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A 	In e In dwid f ' 'fir has been 
tested bringthe recent year* due to eeial re ,e. The 
Increase in pøjulatiii as well as per capita eonm*ptiai of 
food have made it mews' to g'+ *or. foods Hityield1ng 
vies Of 	4000 * #lam, but their success 
dpnds largely a svtlsbility of water for it i t cm. Indus 
trial relo t and at .oil 'ovth have also added to the 
demand for Walter.  

The stupandous ee 	the central' ato 

goYerEtts in de sloping st f e veer rseotwcss have been 
"pl ent.d with dsveloent of + m8 water by gosr,i*eni 
as well as rivate sector. Tie are statutory 'byes like 
the Central floard of IrritLcn & Pbw $, the Central Water 
C.tasien, Central 	tdMAW Board "d end the deem orgeni' 
*tip- of the state g 	menta who gul a° a the 6nelornent  

of e*face and oiid water. As there is no suitable legiw' 
leticit to centrol eetvities in otd water, an Individual 
cr a cerpors a boo with sufficient fInances, borrowed or 
otherwise,  a drill a prAvat. tubewell . its land#  and start 
pt*ping ciat iwster a This has resulted Ir. a large naber of 

ivats tubewalls In d .ti to the increasing niaber of 
ate tubewefle. The acts. tilLeatit of std valor for  

irr&ticn. to the and of the 0*1 	 ?tsn is rnly 
about 105 silitcr s,  as asst the estisated ultist. 
potential of 2753 0 (Verbs, 1971).. This Ar u m 
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is not r.laisd to the potential in *80h eras end thi. baa 
iready started shoving effects of over deoloment in 

eert.in areas. 

+C 	d'wst.er in a resotee Bch can be a boas to 
the ectaty of are ion ønly It it is doped in  a 	ert 
maps? * • , onoUd 4"Olopa can treat* acre 

obl than it solves, Hordes it is being wised that 
an n it , ated dovoioru t of ,rte-rs er with sface water 
is suob awe deride than ce sided devdopssnt at either 

so ee so that the two zeeowcss can intact and the 
Integrated development will help bow the eccsay of the 
regime 

An essential er.q t. for any s.rios stteipt at 
evolving an optimal utLlisstim plan to that the system be 
analysed in an , 'eat details as possible, and respses of the 
system to alternative sobs of aanagwent be 	iOW with 
a fair degree of scciwacy (Walt ,m, i o) The approach say 
be to stu&y the rnwftee waste r-+ be oiI water ►mss 
separately aM then study their I 	cti, or to study the 
behavio of both the ysteas sisultaneously. Study of thre 
dice water eyet itoelt is ot of oo t hors MA stt ti 
In ocrcantrated tst , , "'o"1 do-w'ater system 

I .u*ti*. of a 	nd water a.yste and its behaviow  
involves  eral c*pltcatftrts. Se of theas arise cut of the 

iv 	e$ of aquifer such an h t on:ty 	+ o + `, Ix?  

d caplsx call 	 boizidary conditions eto,,. hers sy be present die 
to tti). and tamper VsistIme of inputs and outputs. The 



pattern of recharge du. to reinfsfl in the outcrop eress 
ad dia to irrigattrn ve r"ies f rtram time to fls eA place 
to place*  The oatributicma of stems to a Variable aicng 
the length of river with reepectto ties and also se reds 
&tsscti.*s. M infliit river s becs en. effluent river  
oar* a ab rt distance away or after $ 	*. The hmj.s mt . 
inflows and outflows f* sd3•Ogg aquifers also terse 

lrr aria lilt * 

The *ath.iattl metboda available for ety Of 
sperose of dramavater to a certain *tády cr Haan era r 

input output at*n are applicable for the Ideal aquifers 
or to aquifers wbiè can be approijeated  as idea' .Uud aquifers. 
The aquifer is usmed to be hc*ogeois, isotropie and of 
irdinits Wit. It there are "char  or brier bdariss*  
then the ,Image well they is used to be able to apply the 
omulse derived tar infin te aquifers (Wlicii, I9 O ). Alihou  

the saihenatiosi aedsis give reliable raeutts in oases where 
they are appropriate # they *mot be a so to *r• bay 
aquifer be o, 	.es exist tr rsootiud pose dsjW et 
from Ideal eonditicse exist (Rricktt, 1975). Zn Indian 
conditizts, where there is a auttituds of tubew,Us teoatsd 
in no syat stie pates end meted in an unregulated eanner  
the as hatical analysis can rend at the boat tftly r 
in cations of the aquifer behaviour Particularly, when Beal. 
Lug with irobiass of re 	al scale, it beoceas leperative to 
raatrt to other astho&o of analysis. 
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cate Ovcxnocat 	tho g'I r9 imd coca c zofu1 f' 

p0 8Zrj 2loi noto. (Vf ovitez ' ).  I'oocicnt 
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tiputc thoxuce z not pocaiblo, Tho dicooto oyctc ioao10 
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ciao* of 	 zquifer toe b that the method of ire uoUUo 
c not bo a iiO8 oven for a rou ap oz totic t, net e 
not sLt cizi j the Huttot o of ei10 ottofing it the 
c'ec.., Tho Inputs cc t .0 sea outputsz' z vcicbio uith 
'oo eet to tine cc c1 . co op co. The 3.c to vc?r fctilo. 
1i(tLC3 facilitiev ere not cailcb10 aithouti do oat 
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cm the pcto of the f + e about the need of Irriontt 
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t1on to ottzv tht n nno t+ t r" t. rvn nr:_ 
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2+~O jH2110.Mg 3 ` 

The reaiatorca itor network ane10 modelling ie ~x 
very voreatilo technique, which can be adopted fo a wido 
vrrioty of probiomea It Xe °need on the analogy of ow of 
water in the aquifer and the flow of electricity in a nott or 
Conoi.atinti of roQiote and capocitorr. The variouo ocpoctr 
of the technique are dioeucaood in 'this chapter. Their appli-
cation to the actual problc on hand ib be dioora000d in a 
onbooquont ob~aptor. 

2.1 ,E 
t ator Bnlanoo, Lu led t odol — 
2ho theory of around-water flow cbou31d be dioou000d 

prior to the theory of the inodoi.line tccbniquo. 

The theory of Crounth,ator floc, Ie bx od aeaontioli3r 
on the vetor balance equation which can be tritton as r Lor - 

It .R0 +Ri +I +Si 

3so +0a +Bt +2p +40 	 (1) 

R. roc ar o duo to rainfall 
Ro recbaro duo to Cana coopago 

1*roobaro from irrigation water 
is groundtrator in cr r into the b ein 
$i = influont coopL ;e from otrocio 
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So  a 	of luont cocp&o to the otroaaa  

Qa a 	ground for outflow from the boom 
S 	a 	potranopiration hoots frc ground 

water 

pump  pumpago troz 	un rater 

,60  a 	chango 132 otorego in the i4tor. 

The equation is for a given time fttorva1, At# Tho 

various terms arc to in flow .rata . . unito They eon be 

ciacoifiod in three dupe. 

(1) To2ue relating to horizontal. oovoment of -water, govozn 

od by Darcy' o law. (%h) ezproonod A s 

Q 	11A 

lir 

pOroabiiity 

A 	a 	croa0000tonal area porpondioular to 

the direction of flaw 

length of flow 

head ieee over the length of flow 

dieohrgo rate 

Ia n► a  +SI.S0  
(2) Terma relating to vertical movement of water via# 

tV 0 Rr+. Ro+ Rt  w- E, • Tp  

(3) Torm$ pertaining to roleaco Of Water from the pareo, 

or etorago of water into the pores, i.e. As 

!9 to 	r►it 6- G►d ttt 8 

The water balance can be otudiod for the entire basin 

an a lour. pod codol or at a r4ivou point in the aquifer an a 



diatributod par for model. Iquation (1) expresses the ritQr 

balance an a lurpod 3o401, Uhoroe.o o; proper a3z3oncmont of tho 

wator balance, uoing equation (1), in an oenontial prerequioito 

for any moaninful hydro1oioal inve3tigation, it mood not 

noaononri y give a unique solution to the probloD on hand. 

Rot all of the terms can be ontimatod accurately. Lrroro in 

one tor1 will cauno an equivalent orror in another tozw.Ivon 

if the colution in o or-froo, it would not ;ivo tho picture 

of tbo pattern of around water noaoaont within the aquifer. 

Distributed parameter nodollinP, provides a solution 

to the above problem. The bc&cic concept of ator balanco in 

applied to the condition+ doting at just one point In the 

continuous systern that the aquifer i.o. 2bo flow of water in 

the horizontal direction, which io , orornod by Darcy' o lawn 

can be oxproocod in Its final fora ac 

Q 	2 ( 2 + 	) 	 •(2) 

Qh = 	horizontal flow of water 

2 	tranoeicaibility = I. B 
uhore B = thicImooc of aquifer ) 

hood 

E,7 a 000rdinatoo 

The vertical flow of water in lucpcd into one to Q 

(oxproo©Cd an depth of eater per await time) and i.e given by 



The chaugo in otorag r a is , van, by dofnLtion, 

by the equation 

t0 0 3 	 ,0(4) 

Dow# the wtor bnlanco equation for a point can be 

ttri tton an 

cL3 + L_) 	if 
Equation(4) in tho fundemental. partial differential 

ogwwtLon of around water ` .oii. It can also be dorivod by 

combining the continuity equation and Darcy's rlae. The bra-

ahoto on the loft nand olde would have ono o two or throe 
torcD, depending upon ihotbor the floc in ones two or threo 

diQeuoiOflal once 

The flo, of electrical obago in a conducting modiuo 

is governed by two fundaacntal lawn. The first is the oonti- 

ziuity equation, and jo bacod on the principle of con no ation« 

It to elan oxproosod in the torn of .fir oft' o laws • The oocond 

law in tho Ohm's law expressed an 

( 6 ) 

Thoro 
xs 	oloctrica Current 

r~' 	* 	electrical conductivity 

$ 	c ooa-co tional area of the material 

porpondtoular to the direction of current 

flow 
A V a 	voltage drop aor000 the material 

length of flow 



These to lasso and the definition of capacitance 

together load to the fundxaenta1 partial. differential equation 

governing the flow of electricity as 

2 	2 

t ore 
ALm  

r'esiotanoo of the material 
0 = capacitance 

The bract et on left hand side can have one or three 

terms if the flow happens to be one or three dimensional. 

Equation (5) and (9) are comparable, term by torni, 
and are therefore b one. In fact, Daroy's law and Ohm's 

law are also analogous • Equation (5) and (?) extend the ana' 
logy to the goneral came and establish the analogy of the 
two ,systems viz. ground water flow and the electrical flow. 

If proper scale a factors are selected, then the results ob-
tained in one system can be applied to the other. The elec-

trical system is a very convoniont one to work with. It can 

be made compact,, fast and inexpensive. It can be easily alter-

ed at will. t eaaurecent and recording of voltage and current 

at difforont points in the system are easy, reliable and 

accurate. It is therefore quite advantageous to work with 
r electrical system. 

Equation (5) and ("l) can be directly applied if one 

Is dealing with continuous system. They can not, however, be 
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applied directly to the roaistor apaoltor network analog 

model because the model is a apacodincretised system ro-

presenting the finite &tfforence approximations. One has 

therefore to work with the finite difference approximations 

of Equations (5) and ('I). There are two approaches available 

for deriving the finite difference approximations. One is 

the mathematical approach whereas the other La the physical 

ono.Both lead to identical rosultn. ( Karplus, 1958). The 

mathematical derivation maicco use of Taylor serioc expansions 

in which the terms of second and higher order derivatives aro 

dropped and form the truncation error. The error can thore-

fore be quantified and analysed. Inthe physical approach 

the error term cannot bo quantified. flora the mathematical 

ap*~roach will be uned for deriving the finite difference approo 

mationo for equation 5 for being able to analyco the error 

term later on. The physical aprroach t,i11 be illustrated iihilo 

deriving finite difference approximations for oquation C') . 

The first atop in the both the approaches is to super 

.impose a coordinate grid on the field. The grid may be one, 

tae or three dimensional, depending upon the nature of the 

problem. It may have uniform spacing or even non-uniform 

spacing. Although derivations are gonorally made for uniform 

spacing grid, these rosu ,to can bc also be applied to non'-

uniform grids. After superimposing a grid, attention is con. 

centratod on one particular node point and those near it• For 

example, consider the uniform spacing square and of Fig.2 

superimposed on a two dimensional field, andono particular 

node of the grid as oboin therein. The head at the central  l 
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nodo point can be ovoluated in tors of the bonds of tho 

points, 1, 2, 3 and 4. From Taylor eories expansion, one gets, 

+ 02 ' 2$ 

6 	6 

The hithor order termo of the RH8 are lumpod into 
a single term E defined ao 

Ec__*[_i_ 	 :- 

Equation (8) is therefore written as 

2['1 +2UN2oi +i 

Similarly for the y coordinate one can Ito 

_-r + 2Ø1+E   
~ 	

..{] .) 
0 	 ,p 	 o 3~ 

Substituting equation (10) and (11) in equation, (5), 

putting 4x= hcy, and dropping the error terms, 

02 +$3+$4 -4 0~ a ç2 - ' + Q 	..,(. ) 

Equation (31) 	the finite difference 4 approximation 
of equation (4). It is significant to note that the RE3 con 
taine the derivative term without any approximation, oncopt 
that the term ft2 is introduced to account for the limited 

area represented by the nodal point. The pair of terms x Arc` 
is together hnow+n as storage factor. 
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In came of the RO notrork analog it in not noceosary  

to discrotiso the time variable 

If tho nature of the potential function is such that 

the derivatives higher than the third order are zero, then 

the E term will become zero and equation (`i) gives exact 

resultse (iarplus 1958). In ground motor problems, there is 

no ey of ascertaining whether this condition is fulfilled 

or not. It is safer to presume that the condition doeo not 

oxiot and accept the error terms with proper evaluation. The 

error term can bo uado negligible by taking sufficient jamal1 

values of lz and qy. 

The physical dorivative of the finite difference 

approximation of equation (1) leads to the samo equation (i ), 

with the exception that the error tern B is not quantified. 

The physical approach is Illustrated with reference to the 

electrical . system. 

Consider a typical nods of at RC network as shown it 

Pig. 3. The voltages at modes 091g 203 and 4 are Vo, V1, V2. V3  

and V4, and the resistors in the four limbo are R1, R2  , R3  and 

R4. K.trohoff'a law states that the algebraic sum of all currents 

flowing into a node is zero. The current itpbetwoen  noted 

0 and 1 is given by Ohm's law on 

•R  
Currents for other limbo can be a rowed by similar 

torms. Combining all ouch terms, one gets 

+ 	+ 	+ V4;V 	
C I 	• r .. (14) 



The aHsf ø uatL(t (14) is based z dfntti 
of Capaoitaia* and is not diecr+ i.ed beosnee in the seise*- 
triosi syatss, the eapsoittw sate i c tiMm tine ba r 

I [v1 4v2 .v3 .v4 .4v0j 	 (1 5)  

Cping g equation (1 2) r4 equatiiu (15) re finds 
that they ocntaln equ nuiber of tine of the see order. The 
two equatis are therefore snsilog us end 00 are the t s 
governed by fit. The following basic enaloglee are obvi.o *, 

t coma water flow 	Owr.nt Clow 

R 
. 	 . C 

V 

the ruietonos is 	ogous to the reoiparoesl of the 
transaineLbittty, ospacitanos to stora ta.tnr(ro6uot of 
storage coefficient and call 	s) and voltage to head, Crent 
La analogous to rate of flov. 

Two esstptits were and* in the AAov* d.erivstlorw, The 
first Is 2%*  a 	y. Secid is aIOR24 ! *R * Terse two ass p- 
t 	are *adt to 'keep the fm '*e Of eq zti (12) and equation 
(15) ai* ., UWU* so thst the analogy can be zMi ocbspiouous. 
Nevertheless the analogy is not invalidated if the aaeptione 
are not O&MV4 to, A awe rioroua derivation also leads to 

it I * # *R4 *,R 	e'gets 

analogous fps Of EgA2 and 15, but the emission for the error 
ters beotse r sa what conplLosted. Since in the final fps the 
SrI ters is neglected, no useful ipo$r would be saved by 
attempting a rigorous derivation for imoqusi aesh spacings and 
resistors. 



Strictly speaking the above analogy can not be 

applied to unconfined aquifers for which equation (4) does 

not hold good. The nonlinearity due to varying transmiaoibility 

with the variable thickness of saturated aquifer introduces 
Complications. Nevertheless, the analogy can be applied to 
model unconfined aquifer provided the drawdowne are small 
enough oornparod to the saturated thickness of aquifer 

(Herbert, 1910). 

The advantage of the analogy is brought out above 

is taken in the following Qannor. A rectangular network of 

uniform or nonuniform spacing as required is superimposed 

on a map of the aquifer. The values of 1/T for areas between 

pairs of adjacent node points of the grid arc wokkod out 

with the help of the vector area concept to be diocu000d in 
a subsequent section. Using suitable scale factoro, the resis-

tances required to represent the l/ values are worked out. 

These are connected between the node points. Similarly the 

storage factors ( Sb? in caso of uniform grid, but OAz .y in 
case of nonuniform grid) are worked out for each node point. 

The capacitances required to simulate those storage factors 

are calculated using appropriate scale factors and are co:r 

ectod to each node point. The other end of the capacitor is 

connected to the system ground. Boundary conditions are 

imposed on the modal in accordance with the principles to 

be outlined later. The model thou is a scaled down discreti-

sod version of the aquifer and bears a good resemblance to the 

pbototypo. The excitations in the forms of recharge and/or 

droft arcs applied to the model. The response is oboervod in 
0 

the form of temporal variation oitago at nodo points corroo- 
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prototype observed data. 

fodol studios are done in two phases. In the first 

phase historical conditions of recharge and withdrawal are 

imposed on the model. Its reeponno observed and compared to 

observed field data. If the comparison is not good the model 

is adjusted by intelligent trial and error till the responses 

tally reasonably with the observed water levels. This is the 
~l,ase 

calibration ( or proving ) pene, 5n second prediction phaoot1 

alternative schemes of future development are simulated to 

o 	no their effects on the aquifer response. 

There to another way of describing the model which relatoo 

to the numerical method of relaxation for solving the Laplace 

equation. Equation (ii) and (14) would reduce to Laplace oqua-

tiont if the right hand terms were sore. In that case the model 

can be considered as a derived for carrying out relaxation 

(vine, 1,960). There would, hooter, be two special advantages. 
"n ass yes 

'irstly, it is not necessary to make initial 	of head 

values at the numerous node points. Secondly, the error reei- 

duo reduces to zero Instantaneously, In case when right hand 

aide of oquation (11) and (14) are not zero$ then also# the 

above comparison is applicable. In the numerical ' method one 

would solve the Laplace equation for one instant of tins 

and repeat the exorcise at certain time intervals. (Herbert# 

1968 b). In RC model the equation goon on getting solved 

continuously for all instants of time. 
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2 «2 • RC! 1J FACTORS 

The analogy bot soon ground water flow and flow of 

electricity would be of practical use only if quantitative 

correlationshipe are established between the corresponding pairs 

of analogous variables. This is dome with the help of suitable 

scale factors • . There are follow  tollowin scale fact©rrs • 

	

1. 	Basic scale factors 

(al. Voltage scale 

(b) . Rosistance scale 

(c) Capacitance scale 

	

2. 	Derived scale factors 

(a) current scale ( ampere scale ) 

(b) time node 

(c) quantity scale 

The above scale factorsare used to convert measure-

©ants or observations of one syntom to corresponding parameters 

In the othor and are described below ( Ruahtoi and Batintor 1910) 

1(a) 'Voltage scale ( 3, ) 

This is defined as 

i .3 (16 ) 

It correlates the voltages of electrical system to 

hoods in the aquifer system. It is chosen from the considerations 

of range of head variations in the aquifer and the voltage that 

can be applied to the model so as to be compatible with the 

equipment. 
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1(b) Resistance scale (3 ) 

This scale is defined as 

This is used to convert reciprocal of trauemiesi-

bility to the resistances and vice-versa. 

Although the definition in simple, one has to evaluate 

the vector area associated with each resistor while working out 

the rosintances. This aspect is discussed at length in a euboo-

quent section. Choice of , depends on Si  also and are discussed 

together in a subsequent paragraph. 

1(o) Capacitanco scale " S, 

This is defined as the ratio of the capacitance to the 

storage factor of the node 

for uniform grid (18a) 

for non-uniform (1Bb) 
,rid 

'ho terms Ant  or 1t ty in the quotient give the 

area represented by the node. This area multiplied by the storage 

coefficient gives the storage factor. 

Boforo dirouoeing the choice of S it would be 

doss rablo to discuss the derived noal,eo. 

2(a) Current (ampere) Scale Sa  

The Ohm's law is expressed as 

V/D 	 (19) 



Substitution of the basic scales in equation (18) 

gives 

r 

This scale is very useful in calculating the currents 

to be applied for simulation of wells, boundaries etc. by the 

relationship 

1= 8,Q 	 ..(21) 

2(b) Time scalp 

If one substitutes the rosistanco c-ca1e and the oapa-

citanco scale in oquation (12) and (15) one gets 

to  a S• h- t$ 	 ..(22) 

there 

to  + time in the electrical system 

to  = timo in the aquif or 

The product &. So  is given the 	symbol St  as it 

represents the time scale. Thus 

St  M Sr. a0  

2(c) Quantity scale 

The volume of water (m3) in aquifer system can be 

rolatod to tbo electrical chc go (Coulamba) by the quantity 

scale Sq, which can be shown to be given by 

sq  = 3 	 ..(24) 

Then 
Qo  a Sq -VV 	 ..(25) 

l hero 

Qo  = electrical cbargo 
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Sq 	Quantity scale 

VW 	volume of water (m') 

The choice of the above scale factors for simulating 

a given aquifer system ban to proceed by trials as they are 

intorrolated amongst themselves and with the grid spacing. The 

first decision should be about the time scale because it affects 

the nature of the model, which canbe either slow-time model or 

fact time model. Altogether different types of equipment are 

required for slow or feet time mocks which are discussed in 

subsequent paragraph. In the former adnifor simulation takes a 

fare minutes to complete mthor whereas the latter accomplish 

it rithiu a few milliseconds. 

The time scale can also be Shown to be given by 

$k- C ~'...~.- . * r 	 . • • (26) 

For a given aquifer T and 3 are constants. The time 

soabe therefore depends on the product RC which is the time 

constant of the electrical system and AX2 which is the cell area 

of each node. or a slow time analogy HC should be large and/or 

x should be small wharoas for a fact time analogy RO should be 

small and/or Ax should be large. The three terms .Re C and bm 

arc thoreforo decided In ouch a way that they together give 

a ouitablu time acme for the type of analog desired. 

The voltage scale appears to be Lndopendont.But it effects 

the current scabo Se. If there arc limitations to the capacity 

of the current generators, or If thore are limitations of the 

meaeuring/recording device, then voltage scalp is required to 

be adjusted suitably. 
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The quantity scale Sq  is dependent on the voltage and 

capacitance scales. Once the latter are decided from the above 

considerations, the former gets decided automatically and there 

in no choice left for this scale factor, 

The features of the slog time and the long time analogs 

may be usefully discussed here because the choice of type of 

analog governs the selection of the scales. Those ore dis- 

cuo3od at length by Panchi ioo (1949), Irarplus (1958) and by 

Ruotom and Bannister (l9 0) and are sum sariood hors. 

The fast time analog is also known an cohort-t .me analog 

or as repetitive analog. The solution on thin typo of model is 

achieved within a few milliseconds, making it impossible to 

take manual readings. An oscilloscope becomes essential for 

measurement of the time variant voltage at a selected node point. 

To enable the human eye to perceive the voltage variations on 

the cathode ray tube of the oscilloscope, it is necessary to 

repeat each cycle in quick successions. This Is done with the 

help of electronic devices. Permanent record of the voltage pattern 

can be taken by photographing the CRT traces. The excitation of 

the model must be carefully synchroniced. with the swoop fro- 

quency of the oscilloscope. About 20 percent of the cycle time 

io reserved for permitting the capacitors to get discharged and 

carne back to the same initial conditions as at the beginning of 

each cycle. The capacitors should be of loci value. Each node is 

sensed separately. The oscilloscope cannot offer accuracy better 

than 5 percent* Low ma rritudo network rooistoro are roquirod. 

As a result the errors due to leakage through insulation etc. are 

relatively small. 
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On the other bandy it takes about 2 to 1 minutes. On the 

slow time analog( also Mason as single shot or slow time analogs) 

to achieve the solution. This facilitates use of electromechanical 

devices for measurement and/or record of voltage patterns at 

one or more node points simultaneously with accuracies which may 

be a© high as 0.01 percent ( Rustom and Bannister 19'10). Some 

delay in reading the full scale deflections duo to inertial offsets 

of moving parts are however unavoidable.I'bo product RC must be 

larger or Ax must be small to give a au .table time scale. It R or 

C or both are made large,. leakage currents are largo and so ono 

errors due to thorn. Largo value capacitt0 of high quality are 

not available oommercial r. One has to rest content with the 

electrolyte type of capacitors which have low leakage resistance 

and do not last long. Attempts to circumvont this difficulty by 

adopting a small # do not necessarily succeod. If they do, then 

a largo number of components are required. I evertheloos slow-

time analogs offer a very good advantage when the problem in-

volvos variable parameters which can be simulated with relatively 

simple and inexpensive equipment than is possible with the short 

time analog. 

Relative advantages and disadvantagos of analog types aro 

oummaricod in tablo.-t ti. -' 

One has to consider the above aspects and first take 

a decision whether to design the modal as a fast time or a Slow 

time analog before proceeding with the selection of the scale 

factors. 



High 	High  

Low 	Low 

Very high 	Very high 

Low 	0..... 

Very high 	High 

0.1 sec 	1 to 10 sec 

Low 

High 

High 

Low 

Low 

2-15 min. 

2? 

Item 	 Short time sodium time 	Long time 

Instrumentation 
Type •.i.•iy 

Accuracy 

Cun»3pulation 
Constant boundary 
conditions 
Varying boundary 
conditions 

Voltage dopon-
dent para' 
meters. 

Oscilloscope single point R000rding inetru- 
or 	high speed 	monte 

Onaillogr pb recorders 

Low 	Pair 	High 

No difference betwoon typos 

Special input circuit for 
every different boundary 
conditions 

Resistors and capacitors 
roplacod b electronic 
circuits which have to 
be different for each 
different function of 
property  

Variation c: 
continuous or in steps 
with no special oquip-
ment required. 

Manual by means of 
switches or relays 
no special equipment 
required 

Coot 

Input device 

Circuit elements, 
oonotaut parameters 

Circuit elements 
varying paramontoro 

Indjcat1tnS meaeur-
ing devices 

Recording meaeur-
Ing dooices 

Solution time 
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2.3.  VECTOR AREA ADD SPEIPI C PORTIQ COf CR 'TS 

The vector area and specific portion concepts are very 

uaofu3, in calculating the values of the resistors and capa-

citors at boundaries or at changes in grid spacings at inter-

nal nodes. These concepts are related to the process of dje.. 

crab sation of the aquifer. 

The aquifer i s a continuous system in which the ground. 

eater flow taken place along the direction in which the gra-

dient of head is vtxthuni. The direction of flow need not con-

form to any system of coordinate axon • It varies spatially 

as well as with respect to time. The RC analog model is a 

diccretieed scaled down version of the aquifer in which flow 

of electrons can take places only along the coordinate axes 

along which the resistors are ali'mod. Only reversal of direc-
tion is possible. 

If the ground water flow in the aquifer is at an 

auxiliary direction, it will be simulated in the, model by two 

currents flowing along the principal axes. One component will 

flow in the clockwise half loop of a cell whereas the other 

component will flow in the anti clock wise half loop of the 

cell. Their magnitudes will be proportional to vector compo-

nents of the flow In the respective directions#  provided the 

resistors in each loop are proportioned correctly. The vector 

area concept Is very useful for working out t re correct values 

of the resistors. 

The process of diacretioation of an aquifer can be 

visualised by ittgining that the continuous system is replaced 

by a network of tubes oriented along the desired coordinate 



axos,- so that flow can, no take place along those axes or 

parallel to them.If this network is to represent the flow 

conditions faithf lly, each segment bet on two node points 

must offer the samS rooistanco as the aquifer material re-

prosented by It. Tn other words, for Adontical potential gra-

di ent, it should conduct the same flow as would the aquifer 

material. In electrical system it should conduct current In 

proportion to current scale. 

Let us first consider the oouaro grid as shown in 

Fig.4, and concentrate our attention on the four resistors 
R), R2, R3  and R4  connected to the node point 0 botison nodes 

1,2,3, and 4 respectively. The rosistor R1  roprosonto aquifer 

material in the area bet,oc the ordinates at 0 and I and 

half the grid spacing above Rl  and half the grid spacing be-

low R, as shown separately In tho right hand portion of tho 

figure. Sinoo the flog can take place only along the direo-

tions Indicated by the arrows, the area in coiled ' vector 

area'. In the aquifer, lot there be a dif'forenco h between 

the heads at nodes 0 and 1. 

The gradient is then, 1 b/tom, whereas width of aquifer 

material is Ay. The f .o+i is then given by 

Q'T. i .1. 

(2() 

Where T$  Is the trr smiseibilitp in t direction. 

In the electrical system Ate will correspond to Av, 

Tr  to 	and 0 to I., and will be given by 



Combining 1ttix Equation (21) and (28) tai th the help 

of the scale factor Sro  got, 

.  ~  (29) 

Ay similar reasoning  

J 	. I . f~"~ 

Where T. 6 tran.srn natbiiity it y direction. 

Since the network has a uniform spacaing, we gat R1 R2 

and B3 R4. Placing 	a by and Tx = P7 we get Rf R2 R3 R (nay, 
r 

Ho lover equation (29) and (30) are useful when either t. x j tY 

in which case unequal resistors will ha o to be providod. 

The concept can readily be ortondod to non-uniforc 

grids, as shows in T i3O. %, r bore the resistors will work out 

an-O 

8r Lt2 
r.ru~rrwr~~.~.~.r.rt~wrirr 

0.5 (iy1r&;v23 • TZI 

6r. 

0.3 CA71+ '2 )_ 

Rg 
 

Oro by 

0.5 1 2 74 

More 

Tni, 1X2' 71 and T72 	are trznaussibilitien 

in the four dtroctions. 
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An additional advantage of the above equations is that 
that enable simulation of aniootropic conditions, b,3 adopting 
unequal values of TIri , 	, Tai and T7 .  Moreover the$ also 
enable calculation of resiotancos on the boundary. If the 
node is on a y boundary, then either 	= 0 or t~ac2 a 0. $ubs- 
tituting this value in the equation (31) one can readily get 
the correct resistance value. Jo a opocial case* consider 

uniform grid on homogeneous isotropic aquifer. Then 

A ,y 

2R 	 (32) 

But, on a corner, one would gat 

S z 4.5 Ay 
R 

0.5  

-R 	 (33) 

Equation 33 brings out another important feature of 

the network design theory that in case of a uniform square 

Arid representing an isotropic homogeneous aquifer the reoio-

tanco value is Independent of the and also. 

Evidently, the design cannot be onti ly Independent 

of the grid size bich must appear somewhere • if it does not 

appear in resistance it must appoar in the capacitor design. 
It does. This is Bono through the ' specific portion ' concept. 

( ¶bo word ' portion ' is used to permit inclusion of one and 

throo dimensional eacoc also. For two dimensional eases one 



nay refer to in an r opocifie . area '. The spoo, fio portion 

extends to half tho grid npacin on all sides except across 
boundaries. This is shown by shaded area around rode no•5 

in. Pi a.4 and around nodo 9 t in Fi g. 5. 

If the change in head at a node point, during a time 

into 	At, is 6h, than the definition of storage coefficient 
yield, A Va = A. h. S. 	 (34) 

tfhore 

&v~ 	= change in volume of water stored in the 

portion of aquifer represented by the 

nodo. 

A 	a area of the portion 

 Ax 
`+ 	- t 	 +-) in 

2 	2 
taco of nonuniform grid, oz^ 

LX.4 7 if 	
Ax1 = 2 = 

Ay 	2 
but 

or 

a 

In the elootrica . system, Ava corresponds to Ave 

and bh corresponds to Av0. The relationship is given by 

definition of 0 as 
AQO ccIve 	 (35) 
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Correlating equation -6 k and. 3 	through the oapa- 

aitanco scale Se, one gets 

C=Si. 3.i. 	 (36) 

The concepts of vector area and specific portions 

as outlined above have special significance when calculating 

the values of resistors and capacitors to nodes n and near 

irregulator boundaries. Typical ezomplec are shown In pig.6 

and ?. 

2.4.  REWORK SPACING 

UUetwork apacing of a finite difference grid aupor•- 
imposed on an aquifer is a very important parameter because 

it governs the following aspects of the analog design. 

1• 	Capacitor nagnitudoo, 

2. time so .e, 

3. errors, and 

4w 	economy as well as ease of operation of the model 

Referring to equation 36 one finds that the oapaci-

tanco to dependent on the area A and on the scale Si. if the 

network spacing is largo the area of each node will be large 

and so will be the capacitances, leading to a larger time 

ooala. If It is dosirod to have a fast time analog. z should 

not bo smaller than a certain value. For a"low.timo analog 
it should not be larger than a certain value. In oitber case 

network spacing is an important factor to be considored. 

Even it the chosen spacing is acceptable from the point of 
vice of time scalp#  one has to unsure that the cap :oitancos 
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required conform with the commercially available denominations. 

If noceosary for this purpose, tim network spacing may have to 

be adjusted within the range permissible from time scale point 

of view. 

A vitas, factor concerning the grid spacing is the 

error term B, which must be kept as low as poosiblo. Equation 

9 gives the error term for the second order partial dorivating 

along the x direction. Similar torn for derivative along the 

y- direction ( and z direction, if any ) can be written. The 

torz33 Lax, by ( and &a), appear explicitly in the equation, 

indicating that the error to directly proportional to the net-

work spacing. It would thoroforo be dosirable to hoop the not-

work opac3ng as low car possible. However, there oninto a cer-

tain limit below which reduction in the and spacing does not 

improve the accuracy of the solution. (Stallman, 1963a). Mora- 

over reduction In grid spacing requires #a an Increase in the 

number of nodes and therefore the number of components. 

Too many components not only make the model expensive, 

but ai.vo make it unwoildy in construction and operation. Prom 

this point of view there is a 10 zer limit to the grid size. 

Experience lnd catoo that the workable number of node points 

ranges from 250 to 1000 ( Euotom ct al. 1,966, Baturic-Eubor, 

1966) . It would therefore be desirable to adopt a grid size 

uhich gives node points within this range consistent with than 

other requirements. 
Iron-U f arm , P d apnc n 

Uniform and spacings are very convenient to work with, 

However, non-uniform grid spacings do offer certain advantages 
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as reorde minimising the errors. 

In certain problems the interest in achieving accurate 

results may be localised around come nodes although one must 

simulate the aquifer at large . In such cases one may accept 

larger errors in the general analog solution provided more 

accurate solutions are obtained in regions of specific interest. 

Even If there are no such regions of special interost, the 

potential gradients may call for variation in the accuracy of 

results. In those regions whore the gradients are stoop it is 

desirable to ensure more accurate solutioun, whereas larger 
errors may -be aermittod in regions trherc the Gradients are 

mild. Such a variation in the accuracy of the results can be 

accomplished by providing small grid spacing ( finer rush ) 

in the regions of interest. tThoreaa a .large grid spacing (coarse 

mesh) ay be provided for the remaining regions, thereby achie.. 

ving economy in components. Thin however makes it necessary to 

pay +special attention to the design of rooiotoro and capaci' 

tore in the regions of change in grid spacing. 

The concepts of vootor area and specific portion prove 

to be very useful in deciding the reoibtanocs and capacitances 

on nods points at which the grid spacing gets changed. Karplus 

(1958) and Vine (1966) have given methods ►f achieving transi-

tion from a fine to a .coarse grid and vice versa. Two such 

examples for doubling the moeh oiso are reproduced in Pig.8. 

Pig 8a showo relative magnitudes of resistors, if rectangular 

coordinatoo are adhered to. Leibman (1954) and Stallran (1963a) 

have shown tho the errors at the intorfac© of the two regions 

arc quite largo. With a view to mininisina those errors, dfa- 
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tonal resistances may be Connected as Shown in Fig.Bb. The 

values of the capacitors, in either case, can be readily 

calculated from the specific portion concept. 

S jrea_ _ q4for Interaction 

The hydrological cycle links the aquifer with streams 

and neither can operate in isolation. For faithful simulation 

of the geohydrological conditions, otream-aquifer interaction 

should also be reproduced to a reasonable degree of accuracy. 

The following broad categories of cases are encountered. 

	

,. 	Confined A quif or 

(a) otream is located some distance away from 

the aquifer and is a source of recharge 

(b) otroum is located either at or within the 

boundary, has incised the confining layer 

and 

 

limo 

	

t) 	fairly constant water levels 

	

ii) 	non-steady water levels 

	

2. 	Unconfined Aquifer 

(a) 	Stream penetrated the sini nm water tablet  

i.e. it is in hydraulic continuity with 

the aquifer at all times 

i) with fairly otoady water Iovols, 

ii) with non.-steady water levels 

(b) 	stream not in contact with water table but 

provides recharge due to induced infiltration, 

i) without upper limit to rate of infiltration, 

ii) with upper limit to rate of infiltration. 



The simulation of stream aquifer interaction under 

above cases can be accomplished by methods outlined below. 

Connie 1~ gf er 

Case (a) in which the stream ta located some distance 

away but provides recharge to the aquifer is a fairly simple 

one. The recharge in this case would be in the form of an almost 

horizontal flux, crossing the aquifer boundary towards the 

stream. The boundary can therefore, be treated as a recharge 

boundary and simulated as discussed in a subsequent section. 

If the stream is located at or within the boundary and 

to in hydraulic continuity with the aquifer then it may be  

simulated as a source of recharge. If the eater level fluctua-

tieno in the stream are email, then the simulation of the stream 

is only a matter of connecting the node points along the stream 

to a source of constant voltage corresponding to a constant 

average water level. The flow of current to or from adjoining 

nodes will depend upon the voltage at those nodes. If long 

periods of aquifer activity are simulated, then the effects 

of Inaccuracies duo to assuming constant stream water levels 

will get evened out without introducing serious errors in 

the solution. 

Ikon-steady conditions of etroam water levole are vary 

difficult to sieulato. This may be nec000ary if short duration 

aquifer behaviour is to be studied vie-a-vis an interacting 

stream* The discharges in a stream vary not only with time 
but also along the length of the stream. A flood bravo takes its 

own time to travel to downotroam sections, and also gets 
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attenuated due to stream channel routing unieoo additional 

quantities of water got added. In the last case, the flood 

discharge increases along the length the river. The velocity 

of flow of water is an important parameter in the analysis of 

etroamflow. Unfortunately an equivalent of velocity of water 
does not exist in the electrical. syoton.Thie difficulty is 

circumvented by reckoning the inertial effect of flow of water 

and taking its analog as inductances. (. Einstein and Bardor, 

1959, Harder at al., 1961, 62, 66). The stream model can than 

be composed of resistors, capacitors and inductors. But use of 

inductors make it necessary to use alternating current. :hero-

aa R.C. analog models arc operated on direct current. This 

poses formidable difficulties In simulation of interaction of 

an aquifer with a non-oteady state stream flow. No satisfactory 
solution to this problem has yet boon reported. 

din unconfined aquifer in hydraulic continuity tiith a 
stream with fairly content water levels can be simulated In 

a manner identical to the corresponding caao of confined aquifer 

i.e. 1(b) (1). On the other hand the none tear' cape presents 

the same difficulties as outlined above. 

Streams providing an induced recharge due to enhanced 

infiltration can ho slated in diffcront sacnnors. The aim-

pleat method in that duo to 1atton and Prickott (1963). It can 

be adopted to those situations In which the flow from the 

otroombed to the aquifer can be assumed to be in an almost vor-

tical direction, thoroby permitting its treatnent as a t~ro-

dimensional flow. The situation than becomes similar to that 
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of flor through on aquitard to a leaky confined aquifer tshich 

will be discussed in a subsequent noction• Each node point along 

the stream is connected to a source of Constant voltage corroo-- 

ponding to the stream water level through a resistor oralcula- 

ted by L6 e -ton and Akroyd, 1966.) 

t horor, 

Ra  

3r, 

Ie  

R  

stream simulation roeietanco 
rOsiatanCO soalo 

infiltration rate of otronm bed expromsod 

an a flow rate per unit area per unit head 

loss. 
Ao 	Area of etroambed roprosentod by the 

roeiotor. 

The above method of simulation proeurnoe that the leakugo 

through the stream bed is unlimited. Ho never,, there may exile t 

of tuationo in which there la an upper limit to the leakage. 

For this purpose it Is noc000ar to use specialised circuits. 

Such circuits are reported by SIdhitzko (1963), Walton ot.cl. 

(1967) and Prickett (1910). 

The ioi4ugo from a stream to an aquifer may have a throe 

dimenai onal nature. In this caso the shape of the river channel 

obould also be cons ,tdorod.forbort (19'10) has reported how to 
Calculate the roeiotore to be conneotod butt uon the river 

nodes and the aquifer node©. Ho ban not discussed the simulation 

of the river itself. He pre3umee that the river channel can 

ho approximated ae a eemioirclo«  au ©horse in Fig.9. He also 
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makes a debtablo assumption that the aquifer nodes are situated 

at tho centre of the aquifer depth. 1'o represent the river, 
a special node pr is created. The river bond is applied to this 

node. The flow is assumed to gross the river periinetre radially. 

The resistor R. joining the river nodo p , to the nearest aquifer 

soda is used to represent the flow crossing a semi-circular mid 
section A. and is given by 

(bit 
Rr Sr logo I 	r 	I/ n i. 	* a* 0 08 ) 

r 

Jhoro 

Rr = 	rivor roof st o ( ohno) 

3r * 	resi stance scale 

b 	a 	distance botwoon the aquifer nod* and the 

river porimotor (m) 

r.r a 	radius of rivor section (in) 

k 	permeability ( m/nce.)  

I 	length of river segment ropresentod by the 

river node. 

The stream aquifer interaction simulation by above methods 
is possible only for uniform f low conditions of the stream. If 

nouotoady atrea low must be simulated serious difficulties 

as oxplaiood earlier are encountered. Perhaps It may be possible 

to work with a carrier wave superimposed on an alternating 

current. This will however require complicated electronic cir-~ 

cuitry for modulating and demodulating the signals. Till such 

titao an this becomes feasible stream aquifer simulation by 

differential analyser using operational. amplifiers integrated. 
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circuits etc. will have to be rocoivod. One such model is 

roportod by Riley at ci (1966). Such nodelo however are out 

aide the scope of RC analogs. 

2.6.  BQMDAR CRIMIT J8 

Boundary conditions govern the flow conditions to a 

very largo extant, making it very essential to ensure that they 

are properly represented on the model. The following taros are on-

countered • 

1 • 	Infinite boundaries 

2 • 	Finite bounderioo 
(a) barrior boundary 

(b) recharge boundary' 

i) constant herd boundary (Dirichlet condition) 

ii) conatant flux boundary ( Iieumann conditions) 

(c) streamline boundary 

i.nfi$te b2U § 

The infinite boundary is the most difficult to sioulate 
because the analog cannot be made infinite. A finite represen-

tation of an infinito boundary introduces unavoidable errors. 

One can only minimise thorn by so me method or the other. One 

method is to provide termination strips ( Zarplus, 1958) 

bot coon an arbitrary boundary, of the aquifer within ,which do-

tailed simulation is desired,, and the infinity. One such example 

of termination strips is shown In Pig.iO. As will be roan from 

thorn it is nothing but a progressively and rapidly coarsening 
grid. In this ray the total field region is nado several times 

as largo as the region of Interest. The errors due to mesh 
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oiso transitions arc confinod to tho coarse region ( Dine, 1966) . 

The total area simulated should be about ton times the area of 

actual interest. 
Another method of representing the infinite boundary is 

to adopt conformal tranoformat&onc technique. The infinite boon.- 
dart can then be brought to a finite shape or point. The re-

gion inside the area of actual interest is represented on the 
un-tran forced portion of the modol, whoroan the outside  area 
is oimuiatod on the transformed model and link isprovidod 

botioon the two. Calculations of components in the transformed 

model and the linkclageo boconoo very cooplicatod. $o dodo tho 

interpretation of the results. ( Rastogi, 1973, Karplus 1958) 
Baar Boun 

The bier boundary is very easy to oeu1ato. There is 

to ground sitar flora across the boundary. I or the purpose of 

the aquifer being i odelled this tantamounto to zero T and 3 vo.I-

uoc outside the boundary Bquton 31 and 34 give R and C values 

as infinity and zero respectively. The barrier boundary can there-
fore be simulated by the absenoo of resistors and capacitors 

(open circuit) outside the corresponding field boundary 
Stal lm n, 1961. Prickett 1915). 

obare1 Boau4ary  

A recharge bouidary providoo a lateral inflowr or out ou 

across the boundary. In contract to rainfall rechargo to un- 
confined aquifer or evapotranspiration losses., which affect 

all the node points of the sodely flow across the recharge 

boundary affects only the node points on it. The flow Qay be 

caused by a constant bead source ouch a perennial stream, or 
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6 

may be constant flux source an in a confined aquifer potting . 
recharge from diotant outcrop areas. The former can be oioulatedt 
by connecting the boundari nodes to a source of constant voltago 

corresponding to the constant head. In the other case the nodes 
are connected to a ooze of constant current. In case the 

sources of aquifer recharge are 1aown to have a definite time 
pattern of variation of voltage or current, then appropriate 
voltage function Generation or current function generators 
may replace the Constant voltage and constant current oourcoo 
respectively. In any vase the component values are trorkod out 
using the concopto procontod in section 2.3. For uni fora and 
spacings the boundaryresistors are ehoan to be 2R ( .25). 
Stroaml .ne baud „ ~YIY1YYi1ilY1Y! IIlYIriMYl MY iY ~Y 	I IIYYY 

A stream lino bounded is one acrosswhich thoro is no 
flow, but along itoolf flowzCy take place according to the 
potential gradients. The area outside the boundary mcy bo troat-
od as in the case of a barrier boundary. Bo or resistors are 
connected bet000n the nods points along the boundary for simu-
lation of the potential drops. The node points are, ho sever,, 
not connoted to ai external source. 

It would bo in order to discuss the reprseutation of 
the boundary ohapoo. The boundary configuration seldom,, if 
over, conform to the not cork. Xrrogular shapes are encounter

ed along at least some sections of the boundary. Unless it is 
ocoontial to achieve accurate ablutions at these node points 
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also, the boundary obapo may be approximated with jagged lines 

along the grid itself. Por reasonably cmoll not spacings, the 

errors cauOod by ouch approximations are not unacceptable com-

pared to the accuracy of the overall solution (arp1iia, 1958) 

For more accurate solutions#  the shape of the boundary may be 
retained,, but then the cnrpononto along the boundary must be 

calculated according to concepts of Sec. 2.3 Typical examples 
are given in Pig.6 and?. 

2.1..  

The proper simulation of the initial conditions is very 

important for' ensuring tho reliability of the results. There 

are four conditions that are used. (Rushton and ticddorbu rni, 

1973). 

(a) The boado tithin the oquifor are all zero. 
(b) The hoedo corroopond to a steady otate solution due 

to inflow and otbor conditions shish apply at the 

starting point of calculation, 
(c) The heads roculting from a steady state solution with 

average values of inflo3 and outflows arc used. 
(d) The heads are in 4 otato of dynamic balance. 

Rushton and lieddorburn (1913) have choir that for most 
aquifers (d) is the only satiofctory conditions from which to 

start the analysis. All the same it the most difficult condi-
tion too. 

VI ,th fact time ( ropetitivo ) RC analogs condition (4) 

has of ton boon used.* For sow time analogues it is uoual to 

start from (a), (ib) or (o). The authors have rocomtnondod that 



whore (d) can not bo octiofied, (0) should bo adopted but 

there should bo a tiro interval t proceeding the actual start 

Of the analysis. The value of t is given by 
Z 

T 	L 	...(3 ) 

where 

t 	duration of prooiizultt1on period of initial 

conditions. 
L ' 	effective length of the aquifer 

Storage coefficient 

T 	Transmissibility 

If It is necessary to adopt condition (a) only, than 
the pre-simulation time period should be 2.5 times that given 

by equation 39. 
On tie modol, simulation of condition (a) requires no 

action for slog time analog. For fast time analog the heads are 

brought to zero with the help of a line discharge unit, and 

enough time is allowed for the capacitors to discharge fully 

before resuming the repeat run of simulation. 

Condition (b) or (o) can be simulated iith the help of 

adequate »tabor of constant voltage supply units. The water 

lovol contours for (b) or (c) arc drain. For each contour, there 

to one souroo supplying constant voltage corresponding to the 

denomination of the contour. The node points on or near the 

contour are connected individually to the voltage source. All 

the volt ago sources era sot to the required voltages. Tho 
switch for starting the simulation run puts the voltage sources 

off #  Mon it puts the other dovicco on. Return flow from the 
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rodol to the sourco io prevented by introducing diodes, otbor-

ii oo the contour configuration of starting instant will be 

riaintainod unaltered etcopt for the change in denomination. 

2.8. SPEMA _CON I ' ONS 

There are certain situations which require additional 

dotaila for aimulation. The ?o are as undor -- 

i j 	Leaky confined aquifer with leakage from one or to 

oidea. 

2) Three dimensional canoe 

3) Detailed well simulation 

Q&r conf .nod aau1ør_  

Leakago throe ,h a Naomi-porvio io loyor can be otmulatod 

by providing on additional resistor of each node point. The 

oagnitudo of this xooiator io given by ( Halton and Priokott, 

1963)o  

S 
R 	_ 	

.. A ( 0) 0 	(p'/m'). A 

t1bero 

Ro 	resistance of the recLntoreimulating leakage, 
S , 	resistance scale factor 

p' 	vertical permeability of aquitard 

& 	saturated thickness of the aquitard 

A 	area of opoeific portion of the confining bed 

ropreonted by the node 



The other end of the resistor Is connected to a source 

of constant volta4o corresponding to the head in the source 

bed aoraoo the aquitard. It there is another aquitard an the 

other side of the aquifer# then another set of resistors may 

be connected to each node. Alternating one resistor may be 

made to simulate both the aquitards by connecting it to source 

of average voltage. 

Throei Dimensional f ow 
~rr.~rli.l.4ilstll~ uir.rl.rirr.rYa~l.rr i.ru.i 

The three dimensional case may be of two types. 

a) 1 ulti.layer aquifer 

b) Single aquifer exhibiting throe dimensional variations. 

The simulation of a Multilayored aquifer is an oXtofa-. 

don of that for the leaky confined aquifer. Each stratuti of 

the aquifer is designed as for the two dimensional case. However 
the corresponding node joints are connected to each other through 

appropriate leakage resistors. The other details would be 

almost the same as for the two dimensional case. 

Three dimensional variation of aquifer characteristics 
can be simulated by a three • .mensional model. The basic 

principled are the same. Hoer, in thin case " vector volume' 

will replace ' vector area' and I specific volume ' will re-

place the $ specific portion'. Equation 31 and 36 got modiflod 

suitably. 

loli chrcteri ti e . 
Well simulation in dotails Is also possible, The heads 

at the node points of the a1nalog give the nonpumping static 

rater levels ( SUL) of an obsorvation well. If there also 



50 

exists a pumping -toll at the node point, then the obaorved 

hoad corroopondo to a point at a diatano Ax/ 4.81 ( Pric kott, 

1961). The nodal therefore gives an underestimate of the draw-

downs occuring at and near the welle if it is necessary to 

estimate the heads at the well Itself, additional resistors, 

for aimulating the material' in tbo vicinity of the well must 

be introduced at tho. node point. It ispoeoible to determine 

the head$ at different points, e.g. inside cell, uot outside 
well, Ju©t outside the gravel pack, effects of partial ponetra'. 

tion etc. by a potentiomotric divider do loped and doccribod 

by Prickott (1961). Details are not given here because Indian 

conditions seldom necessitate ouch oimulationn. 

2.9. F 	B~ 

Neither the finite difforonoa approach on which the 

rosistor-capacitor network analog model is bawd,, nor the model 

itself, can be considered to be a precise foal for solving the 
fundamental partial differential . equation governing the flow 
of ground water. For that matter, even the rigorous mathematical 

solution also involvoo some errors cuch as those involved in 

interpolating the value of the well function for a given value 

of u. Even the woll function itself is expressed as an indinito 

aeries involving truncation orrora • Those would of coiner$ be 
very small compared to those of the analog model. 

The accuracy of the data obtained fron. an RC network 

model Is highly dependent on the accuracy 'with which the 

aquifer is represented on the model. Several sources of errors 
(Stcilla d, 1963) imnt be considered in evaluating the accuracy 

of the analogy solution. The most frequent errors are 



b) 	obiervationa1 errors 

4c 	QMVQ due to instability of the components and 

accosooriea. 

(d) 	errors due to Inaccurate proportion between the aquifer 

properties and the model components. 
4a~0. C e) 	errors due to o 	o of coupacitors and in insulating 

parts of the circuits. 

Fortunately, errors duo to dieoretisation of time are 

- not present in the analog model. 

Truncation errors are inherent In the theory of the 

model and cannot be avoided. 

For a two dimensional uniform avid the error term is given by 

o 
4+2

4 o 

..... (41) 

Whore lt and Ay arc grid Intervals along x and y diicctiono. 

if desired, tho order of this error term can be reduced 
8a 	8$ to 	and 	--- - , by introducing diagonai. romistors. 

This, however, require twice as many ao oononteas in ordinary 

square grid. The extra expanse would be Justified only in special 

canoe. 

it can be readily soon that the error doponda substan-

tially as the grid spacing, and can be minimioed by reducing 

the spacing. There exists, horror, a limit below which reduction 

in the grid bntorwa3. does not servo the purpose. Truncation. 

orroro are oyatomatic in nature,., and do not destroy the smooth-

nooe of the roadin:"s, so that they any not be quito objectionable. 
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Oboorvational errors depend on the sensing equipment 

used. Ioaeuromont erroro can be reduced to 001 percent with 

the help of precision instruments, but may be as high as 5 per-
cent of full scale value if an oscilloscope is used. The measur 

ing accuracies are given in a table in a subsequent section. 

The errors due to the electrical components can be of 

two types. The first is that due to manufacturing tolerances, the 
second due to the than In the value of a component with tea.- 

porature, humidity and time. On the whole these errors con be 
considered to be of statistical nature mutually cancelling out. 

ttelton and prickott (1963) used resistors and capacitors having 

manufacturored tolerances of ± 10 percent and obtained highly 
satisfactory results. 

It often happens that the components of the exact value 
as calculated from the equations 31 and 36 do not conform with 
the coaaaroially manufactured range of components. The components 
of required value can be crested by aeries and/or parallel combi-
nation of the commercially available components, or else compt-

nonto of value nearoot to the desired one may bavo to be uti. 
used. These adjustments introduce same inaacuraoies for which 

there can be no way of. estimating. Usually attempts are made 

to avoid ouch difficulties by adjusting the scale factors o-tho 

grid size, or both, so that very fair components of inaccurate 
value are used. 

Some errors also creep in duo to inaccurate repro. 

sontation of the boundary conditions. It an infinite boundary 

is represented, by a finite boundary, oven with the termination 
strip, some errors are unavoidable, Those will depend upon the 
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geometry and cannot be estimated. If very accurate results are 

desirod, tho model should cover an area ton times as large 

as that of the actual area of interest ( Vitkov'itcb, 1966) which 

makes the model very costly. 

In spite of all the above errors involved, the RC network 

analog models have given fairly reliable results. The results 

obtained are quite satisfactory compared to the accuracy of the 

basic field data usually available. 

2.9.  EDUI I 3 AD])  t; DM, SET UP 

The set up of equipments is doaigncd to suit the raquiro-

monte of the problem, finances available and oquipment on hand. 

The general sot up is shown in Fig.lO, which includes the 

following components. 

(a) Tzoda.  

The model itself is designed in light of the principloo 

outlined above. If It to prepared for a specific problem then 

It can have soldered connections. A map of the aquifer on a 

suitable scale is drawn  or pasted on an insulating board such 

an masonite. A. grid as per design is superimposed on It. Holes are 

drilled into the board at the locations of the node points and 

brass studs or eyes are lroorted. Resistors are soldered on one 

side of the board whereas the capacitors are soldered on the 

other side of the boards The other ends of the capacitors are 

connected to ground of the model* In case of general purpose 

models, intended for solving several problems at different times 

sockets are provided on the board. The components are soldered to 



pins which canbo pluggod into the socketo• Thin onsuros 

flexibility of model Dotting and intorchangoability of compo-• 

nents at case. The model must be diligently chocked to eliminate 

all loose joints, .short circuits and leakage paths# Using use-

ful guidelines are given by Parchkin (1968) . 

(b)  

The input€ may be posi tD o (recharge) or negative 

(pwnpage, evapotranopiration losses etc i ). They may be Qoncontra- 

ted at a feet points or moy be uniformly spread over one or more 

zones of the aquifer. They may be constant or time variant. The 

input devices will depend the above conoidorationc. 

The recharge to an undonfined aquifer, due to rainfall, an.d 

evapotranspiration loonoa are spatially distributed parameters. 

The not effects of parameters may be reproduced. It would bo de-

sirable to apply appropriate currants to each node soparatoly 

through feed In resistors and diodoo.(?rickott and Loniquiott, 

1968). Similarly pus pago may be eimulatod by negative currents 

end applied to the respective node points through feed in 

resistors and diodes. If purpage is also uniformly distributed 

then a single current source producing current proportionate to 

this algebraic sum of recharge and pumpago may be c p fed for 

reduction In number of equipments. However separate simulation 
of rainfall pattern has the advantage that the percentage of 

water table can be easily adjusted with the help of potentio- 

motors without disturbing the other conditions. 

Input€ to the boundaries are already discussed earlier. 

Soma important devices are discussed below• 
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(i) 4Qnorator► 

This equipment to a source of electrical current simula 

ting the pumpage from one or more 'wells and is therefore ana-

logous to a pump. This can be s. constant current equipment if 

the pumpage can be taken to be constant. If the draft has taken 

place intermittently, provision is Cade for putting the equip' 

wont on and Off at appropriate instants of time, in the form of 

atop function pulses. The current is adjusted to value computed 

from Eq.(19) and to ndiotributed to the well nodou through a bank 

of food in resistors• it different flow rates in different wells 

and/or portions of the model ore nooeccary, correspondingly 

larger number of pulse generators are required. 

Tho pumpago aay be variable with time, and it may be 

deiirablsto simulate ito variations. This can be done in two 

ways « The first is to diocrotiso the pumpage pattern into series 

of stop functions, ohioh can be produced with the help of bi a- 

tables 	as shown in Pig.l1. The bistablos not as switches for 

putting ' on ' or ' off ' the respective pulse generators. 

If it is desired to simulate the pumpage pattern more 

accurately it may be broken up in a Dories of stralghtline seg-

w me with variable slopes. A complex wave form z rnthosiser 

can bo used for generating ouch' a p~►.ttern. The equipment is, 

however, very orpensive and has a Very involved circuitry. 

(ii) 10 FO aGenern 

This equipment is useful in two mys. The first is to 

synahroniso the output of the pulse generator with the swoop 

of the oscilloscope. This is necessary for observing the signal 

simultaneously with the pulse Generated current. Secondly, 
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modal is designed to be a ropotitivo ono. The duration of 

each cycle is mdo longer than the time r.qnirod for ruming  

the model so as to allow sufficient time for the capacitors 

to got discharged and come to the Initial, condition. The ro- 

pots tion rates may Vary from 0.1 to 104 ii depending upon the 

problem requirement 

output flev.000 

The output of an analog is in the form of a lire voltage 

or a time current Graph. The most conspicuous output in Given 

by the oscilloscope, which can bo used for fast time repetitive 

analo,go only. Scow slow time analogs one has to use recorders 

or plotters • 

( i ) Qa,1~~2oss: 

The oscilloncopo is useful in two ways. Before simulation, 

it enables one to cianinc and odjuot the patterns produced by 

the input devices. During actual simulation it acts like a 

water level recorder installed on an observation well. The 

luminous trace on tho oscilloscope is analogous to the well 

hydrograph and can be pbotographod for permanent record. It 

can be converted to well hydrograph tbrougb the scale factors, 

and can be compared with the observed well hydrograph to check 

whether tho model simulation is proper or tot. It is important 

to s nebronico and adjust the secp rreqwncy of the oscillo-

scope with the other oquipmonta. The ecopo usoaourements have 

an error tolerance of about , 5 percent. For more accurate 

results other dovi.coo must be used. 



(ii) Roc ordgr and i lottoro a■~■.n..■r■r. arr■wir.■■~r~f+rr~■■wrwr.mrr 

The output of a elorr time analog can be obtained on 
are of the following devices tthich work ao roeordorc or 

1) 	Data to gex' iitb digital vol etor 
(2) Ultt violet recorder 

(3) Infra ,olot recorder iith preamplifier 

(4) X.. plotter 

X plotter ritb areo plificr 

4 d 	Long +oroistenoc +oscllloccopo or atorago osoilloacopo. 

The iiportaut eharacteriotioc of these inatruwonto Are 

di ccccasod by R~ssbtom and Du into: (197 0) and are B ari uod 
in Table N o.l • They have rcconraondod the ul ra"violot recorder 
as ' the moat suitable inotrumont because of its accircy and 
its ability to record a nu bor of reunite oimultanoowily. If the 
chi geo in head are not too rapid the i i recorder can be used. 
tThon a large nuber of roculte are required Involving contour 
plots a data logger should be used. Since the ultraviolet rc- 
corder is not roedil ► available indi neously and is quite 
openzivc, one has to root content a .th 	Xu1 plotter. 

( iii)  

'.''hose are ac under 
i) rultiiotsz 

ii) digital voltmeter 

Thoir oharrctoriaticc are 01130 given in Table No.l • 
They arc ucoful when the analog time is aloe enough to permit 
manual observation and recording. 
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(d)  	urn,1 

in addition to the boundary confLttion&a  t1 a Initial. 

oandita.o+ .a are also reci .tred to be simulated on the model. 

If a confined aquifer is mo+ elled# then it may suffice to bring 

th voltage of each node to soar , before commoncoment of each 

rcn. The o3oilio$oopo or recorder then gives the timo-dratrdown 

curve in?rtoc1 of tioewwater lorol ou ro. Quito often one is 

iut©reeted in drz o s rather than in the actual rater levels 

cc that the above method may verve the purpose.. In this coca 

r; line-.diocbarge unit is needed to discharge oil co,pa.oitora 

after the simulation. Since this takes some time the cycle 

ttte for repetitive analog is kept sufficiently lonior to include 

this. 

it uay be necoaca,x to got the timo-level graphs rather 

than the tiodrodon grpb either beoiuse the problem ro-

qui re enta ar0 such or because the aqui.i0r ie an , eonfinod 

ones . It such easoo the initial condition of wa.tor level* must 

be mdelled by ensuring that approprrato volt ea occur at the 

node points jut prior to the oration run. Tbia can be done 

by having an adoquat 'rrnrnbor of constant voltage eource3• The 

node points lying an a particular meter level contour arcs 

eonneotec to one voltage oourco, through diodon those on another 

oGJ)to ,r are connoctod to enotbor source and so on. the volts 

eup1lise are or itobcd ' off` I simultaneously with the putting 

* on ° of the ei latiou equipments w .tb the help of a malt .s- 

point switch. The diodes ensure that the current does not flog 

in the revoroo direction. Qtbortrioo the initial configuration 

of contours 411 be caintained ° esaltorod with only increase 
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or decrease in the values. The switching off and on i.e done 
automatically on a repetitive analog whereas manually on 
a S rig.e shot analog. 
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CAT 
The aqutfe for which the LC. Log *odel ages e 

pied lisa row 'Ulm Dabsand its therefore know, his 

D*haxesA4nJ.fsr. Ztisspsrt otthesnaobb.tween 
h 

Tw 	gat  4 s bo 	b rim t*" to west øtd 
JUMtn to the *sa t o  The u rthern boimdarl is an arb#a ary 
boimduz'y t + 	a *ett *'o ad, TO the ec, thee. 10 a 

c+a 
 

flee of the two rivers. The ores covers 33 ha, in 
parts of Nat 	and Mu tsar Distziote., There 	 6 
vil2 s bslsg to *thsuli, Bua ad rendala blocks.  
The lattitudes vary free ►' 	' !fib to 0  17' fly, The 
lclkgitud.s range free O 19' ut to 7? 32' Fast• The 
amt* width slcng esatw.et is 24,►3 bra $lane 
South it i4 21,12 ka, 

The cad mtar l '1e in Daba we* show a falling 
frR the TtCTtb to the sue, and y fr 2 .05 a in 

00 narth to about 235.05 a in the south in a total Length of 
21.12 las. The average elope vs out to I in 16%, The seth 
drthsges also flow fri narth to south. (Ran. Zaer, 1974). 
The ap. of the area is a3*oet a ale,, 

Yrnry hot sare and odd Mere hacteriettes the 
eta$. of this area. Est. is *may Iu the sooen fr+n 
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*Ida* of Sims to .d, of $eptsrnb*r. Ooeui4rn*1 ir0a winter 
rains also take piece tut are wftua and scani. The rein 
tfl date are given in Tabis No.2. *theress data of pan ova' 
pat3.m observed at she neartat atatii Vie Meerut are pre 
sated In Tb1e No 

it I* perbapo are ft'i*y of geopqiby that the area is 
dsrivsd of UVISation fsc.tiitlee a1thoui two W011 irnown 
12?igatiT s7$tis vie Saixtut, Twwa ci and aenga Canal 
extend Vto.  the opposite bamks of the rivers boimdixig Us 
ares, is thera is rio sitaes water irrigatim, thi fere 
bavo Ikatea Pacourse to growd water, The *verag amusil.  raii-
tsU of 96.5 an babg ixiadeivate for meeting the irrigat&4m 
needs, mzppiettary a*rncee in the tow of teweUs, rahate 
ate, hae been developed, This is neeeeecy tcr grovJAC atii-
ceate vbith take. the Ucme' abeTs in the v,ojMJxS pattern of 
the aa. Theje wpe 121 *tat* tibte].ie, 1100 private tee" 
veIls, 15 pm-ping g sets, 1130 *eao*7 i*Us With rahat d i9O 
drIkig water veil in 1974. The ni*bar of private tbaweits 
inued to 13 in "75 wbióh above tha pace of gromA water 

pent in the was,*  Us IUs*ibu+Am of stats tnbveIls 
Is *OWri in Pig. 12, and abows that rather then being oono 
bated aromd owtejLa iooeticee the ti*e,.ile are almost at-
talr spread o? tha ares. 

GtOWOT 
The ares in a part of the indoCanatie p2ath, and is 

likswia rafted of imomsoii6ated fiuvi stile fca,sticms 
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TAB1 110.3 
	

N. 

rrzai Pan L"' pc?ati ai (01000 A 	) 40 "'cioi iVC,pOe.  
cnapg.zcttic of Da 4oa 

(All P g?e1 a niiU 	) 

'+ 	-" 	'a S"1 	A 	 ► ~A:r~ 	! r A 4 }): 'S 	t 	♦ 	t"+F 	E -Y Y A'1 ~. /~! 	" 

1. JO 61.0 9501 
r$b 100.0 7901 

5. Herch 175.0 127.1 
4 o A 	̀ I1 25 .1 17407 
5, I-1 322.0 222.2 
6.,» Jo 273*1 225.3 

7, Jt 180.2 163.0 

s o St.~rt 

 

152.0 1 142J 

9 4 pebc 135.0 142.2 
10,  0 tob r 120*0 11109 

11,  flovcbcr 2.0 

12,E Dooc3bc 5.O0 49.4 

TOTAL 1914.0 1545.4 
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taklm plsoe In a pear *.+ uo tht the eoeeg d g 
• ftectie rainfall is voxe4 ems, by reference to standard 

tables giving a1uee of a ectiee rainfall  a f**ctt 
of the norasi e ti ly ralnftll ni the *v*ragé s 
ocrnrnaptive uøe * The not $xrigattob re u r 	(1,m 
c*put*d as a 	ice bet 	the aonthly orsuaptive  
sod the effective +tea.., use 	e* gave the qurnt a' 
of water that should have bes. applied at'the f`1*14. Nov.* 

U ifli.gaflCEl offtei 	is t *wed to be 65$. To 

mot for this the NIB figwas wre dilided by 0.65 givIng  
thereby the Yield 3 iga' 	qu a ce . The 6011"ry 
s c a r 	aemaedto be 9, wad the FIR figw.. were 
divided by 0.90 to get the fi es of areas Irri.gatftm 

cu 	to (off . 

The, GIB fjgie. worked out as abov*r are inmt of 
water nth, They were sul t1plDd by the yes trider each  
crop for each r,girn separately to wrl" at the volm* 
of sister required for frrigatin. 

Pp Data  

Data of t o for .ffer t gr1 gaton werks are 
available In different fun, Par state t 	.*, for  
each year the figures of average disch.rge and total he rn 
of r&mzzthg for eath well. are available sep a ately ., Sines 
the location of *ach tubeweU is 1ovn, the 'os,to ,IIH+ 
it belonged coud be asap ad, The voi a of water  
~edby each wall In a par'tioular year v wed out 

"rn added separately for each 'oup to got the 
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Datti #t a11. (1977) have repcwted reoults of 'b'itii1Go 
she. ci rl i b of tarns and have eetla*ted 	as 	I 

the rage gate,. 

Rather than reZthg Moen  the sboe f 	. , is 
recharge rates have been mad out frcrn the water 'elands 
et tos. Per zmsoet seam 	atmtery water baal*ico ire 
achieved 1$ to r 	reohorge ie reckoned at 2%. Pr  
nta*socm Vii .# mall Use than I */4e was iored. 
The s4dititai rill, i$ air, was wed to give 14 rs 
tag rovJ1 dd antecedent t rainfall had occ red. 

p tsge rainfall recharge can bier be easily 
ad4u.ted i the sal with the help of a potenifteater. It 
can therefore be sib+ a of the variables wheat effects can 
be stied t the mil , 

Cial$ 	(so  
This eampment 4oee not exist in the ares because 

ths to no canal I the area* The wall 	percolsti * 
thrcuthe osid water irr . t m ch :•is is Included 
in the 

Irigatice etfioien# ' is Mowed 	whereas  
delis efficiency Is asked to be 90%. This aeens that 
out of each cubic miter of water applied at the head of the 
irrigatfts chEemsi, 0..65 * 0*9 0 0,585 i of water is om 
for i1TigatIc. The rest i. r. 40,5% le lost as seems, 
P ot* d rater, this is A gain in he tam or retwn flow, 
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The analog *odorl for Daha*tuifer Is deied keeping 
in View theavailability of the ep ts. *s ett and 
the desirability of keeping the ,1 j4 spaoing as Gual.l a 

,stjoabie. After a few trials the tofloit tg ct*binatiøn  
of comps re, scales and spacing is t +i to workable, 

Resistors (far internal nodes) 	100 kiloolas 
Capacitoro 	 15 Mir #grade 

SID SPACXNG & SCALE  

'ntf i id,'&a a opted becanee the etiy Is a regional 
one 

 
and there is no area of specific interest. The bdrauiio 

g,a4.tsnts are aløo more or lose *ifora, 

YOti!AGF SCE 
The s. 	ar water level Is obe r°ed to be 226 a 

tiere.sr the n i► In about 214., We say pride fc r yaria 
t&rm fzdm 210 to 20 a, 1.e. a ranp of 20*, Oo cider ng that 

AV 
s recorder can tate a maxim* of . , the volts seals is 

chosen as 0.2"It 0 

II ARCE SCAM 

it is proposed to use rer&t.t rs 100 kilo u. The  

trisieeibLlity the aquifer is fod to be 1171.2 as/day. 
Thus we got 

e  

1\Z 	 pORXEF 



1O *1771 
1013.76  

• 1.712 z 1 	e.*2/ . 

ç'ZTAcE SCALE 
Capacitors, Of 15 tcroferede are to be ueedo The 

storage coefficient 1* 0.110. The" valaee give 

c  

• 1*  
0,118*1013.161013.76  

a12.3691zl`"## . a ,42 

These scale fetora &lve the following 	y 
scales ear vider. 

Tine 8 s1.i 

$ 0" Or 110 

a 1.1712 x ' + a 12.3691 2 
10"`## 

• 2.1900 x it seed ' 

a 7.99649 to 

a 8. seo/ " •p'oziatet3r. 

Ctrl ales 

' 	air 

1,1712 z 108 
• 1.1292 x 10's __ e 	(►" /d ) 
a 1#1292 x 10 ' *irraaip p  s3/4ar) 
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Vog o Scr io I 

z 0*2 z 12.%91 

a 2.412u iO l l oobmhn is 
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toter b31ctco ou4ioD, o 	ccp oo of cwt for 

G,c rat4v . T io o f1t eo co GI von ` r-b1a t o4, 

t:+ I sat Uy $ 
2liomqui fo' o' Dow c'oc hoo bon M c=U COG 2t to 

fo of a # `am aq 'o 0716 of 1019.76 r] caOSnC 3 ao 1 
flCOb ntctc1 noQ, voprocctø r ► ccc of 1O2.7709  

O ff fG 	'oCat C c.1cs ! 	hOO 

c ~ r ■ 	~ `4 ~a 	~ . 	'~ i a ~ r~ r r air ~ 4! `. a 	_ lr ►, sa~1 	►~i !■U 

130 .r6 	Colio 

o1 nodoo 	 2g0 	23G.0 
n c 	o 	 22 909 

BorG 	o 	i. 	'o 	 , 25 0 
+ 	vo 	r+ 	cro 

	
18 19.9 

9otc1 	74 90.O 
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1 	6/12 
2 	'1/12  
5 	x/72 
4 	9/72 
5 	14/42 
6 	11/12 
7 	12/72 
0 	1/"13 
9 	2/'15 
10 3/73 
U 4/13 
32 	Sf 3 
13 6/13 
24 	9/ 3 
15 8/75 
1G 9/13 
17 IOM 
is 11/75 
19 12/'13 
20 1/74 
21 2/74 
22 3/74 
23 4/74 
24 5/74 
25 4/74 
26 	'1/74 
27 8114 
28 9/74 
29 10/74 
50 11/14 
31 12/74 
92 1/75 

3 

Cnsronta for almlation of 1nf'loci 
scat nom 

hb 

n I H 	91 

+26.0 01.6 

+14.6 -1.6 
+18.0 -1.6 
+28.4 -1.6 

c_c 

+102.4 -2.2 
+25.0 -142 

5.0 -1.2 
+01*4 -1.2 
+50.0 -1.2 
+109.2 -1.2 
sOO.0 1.2 
87 M0 4.8 
+234.2 -1.s 
+229.4 -108 
+135.0 -1.8 
466.4 -1.8 
A04 -2.2 

+29.4 -202 
+20.6 -22 02 

#52.4 -2«2 
+30.4 -2o2 
+I 	.4 --2.0 
+50.0 -2.0 
+34.6 -2.a 
+ 07. -210 
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o brnmCriOO a'a 3poz1ato1 in a S 	d 
paUOM c c hot'S i tg. Ilo.1S. Sinco bo jyi cp oina 

to ocioaic1y c•i1 tbio typo' c 	orntto c not 
Uhoiy to #afr o 	't a in tio oolu i s hU 
cc1 o of Zoei ctcr a ecpcoitccø fo the !.O b ua thy. 

w4 in cecoifcico c filth .(24) ad( ' ) 

c ore aoacri 

riot o c1on bo &r 	 am td o oho 

0ctco €lama boi&ry no oe 	 7.5 aro fc ' do 
cavaaita ar cmvo no4o pointo 	 3..15 1i co fccO) 
+ a ohms c c 0000 n o poin o 	41.29 ci o f a& 

Cap it a of io loot iuo poa cro not In tho  
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Ut Uo o foot c th agm1 fo ' b cvotw o tktc bc11cnoo 
o'tii+oo icoutod o rlic ` have rovoa10 tares ct ctca 
eawmtitiea a a ccng ro cs the bo char 	the a. gam, 
of, Thic is cilco abotcnticitod by the +gyp of tho 

caowo a uft. cmtl 	the viobifty of t o coca  Tho 
aat' ovTo er a1,apP4 1L1 o a 1oc"dioo & ccitia a c t d 
voter tou Ln the Dah aooci. The LVC,() at boss CO. 

co co' 1aahca m the fitm of satcz fio.btj T 3 raorth  
 ci c!to co a It .Ic ' 	'of *o a idc;» d 'fit 

tho 4&o o n Q not be o u.ctod v 

The 	 t21ct into the ccc Ja 'ópz'oacatod 
by ci o potcticil bo mi'y ooi ocpoa4int to trctc? oVo1. 
*2 226.00. ThLo boii&r a 1ocato 3 .dono c 
fray tho ao, cph1ooi bay j. ito► roi 	eo2oLouith 

c 	rilpun +I. abut rLoa of tho 

Rho crag bott o1%t1.4 	 'V cpLcci1 bo rn 

the oftpotMUdl boun4 y Ic oJnvlc&o by aotic1z of 
of 100 i .1* cc o ho'bit j  the e  opox atL' 

	

of to ElOCvi0  tboco will bo 3utodby La1 c 	co 
ac to c aoszo oo 'cot 1a to at no o o oap aria to the 
ocatLc3 to o noc' tho boimioa, Thia a SU-3ii t 
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po' t tiai bo tidzwy c v a u the to vc g ooiotoo, 
o both,  
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o`s• set up o• Por 1s pwpo , t ve , * A arid B arø 
togetheras they We having essentIally the 

s 	crop ice.. ! 8 0 rea , ."gifts C fail 3) 

we s bthsd o, ct)r. Regttrn B to 	aced separate. 
The vi#b4? si yenta are ar tad to the *+mil in a 
fashtciL sisiLar to that f Us recharge a te. 

As en altern5tive to the above a?rangebSat, 
the net withdrawal pstt+ rn +c . be worked out by sigetasic 
ststiam of the recharge and vitbdiw .. Tb. resulting 
pattern eon then be reproduced by the c*rent gwnerstare.. 
This cad have resulted Into rive squpeets as Est 
six ejuiatente required if recharge and withdrawal are 
sited separately. The latter, havever, Is ectIca 
cm two a si►tsw The car does not ch ge sign (mac" 
tlgi), This is i*purt.nt became the diode. p*ent flow 
of +gent in the opposite reati m. Beotmdty, it the 
mWell Is a reproduced sapiiratsl7 then the percentage of 
rage con be adjusted easIly but not so In +A* net Frith- 

amaAfthargs pattern.. 

The input end output c 	is ors red into 
O+ a in node joints selected eccardk,g to fd1 oving 
end+ sti r. The mbar of snob node paints should 
bS neither oo large nor too email ca rd to the total 
niabar of nodi its. They obould be renged in $ 
mifm Vattern to the extent possible. `use paints 
should not flap with the obervatirn well nodes. 
Mtnizia nri*ber of those points shod fall an the boz' 
fir, A + t'ts* grid with spacing tees tiass that of 
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the 	 .og Ld with crigin origin 	 at (14) 1.e tomd to satie 
the above criteria. The recharge and vitbdrawat node 
points are 	an d In a staerrred pates, a. showk. 
in Pig,. to. 3,`B 

fob in resisters were oniO1ated for each  

point of recharge/draft. Pcr W e ptwpoee, wed,*tees 

of each such post were weed out proportite to the 

area served b7 t. The etrent to b fed to each 
point was calculated cnt baste o 	weLhtages. 
The Yoltage at e b point was assessed,, The feed. in  
redetor Was than calculated by the tr 	a : 

It  

. a food in resiotanos (1 e. 
V ' Voltage with reference 

to that of went generator ( ire ) 
teed in em'r t 	 (.p,) 

The ralues of the feed in resistors are 

' 11 d did in Table 7 and 8. 

odi. v+ connected to each toed in resistor, 
coos to snsw, that the food in pa to myy r ain at 

different Voltages. 
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81, 	Dodo 	Initici C 14C'rcit Rooio- 

	

1I0. 	Cow" # 	stcic' 	o . 	cs r.te "W? 	Remy"' 
dlirtato'aodd 	1ev1 	 o o 	ki10"' "ko 

obio 

I A 3,,7 1.0 222.5 2.50 46.20  
2 A 6 ,04 11 221.0 2.20 50091 
5 0 901 0*5 22009 2.03 13.88 
4 0 12.4 0.9 219.6 1*92 41.69 
so B 3,13 ale 223,6 2.72 27.67 
6. B 3,19 0.6 22205 2,50 20*76 
7. B ,i0 1.0 221.9 2.26 9 

Go B 6,16 1.0 221,9 2 3.99 
9, B 6,..22 0,7 221.6 2►52 24.22 
10,0  B 9,07 1.0 220.1 2.02 34.'9 
1' 4 13 9,13 1,0 219.8 1.96 154.59 
120 9,019 1,0 22,4 2.2 •' 
150 9  12s10 1.0 218.8 1,76 34.59 
14. ' 12i6- ---1,.2 220..2 2.04 49.91 
190 12,22 0,,9 220.8 2.15 91,19 
16. 15#7 100 217.9 1,0 •59 
17. 15013 1.0 2174 1.92 " 	.59 
10. I> 18,10 0.8 217.2 1.048 27,67 
19.  ! 18.16 0,9 216.2 1.24 29.69 
20.  E 21015 0,3 215.3 1.0 11.E14 

76 Refoicoo 

282 
go 
lie 
169 
903 
1013 
192 
126 
117 
108 
123 

95 
129 
128 
130  
164 
161 
44 
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CAL ATIOISP01 	T, -*;M?RSX'0RSP 	tP10 ctmiwis 

ITO. 	Coca'd- U, 	tla raw-  oltz 	Hltc o 	to 	t o 

i (A 8) ' ,M 0.8 22197 2.34 19.0 123 	fc 	noo 
2., " 61 0,4 220.7 2.14 9,53 225 ^apo .t 	OV 
3. °  67 1►0 220*3 2*05 2.0 
4. 3010 0,9 223.4 2.68 21.4 125 
50 5016 0,7 222.7 2. 16.*7 192 
6.  6 1.0 221.5 - 2.26 27.0 95 
7.  610.19 1.2 221.9 2.30  20.6 05 
00 906 100 224,9 2.10 0 2 00 92  
9.  9,22- 1,1 221,3 2,26 26.2 CS 
10.  0  U 1) 9 o 0,9 220.3 2.C3 27.9 75 
11.  " 154 007 219,0 11.60 2104 84 
120 `- - 12,7-- 1*0 .218..9 le' I 30.5 ► 
15.  c̀ 1-015 1,0 219.2 1.64 30,55 60  
14. ' 12,19 0,9 220.7 2.14 27.9 78 
15, 19,10 1.0 217.0 1.5S 30.55 51 
16.  "` 15,16 0.9 218*5 1.70 27.9 62 
174 " 1807 0,5 217.6 1,52 15.27 100 
18.  " 10,15 1.2 216.0 1.20 'S.66 59 
19.  U  9,10 1100 219.6 1.92 30.95 65 
20,  B 14,21 0.35 22085. 1.10 19.95 109 
21,  B 20,15 0,65 214*9 0,90 t.05 26 
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The pattern of recharge oe rail as that of vitbdrawat  
in The study area ore t1zeerIant ones * IL to not inusual 
to iduate the dry and rachtege b constant aerags  
euments (Anderson# 1968, 172, Bedinger at *11970, Cutth,  
1970* o , 1966, . ter, .1967, ?StiSfl, 1965 ThII .PS tt 

1, 1969, SOhjahtt 1964. $kiiLttske end Da Costs, 1962, 
$peier, 196$, Waittt, ig7o, wMt. a matt 1%5 )0 ?h*s* 
have bean reported to re eatietaotoT ' results. In the 
study srea# the variation or these inputs anti outputs is 
largo so that 14 ,is, cc tdered d sirabl• to food the ens» 
logous O'rreits in a use 'variant patter. r 	close to their  
hydr o  ~ eutvaiants as pos ihlo 

e2'ati4m of special feat me of input sad out- 
put currents can be eerily d +s vj th the help of ca,ereiaily 
avalisbie oonpie* wave fs synthasises arch as that uu&-
by Sheik at al (1975)• Such eq pat►ts era howl ohibiti-
° 3 expensive, particularly when a largo a* of different 

%Gee are enornmtered, for cue vonld need r ova fa+ 
for each different pats. £ttapts were there- 

fie roads to fa ioete erne tizotion. g.raiors fr simple 
a&tiy available oc* manta. Three alternatives e 

considered I 

S theeiain.g wave tors tramp linear e.enta, 
vain# sti is S 

(2) 	tner.aiicst of 8p frnect using Cc*bineti cn 
logic in digttaUy controlled lap fi+ . 
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WAVE POEM 	RATOR 

The Wet tertiative i.s Sziteatton of rec`+ n 
gu.ler pules to prods voltage ramps as mhovn *xi ftg. 15. 
The t cipie is to seats the off• bya strL.e Of 

*tXbatt Leo, i,i, the oft ? wt $. Th* OlopSand 
direction of each rap oen be o+ 	vial& by the apiits 

d pity of the rect gular use, whereas lei 
of the rap Is c*itrolled by the width of the pulse. e 
shot ault&Yibratws of t ~r are c set 
the i.ltb*id aide block of Pig. 15 for ju'oducing the 
reatagular input Wises to the inteçatcs abo 	t the 
rigbt hand side block of the fib. The 	t o are 
man, l in series in such a way that the acepI rntszy 

tput. Q ofo.i*titearveautbetriggsrfc'secortd 

emit sad so tcth. A ssqu o r Of poattive reotagular 
pulses of arying aplitudem Is w ed by this aage 
sen t . The d #t+ a of each pulse is deterained by the 
ti sing resistor end capacitor of its * shot ad the 

pUtude of each pulee is met by the pot tlar eter of 
the output of one shot& If a rap with negative sly 

4sei rd than a positive pass say be fed+l sotly 
to the operaticatal aplifier type 741.. Par p2'O&ucirg 
positive en s, 	Inverter has to be 	 e4i*ed in 
between, Preventttm of drift In cespi ehrd by woviding 

sdditicii on. shot Ott end. the X2481 trenaietox as 

in the figmc., They hold the interatoi' output at o 
Taro when there Is no pulse# thereby prevents 	e- 

a of offset voltages, 
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10K 11 
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FIG.15 _WAVE FORM GENERATION BY INTEGRATION 



The above en, ent in particularly use if 
am* thant o wa ! fc*s are requtred tabs generated 
provided that the slop. ChImgee are to be cc tpliah 
s tea l . Ps 	„ the : dry pa ea of 
different regime wW have differed ehapso, but being 

composed of money date, have a ocrrncn use ale•* In 
As a&" output fras the one shotmite 	d to 

&tffsrent p 	ti. eter con'eepertding to each different 
pates to be gnerated. Th*se are then ocrnneotedto 

separate intsattn efreutis for to. produoing the different 

save apes as required. As en illustration, this is 
a ► 	The case at the first en. shot mil, to show 
haw two different waveWipes can be b iwoducsd • The out -
put of any one of mit m have to beep1ifis4 before 
feeding to the respective pate If loading effects  of the 
potenticsetere nanee probi+m~t 

Pig* i S illustrates bowo+ f mt wave 
eha s can beprod with the help of five to shot 

brat r tie 121,, ► * lntSZi a and two to goat s o. 

TheoutputQ1 ofth.first.ehot is tappsd b faro 
inverters t.eding to separate intesters producing two 
different voltage romps rjajxg fro zero AA tine t a 0, 
to two different moues at Use t ja t1. The c*plenentery 
output of the first one shot triggers the second unit, 

which provide rectangularpulse of *qua: aspUtule grad 
duration to the two invertere, Tbe7 tb °'.fc*. produe two 
voles rasps of identical slop* and datien, but located 
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at two different leyele starting frm th. end points of 
the first two reaps. Sinilerly the tad a ce shot produces two 
negative romps because they are ted directly to the 	 a 
to . They start frirn: the eiid po anto of the previous reaps. 

Each Meator to provided vith en additftutal pair 
at me-shot vat end ransietor to sive as 4mt itt 
eonol. 

The above circuit cen be extid.d to produce 
• fffere rt wave shapes with the help of ct rn set of cm.- 
shot zits providing the rsotr igular pulses of required 
aptitude sod that, . 

This 	t can oducrr Voltages which have the 
-ebape of stop fimoti my * The required patter is di.eor.- 
Used Into a pries of 3 la ohtging stupt1yr at the and 
of given tine lags. More often then not, the data 
available are basicii3y In the nAtfls of stop etc * 

titato 	). Par maple the vithdraw9l. pattern Is 
vied out c *mthly bps. The variation within a *onth.  
is either not iown or Is £wed., A sloping pattern, It 
plotted, Is only a process of aoothing out the atupt  
chengea by p eaiz n agradualy r ticai. However, since 
th. 'tic data available sac. in discrete fora, it would not 
inoduce serious 	a raelos,, it the , p ' .tom n e tts 
are proms in a step fzottcm t 
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Step fiinoti.im vave tow c beproduced by digitally" 
cit'oflea a lifter, using cOM at 	to ,c to w ise the 

amberof ca tnt. (Mete# 1911). The rangetatt is shom 
in Pigs 16 it aee the simple buffo i1nople that the gain. 
of inverting operational Mp 	star is ova to the 
ratio of feed back naistaneeAr to the input red etas R'j.6 
if one canohge the rata by ob.flging At ,t 	b b, the 

oa a1.o be ogsd aoccdthgly. What is required in a 
suitable evitobing deuce. P ,eld affect tranejet. (PT) 
can be Mvartageounl ►utiUsed to rnrwe as these swItches. 

wo rye 	cr+ 81 and R2 are provided in the feed-- 
back path. An PZT is oo co d in parallel to E10 it the 
flT 11 M* it serves to ohm $ circuit  1t, so that the 
effeotlys resistance in the toed back icop is mly R2, When 
JT Is in the off state, the effective feed beCk real stance. 
. I * R2., a.,gr r  gist arz the input aide vsn 
input resistance, equal to R,4 when the YET cected woos 

is , and equsl fl3 • R4 whan the f teinthe off 

*tate. 'Thus there are foe r*binatime available 	d- 
g, gain. as tabulated below I 

o r 	~ 	2O 	a 
4 
	114 

w1 	a , 0b/2+► 

3 •R4 



Vp 

02 

R4  R3 
Vi —W- - 

Ri 

~
Ri 	 Rf 

Vi 
R2 ~~ 

_Q 
R 	 A 

N- POSITION 
ROTARY SWITCH 

Controllable gain  

GAIN CONTROL INPUTS 

Rf 
Vp :---V1 i 

01 

Combinations control 

Cl 
 C2 	 C3 	C4 

1 28 k 
9.95 k n 

7.87k1L 2.13kn 

Vp 

-- r 

0,1,2,3 dB GAIN 
	

0,4,8,12 dB GAIN 

Cascade generating adjustable gain from 0 to 15dB 
in 16 1dB STEPS 

FIG. 16 _ DIGITALLY CON ROLLED AMPLIFIER 
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Here a„ b s o and d gains. However, they are not ari th- 

rnetic gains but dB gains* output voltage TO is proportLc to 

to cnti]ogex'itha of at 'b, 0 or 4 depending upon the uoff 

state cc bination of the F s. Moreover it has been ahown  

a•dab+a 

The pins obtairuble therefore f a metrics]. set 

such as 0* 1, 2, 3, 0 ox' 5, So 129 15. 

The above iWinoipie can be applied for producing 
patterns which can be approximated by foi stages such that 
they can be represented by decibel gains satisfying Eq. 
If it is desired to produce the pattern as a oc*nbination of 

18 levels, it can be done by cascading two stages as shown 
in Fig. 16 . Any desired set of 4's ayznnetrically spaced 
dB steps of plifcation/attenuatin can be accizipliohed 
using a cascade , of a stage controlled by only 2a digital 
inputs. This drastically reduces the number of resistors 
required. 

The above circuit can be gainfully fully used where 

the required voltages vary widely, and representation of 
mia ler mplitude ei sale would be . ccurate It some erithu 
matte scale is adopted • It to however necessary that the 
required values are such that they can be fitted to a 
syntetric set of decibel levels •  It is also necessary to 
have digital inputs for tting the We on or off in the 
reed sequence of catbinati s, Moreover, for producing 



Q+ O tbc one pattnrg ecii vwUmo of oiottc ecmot 
be Ucod.  

The ' t `o cjzou,tto cc cccri d above ' 'taco 	* 

vevof x. For cc aoie of the voltaco 	fozi to 
the ezc t tjavo a op3o otzcuit eowi atn of a 'ooi oz' 

t t 0 cioiotec. The volta, wai t ie appUod o you 
ac'tothebccooatcictor. The 	of the 

~rcelet Is +eidoi, The output at the colloot io VW 
roc 	t c 	t tia f 

The thiri r otivo . o the c io cctuUy copto4 
fc ' h wocort etii1oo. øoorc1 cowtra 't© cuoh cc M=- 
cvaiicbiifty of co ecipcn^o 0 oho?tcj of tkio0 etc... 

Prorventa, 

 

ao,tot of co of the tro oiwcuicjo ►v 
+ oc'ibo above, A eanez'cioi functicri coat 	cc 

borzoea frci. iather. lcboratOT3 'Tie aft povied o 
bade pLcco t hicb ucc fo to cth + ftorezit oi2c1.ta. Oh 

circuit uao ectpocod of ccribinati of wo totc c d ozpc 
to'o +leoitcd to acUioa the Input Sao o the a aqWed 

mp t o c6 l otion of puicou0 c d adlvi&w.y aa3uotc. 
and calbTato m 
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The t1odol, for Daha area aquifor, daoi od and sot 

up as diocucood in Chcpto , tiaa oporatod, initially for 

tho por .od Juno 1912- Juno 19113* Thio period cotters the 

fl rot ttio coacona for which utorba1anoo otudic uoro 
carried out. 

rM 

The firot otop towards operation of the oodel required 

o3tab1tih wont of the initial  conditions. The around wator 
level contouro of June 1972 (Pia.11) provided the ba .o for 
thin adjust ent. Ti ore arc U contauro at intorvoio of I n 

each and .ranging fron E1.215 a• to B1+225 z. Only oi3t constant 

voltage i upplieo fir+ available. It wao theroforo pooaiblo to 

eimulato only oix contours at the interval of 2c oaeh and 

raging from 2 5 to 225 a L. a « odd value contouro Toro 

oimulatcd. Ac the contour of 225 m covors only about two 

cells, tbio =a euppliod voltage tappod and otoptod .dam, 

from the oupply for the oquipotontial boundary of 226 m. The 

follo'tiing equation iao need for onlau.atirg the voltage. 

~t1 00.2( Hi-210.0) 	,... (43) 
Uboro 

V, = voltage to be applied to a particular contour 

Hi 	contour donor nation 
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Simulation of the +ooi2touro is done by aonnnctini 

coleotod node pointss on a particular contour, or nearby it,, 

to the ronpeotivo voltage oupply through diodes* To k op the 

number of diodon am a11 so as to be able to use a sodium oizo 
r~s 

for Tins l board, the node tr 	connected wore as under. 

Contour 	Volts o 	no. of nodes 
!. 	 v 	 c DQotod 

215 	1.0 	2 

217  1.4  4 

219 	1.8 	7 

221 	2.2 	10 

223  2.6  4 

225 	3.0 	2 

Total 	29 

Ad j iatmc t of the initial oonditiono uocoo~3itatod 

trials and orrorz because the outer boundary an toll as the 

contours intorctod amongst themsolvoo. It 	found nocoosary  
to divide the outer boun4ary into four cogronto wi th ouppliod 

vo2tajo equal that applied to the contour to the north of 

the aogmcnto. This approximated the fall of tutor levels along 

the Pc 1pur on BiJt Diotributarioo on the toot and the 

right Jaull , diotri'huti on tho oaot. Supplying the seine 

voltogo of 3.2 v to the outor boundary all along usod to 

refit in reverse biasing of the diodes connected to the 

contours of 215w and ,? n. Ohio could bo avoided by 

breaking up the outer boundary in roaches at different po-
ton ials. 
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The nett atop tics to ad not the sloop froquenoy of 

the oaeilioaoopc, so as to synchronico with tho tio scale 

of 8 a000nds per your. This was done by putting the oecil10 

scopo to the 10 oat tseop frequency and adjusting the calibraa 

tiou knob. The epood travol of the luminous spot was aju8tod 

to 10 c000nda per a oop. The function goncr+atore iorz all 

connected, through their reopoctivo food In rosistora to the 

various points on the analog. Schematic diagram of of the model 

act up to chov in Pig48. Photograph I shams the whole not 

up, iith connection beix made to the 1'aod in roai &tore. Photo-

graph 2 ohoro the coniection being mach to the analog. 

lanotic relay mtrtthEs are provided. Uornai1y skriod 

contact© of those o itdhes wore connected to tho ►oltago cu- 

pplioa ,except thoco for the outer boundaries x►hiAh wore kept on 

throughout the operation. Normally open contacts worn connected 

to the function generator circuitry.. Operation of the magnetic 

attticbeo wo ild put the formor off and simultaneously put the 

latter on. 'hie wos done thon the trace on the CR0 had travelled 

by I Cr' from left to right. This otartod the pwDpagoc. AC in 
tho rainfall 

Juno 1912, thorn tea very little rainfa1i,genorator was put on 

after 2/3 ooco2 do i.e. at the beginning of July 1972. 8 acoondo 

after the atart of pump ago the n gnotio switch wac operated 

to put the current generators off and the voltage supplies on. 

The records of the temporal variation of the voltagos 

at the colectod Hoch pointo "ore obtained on a ' anniscribo " 

Chart recorder. It was connected in parallel with the ooai].lt 
ocopo through a potential divider, so as to reduce the current 

dram by the roOcrdor and also to change the ocalo from 1 volt 
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per inch to l/ volt por inch. Thic, hoar, 000 it no 
cocoary to ad juot the cater+ of the recorder for each oboor- 
vation coparutol . The fnitiai condition voltages for each 
observation point were therefore meaaured with the help of 
the oocifloccope and recorded a 	~ on the chart. Shortage 
of time did not po rt repeating the operation of tbo model 
for t ro more ,yearn or trio iitb difforont conditions. 

Ob3or7aftono wore takon at 32 nodes!. Out of thoco 21 
nodes wore thoro colootod only beOau+ o of their proximity 
to the field oboorvation wollo. Although care was taken to 
ensuro that the rochorao pur paao points do not coincido ii th 
the oboor ation welle, many euob nodoe wore only one rooiotor 
away from the oboorvat ,on nodos. Itosultn indicated that ro 

chains/diOchor, o points located only one resistor away did 

distort the water lovol patterns adversely. £l.evon additional 
points, lying at lOoBt two recd store away from recharge f die.. 

charge points wore selected and their time voltage variations 

recorded. 

Rocultn of the 32 node points are pz4ontod in Table 

No.9, which given a comparison of the field data with the 

analog data. The field data for the cloven additional nodes 
wcrc interpolated from the relevant ground water level con- 
tour Mpo. It is soon that there era diffozoncoo between the 
f.iold and analog water levels. The d .fferonces in build ups 
or drawdo n:o arc relatively arw4llor. 'hose values 
cc.rjood uc undo o 
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Runco Of difforenco 	No of oa000 
in build up or drec 
dorm 	 (a) 	(b) 	Total 

Leon th 	0.1ri 1. 5 6 
0.1to0.2n 4 2 6 
0.2to0.3m 3 1 4 
0.3 to 4.4 m Nil I 1 
0.4 to O.5 m l 3 q 

0.5 to 0.6 m 2 1 15 
0.6 to 0.' 	m Nil 1 1 
0.7 to 0.8 a 1 I-u3. 1 
0•Oto0.9m I ail 1 
0.9 to 1+4 0 1 nil I 
1.0 to 1.46 m 4 t11 4 

Total 18 24 32 

Tho firoo under column (a) aro for node points thioh 

arc effootod duo to its being on the boundary or due to a 

rochargo/discharge point on a neighbouring node. Pigurea 
under eolu n (b) are for nod 	ioh are not a fectod In either 
waxy. 

The results indioato that in group (a) 50 percent of the 

nodes shot od a departure boo than 0..5 n from the observed 

value. In group (b) 50 percent of the nodoc ouhibitod a 

difference of only 0.2 a. All pointo taken together, 50 percent 
points gave departure loco than 0.3 m. The m cimum departure 

waa 1.46 o and 0.65m for groupo (a) and (b) roo-peotivoly• 
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O.07 m 

NODE NO. (1,8 ) 

(b) 	 - 
,.47m 

NODE NO. ('6, 1 ) 

0.3 m 

NODE NO (7,9) 

(ci) 	- 	 -- 

045 m 
NC..DE FCC- (10,11) 

07Cm 

NODE NO (12 , 12 ) 

(f) 
c 23m 

NODE NO 16.8 

SCALE _HC"R'Z. 2 66 cm = 1 year 

VES' 	1 5 cm a1m 

FIG 19 _ TYPICAL WELL HYDROGRAPHS 
RECORDED BY ANALOG MODEL 
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RESULTS 
$1. D0 odoi i(buii8 up) 	Rom 
fla. 	I ( draawn) 

0h.&ga 
0 

1• `i,3 7 -.0.51 
2• 13049 +1.220 
3• 5,5 -0.20 
4• 10,E +0.43 
5. 1,6 4 
6. 18, 3 -0.910 

7. 110 8 3 -0.0"? 
8. 12, 8 -1.080 
9• 1G, .0.03 
10.  71,9 {. .10 
11.  20,5 .0.85  
12.  1,1 3 -0.59 
13.  5,1 -0.30 
14 • 10, .10 
15• 1?s +0.10  
16. 8,1 3 -0.45 
11. 12,E 5 -0.12 
18. 14, .65 
19, 2,135 .29 
20.  8,14 ..+Q 
21.  21, +1.26 
22.  2,1 -0048 
23.  160 -0.08  
24 • 17, .1.46 
25.  1,1 7 +0.55 
26.  10, -0.73 
21. 14, 5 -0.21 

29.  16#1 -0.03  
30.  1,222, t,"~ ' 	016 

31.  13,2 g -0.12  
32.  12,2 .00.18 

ales : go point near 
i ecbar a point boar by 

Itd4jtjonol node 
dtdditionc1 nodo 

Dit3cbargo point nearby 

DischmzUo point noarby 
Addition node 
A4dLtionc1 node 
Boundary point 
Boundary nodo 
Additional. nods 
Additional node 
A4ditional nods 

Diochargo point noarby 
Additions: nodo 
Recbárgo point noarbyr 
Additional nOdo 
Boundary nodo 
Bounder nods 
Additiont1 nodo 
Boundary node 

Capac or dofoctivo 
Boundary nodo 
Rochorgo point near' 

Recharge point near 
Boundary point 
Bound point 

0 
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Although theoo results are not very good, all the 

ono they we not Cory bad if one considers that the offocto 

of the proximity of recharge or discharge point v ti tod 

results of eight points. norc an eight more points were lying 

on the boundaries. be former affect the results because tho 

rocborgo/&tschargo points, at biob the rooharge/&teohargO-

Curronto of 9 nodes are lumped in one, act as sources/sinks, 

resulting into non-uniform distribution of those curronts. In 

the latter case, tho bow daz.eo affect the results in two 

ways. As has boon brought out in Chapter-2 representation of 

boundaries by aegmento of straight linos falling on grid lines, 

i.e. joagod boundarios does entail unavoidable orroro which 

cannot be ao 0000d reliably. Socondly, in this particular case, 

the luruping of rochargo/ diochar c currant at one node out of 

nine results in situation in tghi.oh. those points across the 

boundary are mincing thereby moulting into moro non-uniform 

distribution of current. Iioroovor, perhaps the abaonoo of 

capacitors at node points botwoon the outer boundary and tho 

aquifer boundary 5103 contributoo to the orroro. 

Another source of error is the fact that the heads in 

the initial condition core not in dynamic belanoo but oorrea- 

pond to steady state condition (noo.2.1). The criteria of 

Eq.39, suggested by Ruahtom and Woddorburn (1913), are for 

one dimensional aquifer. Similar criteria for tho present 

two dimensional caoo are not available. Even if one trios to 

apply Eq.39, the assessment of the effective length of- the 

aquifer to a matter of judgement rather than quantitative 
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X7838 • It would "quire considerable tri g► for deciding 

the duration of the p +di=lation period of initial oonditiona. 
Unfortunately equipment malfunction and related diffiouitiee 
deprived this worker of an opportunity to work in this 
direction. 	 V 

Notwithstanding the above limitations, recto pre. 
vented in Table-.9 establish the possibilities of achieving 
very good results through intelligent trials and adjustments 
of the Model and equipment. 
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