measurement of head or Ve

'éfiﬁ has'aﬂtiﬁe'reféfence,‘and theréfore in
graphic‘recording of voltage with time is ng
. -A'ﬁon—sfegq& flow poqdition-inlan aquii
iffrqmzﬁelisgﬂ:éﬁmﬁaggségh_be"siﬁul;ted in an

K

3

]

the  transient case a

R S, |

3t

¢, V, however, since this is g transient system both nead and its: ©

fhe,system_wi;; be‘QOntianusly'
b»itage obtained hés;meéniﬁg only i?-'
s ?ro&i?ion‘fgr tﬁé‘l
:cesséry.
‘er_is_uéuaily{the ;eéult;§f:puﬁp;ge 1 
eiéct%iéééﬂaldg-ﬁbdellff‘éxt;aét%hgl ?

Al




" current from the model at the appropriate nodes. The variations in rates of

extraétion“dffcurreht corresponding to time
" complished bylthé'applicatibn of current-ge
AXthough electric—énalpg models descri

. flow, resistance-capacitance networks also

dimensi@nél flow. The following diagram iX

2 node in a three-dimensional steady-state

is in the study of Tl ow pronlems 1n-

-ch;nges in bﬁmping rates ére acQ:
nerating devices. | 7
bea‘haVE béen'fof tﬁo-dimensiqnal'
can be construptéd to Simulatelthfeé%
lustrafeS'éohhéc£ioﬁs ofA?eéistgrs §tr

flow field.

‘."l

,larly-shapedlboundaries.

“°  .The electric-analog models- discussed Lave been the passive-element type.

because no elements in the models generated electric energy. If the conirary

ement, type, -Active eiementéiaré\usédf-
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Chapter |VI

T ANALOG ' COMPUTERS |
R ' C {Electronic Differeﬁtial Analyzers)

'

':Ahalog‘coﬁputers-are general'purpdsé devices which employ laws of phyaics’

: fbr §erforming mathematical operations. An example familiar to: many iS‘thé_ o
slide{?uie. In this chaptér ar analog computer means spécifically-the electronic

-y differential analyzer,‘so—named because of its application in solving drdinary

RIS dlfferentlal equatlons. Analog computers are similiar in construction to. the

'

electrlc analog models discussed in the previous chapter, However, an electrie-""
.2:~analog'model is'constructed for a speéific problem and is not-cépable of-handlipg{‘
& wide variety of problems. = - ' S S o

i+ | The analog computer has the same elements as the resistance-capacitance - « =

'"analog'model and marny morel Howeverfin the analog compubter, components are not'

permanently connectea to one aqother, but |are wired intc & central patch bpgrd‘f

r

g:unlt where they are easilyrbonnectea togethe§¢in-any desired combinaﬁioh,f
i-'Althoughfan analog"computer can ve o;eraﬁed as & dirgct'elecfricfanaiogﬁ;.
; _model {passive elémeﬁt); itlgenerally uses amplifiers (aéﬁive eleﬁents}

~and é varieﬁ&;of other électroniENdEVTces,msomg_pf.yhicﬁ are for adalng and
: mult1plylng vol%ages. Mathematicalrintegration”probléms (dlflerennlaL eqﬁatlons)

can: be solved by us1ng c&pac1tors in accordance with the followingflaw{:;;‘x:(

e



This means that if there is a varisble current Tlow into a capacitor which might

oy,
PPN

gféph;asffolldys:

]

-"'Cﬁfrenf (i)

TSI

Time (1)

i the curve. Hence, integration, a calculus

1:the'process is phyéically'simulated when e

foerential equations, which 1s done by inte

x

. partl 1 éifferential equation, en ordinary
-fthefe are‘only two variables; in an analog
Lo One OI the prln ipa 1 1ffereuces betw

models discussed is that computérs use ele

for electric energy losses. Hence electri

system, which clas$ifies an analog compute;

4

”:'connected o any part of the- system to obt

“element system, because no. electrlcal energy wa s. generated in the system..@tJ'

An analog computer has one ‘or more gr phlc recordlng dev1ces whlch can be

Ta

in voltage varlatlons w1th respect

c energy can be generated in.thel i

-~ g5 an active element analog. Con-

W

t = A, would be the area Shaded:underfu
prégedure, ié 8 méthqd.of obfaining-:
Eithe‘aréa'under.a curve. Integration is a mathematical précesé of summaﬁibﬁ:butt:
lectric current flows'into &icaﬁééitor:d'
} The pr1nc1pa¢ utlllty of thls process is to obtain the solution of ora;nary Qlf—x‘.
gration. le;erlﬂg siightiy iroﬁ the .
differential equation is one iﬁ-which"
computer these are vol tage. and tlme.‘yj
een the analog chputérs and the aha;qg .

ctronic amplifiers which compensate ..

g,

verseiy The eLeLtr;c anaLog mode; discussed in the prev1ous ehapter was a passlve .

B ‘,.",‘ )




. In order torselve & pertial different'al equationlwith an analog computer:,

the equatlon must be expressed as an ordln ry dlfferentlal equatlon. For example

'

flow in an aqulfer can be expressed as . a s stem of non-steady state equatlons‘

“in whlch the Laplac1an portlon of each equation (the left 51de)-iS'set{in o

flxed flnlte dlfference form. The only other partlal der1vat1ve remalnlng in.

,each equatlon.ls ah/at - Each equatlon 1s then an ordlnary dlfferentlal equatlon,

[

computer."An e:ample of solution is presented in the

]

T



EXAMPIES OF SOLUTIONS OF HYD

THE. USE OF DIGITAL AND A

This‘chaptéf“preéénts‘sélectgd cases T

-ihoW]éomputers'aﬁd'modéls‘héVé-beEn‘applied

" Chapter VII

ROIOGIC PROBLEMS WITH

\WALOG TECHNIQUES

rom the literature in order to show

to hydrologic problems, resulting in.

a con51derable sav1ngs Ln man-hours of worh wnlch otherw1se would have. been re-.

qulred had these problems been approached t

Dlgltal Computez

hrough manual.computational‘methods. -

e

Methods

Perhaps the most w1dely used equatlon

is. the nonnsteady state equatlon uescrlblng

ﬂThis;equaﬁion is commOniy;known‘as Theis'

~distance ‘from pumped well, in fee

= drawdown of water'leve;, in feet,
Qé%iit'z‘ﬁime sincé pumping begén, in daysd
: j:Q‘¥'pumping rate, in gallons per minu
:fS.=Acoefficienf 6f'étoragé, dimension
?:T.ﬁ'coefflclent of transm1531blllty,
: {éx;;:

:dummy varlable for 1ntegration.

-~ 37

: radlal flow to a dlscharglngfﬂell

lon—equlllbrlum formula.

1n quantltatlve ground~water analy31s*

Taa ;.-

T, -

&ess,-.

'?..

in. gallons per day per foot ff




This formula determines the drawdown

that would occur at any distance from

a pumped well at any time after pumping began if values of coefficient of storage,

" coefficient of.transmissibility, and pumpi
équation is tedious to solve, tables have
Nevefthelgss, if very many values of drawd
is qﬁite fime consuming. A digital comput

is used by thls agency for aquifers with r

provides for automatic machine plotting of

ng rate are known.

echarge boundaries.

Because the

been compiled to aid in its evaluation.
own are to be obtained the procedure

er method of obtaining desired'ﬁﬁéwersg

The program .also

results onto a graph. A similar

program solves the equatlon for & system of arbitrarily spaced wells which may .

‘ have complex pumping histories.

#-‘

The Californis Department of Water Resocurces used a digitail computer in

* - the Log Angeles Coastal Plain area to analyze the effects on water :levels as
|

"sis using an analog computer In using th

“aguifer was treated as a flow system which

. For computational purposes, the agquifer wa
A f
A

:4§lectric network probiem, The digital com

f.léyel'at each node by a system of simultant

_in finite difference form. The basic equal
- L'\ ", . _ . o
& given time increment At is

SUBSURFACE INFLOW

EXTRACTIONS

o

- i SUBSURFACE

| CHANGE 1

.1;138 -

y..a result of possible future conditions of pumping ané artificial revharge.

N - - I3 . = : *
Prior t¢ this analysis the aguirer charactrristics nad been obtained by synthe-

=3
=4

digital method for analysis the

satisfies the equation of continuity.

hypotheticaliy modellied as an

]
puter solved the problem for water
sous differential equations expressed -
cion at each representative node for

- b I

®

OUTFLOW + ?ECHARG&

[ STORA”E




The correspondlng flnlte dlfference equat1on and explanatory diagram are shown

-

below _‘ e 5 : ‘. : S ‘ B ff" ' f;;{ ‘

_-Polygon Subarea = As
I B

— Pumpage or recharge

'iﬂfﬁOde-B=Qs L
ABSB L

L

3‘The-superscript$, J and J+L aenote the orierea time: 1ncrement appllcable to theA

"varlable superscvlptea‘ ‘

" The water Levels computed (h?* 3

are only for the end of & step.or incremen

»‘of‘time in the complete pumping nistory. The sysitem of simuitanecus equaﬁidné,y?

- must be_solved for each successive time increment, beginning with the first

'(j;l). Computed future water ievelb are prifted out. or puncnea on cards and

.are later used for economic ana;y is R
‘ One advantage of the digital computer| method is that computed water-level’

» data can be presented on punched cards or magnetic tape and used as. input data

v in other digital programs. Another sdvanisge is that a solution for a particular'

. analysis probien can be easily obtained on|short notice.

Digital computers are also useful in énalysis of surface-water.hydrologic‘
‘data, particularly in the pfedictions of reservoir performance.’ Suppose that .

there'are several-possible sites for a reservoir, and it is desired to determiﬁe

- which- 1ocat10n would be best ‘from the standp01nt of - yleld and storage character-

istics; It is of partlcular 1nterest to know how much‘water‘can be expeeted'

-39 4
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‘from the reservoir during a drought.
A fundamental equation of continuity applies to surface-water reservoirs:
INITTAL STORAGE + INFLOW - EVAPORATION - USE - = o

SPILLS = FINAL STORACE.

i

. : o
The equation describes an inventory and can be balarnced by a digital computer

0 . Lo
:

, on a daily or monthly'basis depending on evailability of records. If recorded ff

y . . ———-

:\gata from the worst drought are used, then ja "firm yield" from the proposed_,‘
- reservoir can be predicted. Of particular appreciation is the immense savingff¢f7

" .in ‘man-hours of tedious computational work which would otherwise have to be ' .

' performed by engineers. _ : . : B ESEN

Analog Model Methods

:}K ﬂselof difectlelectric;analog models receded'the use”ef.aﬁalog computefst;“
ltby many years. For example a re51stance-e&pac1tor network for analyzing Iluld
ﬁ‘flow through porous medla was developed in [the early iQ%O‘s, seyerei years‘
ﬁebefo:e\electron;c‘anaiog computers were operabtional an& commercially avaiiaﬁlellii
‘;;,‘ 'Inemodeling a‘érouhd;water'eystem with an electric anelog;'the.aquiferli “N

- system is first partitioned or divided into polygonal subareas.  The flow of

.,]Mater‘tﬁrough-eub&reas_ié_simulated by the flow of electricity through resistors

-and. the values of resistances) are selected |sc. they represent aydraulic con-

ductances df the‘equifer.' Capacitors at junctions of resistors (nodes) simulate

"Jstorage propert¢es of the aqulfer Va;ues Fi uO@IfLClent of euorage ana '

e{hyaraullc eonauctance are obtalnea from pun Lng cest data.

Atter the mouel is. constructed 1t igs tested to see 1f Pesponse oe the mode;‘

. e

éfeonforms'to the hlstor1C'response‘OI,the aqulfer,. To do thls, pumpage nlstory

?

5 51mulated by a va“ylng electrlc current whlch 1s 1n3ected inteo or extracted

‘?‘z‘ .

'from the model at approprlate nodes Voltages at the nodes are graphlcally ';i

e water levels 1n the aqulfer *"If‘

. z."'."‘




“the‘voltage graphs do not confprm‘to the hydrographs obtained from field measure7-

ments of ‘water levels the aquifer model is

 sistance and capacitance in various parts-

that the system may conform more closely t

pumpage data are correct. This is the syn

hf the model are

Y

modified. That is, values of re--

v,

changed in_ordef‘?-
the historical records, assuming = -’

hesis process. When the synthesig - »

is carried out to where there is a satisfactory agreement in response of modeii

and prototype, realistic values of hydraul
. are, by application of the appropriate scal

~values, of resistances and capacitances in .t

It'sheuld be noted that aguifer coefficieﬁts-obtained by mpdel eynthesieGJH

;‘may differ from those‘derived from pumping

Tﬁpumpédwﬁéll"én&7fdf'a relatively short time
‘mations, and are later adjusted by trial ar
‘model's response simulates with sufficient

" 0f particular interest in the use of &

. 'is a study recentiy completed in the vicini

. most ‘development is from two.sand aguifers
. thick, sandy clay layer.

f‘theseﬂaquifers and there is consideraple in

ic conductance and storage properties

ling factors, obtainabiekfrom the;:,ﬁﬂ

. pumping tests reflect aquifer properties only in the immediate vicinity of the;: --

[

he model..

tests. Coefficients obtained from -

. !

Therefore, aquifer parametersa

;obtalned from pumplng tests are generaLly modelea only as pfellmlnary dpprox-ff”

d modification procedures unt L the
. [ ¥
accuracy historic water-aevel data,

nalog modeis in grbund-water problems_

ty of Houston. In the Houston area. -
separated from each other by a rather: |
‘There is significant hydraulic connection between

terbedded clay in the lower aquifer:,“'

Wlth such a complex aquifer syscem compounaed by w1thdrawais f*om SO many - largeaw

capac1ty welils the estlmatlou of Iuture wat
would be pfdctlcally 1mp0551ble w1th menual

:ﬁof transm1351b111ty and storage of the aqul

:*tests and were 31mulated as prellmlnary app
[-ac1tance network. Vertlcal permeablllty of

\ﬁaé~é5tiﬁated After several trlals and mo

=41 -

er~level decllnes in the Houston area
computational methods._ Coefficientsn“
fer were obtalned from fleld pumplng

rox1mat10ns in. 8 resastance cap-

the cley layer between the aquifers

11flcat10ns, the model wasi”x

3




finally synthesized so that its response conformed reasonably with historic L

water levels.

The analysls phase of the Houston probT

lem consisted of imposing simulated -

,fant1c1pated future pumplng condltlons and rlcording the expected water-level -

) on the order of one mllllonth of k) second of

“tlmer

- 51mulated by several square wave generators

},

e atfeach node were presented on the screen of

.ﬂecllnes

';13 requlred for 31mulatlon of pumpage

_~output graphed‘as a. pumpage hlstogram . The

al

8 reoord of the simulated water-level hydrog

; the pattern dlsplayed on the 0301lloscope 8¢

' interlaced waterwaye; oalled the Delta.

" 'the southern part.

Sl

The model used for the Houston problem

- vantage of low voltages,aﬁd'small‘inexpen51Ve capaoltors, expen31ve equlpment

in 1

5

Although soort tlme sealing_is-sometl

utilized a very short time scale,
model time tolone-year of actual & |

mesg desirable in order to take a&-g

he Houston problem pumpage was

LR

connected euch that-therr‘combinedfﬂi.a

s@muletedtwaterelevel-hydrograggso'
an oscilloscote.':Ih>orderfto‘hevete,_

rraph it was necessary to.photograph <

reeln.

Electr1c~analog models have oeen used to some extent in. surface-water work

'g particularly in flood‘controlland tidal stu&ies, and are considerably more@com—x;

pllcated than those used 1n groundewater prTbremsu~Applied research~in-thist;_kf

”;sfield has,oeen conducted at the nydraulics 1

;E,Californie at Berkeley..

A surfacem~water problem in California i3

jf;metho& involves two ‘rivers, the San Joaquin

- River drains the northern part.of the State,
Francisco, is a poorly .drained area characterized by an intricate pattern of;"

. at sea. level dralnage is. westerly through )

IR
At

t-San Franc1sco Bay,’thence through the Golder

: T
' H

" The confluence of the ri

- 42 -]

.
aboratory of the University of

¥ o
nvestlgaueo with an eleetrlc analog

and tne Sacramentg The Sacramento
and the San Joaguin River- drains.” .*

vers, about 60 miles east of San’

From the Delta, whlch is approx1mately




‘][Because the Delta is situated so close to sea level and near ti

1© ocean, surfacéﬁ‘

‘water supplies are subjected to contaminatioh by salt-wdter intrusion owing‘fb,f

‘tides. Furthermore because ‘the San Joaguin River drains the relatively arid

1ahd:agrigultural Séuthern part of the state,

.- the Delta in summer months .

-

it transmits poor quality water to.

Voox

Oceanic tides- are periodic pulsations, and in the river and bay systems fﬂx“

~ from the Delta to the Pacific Ocean these tidal pulsations generate complicated

-patterns of wave reflections, some-of _which 1

It is desired to make some changes in the channel-system-which will consist:

pe mutalliy reinforcing.

.of a barrier or an obstruction to the intrusion of sea watér into the Delta, and

“the changes involved will bé rather costly ar

;Lmodel of the channel system would appear to be desirable in order to study.

. itidal efﬁects on the chanﬁél system under proposed modification. After a variéﬁy;”,

i

~.of floods from the San Joaquin and Sacramentc

. fectively controlled.

The construction and application of an electric-analog model of a river

. i'system presents many tecnnical difficulties,

'icharqcteristics be modelled (and these charact

{

" in the'chénnel) vut also appropriate Time=-del

system, and .input.equipment must be designed

~ ‘of proposed changes are studied, optimum modification plan can be. selected.

d extensive. Therefore an analog -

Rivers so that they can be ef~" . -

R

becauge not oniy rust channel,
sy devices must be built.into the =

to simulate flood characteristics:

!.S%milar difficulities are énccuntered in tide [simulation.
S :
; Analog. Computer Methods .-
' The Californis Department of Water Resources used an analog computer o
Lo : Faad - »E cf ‘ .

(eiectronic]differéntial analyzer) for aquife
UﬁCOéﬁﬁéi’P;afn:ﬁfTﬁe'éndlog_cdmputef"was used

Ve . e e e

r synthésis in the Los Angeles=7é,f“

as,an~active_élemeﬁt device andj” o

Lo em

v
P

s

.. Furthermore ‘it is.also desirable to model the channel in order to study behavior.. -

[

eristics change with depth of water

s




the-aqﬁifér was not simulated directly, henc

e the correspdndence of propértiesn

bétween prototype and model are not apparemt;‘

‘Before describing the application of the analog computér to the-solution

. of "the ground-water problém,in‘the‘Los Angeles area, it is desirable at tﬁis

‘£imé to'péint out:séme of fhgﬂatt:acti&e fea
L to an,apalog model. Firét,-analgg computey
_tpatch board, yhich facilitates hook-gﬁ oﬁexa
- elements: used to simulate storati#e and trgn
ff:aqu%fer are Ga;iébie, héﬁcé?adjuétmenté are
gztﬁéﬁ éasiif%ﬁade_ih‘é direét-énalég model if]

used to 51mulate “the aqulfer s characterlstl

n made only'by substltutlon of e;ements. Anct

) isltﬁe_large;model-time scale useﬁ. In cort

fsedépdﬁp”,

-proximately one second per year was used in

tures of the analog computer comgared‘

components are connected to.ahcéﬁtrdl-

tions. Moreover, the different

smissive,cﬁaracteriétics of thé

eaSiiy pe?formed;ﬁ-Adjusgménfé.ﬁr;f}JW

fixed résiétérs and capacitors:éfe:';.
. o ST

cs, in which case Changeé cén be

her aavantage of the analog Lomputér

rast to the tlme scale of one mlcro-i”'

ye&r in the analog model of the [Houston problem a time scale of ap-

the Los Angeles probiem on the -

analog computer. The longer time scale allows the output hydrograpns to be

recqrded'graphically oy & pen plotter rather
‘are generally more accurate than oscilioscop
o a multi-channel plotier on an analog compute

r nodes can be obtained simultsnecusliy.

than an oscilioscope. Pen plotters

es of comparable quality. "By using®

v, time-volitage grapns at several

In the Los Angeles Coastal Plain problem the aguifer was modelled by thrggi:*”

“-PACE-231—R analog coméuters,,oﬁerating simul
- components most effectively, and model as aC
aguifer bopndarieé and irregularly spaced ce
charge;-an asymetric pattern of nodes.rather
-used. The differeﬁ%ial equation-of flow at
. the connectlon cf components at a node in th

Ca

follow1ng page.)ul"
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e

taneously? in Qrdef tc utiliée-‘
curately as possibleithe irfegﬁlar,.ﬁ
nters of pumping and artificél'#é;”
thaﬁ a régular square pattérn waéir‘
each node and schemetlc diagram for .

e computer are; 1llustrated on the



(el

/poiygon subarea = As .

._.-Pumpage or recharge
ot node B=Qe -

e

integrator-

Amplifier
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Unity-~gain
| Amiitier




“The actual circuit employed was modified sliightly from that shown to conserve

Ay

itime in making adjustments. However, the schematic diagram shown is basically -

3

correct and could: have been used. The -inputs into integrators are the subsurface

flows and the surface récharge and extraction. They are integrated by accumu-

%ation on a condenser. The integrator butput is a voltage which varies with

I*time (Simulated water-level variations with time). Thé integrator output is fed
into a unity-gain amplifier .to reverse polarity (integrafors and-amplifers are
bdnstfucted such that the polarity of the output signal is opposite of the input

.‘,signAl). , \

Mostiy for:compg¥ative bﬁrp@ées,'the Célifprﬁia"Depértment of Water Resources
';used £he anaiog compﬁter in thé analysis of| the aduifer in £hé LoslAhgeies~Cda;tgl
’Pléinj _Althoﬁgh the:two prqcedures yielded practically'identical results the
leigital compufef appeafed‘to.be a more useful device for aguirer analysis,‘par-.
:jéiéularly beééusé of.cdnvégiéhée?ahd-because of savings in time ang cost.

It is the;éfore of:inteféét“tc note that in planning for the optimum dgveloﬁ;
' ment and ménégémént:bf.sﬁffaéé- anﬂ‘ground-water supplies in-the Los Angeles o
'gféalbdth énaiogAand digital computers were used.. The'anaiog coﬁputer w&s‘usedlw
‘.‘priﬁcipaii&‘ﬁo definéfor Sy@hesiéé the aquifer¢ " The digital;meputeriwasfp§6@f}2;‘

thereafter to analyze the effects on water [(evels that. would occur from various

A

- proposec schedules of pumping and artificiall recharge.. .

- However),:this.is but.s part of the watpr resources prcolem in this area.

" At:-the’present. time, much of the .water used| in the Los Angelés area is obtained "

o from*distant surface-water sources which are Gevelopéd in conjunciion with locel-

" e a1

‘,grbuﬁa~§gtefJéuppiies. MoreoVer;-it is anticipated‘thaﬁ additional ﬁater will
‘éooﬁ'befimported ffom the feathef River Prdjeét, origipatihg in the northern
partlofrthe statgl Therefore, the most optimum blanxof development of avéilaf}gl-
surface- and groundagaterAfgspuréés‘should.belanalegd. 'Anhlyéié of éuéﬁ &;gof;

mation reQuires the handling of & large volume of statistical data and data. -

e aae e




s

;céhéerned with costs, available storage, fu

%_dQVeldpmeht-suggest the use

S

are therefore utilized in order to achieve

~ Processing of such volumes of information g

H

of a digital cdmputer. Many interrelated pfograﬁs'-

‘ture pumping demands, and so on..

nd choosing the optimum plan of watéﬁ-;

an efficient .plan of water managemeﬁtl-

IR




I 7 CONCLUSION

A dec151on to solve a hydrologlc problem through one or more of - the tech-:.

nlques of dlgltal computer, analog ‘computer or analog model should be based prlma-'

s L

'* rlly on whether a necess1ty ex1sts for obthining the solutlon sought If the

need does ex1st then avallable pertlnent iata should be collected ano carefully

Lserﬁtinrzed toﬁdetermine (l)‘the_probability'ofrobtaining‘reasonablejresu;ts'endf-

.ﬂ(éjwﬁhi&h teohnique 15 most praétical;

.One way to decide on the technique to| be used is to personally interrogate

" various experienced individuals. Perusal of published literature is recommended,ﬁ

obut it must be rémembered that tecnnical paperg orften oont ’some pe“soq&7
o Lyanity. That 1s many wrlters are usually incliined to report favorably on' thelr

*;quccesses,~dismiss ng the drfflcuitles encountered 1n

2

‘, of failures_seldom appear“ n tne technlcal Journe;sf-“

e
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