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CHAPTER = 4

IIRODICTION

A phenmtengl inerssss in demand for wator hasg deen
created during the recent yoors due to meveral reasons. The
increass in population av well as per ecapita consmption of
food have mede 1t necessary to grov more food., High-yielding
varieties of improved seeds ore Qeveloped, dut their success
depends largely on availability of water for irrigation, Indus-
il develoment and municipal grovth have also ;e;ﬂed to the
demend for wvater,

Ths stupendous efforts made by the central and state
govermments in developing surface water resources have been
supplemented vith develomment of growmd water by government
a8 wl)l as private sector, There are statutory bodies like
the Central Board of Irrigation & Pover, the Centrsl VWater
Camnigeion, Central Gromd Water Board snd the design organi-
sationg of the stete govermments vho regulgte the development
of mxrfece and gromd vater. Ag there is no sultadle legis-
lation to control activities in gromd veter, any individual
or a corporote body with gufficient finences, borrowved or
otharvise, can drill a private tudewell on its land, snd start
pmping out water, ZThis has resulted in a large number of
- peivate tubewells in addition to the incrensing number of
state tubevells. The actual utilisstion of ground water for
frrigation to the end of the fourth Pive Year Plan is only
about 105 million n”, as sgainst the estimated ultimste
potential of 275 nillion a” (Verms, 1977). This develoment



s not related to the potentisl in estch ares end this has
already started showing effects of over devclopment in
cexrtatn areas,

Gromd-wvater ia & resource which cun be & bomn to
the sconomy of & region only i€ it ie Seveloped in 8 regien
propsr mamer, Thoontrolled develoment csn oreats more
prodbless than it solves, Moreover it is being realissd that
an integrated devalomment of groumd-weter vith surface vater
ie much more desiradle than one sided development of either
rasoures, so that the tvo resources cmn interact and the
Integratsd development will help boost the ecomomy of the
regim,

An essential prerequisite for eny serious attempt at
evolving an optimal utiligation plam is that the system bde
anslysed in as great details as possible and responses of the
system to alternative schemss of managesent be predicted with
e fair degree of acoursey (Wslton, 1970). The approach nay
be to stuly the swrfece water and thoe groumd vater systems
sepsrately and then stuly their interaction, or to stuly the
behaviowr of both the systeme simultzneously, Study of the
swriace wvater system 1toslf im out of scops hers and attention
is concentraisd e gromé-water system.

Evgluation of a growmd-water gystes and its behaviour
involwves geveral complications. Sme of thess srise cut of the
proparties of aguifer such as heterogenity, anisotropy, irregular
ané complex bowndary conditioms etc, Others nay de present due
to spatial and temparal variatioms of inputs wnd outmms, The
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pattern of recharge due to rainfall in the suterop aress

and due to irrigation veries from tine to time and place

to place. The comtridutions of stremms is a variabdle along
the lengih of river with respect to time and alse as regards
dirvection., 4an influent river may becons an efflume riwver
are a shart dietances svay o after samc time. The horigantal
inflove and outflows from adjoining aquifers also poses
eimilor variability. |

The mathematical methofs avalladle for stuly of
response of gromdwater to & certain stesdy or non-steady
input output pattern are applicable fo the ideal aquifers
or to aguifers vhilh can bde approximated as 1dealised aquifers,
The aquifer is asaumed to be homogeneous, isotropie and of
infinite extent, If there are rechsrgs or barrier bdomdaries,
then the image well thecry is used to e able to apply the
formulas derived for Infinite squifers (Walton, 1970). Although
4he mathmatical moldels give relisdle Tesults in osses where
they xre appropriate, they cammot be resorted to vhere known
agquifer hetarogenities sxist ar recoguised gross departures
from 1deal conditions exist (Prickett, 1975), In Indten
conditions, vhers there is s multituie of tubsuells located
in no systematic pattern and operated in sn wirsgulated manmer
the nathematical mnalysis oan render st the best only rough
indications of the aquifer behaviowr Partioulsrly, when deale
ing with prodlems of regional scale, it becomes imperative %o
resart to other msthods of mmalysise.



Ao clternotives $o the nothcstiesl oprrosth, ¢ao
ecn Foosrd to Gigital eanputer otudioo, orwd nedolo o to
oaclog nedolo. The @igital nododo obtord vith the fualoacatod
a1 22crentiol cquotions of Llovw of rromd=unter ool oolvo then
by nuicicel nothodo of finito digforcmec o findto olcacato
(Ernpem, ot o, 99777 Dizidol nedols et yiold vory wooful
zeoul{o cad hove thelr owm afventagos ao voll oo Qcclventoson.
A hich=vpoct ceaputer of cloquoto oore oteeord Rbfor poriphose
olo hoo %0 boO avalloble within o rooseaoble @iotcece, Ewa o
niner chicary olse Poquisros o poerea onfl cao nud o do oo
ocaprlcs coateo. Tho nedol givoo oncedtly hot nfasnctien
viich Rro boon achof Lovy, 0o Loon, Mwﬁfs‘ Q‘;ba tco oo, 0O
noroe talilio othor nefiolliing tcotmiquon e wovocd o Uhoviow
not cxbioipoted by tho caclyot (Priclott, $975). %ho nojoer
conoddcroticn Lo thot tho Aigidel nolol borro no (hyoicnl
ropcablones o tho prodica wadce ofvfy. ENMo Jopsitoo the
aanlyot of the phyoiecl aosooieticn vith ¢he oyodica. Ono
vould thowrofors ¢wsn 20 ¢the &lroot nothed of pwroblca colving
fn tho £ of nedol otufiios, |

$he physiccl nodolo com bo oither 4vus nololo o
onclog notlolo, Scnd dcal nedolo cenptitute the Zemear. Thoco
nodolo tzo "drun’ 4nm Oho cemno thed omme lown governtag tho
floy of valter opply o Loth tho nedol ol ho oquifcr. Shoy
cre cenled dowa poproccntetican of tho aquifers (fhanos, 1979).
thoy oro pulteblo £e loeal prcdlcao bwd nmot fo@ Cho wogieant
flou problcos involving cquiforo of loppe herioentel crook
oAty Guo %o pootwieticad fnpoood by cenlo Looteco. P



prootionl oice nolol, the verptienl dopth would bo canld,
thon giving #ico $0 o vory conll ¢ino penioc vhich do very
04£2%eul¢ f0 dnstevacntete (Prickott, 1975).

Inoleg noficlo, in éé;;‘éé'éé% %0 ¢tho ¢run nedolo, uco
o clbogither digforent phyoienl oyotca for roprocondobicn
of tho aquifor. Heay typoo oo poooibley £oiling fato noin
catoperico puth oo vicsous fluid nodolo,otretched nctzeno
nodel, ool noficl, olcoteicnl nodol o%e, 411 theoo
typco 2 nelelliag tcehmdguoo tcho clveatore of the £oab
hot tho Anbcocatol portiol diffcercaticl cquoticn of rowmde
voter £l fo ¢ho diffunien ogunticn wvhich alco opplico @
ko phyoienl oyotco wood for fho nodol, 4.0. tho oyolcon oo
oubually cacionoud. 02 oll ¢ho oyotcao, tho clcoiriecd
oyctca 20 mome populor bocouro of $ho cooe vith vadch Sho
clegtzienl geoatiticn vic voltage ond owrent ot WO :ﬁﬂm*-
cd Wik offocting o bohaviowr of the nodolo. Unlilo
in o oty oyotcao, ¥ tho clestrienl oyotean 48 40
poacodblo to caowre that tho nooourdng proboo do ao_t{ vit4nso
tho £ley cmditiman cvornd Shen, (Ravhus 4 9958),

Tho cloetric omolop rofolo orm bo Amthey cde
Civided oo caatinvsyn oyolen nodcls o8 Qloerct~ oyolden
‘nodclo, The emfucting podcr caoleso tad olcotweiyts feak

nodcde ore oxcaplos of cantinuvoun ayotcy olootrlent caslog.
Shoy cvo Cownd %o GAvo good rooulto but cro opplicshlo 4o
otcady oteto eenditiono mly, 4.0. for colving wrobicag vhero
Ioplceo oquatien goveras the £lov, mé oro very wooful for
plotting fleu moto, (Vithoviteh, 1966), Per Sino-vericnt



inputn thoir uce in not posoiblo., The dicoroto eyocten podelo
oo be tho poolioter notvorl o roolotcneo=copsoliicnee note
worlz, %ho forncr 1o ocuttoblo for the otcedy-ptote condi=
tieno vhercoo the lotter ore uned Cor ptudy of unotondy
ptoto flov eenditiono,

$he zoniodcaco~copccitones notverk excleog 40 O
vereotilo tool far oimuloticn of groundmuntor flov, Sho
coudfer vordichlon cre reproconted by caclogovs phyoiedd
quontitics cnf pleeoo of cquiyaent, Thuo, tho pico (ono-
soter io cquivelant ¢o o lorpowcealo mop, vhorern ho
occiiloceono o tho pinerocordes coves $ho oo fimetion
oo thod of o woltareloewel rocorder, Thoco cad nony other
eredye caclogics vhich om bo drom, canblo ono So nin

a8 clocey watorotcnding of tho oyoten waler otuly. %hio
1o o vcoy fomortcad cdventoro of the v.0. notwoslt cinlog.
Horoover 4% 40 céventomoun when nquifer conditiono poqwiro
lezco subes of nodoo for the polutten, R,C.uotverk con
oloo o cxtcméed Yo thvco-dimonoionnl ecno. I¢ 40 o omti-
avous=tiro oinulotor vhich io ndvantoscous pogticularly
vhen nm=lincer domderios are inolvded » 80 in tho coso
of Dehp cquifor for vhich tho cmnlog nefol wnder ropord
ip pronoecd, ‘

Dahs oroo oquifer io looctod 4n the Good betuvomm
pivers Drichng ond Hinden fn porto of Hocru$ cnd Husoffer-
noges Pioteicto of Wier Peedech (Pig. 9). The oroo do
olnoot oirculer in chopo vith Piver Kivchna fiws,ng oleag
northe=uoot, vent, rmd ceuthvost bomderics, cnf Hnden
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nlong northwenot, onot end nmxhheiét bounderico, To the
couth there 4o o conflutnee of the twe Riverp., Cut of &
total lcngih of neoely 91 lm, oo nomy 08 obout 80 Im of

the boundexry ;ﬁ forned by the rivers, aly odout 9% kn boing
tn crbiteary bovndary 40 the north, Thic choreetoriofice
chono of tho aquifer is such that the method of inamo wollo
cornot Do applict oven for o roush opproxinmotion, motwerk
not vithotonding the multitudo »f wello existing in tho
eeec. Tho inputo oo well oo outpuls are voricble with
soopeet to 44mo oo voll an epmo. The lam io vy fertile,
Iryigntien fecilition ore not availoble although Rjwo mroot
conel gyotenp eniot juot ceross the rivero. The groca
rovolution koo trougnd in %5 woho m Incroosing cucrcaons
an the perte of the formers about the noed of irrigsiton
by tuwbovell vater. The devolopneat of ground wolcs by
private tvbo-wello $5 prececding at o very fast roto. Thoso
vere 1480 redvate tubewollo in 1972, Tho mrber hof &
incereancd %o 166% in 1975. Nevertholeos, therc heo boca

o deelino not only in the total mumber of pumping houvrs
but aloo in the Gieochorpoo of many otote tubewello, The
lotter oould bdo Guo, gtlonot particlly, <o the ¢rcnd of
lovoring of water tablo,

Tho situntiea hes not yot twhon cn olorming fon,
bot eom nll fhoe scao W@ conoideredly in not-toow
diotomd Lfutwro 42 tho dovelomont gocs an taking ploce wn-
peientificnlly. Hore io thoveforo om intcrooting cooo to
otudy en o r.camotuverk caclog nodel, with o viou %o vader~
otemd the ovhy@rology of $ho nquifesr Lo ultinnte onplico-
tim Lo otudy the nomrrencat al¢ernntienn.



2.0 INSRODUCTORY

The resistor-capacitor notwork analoz modelling is o
very vorsatilo technigus, which can bo adoptod for o wido
varioty of problomos It 1s based on the annlogy of flov of
vator in tho aquifor and the flov of eleetricity in o notwvork
consicting of rooioctors and enpacitora. %ho various aspaeto
of tho tochnigque aro discuosod in this choptere Fheir appli=-
cation $0 tho nctunl problch on hand wilh bBo diccussed in o
cubgequont chaptor.

2.1 FHEORY

Uator Balaneco, Luoped [lodol'-

¥ho theory of ground-vater flow chould bo disocussod
prior to the theory of the modelling tochniquo.

The thaory of groundwator flow, is boscd ossentially
on the wator balance ogquation which ean be writton as undor -

Rx + RB * 31 *'16 & 81

“804'08*312*%#% | (1)

thoro
R, = rochargo duc o rainfall
Ry = rechargo duc to canal scopoge
Ry = recharge g£rom irrigation unterr
IG s groundvator inflov into tho basin
si = influont soopane £rom ctroens
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8, = offluent goepago to the otreams

Og B ground wator outflow from tho baoin

E, = ovopotranspiration lossos frem ground
vatoxr

? o pumpago frow ground wator
éﬂ = chango in otornge in the oquifore.

The cquotion is for o givon time interval, 4t, The
various fterms arc all in flovw rate im unito. Thoy con bo

claoeifiocd in throe groups.

(1) Torme rolating to horisontsl movement of water, govorn

cd by Darcy'oc law. (Qh} erproosed os

Q= KA

there
K o pormoability
A ] croso-nectional arco porpondioculsar to
the dircction of flovw
a, = length of flow
&h = head loos over the length of flovw
Q = 8inchargo rato
s 1 . Oq * 94~ 8,
(2) Tormo rolating to vertical movement of water vig.
Qv o Rt+- Rcﬁo R’; - Et - ?p
(3) Torms portaining to rolosoo of wator from tho poros,

or storage of water into the pores, 1.0. Og.
Yator balnneo-dists tod modol:—
The vator dalanco can bo otudicd for the ontiro basin

o8 o lumpod wodol or at o givon point in tho cquifor as o
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distrivutod paramotor modol. Bguation (1) oxprenses tho wator
balence as o lumpod model. Uhorcad a profer asjosomont of tho
wator balamece, uoing equation (1),is an cssontinl preroquicite
for any moaningful hydrolepgical 1nvéatigat£on, it ncod not
nocosoarily give o uniquo solution to tho prodlem on hand.

Dot all of the terws can bo ostimatod nccuratoly. Lrrors in
ono torm will couse an oquivalont ofror in anothor torm.Lven
if tho solution 18 error-freo, it would not give tho pioture
of ¢ho pattorn of ground untar novenont within the aquifor.

Distrihuted paramotor modolling provides a solution
to tho abovo problem. Tho basic concopt of wator balanco io
oapplied to tho conditiono oxisting ot Jjust one point in tho
continuous system that the aquifor i1o. Tho flow of wntor in
the horisontal direotion, which is govorned by Darey's lav
con be oxpresced in its final fort oo

Qh a T ( ;LE%" iaq-i:%‘) ' ++(2)

Q = horizontal flov of wator

Ky n transnipeidility = K. B

| ( vhoro B = thiclmoos of aquifor )
h = hoad

R,y = coordinaton

Tho vertical flov of wator is lucped into ono torm Q
{ozproosed ag depth of‘uatcr por unit time) ond is givon by

QuBy ¢Ry + By = D= T | +e(3)
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Tho changzo in otornso Ag 4o givom, by definition,
by tho oquation

8= 5 B .o(8)

How, the wmior balance equation for a point can be

vritton no ‘ '
) ‘ gh
? ( ﬁ—%—ax + - -) = § T Y ve(5)

Equation (4) ie tho fundemental particl difforontinl
oquation of ground wator flow. I¢ can algo be dorivod by
combining the continuity equation end Darey's nlew. Tho brae
ckoto on the loft hand sido would hovo ono, two or threo
tormo, 4oponding upon whothor the flov is one, two or threo
dinenoionnl onc. | |

Annleay with olcotrical systcn

Tho flow of clootricnl ohaﬁga in a conducting mediuwn
10 govormod by two fundamontnl lavs. Thoe £irst is tho conti-
nuity oquation, and io daood onlthc principle of concorvation.
It 40 aloo oxprossed in the forn of Klr}aoft'e lawvs. The seocond
lawr is tho Ohm'o lav cxprossoed ac
AV

i1nog Acﬁ R;" (6)
Yhoro ‘
I = olcotrical Curront
¢ o cleotricnl conductivity
A o crooa=noctionnl aren of the natorial

parpends.oﬁlan to tho direction of current

flov
AY = voltago drop acreoo tho matorial

&L, = length of flov



Thesc two lawts and the definition of capacitance
togothor lcad to the fundamental partial differontial cquation
governing the flow of electricity as

-%—‘i‘;i%?*;’-j%-)?@%%“ oo ()

there
b Lm

o

= rasjistanco of the matarial'
C = capacitanco

The bracket on left hand side can have one or throo
terma.if the flow happens to be one or three dimensioﬁal.

Equation (5) end (&) are comparadble, term by torm,
and are thorefore analggous. In fact, Darcy's law and Ohm's
lov are also analogous. Equotion (5) and (7) extend the ana-
logy to the goneral ecage and establish the analogy of the
two .syptoms vig. ground water flow and tho electrical flov.
1f propoer scalo 1 factors are selected, thenm the results ob-
tained in onc system can be applied to the othor. The clece-
trical oystem is a very convenient one to work with. It can
be made compact, fnat and inexpensive. It can be easily alter—
od at vill. Heasurenent and recovding of voltago and current
at difforont points in the systom are easy, reliable and
accurato. It is thorofore quite advantageous to work with the
g&%h~electtica1 systen.

Equation (5) and (7) can be directly applied if one
is doaling with continuous system. Thoy ean mot, however, be
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applied directly to the resistor-capacitor network analog
modol Becauso tho model 15 a space~discretised system ro-
presenting the finito difforence approximations. Onc has

" therefore to work with tho finite difference apprbximations

of Equations (5) and (7). Thoxrs are two approaches available
for deriving the finito difference approximations. One is

tho mathematiceal approach wvhoreas the other is the physical
onc.Both lead to idontienl rosults. ( EKarplus, 1958). Tho
nathenatical derivation maket usc of Taylor serios oxpansions
in vhich the torms of second and higher order dorivatives aro
droppecd and form the truncation error. The error can thorce
foro be quantified and analysed. Inthe physical approach

the error torm cannot b0 quantified. Hore the mathematical
apnoroach will be used for doriving tho finite difforence appro-
ximations for oquation 5 for being able to analyse tho orror
term lator on. The physieal oprroach will be illustrated whilo
doriving finito difforence approximations for equation (7).

The first etep in the both the approaches is to oupore
1mpoad o coordinate grid on the field. The grid may be one,
twvo or.three dimensional, deponding upon the natuie of the
provleom. It may havo uniform spacingvor even non-uniform
gpacing. Although dorivations arc generally made for unifornm
spacing grid, these rosulte can ho also bo applicd to none
uniforn grids. After superimposing o grid, éttention is con=-
centrated on one particular node point and those noar it. For
exomple, coneider the uniform spacing square grid of Fig.2
suporimposed on a two dimensional ficld, andono particular
node of tho grid as cshown thorein. Tho head at the contral
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nodc¢ point can be evaluated in torms of the hoads of tho

points, 1,2,3 and 4. Prom Taylor sories expansion, one gets,
4
2 Ax 4
0x Ax ‘ﬁl 52 ¢° : ox )°
- | 6 6 _ _
- B RN T CY
: 0x -

e

The highor order terms of the RH3 are lumped into
a single term £ defined ao

A a4y 2655 2%y
E”"E‘%—[W (=T G
] | .o r(9)

Equation (8) is theroforo written as |
2§
B : - * 0}
0x T A [ﬁ’l”ﬁa 25"]“5 e+(19)

Similarly for tho y coordinate onc can write

2 . 2 g - ‘ 2
07 pe: [d5 +d5- 28, +° (12)

Substituting equation (10) and (11) in equation (5).
putting &x = 4y, and dropping the crror terms,

E‘[ﬁl-& 85 +¢5+ ﬂq_ -4 pSO:] = Soax® g—%\/ +Q ves(12)

Equation (11) ,é the finite difference spproxination
of equation (4). It 18 significant to note that the RH3 con=
tains the derivative term without any approximation, exeépt
that the torm &x° 18 introduced to account for the limited
area representod by the nodal point. The pair of terms Sox

i together Imown as storapge factor.
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In case of the RC notwork analog it 13 not ncceasary
to diserotiso the time variable.

If the nature of the potential function 1s such that
the dorivatives higher than the third order are gero, then
the E term will become gero and equation (1) gives oxact
results. ( Earplus 1958). In ground water probleus, théée is
no way of ascertaining whothor this condition is fulfilled
or not. It is safor to presume thaut the condition does not
oxist and accopt the error terms with proper evaluation. Tho
error term can be nade negligible by taking sufficientlysmall
values of &% and 4y.

The physical dorivative of the finite difference
spproximation of equation (1) lends to the samc cquation (/),
vith the excoption that the error ternm B is not quantifiod.
The physical approach is iliustrated with reference to the
slectrical systom.

Consider a typical node of apn RC network as shown in
FPigs«3. The voltoges at nodes 0,1,2,3 and 4 are V I’VZ’VB
and V,, and the resistors in the four limbs arc Ry, 2,R3 and
R4~ Kirchoff's lav states that the algebraic sum of all currents
flowing into a node i8 goro. The current iysbetueen no%bs

Oand 1 i3 given by Ohm's lew as

4 - oV .re(13)

Curreonts for othor limbs can be exprossed by similar

torms. Combining all such terma, one geto

Vy=V vV, -V -V V,~V LY
% e, %2 0 % 4 ¢ FE+1 ...(14)



She EHS of equation (14) is based on defintitionn
of eapacitavice and is not diooretiged becauss in the eleo~
tricel system, the capacitor asts m continuous time basis
only ‘

If By =R, * Ry # B, « R then one gets
%['v,*v?*v,w‘uvd »tci?;%. .1 (15)

Camporing equation (12) and equation (15) one £inds
that they contain equsl number of terms of the same order. The
wWo sgquatims are therefore mlqgoui and so are the systemas
governed by them, The following basic malogies are obvious,

Cromé water flow Cuwrrent flow
74 4 R
5§ = . C
4 lor b) v
Q 1

Thus the resistonoe is salogous to the reciproeal of the
tranemiosibility, capecitance to storege factor(product of
storage coeffictent and oell area) and voltage to head, Current
is anslogous to rate of flow,

Two assusptions were made in the sbove derivetions. The
first is Ax s Ay, Second i n,@anaam4m. These tvwo assuup~
tions are made to keep the forms of eguetion (12) md equation
(15) simple enough so that the snalogy can bo nade concpiouvous.
Nevertheless the snalogy is not invalidated i1f the agsmptis
are not adhered to, A more rllurm derfivation also leads to

analogous forme of Eq.12 and 15, but the expression for the error
term becomes somevhat complicated, Since in the fins) forms the
error term is neglected, no wseful purposs would be served by
attenpting a rigorous derivation for wnegual mesh spacings and
resistors,
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Strictly speaking the above anaclogy can not bo
applieé to unconfined aquifers for which equation (4) does
not held goode The nomlinearity due to varying transmissidbility
with the variabdble thicimess of saturatod aquifer introduces
conplications. Hevérthelaas, the analogy can be applied to
model unconfined aquifer provided the drawdowns are small
enough compared t;\tho saturated thickness of aquifer
(Herbert, 1970).

Tho advantago of the analogy 2 dbrought out above
is takon in the following nmanmer. A roctangular network of
uniforo or nonuniform spacing os required is superimposced
on o map of the aquifer. The values of 1/7 for areas botwocn
pairs of adjacent node points of the grid arc wokkod out
with‘thé help of the vector area concept to be diccussed in
a subsequont section. Using suitablo scale factors, the rooio=-
tances required to represent the 1/% velues are wvorkod out.
These are connected between the node points. Similarly the
storage factors ( sor? 4n case of uniform grid, dut S4x 4y in
case of nonuniform grid) arc worked out for cach node ﬁoint.
The capacitances required to simlate thesc storage factors
are caloulated using appropriate scale factors and are conne
ected to cach node point. Tho other end of the capacitor 1o
connected to the system ground. Boundary conditions aro
imposed on the modol in accordance with the principles to
be outlined later. The model then is a scaled dowm discroti-
scd version of the aquifer and bears a good resemblancc to tho
plrototype. The oxeitations in the forms of recharge and/or
draft arc opplied to the model. Tho response is oboerved in
the form of temporal Variatioﬁi?oltagu at nodo pointo corros-
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prototype observed data.

Hodel studics are done in two phnses. In the first
phase historical conditions of recharge and vithdrawal are
fmposed on the model. Its response observed and compared to
obgorved ficld data. If the comparison 18 not good the model
ioc cdjusted by intolligent trial and error till the responses
telly roasonably with tho observed water levels. This is the

hase
calibration ( or proving ) %hene. n second prediction phaﬂeg,
alternative schomes of futurce developmont are sirmlated to

cxaminc their éffoets on tho aquifer response.

Therc is anothor way of deseribing the model which relates
to the numorical method of relaxation for solving the Laplace
.equation- Equation (11) and (14) would roduce to Laplaco oquo=
tions if the right hand torms wvere goro. In that caso the nodol

can be considered as a 35§;;;d for carrying out relaxation
(Vine, 1960). There would, however, bo two special advantages.
Firstly, it is not necepsary to mako initial aﬂggigg of hoad
values at the numerous node points. Scecondly, the orror resi-
Guo reduces to zoro instantanoously. In case when right hand
side of equation (11) and (14) are not sero, them also, the
above comparison is applicadle. In the numerical method ono
vould solvo the Iaplace cquation for ono instant of 3ime

and ropeat the exorcise at cortain time intervals. (Herbert,
1968 b). In RC modol the equation poos om getting solved

continuously for all instants of time.
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2.2. SCALE PACTORS

The analogy betweon ground water flow and flow of
electricity would be of practical use only if quantitétive
. correlationships are established betwoen the corresponding poirs
of analogous variables. This isc dopne with the help of suitadble
soale factors.. There are following scale factors.
1. Besic scale factors |

(a) Voltage scale

(b) - Rosistanco scalo

(c) Copacitance seale
2. Derived scale factors

(a) current scale ( ampere scale )
(b) time scale
{c) quantity scale

The above scelo factorsare usod to convert moasuro=-
nents or observations of one system to corresponding parametors
in the othor and are described below ( Rushtom and Bammisotor 1970)
1(a) Voltage scale ( S, )
- This is defined as

s, = ~§- ..(16)

1t corrolaotos the volianges of electrical system to
honds in the aquifor syston. If ia choson from the considorations
of range of head variationo in tho aquifer and the voltage that
con be appliod to the model so as to be compatible with the
equipaent. |
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1{b) Rooistance scalo (Sr )

This scale io defined as _
R ' ,
Sr o -—7-—--—-1 R | (1¢)

This is used to convert reciproocal of transmisci-
bility to the resistances and vico-versa.

Although the definition is oimple, one has to evaluate
tho vector area associated with cach resistor whide working out
the roaistancés. This anpect is discussed at length in a subgo~
quent section. Choiea of Sx depends on 81 also and are discussed

together in a subsequent paragraph.
1(c) Capacitanco scale % S,

This is dofined as tho ratio of the capacitance to the
storage factor of the nodo

S, © ,rcﬂgr for uniform grid (18a)
8 Mz
or e
By = for non-uniform (18b)
6 &x by arid
2

The torms &%~ or &x Ay in the quotient give the
arcan represented by the node. This arca multiplied by the storage
coefficient gives the storage factor. |

Boforo discudsing the choico of BQ it would bo
doairadblo to discuss the derived scalos.
2(a) Curront (auwpere) scale S,

Tho Ohm's law i8 expresscd as

I= V/R (19)
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Substitution of the basic scales in equation (18)
gives

S = """EL"" «(20)

This scale is very useful in calculating the currents
t0 be applied for simulotion of wells, boundaries ete. by the
rolationship

1 = sa ) Q . ..(21)

2(b) Time seale
If one substitutes the resistance scale and the oapa=

citance scalo in oquotion (12) and (15) one gets

%9 = Sre Si- ta .0(22)
Wihere

¢. = time in the electrical system

c

ta = ¢tim2 in the aquifor

The product B Sa is given the gymbol S, as 1t

represents the time scale. Thus

8t L Sru 3e . 00(23)

2(¢) Quantity acale ﬁ% S% '

The volume of water (m3) in aquifer syntem can be
rolatod to tho electrical chapge (Coulambs) by the quantity
scalo Sq, which can be shown to bde given by

Sq o Sv%c 00(24)
Then
Q, = Sq - Vu ~ ' +(25)
thore

Q, = electrical chargo
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sq = Quantity scale

v, = volume of water (m’)

The choico of the above ocale factors for simmlating
a given aquifer system han to proceed by trials as they are
interroleted amongst themae}yea and with the grid spacing. The
firot decision should be about the time scale because it affects
the naturce of the model, which canbe either slow-time model or
fant time model. Altogother different types of equipment aro
roquired for slov or fest timo modéﬁé which are discussed in
subsequent paragraph. In the former asuifor simulation tékes a
fov mirmics to complete whinthor whorens the latter accomplish
1t within a fow milliseconds.

The time scalo con alSo be shown to bo given by

Spe = F +++(26)

For a given aquifer T and 3 are constants. The time
scale therefore depends on tho produet RC which is the time
constant of the electrical system and Ax® which is the cell area
of cach node. For & slbw timo analogy RC should be large and/or
&x should be small wheroas for a fact time analogy RC should be
small and/or &x should be large. Tho three torms R, C and &x
arc thoreforo decided in ouch a way that they togoether give
a suitable time senle for the type of analog deoiredQ

The voltage socale appears to be indopendent.But {t affocts
the current scalo Sa’ 1f thore are limitations to the capacity
of the current gencrators, or if thore are limitations of the
moasuring/recording device, then voltage scale 16 roquired to
b6 adjucted suitably. |
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The quantity scalo Sq is dopendont on the voltege and
capacitance ocales. Once the latter are decided from the above
considerations, the former gets decided automatically amd thero
is no choice left for this seale factor.

The features of the slow time and the long time analogs
may be usefully discusscd here because the choice of type of
analog governs the selooction of the scales. Those are dise
cuosed at length by Paschiioo (1949), Harplus (1958) and by
Ruston and Bamnistor (19/0) and are sumnariced herc.

The faét time analog 18 aloo known ap chort-time analog
or as raepetitive analog. The solution on thioc type of model is
achieved within o few milliseconds, making it impossible to
tako manual readings. Am oseilloscope becomes essenticl for
measurement of the timo variant voltage at a selected node boint.
To enable the human oye to porceive the voltapge variations on
tho cathode pay tube of tho oscilloscope, it 18 nceossary to
ropeat each eycle in quiek succossions. This 48 done with the
help of clectronic devices. Permenent record of the voltage pattern
can be taken by photographing the CRT traces. The excitationvof
tho model must be carefully synchronised with the swoep fro-
quency of the oseilloscope. About 20 percent of the cycle time
ic reserved for permitting the capacitors to get discharged and
came back to the onme initial conditions as at tho begimming of
each eyclo. The capacitors should be of low value. Ench nodo is
aensod separately. The oscilloscope cannot offer accuracy dbetter
thon 5 percent. Lovw magnitude network resistors are roquircd.

As a result the errors dus to leakage through insulation ote. oro

relativoly small.
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On the other hand, it takes about 2 to 15 minutes. On the
slow time analog(nlso lmowvn as singlo chot or elow time analoge)
to achicve the solution. This facilitates use of electromechanical
devices for measurcment end/or record of voltage petterns at
one or more node points aimultapaously with accuracics which may
be ac high as 0.01 percent ( Rustom and Bannister 19/0). Somo
delay in reading the full ocalo deflections duc to inertial effcets
of moving parte are howover unavoidadble.The produot RC must bHo
larger or &x must be small to give a suitadble time scale. If R or
C or both are made large, lenkage curronts are large and so omo
orrors due to thom. Large value capacittdﬁ of high quality arc
not available commercially. One bas to rest content with the
electrolyte type of capacitors whieh have low lcakage resistance
and do not last long. Attempts to circumvont this difficulty by
adopting a small Ax, do not neceasarily succeod. If they do, then
a large numbor of components are reguirod. Nevertheloss slow-
time analogo offer o very good advantago when the problem ine
volves variable parametérs which ¢an b0 sivulated with relatively
sinple and inexponsive equipment than io possidle with the short
tine analog.

Relative advantagos and disadvantagos of amalog types aro

sumariged in toablee—=a v nf ).

Ono hao to consider the abovo aspeets and first take
a deeision whethor to design the modal as o fost time or a olov
timo analog before procoeding with the selection of the scale

factors.



TABLE
Iten Short time [HModium time Long time
Instrumentation
TYPE sosvans Oscllloscope single point Recording instru-
or high speed monts
Oseillograph recordors
Acouracy Lov Pair Bigh
Hanipulation
Constant boundary No aifforence betwoon  typos
conditiono
Varying boundary  Special fnput circuit for Variation c¢. .
conditions every different boundary continuous or in steps

Voltago dopon=
dent para-
meters.

Cost
Input device

Circuit eloments,

conotant parameters

Circuit olomonts

varying poramonters

Indiecating measur-
ing devices

Recording measur-
ing dovices

Solution time

conditions

Resiotors and oapacitors
roplacod dy eloctronic
circuito vhieh hove %o
be different for ocanch
difforent function of

property

ligh Righ

Low Low

Very high Very high
Low sevene

Vory high Hiph

0.1 sec 1 to 10 oee

vith no speecial cquip-
ment required.

Harmual by means of
svitches or rolays
no spoeinl equipment
regquirod

Lov

High

High
Low

Lo
2“'15 mine.
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2.3. YECTOR AREA AND SPECIFIC PORTION CONCEPTS

The voctor onrea and specific portion concepts are very
usoful in calculating the values of the rosistors and capa=-
¢citors at boundaries or at changes in grid spacings at inter-
nal nodes. These concopts are related to the process of dis~-
ceretisation of the aquifor. |

The aquifer is e continuous gystem in which the ground
vater flovw taltes place along the dirocction in which the grae-
dient of head is maximum. The direetion of flow ncod not con-
form to any aysten of coordinate axoo. It varies spatially
as woll es with respoet to timo. Tho RC analog model 18 a
diocretised scaled down vorsion of tho aquifer in which flow
of electrons can take placosc only slong the coordinate axes
along which the rooistors are alimod. Only revorsal of dirce-
tion 458 posseidle.

If the ground water flow in the aquifer is at en
auxillary direction, it will be simulated in the model by two
currents flowing along the prineipal axes. One component will
flow in the clockwise half loop of o ¢ell whereas the other
component will flow in the anticleck wise half loop of the
¢ell. Their magnitudes will be proportional to veotor compo-
nents of the flow in the respeective direcotions, provided the
resistors in ceach loop are proportioncd corrcctly. The vector
area contept is vory useful for working out the correot values

of the resistors.

The ptoceas of discretication of an aquifer can be
visualised by imagining that tho contimuous systenm is replaced

by a nmetwork of tuboso oriented along tho desired coordinate
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axes, S0 that flow can now take place along those axes or
parallel to them.If this notwork 18 to represent the flow
conditions faithfully, each segwent betwoen two node points
must offer thé same rosistance ag the aquifer matorial re-
presented by it. Tn other words, for fdentical potential gra-
dient, 1t should conduct the same flow as would the agquifer
material. In eleetrical system it should conduct ocurrent in

proportion to curront scale.

Let us first considor the squarc grid as shown in
Fig.4, snd concentrate our attention on the four rosistors
Rl’ Rz, R3~and R4 connectad to tho node pqint 0 botweon nodes
1,2,%, and 4 respectively. Tho rosistor Rl roprosonto aquifor
material in the area betwocns the ordinotos at O and 1 and
half the grid spacing abovo R1 end holf thq grid opacing be-
low R1 as shown separately in tho right hand portion of tho
figure. Sinco the flow can take place only slong the direc-
tions indicated by the arrows, the arca 13 ¢called ' vector
aréa'. In the aquifer, let there be a difforenco &h between
the heads at nodes O and 1.

Tho gradiont 18 then Ah/Ox, whoreas width of aguifer
material io Ay. The flov is then given by

Q = T.4.1.
@ Qx"%g" - by (2¢)

thero Tx is tho tronsmiesibility in x diroction.
In the clectrical systom &h will correspond to 4v,
Ty to 1/R, and 0 to I., and will ba givon by

1 = ﬁ;“'— (28)
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Combining Efpx Equation (2/) and (28) with the help

of the sonle factor Sr. v got,
| 8. . &x
g .
IR
By similar reasoning

Yhere Ty = trans® g8ibility in y direction.

(29)

(30)

Since the network has a uniform spacing, we got Rla R2
and 33 = R@‘ Placing &x = A&y and Ty = T, wo get Rl“ R2e33uHZ(hayj
r

y

Howover equatiom (29) and (30) are useful when either &x # &y

in vhich cnsc unequal resistors will have to be provided.

The concept can readily do oxtended to non-uniform

grids, as shown in Fig.5, whore tho rosistors will work out

ag -~
8+ Ax
Rl - . 1
0.5 (Ayl*AYz)-‘fxl
R e ! . 3_1‘. mb‘ -

2 0.5 (4yy+ &yp)+ Ty,
RB o Sr- ij} -
R o 3r« Awgﬂu .

¢ 0.5 (&7) 40y,) Ty,
Yhore

Tﬂl’ Txor 2y1 and Tye aro transpissibvilities

in the four dircctions.
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An additional advantago of the above equations is that
that enable simulation of anisotropic conditions, by adopting
unequel vnluga of T“I ’ sz, 271 and'?yz. Moreover the$ also
enable calculation of resiotancos on the boundary. If tho
nodo is on a y boundary, then either Aml = 0 or Axa = Q. Subs-
tituting this velue in the oquation (31) ome can readily get
the correct resistance value. Ao a opocial case, consider

uniform grid on homogeneous isotropic aquifer. Then

RB 0.5 &x. 7
. _;:.f‘z___
e e
- 2R (32)

But, on a corner, one would pgot

5 I
4 0.5 &x.T

Equation 33 brings out another important feature of
the network design theory that in case of a uniform squaro
grid reprosenting an isotropic homogoneous aquifer the resis-
tance value 18 indepondent of the grid siso.

évidently. the design cannot be entirfly independent
of the grid sige vhich must appoar somevhore. I£ it does not
appear in rosistanco it muct appoar in the capacitor dosign.
I¢ does. This 18 dono through the ' speeific portion ' concopt.
( The word ' portion ' is used to pormit inclusion of one and

throo dimensional casod aleo. For two dimensional cases ono
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ooy refor to in an ' apoeific arca '. The speeifiec portion
cxtonds to half the grid spaecins on all sides oxcept across
bounderies. This is shown by shaded area around node no.5

in Fig.4 and around nodo Eo‘o in Fig.5.

If the change in head at a node point, durihg a time
interval 4t, is Oh, thon‘the definition of storage coefficient

yleld, & ¥, = A. &h. S. (34)
t/hore
&va = change in volune of water stored in the

portion of aquifer roprosented by the

nodo.

A a area of the portion

&L &x
= (-5-3-* __Eg__)(ﬁil,_ j‘%g) in

cago of nomuniform grid, or—

or
s &x° 1f O = Oy
In the clectrical system, &v, corresponds to &v,
and &h corresponds to ﬁﬂbn The rolationship is given by

dofinition of C as
AQG s AVG {35)
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Correlating equation 24 agnd. 23S through tho capa=-

c¢itance scalo Sc, onc geto

The cbncepta of vector ares ond specific portions
as outlined above have special significance Qhen cnleulating
the values of resiﬁtora and oanpacitors to nodes n and near
irregulator boundaries. Typicel examplces are showm in Fig.6

ond 7.
2.4. HETHUORK SPACIHG

Hetwork opacing of o finito difference grid supor-
ioposed on an aquifer is a vory isportant parameter because
it governs the following nopecets of the analog dosign.

1. Capacitor magnitudoco,

2 time scale,
3e orrors, and
4. economy as well as ease of oporation of the model

Reforring to equation 36 ono £inds thot the capaci-
tance is dopendent on the area A and on the scale Si. If the
network spacing is large the aroa of cach node will be large
and 8o will be the capacitances, leading to & larger time
scalo. If it is desired to have a fest timo analog. &x should
not be smallor than o cortnin value. For slovw-time analog
it should not be larger than a coertain vnluoc. In oither case
notvork spacing is an importent factor to be considored.

Even if the choson spacing 10 accoptadble from the point of

viow of timo scalo, onc has to onsure that tho eapzcitances
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required conform with the conaercially available donominations.
If nocceesary for this puxpose; the network spacing may heve to
be ndjusted within the range permiosible from time scale point
of viow. |

A vital factor concerning the grid spacing is tho
orror torm E, wvhich mst be kept as lov as possidle. Equétion
9 gives the error term for the second order partial dorivating
olong tho x direction. Similar torm for deorivative along tho
¥ direcction ( and z dircotion, if any ) can be written. The
torms ox, Oy ( and Az), appoar oxplieitly in the equation,
indicating that tho orror 10 direetly proportional to the not-
work spacing. It would thoreforc be dosirable to koep the net-
vork cpacing as lov as possible. Howover, thore oxists o core
tain limit below whioh reduction in tho grid spacing does not
improve the accuracy of tho aolution. (Stallman, 1963a). HMorg-
ovor roduction in grid spacing requires im an increpse in the
number of nodes and thercfore tho number of components.

Too many compononts not only meko the model expensive,
but also make i1 unwoildy in construction and operation. Pronm
thio point of viow thore 1s a lower linit to the grid gize.
Experience indicates that the workeble numbor of node points
ranges from 250 to 1000 ( Rustom ot al. 1966, Baturic-Ruber,
1966). It would thoroforc bo desirabdblo to adopt a grid sige
vhioh gives ncde pointo wdthxh thio rango consistent with tho
other requirements. ;

Lon-Uniform prid spacing
Uniforn grid Spacings are very convenient to work with,

Howovor, non-uniform grid opacings 4o offer cortoin advantages
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a8 rezords mininicing tho errors.

In certoin problems the interest in achieving accurate
results may be localised around some nodes although onc must
simulate the aquifer at large. In gueh cases one may accept
larger errors in the general analog solution provided more
accurate golutione are obtained in rogions of apecific interesat.
Even if there are no such regions of apecial intercst, tho
potential gradients may call for variation in the accuracy of
results. In those rogions whore the gradients are steoop it is
desirablce to ensure more accurato solutiono, wvhercas larger
errors may be permitted in regions where the gradients are
mild. Such a variation in the acouracy of the recults can de
accomplished by providing small grid spacing ( finor mesh )
in the rogions of interost. Vhoreas n lorge grid opueing (coarse
mesh) may bo provided for the romaining rogions, thercby achie-
ving cconomy in components. Thic howovor makes it necessary to
pay special attention to the dosign of resiotors and capaci-
tors in the regions of change in grid spocing.

The concopts of vootor area and specific portion prove
to be vory useful in dociding tho resivtances and capacitances
on nodoc points at which the grid opacing gots changed. Earplus
(1958) and Vine (1966) have given mothode of achioving tronsi-
tion from a fine to a coarse grid and vice vorsa. Two such
exanples for doubling tho mosh sisgo aro roproduced in Fig.8.
Fig.8a shown relative magnitudos of resistors, if rectangular
coordinatos are afhered to. Loibman (1954) and Stallman (1963a)
have shown tho tho errors at tho intorfaco of the two regions

arc quitc large. Uith a viow to mininising those errors, dia-
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gonal resistancos oay bo connected as shown in Fig.8b. The

values of the capacitors, in eithor case, ean be roadily

ealculated from

the apecific portion concept.

Strean Aquifexr Interaction

The hydrological ¢ycle links the aquifer with streams

and neither can

operote in isolation. For faithful sirulation

of the'gechydrological conditions, otrean-nquifer intoraction

should also be reproduced to a reagonable degrec of accuracy.

The following broad catcegories of cagos are oncountercd.

1. Confined Aquifor

— .

(a)

(v)

1)
i)

otreen 418 located pome distance away fron
the aquifer and is a gourco of recharge
ptrean 1o located either at or within the
boundary, has inciged the confining layor
ond hag |

foirly conotont water lgvoles

nen=nteady water levels

2o Unconfined Aquifer

(a)

i)
11)
(b)

1)
i1)

Stroan ponetratee the miniounm water table,
i.0. it i8 in hydraulic continuity with

the aquifer at all tices

with fairly stopdy wator lovols,

vith non-steandy water levols

otreat not in contact with water table dut
provides rocharpse due to induced infiltration,
uitpout upper limit to rate of infiltration,
with upper 11mit to rate of infiltration.



J4

The simulation of stream aquifer interaction under

above casos can be accomplished by methods outlined below.

Confined Aquifer

Case (a) in vhich the stream is located some distance
avay but provides recharge to the aquifer is g fairly simple
onoc. The recharge in this case would be in the form of an almest
horizontal flux, crossing the aguifer boundary towards the
gtrean. The boundary can therefore be treatod as & rochargo
boundary and simulated as discusscd in a subsogquent scction.

If the strean is located at or within the boundary and
is in hydraulic continuity with the aquifer then it may bo
pimilated as a sourco of rocharge. If tho wator level fluctua-
tions in the stroam arc small, then the sirmlation of the stroam
is only a matter of connccting tho nodo points along the strosn
¢0 & source of conatant voltage corresponding to a constant
average water level. Tho flow of current to or from adjoining
nodes will depend upon the voltage at those nodes. If long
periods of aquifer activity are siruleted, then the effects
of inagcuracies du¢ to assuming constant stream water lovels
will get ovened out without introducing serious errors in
the solution.

Hon«stoady conditions of stroam water levels arc vory
difficult to simulate. This nmay be ncocotary if short duration
aqui fer behaviour is to be studicd vis-a~vis an interacting
otreons. The dischargos im a stream vary not only with time
but olso along the length of tho stream. A flood wave takes 1to

own time to travel to downotroam sections, ond also gots
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attenuated due to stream channel routing unleos additional
quantities of wator get adéed. In the last caso, the flood
discharge inereasos along the length the rivor. The velocity
of flov of water is an iwportant paramoter in the analysis of
streanflov. Unfortunately am cquivalent of velocity of water
does not exist in the olectrical systom.This difficulty is
circumvented by reckoning the inertinl effect of flow'of vator
and talking its analog as inductances. { Einstoin and Hardor,
1959, Harder et al, 1961, 62, 66). Tha strecom modcl can thon
be composed of resistors, cepacitors ond inductors. But uso of
inductors wake it nocossary tb use alternating cnfrent. “hero=
ao R.C. anclog modols are opeorated on direct current. This
poscs formideble difficultics in simulation of intoraction of
an aquifer with o non-tteady state otreanm flow. No satisfactory
solution to this problem has yot boen ieparted.

An unconfined gquifer in hydramlic continuity with a
gtream with fairly contant water levels ¢an be simtlated in
o mammer identical to the corresponding care of confined aquifor
1.e. 1(b) (1). On the other hand the nonsteady caye presents
the samo difficulties as outlined abdovo.

Streams providing en induced rocharge due to enhanced
infiltration can bo simulated in difforont mamnors. The sim-
plest method 18 that duoc to Watton and Prickott (1963). It can
bo adopted to those sl tuations in which the flov from the
otrearmbed to the aquifer can bo apoumed to bo‘in an almost vor-
tical dirocotion, thoroby poermitiing its treotnont as a tvo-
dimensional flow. Tho gituation thon becomes similer to that
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of flow through on aquitard to o leaky confined aquifer which
vill be discussed in a subsequent goction. Each node point along
the stream 18 commected to a Bource of constant volfaga Corren~
ponding to the stream water level through a resistor caleuwla-
ted by(emnn and Akroyd, 1966.)

3 .
RB = ?zssk;-~ so0 (3‘)
vhore,
R, = gtrean sirmlation resistance
S, = resistance secalo .
Ip = infiltration rate of otream bed expresscd

a8 a flow rate per unit area per unit hoad
loss.
A = Area of gtreambed reprosentad by tho

resistor.

The above method of simulation presumes that the leakugo
through tho stream bed is unlimited. Howover, therc may cxist
situations in which there is an uppor limit ¢o the leakago.

Por this purpose it 1s nocossary to uge specialised circuits.
Such eircuits are reported dby 3kihitske (1963), Valton ot.al.
(1967) and Prickett (1970).

Tho leahapgo from a strean to an aquifer may have a threo-
dimensional naturc. In this caso the shapo of the river channcl
should also bé considorod.Horbert (1970) hac reported hov to
caleculate the rosistors to be connectod botwoen the rivor
nodos and tho aquifer nodos. Ho has not discussed the simulation
of the rivor i1tself. He presumes that tho river channel can

bo approximated as a senicircle, as showm in FPig.9. He aloo
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nokes a aeﬁgahlo agsuaption that the aquifer nodes are situated
at tho centreo of the aquifer depth. To reprosent the river,
a special node‘ﬁr,ia croated. The river hend is applied to this
node. The filow 45 assumed 40 ¢ross the rivor perimetre radially.
Tho resistor R, joining the river nodo N, to the nearest aquifer
" nodo is used to represent the flow crossing a eemi-circu;ar mid-
soction A, and 18 givon by

R, = S, log, | (b:%r) | /s 1 eeee(38)

r

Yhoro
R, = rivor rooistanco { ohns)
Sr o resistonce scole
b = distancoe dotwoen tho aquifor node and the
river perimotor (m)

r = radius of rivor scotlon (m)

k o pornoadbility ( m/soc.)
e length of river sogmont representod by the

river nodo.

The stream aquifoer intoraction simulation dy above methods
is possible only for uniform flow conditions of the stream. If
nonsteady streamflow must be simlated serious difficultics
as oxplélned carlier are cncountered. Perhaps it may bo possibdble
to work with a carrier wave supcriucposed on an alternating
curront. This will however requiro complicated electronic cire
cultry for modulating and demodulating tho signals. Till such
timc as this becomes foasible stream aquifer simmlation by
difforentinl analysor uocing operntional amplifiers integrated
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circuits ete. will have to bo rosolved. Ome such modol is
roportod by Riley at o) (1966). Such modelo however are out
sido the ascope of RC analogs.

2.6. BOUADAEY CONDITIONS

Boundary conditions govern the flow conditions to a
very large extont, malking 1t very cosential to ensure that thoy

aro properly reprosontod on the model. The following types are on-

counterod.
1. Infinite boundaries
2. Finite boundarioo

{a) barricr boundary
(») rechorge boundary
1) constant heod boundary {Dirichlet condition)
11) conotant flux boundary ( Heumann conditiona)
(¢) stroamlino boundary

infinite boundnry
The infinito boundary ico the most difficult to sirmlate

because the analog connot be mndo infinite. A finitc ropresen-
tation of an infinito boundary inmtroduces unavoidable errors.
One can only ninimisc thom by come method or thoe othor. Ono -
nothod 13 to provide termination strips ( Korplus, 1958)
betyoon an arditrary boundary, of tho aquifor within which do=
tailced simulation is Gesired, and the infinity. Onc sueh examplo
of toermination strips is shown in Fig.10. As will be secen from
thoro 1t 1s nothing but o progrossively and rapidly coareoning
grid. In thic way tho total field reogion is made scvoral timos

as large as the rogion of interoest. The errors due to mech
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oigo trahaitions aro confincd to tho coarso region { Vine, 1966).
Phe total aren simulatod should be about ton times the area of
actual intercst.

Another wothed of reprosenting the infinite boundary is
to adopt conformal tramsformations technique. The infinite boune
dary can then be brought to a finite shape or point. Tho ro=-
gion inoide the arsca of actual interost i3 represonted on the
un-transformed portion of tho modol, whorcas the outside arca
io oimulatod on the transformed model and 1ink isprovided
betwoon tho tﬁbj Caleulatione of components in the transformod
modol and <the linkdages boeonos vory complicatod. So doog tho
intorprotation of th¢ results. ( Rastogi, 1973, Karplus 1958)
Barrior Boundary

The barrier boundary io very ocosy to simulato. Thero is
ne ground vater flow across tho boundary. Foxr the purpose of
the aquifor boing modelled this tantamounto to zero T and 8 val-
uog outside the doundary. Equation 31 and 34 give R and C valuos
as infinity and zoro rospectively. The barrier bdoundary can thero-
fore be oimlated by the absenco of rosistors and capacitors
(open circuit) outsido the corrcaponding fiold boundary |
(Stallman, 1961, Prickett 197Y5).

Recharge Boundary

A recharge boundary providoo o latoral inflov or outflov
acroso the boundory. In contrast ¢o rainfall rechargo to une
confined aquifer or ovapotranspiration losses, which affect
all the nodc pointo of the nodel, flow across the rocharge
boundary affcete only the nodo points on it. Tho flow oy bo

causcd by o constant head source ocuch a perennial strean, oﬁ
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poy bo constant flux source as in a confined aquifeor gotting
rocharge from distant outerop arens. Tho forser can be simulated
by conncoting the boundary nodes to a source of constant voltago
corresponding to the constant head. In the other case the nodes
are connected to a source of constant current. In casc the |
gources of aquifor recharge are lknown to have o dcfinite timo
pattorn of variation of voltage or current, thon appropriate
voltoga function goneration or curront function gencrators
ooy roplace the conotant voltage and constant current sourcos
respectively. In any case the component values are worked out
uping the concepto prosontod in soction 2.3. For uniforn grid
apacings the boundary rosictors are shown to de 2R (Eq.25).
Stronmline boundany

A gtrecan 1in® boundary ic one across whieh thoro is no
flow, dbut along 1taolf flov mny take place cccording to the
potential gradionts. Tho arco outsido the boundary ooy hp troat-
cd as in the cageo of o harrior bkoundery. Howover resistors arc
conneoted betwoon the node points glong the boundary for simu-
lation of tho potentiesi dropa. The node points are, howvover,
not connoocted to any oxternal sourco.

ngundagx shapog

It would Yo in ordoer to discuos tho reprosentation of
the boundary shapes. Tho boundary configuration ooldom, if
over, conforms to the network. Irrogular shapes are encounter-
ed along at least sowme sections of the boundary. Unless it is

oooentinl to achieve accuranto colutions at theso node points
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aloo, the boundary chape may be approximated with Jagged lines
along tho grid 1tself. For reasonably smell net spacings, the
errors cautod by ouch approxinations arc not unacceptable com~
pared to the accuracy of tho overall solution ( Karplus, 1958)
For more accurate solutions, the shape of the boundary may be
retained, but then the components along thevboundary must bdbe
calculated according to concepts of Sec. 2.3 Typical exenples
are given in Fig.6 and 1.

2.7, IRITIAL CONDIRIONS

The proper simulation of the imitial conditions is vory
important for-ensuring tho reliability'or'the results. Thero
are four conditions that are uscd. (Rushtom and Yodderburn,
1973).,

(a) The hoads within the aquifor arc all sero.

(b) The heado corroscpond to a steady ctate solution due
to inflow and othor conditions which apply at the
starting point of calculation.

(c) The heads rooulting from a steady astote solution with
averago values of inflows and outflowe axre used.

(a) Tho hoads aro in a ptate of dynamic balenco.

Rushtom and tedderburn (1973) have shown that for most
aquifers (d) 1s the only satisfactory conditions from which to
start the analysis. Al the same it the most difficult condi-
tion too.

Vith faot tine ( ropotitive ) RC nnaloge condition (&)
has ofton boon uscd. For slov time analogues it is ugual to

otart from (a), (b) or (e). The authors havo rocommenicd that
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vhere (4) can not bo patisfied, (o) should bo adoptoed but
thore should bo o timo interval ¢ precocding the astual start
of the¢ analysis. The valuc of t is given by
re 35 v++(39)

vhore '

t = duration of prosimulntion poriod of 1nitial

conditions.

L = effective length of the aquifer

S = Storago coofficiont

7 s Tronsniosidility

1f 1t is necospary to adopt condition (a) only, thon
the pre-simulation timo period should bo 2.5 times that givon
by oquation 39.

On tho wodol, similation of condition (a) requiros no
nection for slow tinme analog. For fast time analog the heads are
brought to gero with the help of a line discharge unit, and
enough time i8 allowod for tho copacitors to discharge fully
before resuning the repoat run of simulation.

Condition (D) or'(e) can be similated with the help of
adogquate numbor of constant voltage esupply wnits. The wator
lovol contours for (b) or (e¢) arc drawn. For cach contour, there
io one source pupplying constant voltage correcponding to the
donomination of the contour. The node points on or near the
contour are commected individually to the voltane source. All
the voltage sources are sct to the roquired voltages. Tho
suvitch for starting the simulation run puts the voltago sources
off, thon it puts tho other dovicos on. Return flov from tho
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nodel to the sourco 4o provented by introducing diodes, othope
wigo the contour configuration of starting instant will be

naintained unaltored excopt for the chango in denomination.

2.8+ SPECIAL CONDITIONS

There are cortein situations which require edditional
dotailo for simlation. Thest are as under =
1) Leaky confined aquifer with loakage from one 6: two
oldes.
2) Threo dinonsional cases

3) Dotaileod woll sirmlation

Loalty confined nquifor

Leonkage through a semiepervious layor con bo simuloted
by providing an cdditional recistor of cach node point. The
pagnitudc of thiy rosistor 1o given by ( Ualten and Priclhett,
1963),

S
R = X " ’ s (40)
¢ (p'/m' » A

t/hero
R, = reoistence of the resistor simulating leakage,
= resistanco scale foctor
p' =« vertical permeability of aquiterd
n* = saturated thickness of the agquitard
A = aren of opecific portion of tho confining bed
ropresonted by the nodo.
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The othor end of the rosistor is connected to a sourco
of constant voltage corresponding to the head in the source
bed acrocs tho aquitard. If thore 19 another aquitard on the
other side of the aguifer, then another set of resistors may
be connected to each node. Alternating one resistor way be
made to simulate both the aquitards by comnoeting it to source
of average voltage.

Throo Dimensional f1ow
The throe dimensional case may be of two types.

a) Multi~-layer aquifor
b) Single aquifor exhiditing throe dimensional variations.

The simulation of a multiloycred aquifer 46 an oxton-
sion of that for the leaky confined aquifer. Each stratum of
the aguifer is dosigned as for the two dimensional casc. Howevor
the corresponding node joints are comnected to ench other thmugh
appropricte leakago roniotors. Tho other detalls would ﬁa
almost tho some as for tho two dinonoional casc.

Three dimen3ional variation of aquifor characteristics
can he simulated by a three -dimensional model. The basie
prineiploo are the same. Howover, in this case ' vector volume'
wvill replaco ' veetor area' and ' specific volume ' will re~
place tho ' sgpecific portion'. Equation 31 and 36 got modificd
guitadbly.

Yoll ohggacteriagicg‘

Voll sirmlation in dotalls L8 also posoidbles The heads

at tho node points of the anmalog give tho nonpumping static

water lovels ( SYL) of an obsorvation well. If thore also
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exists o pumping woll ot tho node point, then the obaorved
hoad corrcsponds ¢o o point at a distance &x/ 4.81 ( Prickett,
19617). The modol thorofore gives an underestimate of the drave
downs occuring at and near the weoll. If it is necossary to
eastimate the heads at the well itself, ndditiconsl rosistors,
for oimuinting the material in tho vieinity of the well must
bo introduced at tﬁoﬁnode point. It ispossible to determine
the heads at difforent points, esgs insido well, Just outside
woll, Just outside the gravel pack, offcets of partinl penetrao~
tion etec., by 2 potentiomotric divider devoloved and dooeridbad
by Prickett (196/). Details arc not giveh horc boeauso Indicn

conditions seldom necosaitate such simulations.

2.9, ERRORS

Neither the f£inite difforonco approach on vhich tho
resistor-capacitor notwork analog modol 1o based, nor the modol
itself, can be considorcd to be a precise foul for solving the
fundamental particl differontianl equation governing the flow
of ground water. For that matter, even tho rigorous mathematical
colution also involvos come orrors cuch as ihoﬁe involved in
interpolating the valuc of the well function for a given valuo
of u. Even the well function itoolf 10 cxprosced as an indinite
scerios involving truncation orrors. These would of course be
very emall compared to those of tho onslog model.

The accuracy of the data obtained from an RC network
nodcl is highly dependent on the accuracy of with which the
aquifer is reprosonted on the model. Several sources of errors
(Stallman, 1963) mst bo considored in ovalunting the accuracy

of the analogy solution. Tho mpat froquent crrors are -
FIEEN - L /I)QQ?')



(v) observational orrors

(e) errops due to instability of the components and
accensories.

(4) crrors due to inaccurate proportion between the agquifer
properties and the model combonentae

(e) orrors due to s%3§;§§§'bf compacitors and in insulating
parts of the circuits.

Fortunately, orrorsc due to diacretination of time are
. not prosent in the analog model.

Truncatién errors are inhsrent in the theory of the
modol and camnot be avoided. |
Yor o tuo dimensional uniform grid tho orror term is pgiven by

A N L =
El‘%" ix* oy ° 6 ox oy °
coase (41)

there 4x and &y arc grid intervals olong x and y dipections.

8If dosired, ggo ordor of this orror term can dbe reducod
to g__g_ and —g—-g—— y Dy introducing diagonal ropistors.
ix y

This, howecver, requirc twice as many comvonentsas in ordinary
square grid. Tho oxtra exponse would be justificd only in special
casos.

It con bo readily seon that the error dopondc substan-
tially os the grid aspacing, end can be minimised by reducing
the spacing. Thero exlsts, howevor, a limit bolow which reduction
in tho grid Hintorval does not sorve the purpose. Truncation
orrors nro oystomatic in nature, ond do not dootroy the smooth-

noon of the rondin~s, co that thoy may not bo quito objectionablo.
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Oboervational orrors dopend on the sonsing equipuent
used. Heasuroment errors can be reduced to 0.01 percent with
the help of precioion instruments, but may be as high as 5 per-
cent of full scale valuc if an oscilloscope 18 usod. The measur-
ing cecuracies aro given in a tablo in a subsequent section.

The orrors due to the electrical cowponents can be of
two types. The Lirst is that due ¢to manufacturing tolorances, the
pocond due to the change in the valuo of s component with teo=
perature, humidity and time. On the whole thege errors can be
conoidorad to be of statistical neturc mutually cancelling out.
Ualton and Prickott (1963) usod resist¢ors and capacitors having
nanufacturcored tolerances of + 10 porcent and obtained highly

satisfactory results.

It often happrens that the compononts of the exget valuo
as coleulated from the equations 31 and 36 do not conform with
the conmoreially manufactugad range of conponento. The components
of requirod value can be crcatod by series nnd/or parallel combi-
nation of the commercially available compononts, br 6lse compo-
nents of value nearegt to the desired one way have to be utie
1isod. Thego adjustments introduce seme innacuracies for which
thore can be no way of cstimating. Usually attompts are mado
to avoid guch difficultios by andjusting the sealo factors ofi tho
grid sige, or both, so that very fow components of inaccurate
value are used.

Spmo orrors also crocp in duc to inaccurato repre-
oontation of the boundary conditions. If an infinito doundary
io represontod, by o finite boundary, oven with the termination

otrip, some orrorc are unavoidable. Those will dopond upon the
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geomotry ond cammot be estimated. If very accurate rocults are
desired, the model should cover an aroca ten times as large

as that of the actual area of interest { Vitkoviteh, 1966} which
makes the model vory costly. |

In spite of all the adove errors involved, the RC network
analog mwodels have given fairly reliable results. The results
obtained are quite satisfactory compared to the accuracy of the
basic fiold data usually availabdblo.

2.9. EQUITMENTS AWD VODEL SET UP

The got ﬁp of equipments is designod to suit the roquirc-
ments of the problem, finances availeble and oquipment on hand.
The gencral set up iz chown in Fig.l0, which includes the
following components.

(a) Hodel

The wodel itoelf ia designed in lipht of the principlen
outlined above. If it 4o prepared for o specific problem then
it can have soldered cormections. A map of the aquifoer on a
ouitable scalc 13 drawm or pasted on an insulating doard such
ag masonite. A grid ag per design is superimposed on it. Holes are
drilled into tho board at the locations of the node points and
brass studo or cyes ars inoorted. Resistors are soldored on one
oide of tho board wheoreas the capacitors arc solderod on the
other side of the board. The other ends of the capacitors are
connected to ground of the modol. In caso of general purposs
modols, intendod for solving several problems at different times

sockets ere proviged on the board. The componants are noldered to



pins which canbe'pluggcd into the aeekéta- Thic ensurces
flexidility of model gotting and intorchangeability of compo-
nents at case. The nodel must dbe diligently checked to eliminate
all loose joints, .short circuits and leakage paths. Using use-
ful guidelines aro given by Parchkin (1968).

(b) Input devices
The inputo may be positive (recharge) or negative

{puspage, evapotranspiration losges ote.). Thoy may bo concontra-
ted at a few points or may be uniformly spreced over one or moro
gones of the aquifer. They may be constant or time variant. The
input devices will depend the above considerations.

The rechargo to an unconfined aquifrr, due to rainfall, and
ovapotransplration losnes are spatially distributed parametors.
The net effacts of poromoters may be reproduced. It would bo de~
sirable to apply eppropriate curronts to oach node separatcely
through feed in rosistors and diodes.(Prickett and Loniquistt,
1968). Similarly punpage smay be simuloted by megative currents
and applied to the recgpective node points through feed in
resiotors and diodes. If pumpage is alwo uniformly distributed
then g single ocurrent source producing current proportionate to
this algebraic sum of rocharge and pumpage may be apnlied for
reduction in number of equipmonts. However separate simulation
of rainfall pnttorn hans the advantage thot tho percentage of
woter table can be casily adjusted with the help of potentio-
moters without disturbing the other conditions.

Inputo to the boundaries are alrcady discussed earlior.

Somo important dovices are discussed below.
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(1) Pulse Gonorater

This equipmont ig a source of electrical current simulae
ting tho pumpage from ont or morc wolls and i{s therefore ana-
logous to a pump. This can be a constant current equipment if
the pumpage can be taken to be constante. If the draft has taken
place intermittently, provision is pade for putting the oquip~
nment on and off nt appropriate instants of tinme, in the form of
step function pulscs. The current is adjueted fo value computed
from Eq.(19) and 15 ndiotributed to the well nodou through o bank
of feoed in rosictors. It differont flow rates in difforent wolls
and/or portions of the model are nececsary, correspondingly
largor number of pulse genorators are requircd.

Tho pumpege may be variable with time, and it may be
desirableto simmlate ito variations. This can be done in two
ways. The first i6 to discrotige theo ﬁumpage pattern into sorios
of stop functions, which ocan be produced with the help of bio-
tables omd @s shown in Fig.ll. The bistables act ab switches for
putting ' on ' or ' off ' the respective pulse genoratbra.

If it is desired to.aimulate the pumpage pattern nore
accuratoly it may bo broken up in a seriocs of straightline geg=-
monts with varieble slopos. A conmplex wvave form gynthosiser
can %o usod for gemerating such a prttern. Tho oquipmont is,
howaver, very oxpensive and has o vory involved eircuitry.

(11) ﬁa@g,?orm Genorntor
This oquipnent is uscful in two ways. The first is to

synchronisc the output of the pulso gemerator with the ewcep
of tho oseilloscopo. This is nccogsary for observing the signal
simul tancously with the pulse genorated curront. Sccondly,
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nodel is designod to b o ropotitivo ono. The duration of
cach cyclo is madc longor than the timo roquired for rumning
the modol so oo to allow sufficient timo for the capacitors
to got discharged and come to the initiel comdition. The ro-
potition ratos may vary from 0.1 to 10I4 H Jdepending upon the
problem requiroment.

Ontput_devicas \

Tho output of an analog is in the form of aAizggivoltage
or & timo current graph. The most conapicuous output is givon
by the oscilloscope, which can bo used f9r fast tioe repotitive
analogo only. Fow olow time analoga one has to use recordors
or plottors.

(1) Oseilloacops

Tho oscillosncopc 18 useul in two way8. Beforo simlation,
it enabloa onc to cxamine and odjust tho pattorns produced by
the input devices. During actual simulation it acts like e
wvator levol recorder inotalled on an observation well. Tho
luminous trace on the oscilloscope 15 analogous to the well
hydrograph and can bo photographed for permanont record. It
can he converted to woll hydrograph through the scale factors,
and can be compared with the observed well hydrograph to check
whether tho model simulation is proper or not. It 15 important
to synchronise and adjuot the sweep frequenicy of the oscillo=-
soope with the othor cquipments. The scope measurcments have
an orror tolerance of about + 5 percent. For more aoccurate

regults other daficco rust be usad.



(1) Rocordor and plottors

The output of a slow time analog can de obtained on
one of the following devices vhich work eo yacorders oxr
~ plottors. |
{1)  Dato lagger with digital voltmeter
{2) Ultm vioclet recordur‘
(3) Ultra=violat recorder with proampliffer
(4) y o 4 p&nfﬁer‘ |
{5) I-% plottor with preamplifier

{8) Long porsistenco oseilloseops or storago oscilloacopo.

Tho impoxtont charncteriotios of thege instrumonto oro
diccupsed by Rushtom and Damnigtor {(1970) and ars surzarised
in Tgble No.1l. They have rceconmondod the wltre-violot recordor
ag ' the moat suitadlo inotrunont becauso of iis accuracy and
its ability to rocord o nuodor of resmits oizmltancously. If the
changeo in head are not too rapid the I-7 rocorder can bo nsed.
then a large aunbder of rosults arce roquired involving contour
plote o data logger should be used. 3ince thoe ultraviolet re-
corfor iz not readily availedle indigemeously and 1o quite
oxpensive, one has to rost content with an X=T plotter.

Thooo arc ao undor =
i) Multinoter
1) digital voltmeter
Thoir charactoristios are also given Su Table Ho.l.

Thoy arc usoful vhon tho analog time i slow snough to pormit

manual observation and xecbrdlng.
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(4) Yoltamo oupply
in cddition to the boundary conditions, the initial

¢onditiors ere else required to be simulated on the modol.
IT a cenfined equifer ig modelled, thenm it may suffice to bring
the voltage et oach node to zoro before conmenccnent of each
rene The oselllossope ox recordor then gives the time~drawdown
curve infiend ¢f time-water lovol curve. Quite ofton one is
interected in drowdowns rather than in the notusl wator levels
co that the ebove mothod may rerve fhe purpoge. In thic eago
& line-diocharge unit is neoded to dicecharge oll copeoitoro
after the simulatien. Bince this taken some time the eycle
time for repetitive onalog is kept sufficiently longor to includo
thie.

1t may be necoamoonry to get the timo-level grophs rather
than the tice-drowdowm grapbs; eithor booguso tho problemn o=
quirements aro sueh or because tho oquifor is an fnconfined
ones. In gvch cases the initial condition of wator levels must
be modelled by ensuring that oppropriato voliages occur at the
notc points just prior to the sivulation run. This can da dono
by hovisg on adequate nundor of constant voliago sQﬁicea. Tho
node poirnts lying on o particular water level contour are
eonnected to onc voltago ooureo, through diodes those on enocthor
ccntour are connccteod 10 another soureo and so on. The voltogo
pupplies arc owitched ' off ' simultancously with the putting
‘on * of the eimulation equipmente with the help of a multie-
point switoh. The dlcdes onsvbro that the currcnt does not flow
in tho revoroe diroction. Othorwiso the inlitisl configuration
of contours will bo opaintained unaltorod with only incroose
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or deorease in the values. The awitching off and on is done
sutomatically on a repetitive snalog vhereas manually on

e single shot analog.
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CHAPYER = 3

BASIN CHARACTFRISTICS AND DATA

IOCATICN

The aquifer far which the B.C. annlog mode) studies gre
planed lies around village Dshe end is therefore known «s
Daha Aves Aquifer. It is & part of the main dood between
Yewa end Genga, nd is bownded by rivers Kttshi to vest end
Hindon ¢to the east, The northern bomdary is sn arbitrary
bYomdary formed by a metalled rond, %o the south, there is a
sonfluence of the two rivers. The area covers 5%8% ha, in
parts of Meserut and Muzeffernagar Districts, There sre 64
villages belonging to Binauli, Buthang snd Xandhla bloeks.
The lettitudes vary from 20° 05° North to 20° 97° Narth, The
longitudes renge from 77° 19° East to 71° %2° Esst. The
nexinoe vidth glong east-west is 24,3 ka vherese along north-
south 1% is 21,12 kn, |

FRYSIOGRAPRY

The gromd water lovels in Daha sres shov a falling
trend from the north ¢o the south, snd vary from 2%8,05 m in
the nort¢h to about 2%5.05 m in the south in & total length of
2%.92 s, The avarage slope works out to 1 in 1606, The main
drainages also flov from north to south, (Homs Kmar, 1974).
The shaps of the wres is almort a cirele,
CLIMATE

Yery hot summers and ¢old vinters characteristics the
clisate of this mﬁu. Rainfall is nainly in the nonpoan from
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niddle of Jwme o end of Septemder, Occasionsl weter vinter
rains alsc teke place but are erratic and scanty. The rain-
£:31 datz ere given in Tabdble No,.2, vhercas data of pan eva~
paration obasrved st the neurast statim vig Mesrut are pre-
sented in Table No,3.

IRRICATION PACTLITIES

It L¢ perhaps are irony of geography that the ares is
deprived of irrigation feeilities slthough two well known
frrigation systems vic Easters Ymwas Canal and Gengs Cansl
axtend upto the opposite hamks of the rivers Womding the
srea, As thers is no surfacs utu; frrigation, the fhrmers
have token vecowrse to gromd water, The sverage amnuel rain-
fall of 95,5 o being inpdequate for meeting the irrigation
needs, supplementary sources in the form of tuhewells, rahats
stc, huve been developed, Thie ia necessary for growing sugar-
cane which takes the 1ioms' share in the cropping pattern of
the srec. Thers were 121 state tubsvells, 1180 private tude~
wells, 15 pmaping sets, 11350 masonry wells with rehat and 1800
ariking vater vell in 1974, The mmber of rrivate tubavells
incressed 1o 166% in 1975 vhich showvs the pacs of grownd water
develoment in the grea. The distridution of state tubevells
is shoun in Mg, 12, and ehows that rather than deling conon~
trated erowmd certain locatims the tubewells wrs almost uni~
foraly epread ovir the ares,
GROIOGY |

The area in a part of the Indo-Uangatic plain, and i»s
1ikewise formed of unomsolidated fluviatile farmations
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TABLE 170,9 v A

Denod Pen Dvaporatisn (Closo A Bom) & Potcatdal Evapo-
wcnopirotion of Dohs ivoe

(A1) Pigvwon ove 4n nillinotes)

8.llo. Heath Pon ovaporation Potcticl Dvapoteonpe

pirabion

i  Jonmory 610 5%.1
2.  Pebpuary 700,0 75.%
S« Hereh 1750 12749
de Aprgl 259 4% 1707
5 Vay . 922.0 222,2
6+ Jwmo 2739 225,59
T July 180.2 163.0
8, Sugmot 152.0 16249
9.  Sopiembar 135.0 §42.2
10, COotober 920.0 $11.3
11 Vovcador B82.0 659
12, Doocadar 570 |

8944

OTAL 1914.,0 99454




[

&b

(es6L) SIA13M
3gNL 31LViS 30 dVIN X3@NI~ ¢L 913

_. ITONId
[ dNdNHVYS 2y O mw
022921 :L ~31VDS ,, !
2e0 |
vo O omOOvo 3Y M\
. P R AL AR ¢ Yd|l. . - . -
620 rOV €0 v 02 Oi- &2
O
% e (70 o
€5 O % © ve,  So &
€S Oge
FAN®) (o)
9e O /W?Oo— LA°1¥6) 52O
vo & o
2% e °®
cc O 0L 8vrO e
O 190
‘. ¥EO ovs St
DY QDOQ@ _
/m.ro LED 020 Oro
/W@ / .,, 090
¢ / 22
_ e} etO
141%6) ) /. 2 ve
I Or. o
vy O nwO Q\VO Q. —_—
- : &Ul! 2 I
1ot ev© o Ay 42
510 Dg o 6 10 TN
v Gl O wﬁw Ie) o vel MW o
43 Y G2
4% 91 Q AWN
O O 61 0 e}
Ly v O o 90 mOw L2
' 2z
I.il..il.ui!'!.ll’ Le O
! 27 O




64

ocopviving of ocad, 081t, oloy cal koaker, ko Wtlcimooo
of aliuwiv in the InbGo«Crapatic platn 10 moewm Q0 bo of
the axdor of 2500 <o 9000 nmetoro, Goologienily ¢ho colincaty
0 fovournbly cabsddod Lo the opewrzcivo of growmd walcr,
(Mo Bracre 9974)s Tho cmon 4o Lovnod of Plodctoecno o,
Peecnyt olluvdcd siver doposido of Inde-Cmpotic ploino,
femmed by mecaoolidated fluvinl depooits ecaypwicing oomd
bed with intomofinto Ionson of 0fll, Cloy eud hcolwey, O
roficacl coeolo tho aquiors oro dntoreamceted Bl in looclds
ol potfioto st nuno plesoo thoyw cial-wmesafined cnd locky
oeafined oonditicn, Avorpgo Copth of uster 40 edowkd 2.5 D
af flwotuntion 4o choud 1 n.

Sheee are no datn of doop @&rilling in <ho aroo ovode
irhlc. Tho oteto tudo wollo ponoferato wio odbowd 150 n.
e owbowrloso goolony vodte o CGopth of 150 R era bo otufiicd
ey tho 1ithology of tho cleto Subcwello in tho oron.

AQUIFFR CHARACTTRISTICS
Dotollod ¢ood poping canlynio by veriouws nothedn of
M0 doto for cao puaplng f0ot in $ho ores veRe ooxricd oud
ceriicr (School of ByGrolegy, 1974=75). Tho cquifer perpe
notors chocon czosrdingly oo oo wlcr. Traacafonidilily
= Y779.2 mz/aayjmmm sooffiedcnt 0=948r ~ o 1'%

Thoro aro no othar toot doto avndloblo. 4o o woould tho
obovd valuwao o¥e cloptod for the catize oquifor hepoby onoune
g 19 o bo haognoows cad fcoteopio,




DARA AVAILABLE

Tho date availedlo cnd wooful for hytrologic nodolling

o 140%c8 doloy sw

()

(2)

()

(4)

(5)
(6)

{7)
{a)

()
{70)

leathly roinfell figweco foy $ho thvor odnpouso
ototiane ot Bufhoun, Koen@hlo cad Soelhicng. Doto gex
Bofpnt o ovndlobdle but cre not ucofvl co the
Thotoch polygm of thot ctatlen doeo mot Foceh upto
the cron.

Pato of meathly pem ovaperaticy figwmron of lieorud
could bo pathered fren DD Bublication,

Heathly opedng lovel oboorvatieao of wotes {4oblo of
wollo fox ¢ho yoer 1072 %0 $975.

Villngovico oron otetliobicn.

- Villosouics Serignted cpoo ad dreipntian verho{$972-75).

Yoeorly owerogo Qicchorpe cad puzaing howeo of SRato
Lo vollo,

Bogultic o2 cooplo cwrvoy of privoto $ppigatica vosho,
{9972=1975). |

Amp oot dnto

Eoddng cropring pottcrn = dlockvwico.

Vater roguitcnionteo €02 c@Ops.

PROCEESIIG 62 DATA
SubeDiviciaa into Ropicans

Por the purpont of rrocoooing tho dotn tho cquifes

io Gividod into Livo pogican, €oninated oo Ay B, Co D cad B
00 wmder,



6Y

PR . y oo "

BAnwaco ., Rendhla . Seeans
Buithenn A B

| £
Béanld ¢ | D

Thero cro Lo gaingmunen crovnd tho eren of Koadhlo,
Bu@®ran, Sevdhenn ond Bagapat, Tholoccs polyscao woro
&rovm £or theoco fovr ralinpgowps, IS fo fomnd thot no pord
of ¢ho oo £odin wmder the polysen for Boghapot. Thio givoo
thrroo Adviciean on ¢he booio of rainfull pallori.

Iren Yho point of vicy of erop patiewn, ¢he r2on gols
8ividod inte tve perto. Mhen follo wmdey wader
bloc: af Qloo eovepo needo of Keathlo Block, %Fhe othe
£cllo fn tho Dincvld dlooh. Tho Tholoeea polyzen owon of
Scrdhcas Paingouse goto d4vided inte uo noemteguowd porio,
oo £oliing wmicr tho Dufhcaa dlock, ¢ho other wnder Binauvii
bloct, The €0 poris imdividuslly oro vory tacll, cad oro
theeforo caoidored ao o ootiaa Pogion, vith wrop pattom
caiporod of wolcated avirego of thw two blooko, Tho divicieas
of tho oyplfer dn%o Live ropgieno 16 chovn &n Pig. 9 by Golte
od 1liooo,

Yer peopeno of clnuloticn of poobcreo Qo $o poinfall,
rofdeno & enfl € pro rowpod Sogethor; rogiaio B cad D oo
ocabinod ond pogian B S0 (rectod poporotolys.



12 14 16 18 20 21

0

1

°
29

15

19126720

SCALE _

FIG. 13 - FINITE DIFFERENCE GRID SUPERIMPOSED ON

PROJECT AREA
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%0 (o quontu of votor econovmod in the plcmt shyolologiend
pRocoacon, oaft Inflenteo tho wotc? poquircncato of o aropo.
If dhic poquircacnt 10 ot fuifillicd by aotvral peceipitntion,
thon Yhe quemtity felling ohoxt chould Bo cepplicd by drrigne
¢iea. Cloos A §oa ovaposration dotae v cvornll plotwo
of o voriows netoerolopieal fretero cad erm o urcd Lew
aocopcatnt of the ecromiptive wco. Peltiplicntion of ¢ho
poa &oto by ¢he eaoioplive veo eooffieicato Lo ¢tho Sypo
0f c0pe AW tho valta pequiecacat of ho ewep.

The arop pottarn o creh of tho £4vo poglean voo
oochucod fraa the @xto avnilodlo caf o procowtcfl in Soblo
Uoed,

Tho ncathico orop vwoler roquircacat £6 oceh orop
in goch Poglen oro wosied cul coparatoly. If scinfcll hod
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taken place in s particular month, then the sorrespmnding
effective rajnfall &s warked out, by reference o standerd
tables giving values of effective rsinfell as s fonction

of the normal somthly rainfoll and the swerage sonthly
consumptive uge, The net frrigation requirement (NIR) was
computed as a Gifference between the monthly conmmptive uss
nd the sffective rainfall, These figures gave the guentum
of water that should have beam applied at the f£ield, Hove
ever the LrTigation efficiency is preswmed to de 58, To
sccomnt for this the RIR figures were 4ivided by 0,65 giving
thareby the Fleld Irrigation Bequirement., The delivery
efficionoy vas aspomed to be 90%, and the FIR figures vere
divided by 0.90 to get the figures of Oross Irrigation
Requirements (GIR),

The GIR figurew worked out as above are in wm of
wvater depth, They were nultiplied by the area méer each
eﬁmp for sach region separstely %o arrive at the volume
of water required for fxrigation,

Punpage Data 3

Data of puapage for different irrigation works gre
availsdle in different forms, Por atate tudewvells, for
each yesr the figures of average discharge and total hours
of rupning for each well are available sepsrately. Since
the location of each tubewell is known, the group to vhich
1t belonged could be ascertained, The volums of water
purped by each wvell in a particulsar yesr vere worked out
amd and added separately for each group to get the
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sogionct puddotalo. Tho ppomd dotolo vero oloo waszhkod
out theroPe

Por perivoto tubowello, naoomry wollo with Bohnts,
pping coto ol deintding voter wello, detodiel deto oro nod
oveiicblo. The suabar of ¢hoco waido fa cech voll oro hmown ond
thofr avornge Yming howrs cad Giccherge 46 ooeozrdoinod
gron peoulto of scple mn-vey» Tho regiomsice Gloteridu-
tian of thoro works vas verked out emd the volwmo of walcr
puaped by thaa were worked ont os o lwiped nodel for ccch
rogian,

A1l pupege volvnon an worked ouwd obovo woro odéod
dorther mab eqnpored vith tho Lrigstica requirca@to oo
alevlatod frnﬁa tho ccaoumpiive uo paticin. The pumpasod
ore found to bo voery lov coapored to the orop i roquire=
nento. Hovover thoy ore footvwld datan, vhereas tho wrop
vator roquircaonto no vorked out ca the basis of csasupdivw
vso oo Cthoorotlcsl figurcon. Tho laticor howewes cwo vroful
in giving ot leaot nene 4€oa of ho meathuioe vopfioticao of
irpicotion vater donoed, The neathweico dioteibuticn of tho
Ppasso von therofore vorkcl out ¢n the boslo of <ho
potiern dndlonted by tho orop wolor roquisciont, caporatoly
Yor coch rogion. Tho &rinbing voltcr woll penpapos vere
coowic vadfom over the yorP,

Vallagouico ceoo otatiotico oo oavoliloblo £rea vhich
tho roglenvioe averar of Loroato ead orohcén wno varlied
oub. 20 pom ovoperatien Liguw=co voro ooyplicd ¢o thoso
fAgon for working oud tho volwo of Grovafl vwoltcw o0t
oo ovopoiecaopivation overy naath,
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Tho 2otnl @raft ecnnioting of irripatica mmposl,
deinl:ing votcr cnd ovapotercnopiration loocos, veo ¢thed
verled out 202 coch neath Lo coeh Foplcd, cf Shen genverds
cf %o floy raton oxprensii oo nglﬂay. Thooo £icy roton, vaca
Buligplicd by tho ewrent ceclo B, given tho clostriedd
ewrrent required gz ofmalating the prapogo (62eft).

YATFR BALAICE CATCUTATIONSS

o hydrological cmnlypio erm proecod walons tho
vator baltmeo of ¢ho con hos boen cocopsod, Tho cquratitatdvo
ptatcacat of the porfefile wvator balenmeo of o oguifes eom bdo
oxpeenced by Bq. (1), dicounsod wnder Sce, 2,1 ocrlicr,

Hater bolomeo otudico oro acepded oud <o oceh possoa
popcrotely, Mancoon oepota 40 rogkenod S0 feob fren Jvmo
%o Qotobor, vhorons merneanoon 10 fchen Seen Dovendor o Hoy
of tho oy nent yoer. Tho wnter balenoo otudico oo ooreicd
out Lo2 tho catiro oo 0o o lpopot nolol rad ned soporatoly
o2 ceeh poglan oo tho pogion bomdorion oo quite arditreary.
Tho daoip for cotinotieca of the various porenotors e ddo-
cuscod boloy se
Baingoll Recherpe (R)

A ambor of capirienl fortvlo cven pul Covvord by
vardows verhkern, Thoy oo ¢

(8) Bo2,0(Po 3508 (Choturvods )

(2)  Ro 2,5 0(goi5 )05 (ienitoes)
(3) Ro 9,95 (4= 4405 (In3)
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Datte ot al (1977) have reparted results of tritiue
studies on right dank of Yemwna anéd have sstimated 208 ap
the resherge rate.

Rather them relgying upon the ahm foraules, the
recharge rates have been worked out from the water balance
stulies. Foar nonsom season shtisfestory water balaﬁca in
achieved 1€ the raimfall recharge is rookmed ot 228, Por
non-monsoon period, yainfall 1dss thun 1 mm/dey was ignored,
The sdditional rainfall, it any ves asmmed to give 14% re-
oharge provided antecsdent rainfall had ocomyred,

The pexventsge rainfall recharge csn however be easily
adjusted onn the model with tho help of & potentiometer, I
can therefore be made one of the variables vhose effects can
be stuiled an the model.

Rechsrge from Cansl Seepage {Bo)

This compment Cm not extist in the ares becsume
there s no oanal in the srea. The mall gewed percolation
through the gromd weter Srrigation charmels is included
Drrd

ation Bechaxrge ()

Irrigation efficiency is asowed to b §5% whereas
delivery efficiency is asstmed to be 908, This means that
out of esch cubio metcr of water applied st the head of the
irrigation chamel, 0,65 x 0,9 = 0,585 m> of water is useful
for irrigation. The rest 1,0, 40,58 is lost as seepage.
Por gromdwater, this is a gsin in the form of return flow.
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Czowad Voter Infloy (ZG)

Ship footor 40 wunlly opplicoblo of the erbitrory
boudcrdon. The quentity of unter erocuing ouch bowmdory io
ovea on

Za’ﬂ 243 .79
thero
Q = oy (1)
% o Wwameniosiddlity (nd/0ay)
4 © hood (rodicad (quodrant)
L = Iempth of bombery
P » Poriod (doyo)

Tho bowndery ea ¢ho marth hes o longth of 99.2 km. Tho ¥
valwy in conntent. $ho grodicato varo wozhod oud oo voltcee
levol ecatowrs o2 oy and Doveaber ead avereso srodicad
Lo ooeh conoen worked ond thorofrey, Cealonlotiaa of I, Lo

G
oonch perfod von thoea o matier of minplo nuldipliestiono,

Inflv-a¢ Scopano

$ho omotrace of $vo rivers oleng nere them FOP of tho
bomadery locd So cupooctetion of iInfluomd o 0fLlucad ooopam.
1% Lo wvery QifRiculd %o ostinoto thoco emipracnto ovon vadcs
nenol oirewictonoos. Im tho present eoco, 4% 4o oll tho
nore digficuld, booouco dicshorpn Qodo c2o not avollodlo,
Tho aly diccherge doto avodlodlo core fekom o Glota
oooted obout 10 I dovmoteern of tho eemflucnes of tho
W pivoro, MHoreover tho fwo rivero hove lorge cotelmead
crons o the wolPern of tho otuly crony
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Uith o vicy So pottlng ot loco? o qualitotive ideo
of e cenfiticao ot tho ovoo 4% voo conpidered nocococry fo
otudy tho pottcmm of wotor 1ovel dm he reglan outaddo tho
otudly crea nloo. Sho datn of unter lovelo & tho Neczut cmd
Hunegfominger Glowrioto wao rosurcl by opecled offortD.

n plotting the wotor-levol saatoure, o vopy intcrooting
Zootumo wao aotiesd,

The unter lovol contours oo chowa in Flig, 94. 1%
oca B0 o that tho coatouro ore shapod 1ike o hereo ohoo
inddcating thot there oniote o rowmd woler Woungd im tho Doho
cree Infueing conoideroblo inflovy fram thoe ixrigsted orony
just coxrooo tho ivaro. Thio bchoviow: 1o motiecd Lo none
poeed an woll oo neawneacoca pordedo. Fho pocitienc of ¢ho
contowrn wore fowmd {0 flvotento botuotn nerpovy boalo. Thio
poctider oituntica 10 poooidlo desoucs Pocclpey Qloieidudery
e58 tho Dim Pkere Alotribuwtery of tho Teotern Yoo
Coanl nero oinoot perolicl fo ho piver Keichmd ob o Aictoaco
of chout 9 Im 20 tho woot. Oa tho coptczm bovadory, tho
Doobead becach 2t tho Biat Jonlll distributory of tho
Upper Gonpn Comal oo oloso $o tho piver Hinden.

- Uader tho opcoinl oituntion docerided odovo the
inficy of waler fron tho cpot emd woot bowndcrlos nocd
not Lo olopoificd op Vo vhother 4¢ 40 &nfivomt coopaso o
vhodhez 20 40 growmd wotor inflev. Por ¢the purpoeso of tho
cnolofs ¢ vould B0 pdoquato ¢o ofnulato to cquipoteatiod
boundcry aleag the cpprontnato looatien of tho comtowr of
R.5e226400 p 08 Srept 1¢ 00 o oquipotentinl Downdery,
Aicrenrrding thoe ordotoneo of thy rivor,
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_INFLOW PATTERN OF GROUND /"’,' DISTRICT BOUNDARY
WATER IN DAHA AQUIFER 7 44 HYDROGRAPH STATION
== RIVER
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Doz ¢ho purpoco of untor bolemeo otuvdiecs, tha nod
offoet of inflev cexoos tho bLowmdory wos Feeheaod ond
colculotced. Thio nioy bo ¢arnod oo emdinntica of influmnt
coopass mé romnduater infiov,

E¢flucnt Scepago (S)

The obovo diccussion xnﬂloaﬂeé ¢hot thoro o no nod
offlvent soopago €0 the pivewn frean the Doha cquifor. Fho
otrors ochorsos dwing non=nonocoa potied oot ol thoir
unter £ren tho fyvinnted oroa outodde obudy cren no
vater ﬁea::: tho atea.sa 4o ¢horofors tcken $o Do 0oRO.

Crowvad Wotor Outflow (Oﬁz

Grovad vnter ondfloy ¢akoo ploec aleapg o cioll
1cagth peuthorn bowmdory. Tho quentition vore vorirod oud
in o neancse ofndlor 4o thot ndoptod for Iﬂ.'
Evgmz:aapzm&&m (EQ)

Tho oovoocxeat of thio cenpeacat hoo bucn doserived
ooplicr wmder cootica of vithlrownlo. I$ &0 Tm:aél' oa pra
oveporotioa dntn of Nocsut opplicd ¢o ¢ho oroco of faraoto
ond archcso. |

Grovad Yodor Withérmnl (seﬁ)

Thioc coopeacat 40 o nojor cuo. How 4% vog coloulate
cd £oz ocsh meath heo boca Coceribod oerlice ey vithe
Grounlo. Por purposos of woled balcneo the naathly £igwrop
vire Qotalled for § ond 7 natho L7 nonoccn cil noa-neasoon
pcelofl poopoetively.
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Chomrp fn Sterorp (AS)

Uates lowl emndouzo Lo ccch nemth waro plottoed,
Per neatho of Juno cad Novenbor, tho cetenl oterareo abovo
B,be 290,00 o, oolected oo dotumn wore calenlalced Cor ozch
eantorr cad cdded up o oot the ¢otal Ligwrop. Thoco volwmon
vero them multlplicd dy tho gtorage evofficient ( = 0.998)
%0 (o% tho setusl Volwno of wober in the vedds. Tho chongd
in otozano Guring cay porded 1o then pgivem by (o digdorcnso
botvocnm otoragd of tho ad cad ot tho bogisming of tho
pcrdod,

Getwci} Bolenco

$ho wvotcer Loleaco owmputatican ore chevn inm Toblo
To.5. Yhooo figmop havo %o \taemﬂm%oa o gﬂm ho
porecntase of roinfall pochroge noy bo iffomend Sren thob
aopunod,.  Sceendly tho quenf of inflov of volcr £ren
cddoining crees noy not bo ooxveet., Zho Lirct eenditioa
oeci bo caoily nade o verdoblo m ¢hD canlog. Tho cotead
ocnditicn eca B2 omnined dut vith o 148410 &i¢ficvity,
Tho oporatian of tho caclog thorefore BWemon o chnllanging,
;@ theroforo ca intorooting cav. Afior o1 "%Im TWry puse
yoso of no@okliing o <o bo oblo %o coocos cuch othorvics
incooocoiblo parenodoro in o foirly rolichlo noomer, OMnd
42 40 waley guch co:nai%ao:ad thot tho caclop nolol proven
i%o verth bocoucs tho oporoter omm play crowad (pumpocofully
pf courca) vith ¢ho moés)l b gt o phyofosl nofcht dngo
roacble bohaviow of tho oquifcr,
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CHAYTER - 4

DESICN OF MODEL & EXPFRIMFNTAL SETUP

The analog modsl for Daha n@ﬁfer is designed xeeping
in viev the availability of the caponents, equipment and
the desiradility of keesping the grid spacing as small es
prazticable, After a few trials the folloving combination
of canponents, scales and spacing is found to be varkable,

COMPORENTS
Resistore (for internal nodes) 100 kiloolms
Capacitars 15 Micro farads

GRID SPACING & SCAIE
——— (ﬁp Lol vn s@«wzxu—\j
Uniform grid is adopted becauce the atudy 18 a regiomal
cne snd there is no ares of specific interest, The hydraulie
gradients are algo more or less wniform,

VOITAGE SCALE

The maximun vater level is observed to be 226 m
vhereas the mininum is about 214, We may provide for varia-
tim from 210 to 2%0 m, 1.8, & range of 20 m, Conaldering that
the recorder cen talte a maximw of 3‘}/ s the voltage scale is
chosen s 0.2 volts/m, '

RESISTANCE SCALE |

" I8 1s proposed to use resistors 100 kilo ctms. The
transiseibility the aquifer is fomd to be 1771.2 n°/day.
Thus we get

5 = B Tx -4y

A% L OF F00RE

Y URNE
m‘\\' ‘-‘E?\ Y (\(\TL&BB
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o 30% x I771.2 x 101376
101%.76

e 17712 x 108  omex®/aoy,

CAPACITANCE SCALE
Capacitors of 15 microfarads ore to be used, The
storage coefficient is 0,118, Thess values give

C
8§ =
o AXe Ay - 8

. 13 x 1% _
0,1168x1015,76x10Y8,76

. 12.%91 x 101! Parads/a®

These scale factors give the following suxillary
soules as vider,

Tine Scales

B‘t - Sz, Se

= 17712 x 10° x 12.%91 z 10°1!
= 2,1908 % 1072 geo/day

= 7.99649 sec/yr,

= 8 sec/yr approximately.

Current Soanles
B

3 B amiew
a

5’
0.2

19712 x 10°
= 1,1202 x 10" mmp. per (_n’/&ey)
= 1,1292 x 10°> microsmp per (n>/day)




Voitao Ssolot

Bq/“ L5
e 0.2 1 12,391 ¢ $0°77
o 2,47582 2 10”7 coulcbo/k®

Tho cwrront peale B, woo uvred Yo canverd tho
rechrngo ad dreft eoleulotod in n7/dny por el
vater bolaneo otudion, % nderccapereo of cuspeat Loy
tho prrocy of dooirp c2d adjuntaont of tho ewrrpeal
cgceoabero, Thoso figwen oo given 4n Toblo Hodbs

1lo@ol 8ot Ups
Tho cquifor of Dohn cxron hoo boca Aoezoticod i tho
gorn of o valforn oguave (PR of 1019,76 o cpoedng Pig. 19
Beoh dntcennl nofo roproccnts ca ercn of 102.77099 ho. Sho
boundcesy ?%_“é”a corace nefico poproccnt caollcr oxoon. Thore
cre totol 950 collo. %Thio mefco oro Adotributed oo walcors
Nodoes Colio

Coavon ccamcro 22 59

Booalory coxncseo 46 295.0

Coneave ewnsrn -8 9.5
Totol 574 950,0

Yhio onowron ¢het the $odal aros pofzoccated by ¢ho
neflol  ¢allios €afrly woll with the cotusl .cxon of ho
fal) 1V} b s
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Tho bowmndrrico ore opproninated in o Jopred
pettern oo chowm ia Pig. Uo.15. Sinco the prid opooing
{0 roagonobly raoll thio typa o« spproxincticn 4o not
1ikoly ¢o iméveo poridgd cerors in the oolutiea. Tho
valwn of Fostotors cad enpooitern Lo the mollos e tho
Youndery exo vorkod out in escordenes vith Bq.(24) cnd(27)
Tho voluoo cre oo wmdors

Eoslotoro elong bowmadery 200 Irflo chmo
Capecitorn eleng bowatory nodos 7.5 niero Locpado
Copacltors en coavor nodo pointo 575 Hiero fovrclo
Conceitors an econcove node pointo 99.25 nicro Lorads

Capecitoro of t™hoe lost fwo Uypos ore not in tho
otorlced poae of neufectuwro. Thoy oro theref@o mmm
by o Jriiciocvs eanbinatica of ¢ho aveilcdlo copoacnto 0o
<hat o cedunl volen io oo closo $o Sho poguired voluo oo
poooidlo.

Tho posictero of 200 K.ohho oo not wocdlly
ovedledblo. Thoro of 220 kilookno pro tharofare oguirost
%o bo vcod, ALl the copmmcotn hove ncaufeeturod tolcroneo
o2 = 0%,

SREEAL AQUILTR DITTRACTEC]
liothofic of sopreocntotion of oirorno oquifor
dntercetion hove beoa diceunood dn coeticn 2.5. Sineo
nae tia 80 porecat of thoe boundery of Dcho cquifer 4o
ecmcndod opcelinl ottcation.
fomed of »ivero, otrern aquifer imtorceticnd & doopoy

czendncifca, 1% van Reovever forad that ¢ho 2dvers howe vory




146010 offcot ca o cquifer bohoviowr. Yotcr Bolonco
otudion Gicousced carlicr have rovonlod thet owdotcaticl
qQuatities are ecning covops the boundosy Lren the cdjoining
oroco. Thic 1o cloo oubstonticted by tho cheope of tho -
coatouro vithén md in tho vieinity of tho oven. Tho
contowrn erc choped 1iko o horco~choo indienting o rround
voler ¢Pough in ¢he Doha ovrons The piwveso of BOOY comvo.

oo ndnoer lockasio dm tho Llun of watcr Llowing wadornonth
then ot oo ckoevr caglo. IR 40 therofore conpldcred $hod |
tho 28v¢zo aced not bo oinulotod,

Tho herisontcl nflev inmto ¢ho orcs S0 Fopreacatod
by 2 cqwdpotentinl bowndery corrocpoading to wodcr lovol
of 223,00, %hio boundery io levntcd § 44 oposingd ovoy
Zron tho goospenhicnl bowmdery. oy rouiily colnmeids with
ho Bljorern b Posolpur dlotributoricn of $he Cootern
Yo Coanl, cnd Deoobead brcmeh cnd R gé"ﬁg otri-
butary of ¢ho Uppce Gamgn Conol,

Tho eroa botvoca o goorrophien) bowndary ond
tho cquipotontial boundery 4o oinulated by o notuverk of
calyrzoolotern, of 100 kilo ohno ocche Duming the eporetien
of tho modol, thoso will bo edjusted by ¢ial 28 crroer 00
an %o Cacuwro coseet lowio ot mofoo eorreppaabing do the
oboczvaticn vollo noor ¢ho bowmdories. Thio cdjuvstmeont
concloto of cheaging tho ohapo cad location of the equie
potcatinl bomdory, or chemgdng the interveaing rooiotoro,
o2 both, |
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Thero 40 o wory anll owd€lov rarooo tho coutharn
boundcry vhieh hoo o lcagth of enly 9 grdd opooingo. I
20 therofaro oimulotod oo o coastent (mogntive) owrenld
bovndery.

WPEs

Tho oxoitetian of tho modol ip soquirct o ho
© @oac by moens of inpud ond output devicos,

The fnpuk io 4n ¢uvo forns, The Lirct Lo the
pecherpe Gue %0 roinfell, Enio 1o preowmed <o bo mifane
1y dioctrivuted over tho Tholocmn poiygon of ceeh roingunsd.
The regione & cnd € £211 in the infiummeo of roinpouse ob
Renéhia. Sho reglenn B cad D eowor e roingovso ot
Bufitran, Roplom E o coooeictod vith the palnroerne Bordboan,
Thrco G8fforent puloo ponorotars yioclding susreals roproduse
ng ¢ho pottorn of rainfoll og socorded by o Hwoo palne
goumons ere cof uwp, Tho rechergo curcalt 4o Lol dago ho
fofcl ot polceted node pointo Whrown 81600 $o povond
reduwrn Llov &wring am=nomooca parfiel, o nefo of colceld-
ing o Cocdin poinits 40 dieseussed pubcoquently,

dnother faput Lo ¢tho inflev thooug the bdowndery
cad 80 lcovosed onrlicr,

Tho mojoyr draft fran tho pguifer fo the vithGrowdd,
tncleding pripago, ovapolvenopiration loscoo ote. Tho
nothed of ealeuloting the noathly xeft figurcn hoo bBoa
a4 osuecod fea:rlicz'a Thoso figwoo oo coaverted indo o
curzonlo voing ¢the cenlo footer e U2Ch o Vi $o kooping
tho bz of cqudmcato lovw, caly heo gurread goacraloro
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are set up, Por this purpose, the regims A and B are
grouped together as they are having essentially the
same crop pattern. Por smme recson, regias C and D
are coabined togethm, Bogiom E 1s treated sepsrate,
The withdravel cwrentis gre or fed to the model in a
foshion similer to that for the recharge currento,

An gn alternative to the above arrangement,
the net withdraval pattern can be worked out dy algetraio
sumation of the recharge and withdrawal., Thes resulting
pattern can then iw reprofduced by the current gmerators,
This could have resulted into five equipments s» sgainst
six squipnents required if rechsrge snd withdrawal are
asinulated separately. The latter, however, is %
o tvo secownts, The current does not change sign (4ivec~
tin), This is important becaune the diodes present flov
of cwxrent in the opposite direction, Sscondly, if the
*ainfall is = reprofuced saparately then the percentage of
recharge ocan ba adjusted sapily dut not so in the net vith-
dreval/recharge pattern.

The input and output cwrrents are fed Into
certain node joints selected sccording to following
cmsiderations. The mmber of such nofe points should
be neither too large nor too small compared to the total
nunder of nofs points. They should be srranged in a
mifors pattern to the extent pomsidle, These points
should not overlap with the observation well nodes,
Hintmum number of these points should fall on the bowm~
dary, A wiform grid with spacing three timey that of
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the anslog grid vith origin at (1,0) 1o found to satiefy
the gbove oriteric. The recharge end withdraval node
points are arrenged in s staggerred psttern, as shown
in Mg. Xo0.13.T

Peed in resistors were celtulated for eaph
point of recharge/draft. For this purpose, veightoges
of sach such point vere worked out proportionate to the
ares served by them, The current 10 be fed to ssch
point vas calculated on the basis of there weightoges,
The voltage at each point was assessed, The feed in
reaistor vas then caleunluted by the formula t

Bpa L. (42)
e

Ry = feed in resiptance (odms)

V = woltege vith reference
to that of current gemerator  (inits)

I, = feed in ocwrent (myp,)

The valuss of the feed in repistors are
rressated in Teble 7 and 8,

Diodes vere connected to each fsed in resistar,
80 a8 to ensurs that the feed in points nsy remain at
different voltagen.
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CALCUL/SI03S POR PTED IN RESISTORS PO BEDCHARGT CURRRITS

1.

BEoglen

Todo ‘Height~ In

%i) Comditicn Current Reolo=

No. Coop= vatoyr Voliopgo o nie= top Repo-
dinato @ levol ro-okas kilo~ ko

ormbs . oo

T A 57 7.0 222.5 2.50 06428 76 Reforemco

2 A 6o 9. 2290 2,20 50,09 oLacesey

g © 941 0.9 220.% 2.03 15.88 282

4 € 2,48 09 2996 192 89.65 98

9& B Sg 15 o-oa 22306 2 072 27 ¢67 118

6 » B 3 019 006 222 05 2 050 20 076 769

7 D 6,90 1.0 229.9 2.28 .52 03

8. D 6096 1.0 221.9 2,38 9.59 905

9., B 6022 07 22146 2,92 20,22 152

0. B 9,7 2.0 220.4 2,02 .59 926

99, B 9,13 1.0 299.8 1.96 S4,59 197

12, ® 9,19 1.0 22,48 2.20 35.59 108

9. > 12,10 1.0 218.8 1,76 .59 129

0 - 12,96 ---1.2 220,2 2.04 89,59 55

15, ® 12,22 0.9 220.8 2, 1.9 129

B 15,7 1.0 2979 1.58 94.59 928

7. ° 1593 1.0 2176 §.52 34,59 130

8. O 98,30 0.8 297.2 1.808  27.67 168

?90 E 780?6 OnB 2?512 Qtzﬁ 29069 96?

20, E 23,93 0,9 275.3 1.05 1.9 &




TABIZ $10, 8

CALCULATIONS POR TEED-I] RESYISTORS POR PUMPAGE CURRENTS

S, Ro@m fefo Nefo Initicl Coaditienn Cwzcat Reolo-
To. Coord~ Yoimmt Uoler Veoltoao Hicro= top Reoorko

- inaton Lovol AP kilo=
I . , chne
1 (A,B) 34 0.8  229,7 2.% 19.05 923 Roferenco
2. " 6o 04 2207 2.4 9,55 225 {oeecse 0V
9 ¥ 67T 1.0 220,3 2.05 23.8
4e " 3,90 0.5  225.4 2.68 2904 125
9. " Be15 0.7 222.7 2,54 167 152
6. ° 6413 1.0 229,59 - 2.26 27.8 - 95
7o ® 6619 1.2 229.9 2.9 2846 as
8, " 9496 1.0 220,80 2.90 25.8 92
9., " 9,22  f.1 - 229,53 . 2.2 26.2 65
100 c n D 930 Gag 22009 2065 2709 75
1. ® 15,4 og? 2?900 1.80 29448 (214}
2. P 42,9 —1.0  298.9 . 1.78 50,55 58
1%, " 12,19 1.0 219.2 9.80 30,55 GO
6. " 12,99 0.9  220,7 2.4 27,5 78
5. " 15,90 1,0  297.8 1.5 80.55 5%
% " 15,96 0.9 218,55 1.70 27.5 62
7. " 18,7 0,5 2176 .52 15.27 10D
?8. » 180?3 : 102 2?600 ?-20 %155 ’ 39
9., " 9,10 1.0 219.6 .92 50,58 69 .
20, E 14421 0.9 220.5. 1.10 19.95 105
29, FE

20,15 0.65 24,9 0.98 9T.05 26
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SINULATION OF TIME VARIANT EXCITATIONS

The pattern of recharpge as well as that of vithdrawal
in the study area are time~verimnt mes. | It is not vnusual
to simulate the draft end rechorge by constunt sverage
currents (Anderson, 1968, 1972, Bedinger et a1 1070, Cuffin,
1970, Fmexy, 1966, OGlover, 1967, Patiem, 1965, Fhilllps et
al, 1969, Schicht, 1964, Skiniteke snd Da Costs, 1962,
Spesker, 1968, Walton, 1970, White and Handt 1965). These
have been reparted to give satisfactary results. In the
study area, the variation of these inputs and outputs is
large so that 1¢ is considered Qesirsdle to feed the ana~
logous cwrrents in & timeéwvariant pattern ss closs 4o their
mﬂ% squivalents as pomgidle,

Ceneration of special functions of fnput end out-
put cwrrents can be easily dmne with the help of cammercially
available complex wave form synthesisers sweh as that uaes.
by Shah et al (1975)., Such eqiimments sre houvever prohibiti-
vely sxpensive, particularly when a large rumber of different
patterns are encowmtered, for one vonld neod me wave form
generate for sach different pattern, Attenpts vere there-
fore made to fadricate some function generatars from simple
readily avallable ompenents, Threo alternatives were
considered 1

(1) Synthesising vave foxm from linesr seguents,
using pultivibrators,
(2) Generation of atfp funetion uwsing combination

logic in digitally comtrolled amplifier,
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WAVE PORM GENFRATOR

The first alternative uses intepretion of recten-
gular pulses to profuce voltage rempe as shown in Fig, 15,
The einciple is to approximate the cuwrve by a series of
straight lineo, 1.0, the voltage ramps, The slope and
direction of each rawp can de ocontrolled by the wplituwde
wnd polarity of the rectangular pulse, whereas the length
of the ramp is controlled by the width of the pulse, Une~
shot multivitretors of tm\;\m cormectsd as shown in
the lefthand nids block of Pig. 15 for mroducing the
rectangular input pulses to the integrators shown on the
right hand side block of the figure, The vibrstore are
arranged in series in such & way that the complimentery
output. @ of one wit serves as the trigger for second
mit sod so forth. A sequenos of positive rectemgular
pulses of verying esplitudes is genergted dy this wrrange-
went, The durotion of each pulge is determined dy the
tining resistor end capacitor of its one shot and the
anplitude of ssch pulge is set by the potentiometer of
the output of one shot. 1If a ramp with negative slope
is desired then the positive pulse moy be fed directly
20 ths operationael saplifier type 744. PYor produsing
positive slopes, en inverter has to be introduced in
betvemn. Praventiom of drift is sccomplished by providing
an sdditional ome ghot unit and ths M248% tramaletor as
chown in the figare, They hold the integrator output of »\
gero vhen thers io no pulse, theredy praventing integre-
tim of offset voltages. |
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The above errangsment is particulerly useful if
more than cne wave forms are required to be generated
provided that the a2lope cheanges are to be accomplished
simultameously, For inetance, the withdraval patterns of
different regions mey have different shapes, dut being
composed of monthly data, have s caxmon time scale, In
this oase output fros the one chot wite may be fed to
diflsrent potentiometers coarrespmiing to sach different
pattern to be generated. YThese are then comnected to
sepavate integrator eircuits for producing the different
wave shapes as required. As an {llustration, thie is
shown in the cooe of the first me shot mit, to show
hov two different vave shapes ecn be profuced. The out~
put of eny oms shot wnit may have to be amplified befare
feeding to the respective pots if loading effects of the
potentiometers oause problems.

Mg, S  1llustrates hov two different wave
shapes can be prodused with the help of five ons shot
vitrators type 121, %o intervers and tvo integratars,

The ounlput Q.‘-; of the first cane shot is tapped by two
inverters fecding to separate integrators produsing two
Aifferemt voltage romps rising from zero at time ¢ = 0,

to two different velues st time ¢ = t,, The camplementary
output of the first one shot triggers the secomd wnit,
vhich provide rectangular pulse of equal smplitude snd
Quration to the tvo inverters. They therefars produce two
voltage ramps of identical slope and duration, dut located
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st two difforent levels starting from the end points of

the first two ramps, Similarly the third ome shot produces two

regative romps decouse they are fed dirvectly to the integra-

tors., They staxrt frem the end points of the previous remps.
Bach integrator is provided with gn additional pair

of one~shot wnit and tranmistor to serve as anti-4rift

control, |

The above ecircuit can de extended to produce
Gifferent wave shapes with the helyp of common set of one~
shot mits providing the rectangular pulses of reguired
amplitude and dwratio.

STEP PINCTION GENFRATOR

Thie wmit can produce voltages which have the
shape of step fweotions. The required pattern is discre~
tised Into a series of levels changing alruptly st the md
of given time intervals. More often than not, the data
avallable are basically in the nature of step functions
(or hlatogrems). Por exmmple the withdraval pattern is
wvorked out on menthly dasis. The varisﬂm vithin & sonth
is either not known or is fgnored, A sloping pattern, Af
plotted, i3 only a process of mmoothing out the sghrupt
chenges by preswming a gradusl varietion, However, since
the dasic date available are in dlpwrete form, it would not
introduce serious inaccuracies, if the input/output cwrrents
are produces in a step function for,
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Step funotion vave forms osn b roduced by digitally
controlled amplifier, using combination loglc to minimise the
nmber of components (Mete, 1977). The arrangement is shown
in Mg. 16, It uses the gimple dasic principle that the gain
of en inverting operational mmplifier stage is equal %o' the
retio of feed hack resistance Ry to the inpul resistance R,.
I¢ one can change the rati{o by changing Rf o 'Ri or both, the
gain osn also be changed accordingly., What is required in s
suitable switohing dovice, Pield effect transistors (FET)
oan bs advantageocusly utilised to serve as these switches,

Two refistcrs a, md R,z are providsd in the fesld-
back path., #n FET is conmected in parallel to B,. If the
¥ET 4# on, it serves to short cireuit B‘. so that the
sffective resiotunce in the feed dack loop is anly R,, ¥hen
FET s in the off state, the effective feed dack resiptance
is H, + 824. Binilxr arrengement om the input side pgiven
input resistance, equal to R, when the FET connected aoross
R,i_a on, and egual %R, w‘mmmnmm oft
state. Thus there are four combinations avalloble yield-
ing geins ss tadulagted below

Input FET | miﬁ o ﬁ_iiiﬁ vER o
By o™ Bmi‘an . wﬂﬂo 52- » 10’/20
B, B,
ary B b POV L B L 20

By o8y T,
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Rere a, b, ¢ and 4 gainas., However, they sare not arith-
netic gains but @B gaing, output voltage V is pro;»ortlcnate
‘bo mtilogeritims of ay b, ¢ or 4 depending upon the moft
state cambinstion of the FiTs, Mareover 1t hoe been shown
that ,

a*d=H*e

The gains obtainanble therefore form a symmetrical set
m}l”oj 1; 2. 35@01'50 89 12; "50

. The above mrinciple can be applied for producing
patterns which cam be approximated by four stages such that
“they can be represented by decibel gains satisfying Eq.
If it 15 desired to produce the pattern @s a combination of
18 levels, it oon be dome by cascading two stoges as shown
in Pig, ¢ , Jny desired set of 4" symmetrically apaced
4B steps of amplification/attenustion can be accemplished
wsing a cascade of & stage ccntrollefi by only 28 digital
inputs. This drasticelly reduces the number of resiptors
required,

The above oircuit een be gainfully used vhere
the yequired voltages vary widely, and representation of '
maller amplitude signels would be inaccurate if some arith~-
natic scale is gdopted. It is however necessary that the
required values are such that they can be fitted to a
symetric met of decibel levels., It iz also necessery to
have digital inputs for futting the FEIs on ar off in the
required sequence of combinations, Moreover, far produeing
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nero them one pattaran, comon portiond of eirovito oconot
bo wdiliced.

Tho o eireuito oo doseribed chove produce vole
dafe vovefern. Far convopsion of the veldare wvavefern to
tho cwrmd vave o oinple eircuit consloting of a recicter
mi o weacictecr. The voldage wavolon 40 opplicd, tnrough
o reaioler %o Che boeco of o wensictor, Tho cnlter of tho
ropiotor ie gromméod. The output ot ¢he collootor 4o Cho
roguired Cwrrent vovofomm .,

Tho third nlternative Lo tho ane cetually odoplod
for ¢ho prosont stuvdion, BSovorsl emotrointo ouch co aca-
oveilobility of eomo ceapomento, chertase of timo, ote,
proventeod cdopticn of ono of the ¢wo elreuito Covéred
docerdbod abovo, 4 ermareinl functien gmoretes wao
barroved fra other 1@0&&%@3, Thio wmit peoviced tho
booie pulco, vhich voo fed %o oip digforent circnito. Eoch
cironi¢ vas sapocod of cobinotian of postolero oad copo~
eitoro Qocigacd <o medifiycd ¢he fmput puloo <o the roquired
caplitufio (nd Guration of pulsos, omd individunlly séjuntod
md ealiberotod,
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Tho modol for Daha arcs aquifor, dosipned and sot
up ao diocusoed in Chaptor-}, was oporated, initially for
tho period June 1972~ Juno 1973. Thic period covers tho
firot tvo coasons for‘uhich vator-dalanso studles twore

carried oute.

Oporagion

Tho firot otop townrde oporation of tho model roquirod
cotadblichacnt of the initial conditions. The ground wator
lovol contours of June 1972 (Fig.17) provided tho basis for
thioc cdjustnont. Thore oro 11 contouro at intorvals of 1 n
cach and ronging froo E1.215 w. to £E1.225 n. Only six constant
voltogo oupplies woro availadblo. It was thereforo pososiblo to
simlatc only oix contours at the intorval of 2m each and
ronging from 21%m to 225 m L1.0. odé valuc eontours voro
ocimiloted, Ao the contour of 225 m eovors only adbout two
oolls, thic wag supplicd voltogo tappod and sotopred down,
from tho supply for tho oquipotontial boundory of 226 m. th
following ogquation wao ucod for enloulating the voltngo.

Vy = 0.2 ( B = 210.0) eee (43)
Hhoro

v, = voltoge %o bo opplicd to o particular contour

H, = contour donomination
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Simulation of tho contouro i domec by commecting
poleotod nede peints on a partioular contour, or noardy it.-
to tho rospeotive voltage oupply through diodes. To lecp tho
nucbor of diodon amall, so as to boe able to uso a modium sigo
torainal board, the node EZQQEQ cornooted wore as undor.

Contour Voltago . Te. of nodos
o v A connectod
215 1.0 2
a1 | 1.4 4
219 1.8 1
221 2.2 10
223 2.6 4
225 3.0
Total 29

AdJustoont of tho initial conditionsc neccoopitated
trialc and orrors boecause tho outor boundary as well as the
contours interoted amongst themselvesns It wns found nocoosary
to divido the outeor boundary into four cogmeonto with ouppliod
voltazo oqual that appliod to the contour to tho vorth of
tho sognomis. This appromimated tho fall of wnter levels along
tho Fasalpur and Bijwéﬁ‘niaﬁxibutarieu‘on tho tvont and tho
right Joulls dietrtbuézgé?on tho onnt. Supplying tho samo
volingo of 3.2 v to the outor boundory oll along usced to
result in reverse bilesing of the diodoo conmectod to the
contours of 21%5m and 217 m. This could bo nvoidod by
breaking up the outer boundavy in reaches at differont po=
tontials.
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Tho next otop was to adjuot tho swoop froquency of
the oscilioscope, S0 oo to synchronioe with tho time seale
of 8 scoonds por year. This wao done by putting the oscillo-
scope to the lowost oweop frogquency and adjusting the calibrae
tion kmob. Tho spacdﬁﬁravol of the Juninoug spot was adjustaed
to 10 coconds peor gweop. Tho funetion gonorators were all
conngeted, through their respoctivo foed in rosistors to the
various points on the nnalog. Schomatic diagrom of of the modol
sot up ic shown iyn Pig.18. Photogroph 1 shovs tho whole oot
up, vith commeoction being medo to the £a0d in rogistors. Photoe
graph 2 shows the comection boing mado to the analoge

Hognetic rolasy owitches arc provided. Hormally closcd
contacto of thoso Swit6hes wore conncetoed ¢o tho voltago su=
pplios cxcept thooo for the outer bounddaries vhilh woro kept on
throughout tho oporation. Hormally opon contacts were connccted
to tho funotion gonerator circuits. Oporation of the masznotic
swtiches would put tho formor off and simultancously put the
lattor on. Thio was donc vhen the traco on tho CRO had travelled
by 1 en from loft to right. This started tho pumpages. Ao in
Junc 1972, thore wns vory little rninfalizzgzgtgiizi was put on
aftor 2/3 oocondo 1.¢. at the beginning of July 1972. 8 neconds
after tho otart of pumpage the magnetic switch wao oporatod
to put tho curront gonerators off and tho voltege supplices on.

Tho recérda of tho tomporn) variotions of tho voltngos
at tho ooleetod nodo pointo wore obtaincd on a ' Omnisorido !
chart yocordor. It wos conﬁaoted in porallel with tho oseilloe
ocope through o potontial dividor, so oo to roduco the curront

drown by tho rocorder and aloo to chenge tho scalo from 1 volt
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por inch to 1/3 volt por inch. This, howevor, made it no=
cougary to adjunt the sero of the rcoordor for coth obsor=
vation coparately. The faitiel condition voltages for cach
oboorvation point were thorefore mespured with the help of

™ osaualt
tho oscilloocope and recorded nefa&&iy on the chart. Shortage
of time aid not pormit repoating the oporation of the modod

for tvo more yoars or triale with difforont conditions.

Boouls

| Ovacrvationo wore taken at 32 nodes. Out of theseo 21
rodep woro thono coleoted only betaunfo of thoir proxinmity

to the field otoorvation wolls. Although ocarc was tuken ¢o
ensure thot the recharge putpage points do not coincide with
the obsorvation wolls, many such nodes wero only ore resiotor
| away froo tho odsorvation nodos. Romults indicated that ro-
charpo/diochorgo points located only ono resistor awny did
dtstort the water levol patterns adveracly. Eleven odditional
pciﬁts. lying at lenst two recistors eway from rochargo fdioe
therge pointo wore scleotod and their time voltage variations
recorded. _

Rooults of tho 32 mnodo points aro provensod in Table
mb.e, which gives a comparison of the field dota with the
analog dota. The f£ie6ld dota for tho olovon additional nodos
ware intorpolatod from tho rolevant ground water levol con=
tour oaps. It 43 seen that thore aro difforences betwoen tho
£i0ld and gnalog wator lovels. Tho differonces in build ups
or drawdowns arc rolativoly suallore Those valuos aro
curnarisod ac undoxs |
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Ronge of 4ifforenco No. of cnoon
dom o VP OF drows = () Rotal
e
Leos than O.1n 5 6
0.1 %0 0.2 2 6
0.2 t0 0.3 11 1 4
0:3 %0 04 Nil 1 1l
04 %0 0.5 0 / 1 3 4
0.5 %o 0.6 m 2 1 3
0.6 to 0.1 m N4l 1 b §
0.7 %o 08 b 1111 1l
0.8 to 0.9 2 i1 ) §
0:9 $0 1.0 1 il 1
1.0 to 1.46 4 Uil 4
Total 18 14 32

The figures under column (a) arc for node points whioh
aro affoeted duc to its boeing on tho boundary or due to a
rocharge/discharge point on a neighbouring node. Figureo
undor colums (b) arc for nodos which arc not affeoted in either
vaye

The rosults indicato that in group (a) 50 percont of the
nodes showed n departure less thon 0+5 m from tho observod
value. In grouwp (b) 50 percont of the nodes oxhidited a
difforence of only 0.2 o. All pointo tekem togothor, 50 porcont
points gave doparturc lcoo than 0.3 m. Tho maxirmm departuro
vao 1+46 @ and 0.65n for groupc (o) and (b) roopectivoly.



0.C7m

NODE NO. (1,8 )

(b) ___/\'\.__.

247 m

NODE NO. (76,15

(c) —/\—__

8.3m
NODE NO (7,9)

(d) -~__\/\L/‘._

Q45m
NCDE NG (19, 1)

o70m
NODE NO (12,12)

() __/\——

(23m

NODE NO.16.8

SCALE _HCR'Z, 2 66cm = 1 year
VERT 15 ¢m =2 1m

FIG 19 _ TYPICAL WELL HYDROGRAPHS
RECORDED BY ANALOG MODEL
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{El: RESULTS
Si. Tlodmodel +{build up) Romariko
Ho. { &ravdowm)
3 Chango
m .

) ‘Discharge point nearby
1. 0«51 Recharge point bLoar by
2e +1.220
e -=Q.20 Additionnl node
4. #0453 Additionnl nodo
5 L] -'0048
G ~0.9%0 Dischargo point noarby
7 . - “"05 0? . )
8. -] 080 Pischorgoe point moarby
9. +0.038 Additionnl node
10. +0.10 Additional nodo
11. #0.85 Boundary point
12. -0 59 Boundary nodo
13. -0.30 Additionnl modo
14. +0.10 - Adé@ttional nodo
15. +0.18 Additional nodo
16. ~0.45
14, «0.12 Dioscharge point ncarby
1i8. +0.65 Additiopal nodo
19. +0.29 Rechargo point nearbdy
20. +0.40 Additional nodo
21. 41.26 Boundary nodo
224 ~0+48 Bounfary nodo
23, ~0.03 Additionnl nedo
24 . +1 .46 Boundary nodo
25. +0.56 |
26, =0.13 Copacitor dofcetivo
21. - =-0.21 Boundary nodo :
28. +0.28 Rochargo point nenrdy
29. -0+ 03 3
30. +0.16 Rocharge point noarbdy
-3 B «0.12 " Boundary point
32. +0.18 Boundary point
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Although thege rosults are mot vory good, all the
samc they ore not very bad if onc concidors that the offoets
of tho proximity of rochargo or discharge point vitiatod
recults of eight points. Vhereas eight morc points wore lying
on tho boundaries. The former affect the results becauso the
rocharge/discharge foints, at whioh the recharge/dtschargo,-
Cukronta.of 9 nodes arc lumped in one, net ae sourceg/sinks,
resulting into non-uniform diatribution of those currents. In
the lattor casc, thoe boundaries affeot the rosults in two
ways. Az has booen dbrought out inm Chapter~2 representation of
boundarios by segments of straight lines falling on grid lines,
i.0. Jozpod boundarios doos entail unovoidedlo errors vhich
cannot be ascoosed roliacbly. Sceondly, in this perticular caso,
tho lumping of rocherge/ dlceharge current at one node out of
nino resulto in situntion in which. these Jointo ecross the
boundary arc miosing thoreby respulting into noro non-unifornm
distritution of current. Horoover, porhaps the abacnee of
capacitors at node points botwoon tho outor bdoundary and the
aquifer boundary alcs contributos to tho errors.

Another source of orror is the fact that the hecads in
the initial condition wore not in dynamie balanco but correse
pond to stoady state condition (sce.2.7). The eritoria of
Eq+39, suggootod by Rushtom and toddoerburn (1973), axc for
one dimonsional aquifer. Similar eritoria for tho pregent
tvo dimencional case aro not available. Even if one tries to
apply Eq.39, the agoooement of tho effoctive length of tho

aquifer is o mattor of Judgement rather than quantitative



1

analyeis. It would require considerable trials for deciding
the duration of the presimulation period of initial oconditions.
Unfortunately equipment malfunction and related aifficulties

deprived this worker of anm opportunity to work in this
direction. | '

Notwithstanding the above limitations, results pre-
sented in Table~y establish the possibilities of achieving
very good results through intelligent trials and adjustments
of the model and equipment.
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RAPLABICES,

Indarcony Tt (1968)
Dcetricnl [nalog fmolysis of Ground thter
Dogioction in Capral Avdoonn, U.8.6.0. lator
Supply Popor (360,

derson, .l (5972)
Rectoiend Antlop Oadlysis of Cho Hygsolozie
8yoten, Tucton Bosdp, Soubhomn Azigona', Ul.0.40,8.
titie Qupply Papor P P=6e

Dxaple-udeic, 44 (065)
f dleetsie awdog for Tne e of neawlinear
£10v theoush posoud ncila, T.EyGrciic Deo k(2),
=20

00 Kady of neo~1insor flov {hooua porosnd
oo@in by noons of cloetilenl mddo, JralJyl.
Ne 7(3) 3165

Boapwd s g Je {9306)
' Qeesrde faclog for Doglonel Gound Whtcr Studi oo
a0 Lyiwdesiecy Rsing of Wmmsica-ormiosm
Tl of Canbral Iopoe' Unfopegromd NGcw
Otoreao Stndy, D102 Jmhl.I0tor
Flaadng o2 Iogod idde T LAWY

Bodingeny U.S. (1967)
o Recbsled corlog study of tho pooootey of
linetono calution, Ground thise (1) ,20=23.

Bowiory Ue {262)
tioolgdng Gommad laoter Bouad by Roolotned Uotw
vorkty, Jommal of Xrrinotion ond Derdpono LA vision,
AeBeCe Ly mgﬂﬂgﬂmlﬁ& 5@'&-&,&]},1&-3&:



G

£0e

A

12

3.

T

5.

14

Donver, He (490L)
Bosiotonco notwork annlope for solving grounde
wvisr probless Ground-tatar 2(3), 206-2.

' Auver He (1967)

Hpolysing subsSuyfaco flov systems with Qetirice
enolyslo, ibtor Bocources Boscoveh, 3 3),897-907.

BaGtn, Po8. ot ok ($973)
'Grorad Itor Bochoppge &n Ucstom Uttar Peagosh!
Proc. Ingd. LCn. Bcd. ol Lﬁm, Gﬁﬂnﬁgﬁat’ig

Jnotaln, Hebe cud Bovdany Jebe (9959)

*ln Acute anmdng AR of & L1OL Chvart
Il Dteny? nd Brbowr M. MCE WL.185,
SQ’%* 19@0

DSy Pelis ($9606)

!3.'::3 of Lonjon IHidh to Peasdich 8trcaa flov
giloeRden g oad Littdic Rlyey m&a,ﬁmm&m
C:ﬁm.l L-aw} ap\}g 13D

Qovce, Doy IS J.14 cad Pitllips, E.B.(’&ﬁ?)g
Gacko plodn raalos oérddcs, Jewmnl, Zeslo flon O
D3230270 Ry PIOCS Ac&.c.m,?ﬁl@a, 20,0 % ?
p;a.97~"i?0o

o Bune (197%)
tIovosing of ommd vatey Tedlio dn in fres of
Distyich Uocsutt, Growmd tadcr Dirceboralo UsPs
Zeghl . Hﬂfs-) B &'2}$ Ly @%*

Inedoy, 3.&;@& Uclbomy J 40w (1960)
fmnkon 00aciling ¢ho Qliformin DAt RN
8yatcn, FrlAyirza, im.Pm@. Dei3aCo Doy Wl.%.
Jnly 1953, PDele

Horport, e (9358 b).
1300 Tamont Gounld Bter Oov by Ooisitaes
noAtost onologues Frnleof Bydroleny,0,2 -2k,



142

17, Oordarty B. (1970)
124 1ing portially paachsating Mvees o clulfor
i, Groumd Untor 8(2), 23-35.

1B Hesooart, De ond wm, Fells £ 1966)
1Grorad thyor Ploy Studlaa by Besiotmes Dobstoyin!
Geobochnigng, larch 1966, ppWSP75.

9, Korplus, Y3, (1958)

Indleog simfoationetoliution of Add Problcn
IeGroy B4 a2 UeSale

20, Lsbg, Rolnkoga (9977)
tCodinntion logic cudd pawto 4 Sigitally contsolled
Eeldfics? An cizenits o Qocimalcs Rginoom,
I8rav-Ed1l, ppa200=300.

21,  Pucclidos, T, (¥%0) -
* hopordocn of Lont S400 cad Dot e fntosun
Gmputoxt Sronn MALEG %&n@;ﬁ?c?&'?ﬂt

22, Procitdss, Vetor {5250)
‘Iipcet faclog Corputert, Ullay & Sons PudedeZe
U“sﬂz}.l

23, PRGCLty HeTule (973,
*Iosmning Pusyed vAL) olnrcetndoiicd nbo
Decirde Mmooz Dodclot, Comd htory TOl.5,
EOJ%‘ %iﬁmg 1267

ab, PHRE@OtE, Toie cud Lomngudst, C.0. (9868)
' Oxpordlsn botvom airdog and GLeALR sinloldon
toemitucs QoF cousfop cvalectien, Intamation
Aotogiatdon of Scicnlific Dylrolopy, Prog. Un0 of
fnolop Pipitol Cozpuless im Updrology, Pucion,
ALA e WQG&E‘*G:*;?O

25, Bz250, qufvmm‘{w% Tll 2d Doy Fud ok 979
tTenseicnl [ohols 4n Subddupgnes Hydxotez vith o
Introduetion &3 ¢he ndio Joomt ih”oﬁﬁ&, iy
(Ingomedaod)y Do Tozlie



REE

25, mnm; RaBey 24 Hoowdy Ru{ 9566)
Growmd-tator ot Studle hy-pasittonce nodiosc
Gooteelniquo 15( 3}, 2@»25?.

A&}zaifc.? Sinulation on Slov o2 Reststenco Gopoe
dimnco Hetworko, Ground Untor 8(h), 152N,

% ¥ ﬂlﬂm, ReBe £ mm} LOAC( @?3}:

Storting GndlBans for aaMfor slmidotions,
Gomnd Wty Wie22; e fydtnJgdD. 7300 yc}.ja.

2, Iiloy J.2culy Chatvick Ducdle, G. ond Baghey Joy (L{1966)
Vipplicotian of dlcetronic oanlog coputeor o
colution of Oydrclogic ond BiyoswEarinePlorndsg
Problczos Ubton Stnuletdas DA IXY, Gtch nger
Doscared [abomntory,fcport E2U0. 32« fWLogen, Utah,
u'm‘jq«. .

D ol af L;zfﬂ.;mzogy
Porimatioan of Gmumngd latmeposourec cad ,.1.’:132.&,
f.’cw PR Lieio} pooimIno for opidoal eonsiag
potian in Bata Arca% Uaces Ghoncorcd Wa Zm:a:w
autionol Poot oot Courso An HBydrology, <clool
of Bydwoldozyy Uslsite Zrojcct Dopord $975-70,

3%« Sofioh Ciongro o0l Pealdey Pdi. {57,
?rac. Gooend Wrld ongeens IURS, Dov Dk,
©le IIZ, 79+205-21%,

32, Ochy Cellay Prbc, Os8. 04 Bhnb, J01.05575)
*Cround Entor Docinrgo Wy I:aizr&’au o Confined
Atuifcrs of Uchomo Ddoteick?, Oydwmnidc Eopogh
Eyelyy, Gujoxat Ggincoring Boochseh Inohifuso,
Todpdain,

33, 8B8eso B (263
210 oo of moloro @mutard for oA W in
17(3) 210-230,



10

F}:-. 1}9:'!.3301?9 Ligll (‘:’:ﬁS}

ovet of dncpcnezd pupdag of gwowad vetor in
tho Ddrdiodd, llcy Doltdmopd oxod, Ohlo - A
Preiictdon Ly cadlog mddl sindy, U.5.0.8.
Profl a-?ﬁ&c 605‘645
35, Stcllmm, Retle (49300)
t Celcalotion of Reodotenco and Drsor in Regiric
Ingion of ptendy Flov thiough non-horogomonnd
Afuifcat r Ve8.84fis T2l 3'-393,519 PQQC:‘ n@t?%"ﬁ'ﬁ
35; amm’ B'CO ‘mE)O
‘dectric Laclog of Shrcc-finmpnional fioV 4o
vAls md 10 opplication of unconfinod ol LecG,
Veledede LA lim}ply Pomor 1536'3» !1}3&1:13!1::3.
37 211021::.3, e e ‘137&&
towsd tin hadsty R0d i Agrialiure
Oozanloction, Vellefona Ivelontden & Drednn; o
i’ C:)ﬁﬂ“ ifﬂo!?"g a?ﬁ Q@‘El

B. Uebody, b (B7A
‘lopefora 10 cyatheslood fron Liacay Sonmabol
in cleondd P dogiraic NN, QG-I
POlRIOMANS GOy pPe (62103

P Vo CoVele (W977)
oucl on Gromid tater end TEDOudllo CoB.IlW0.
LchelT7e504 3y ‘

%10, Vano; J. (%’
tImpelence Udkwsks'y Cyter 7 40 *LLAL Ldiyoin,

Bporiamtl cad eaputotionsl Uchodd? oflided Wy
DeWa{t0intob, D.Van lostemnd (I8, Leadnf 1956)

Li. Wimovitel, Do (5556)

I1AQ inlycin, Cpaiomed o8 Gouteifond
IX0hod3. DoV Doolirmad Chtde Iondom,



1;2. ¥al ton, W, C, mnd Prickett, Tehe (1963
‘Rydrogeologic Aectric Anglog Computerst,
Joumal of Hydranlics In, A.3.C.5 How, 1963
H3. Walton, WG (1970)
Groma dMter Besource Hraluationt
HeGrav.i1]l Publication, N.X. UsSAs

Uhe White, HeD. and Hardt, WP (1965)
' Jectric Andlog Analysis of Hyldmologic Deba
foy San S.mon Fesin, Cbheaiw and Graham
comibrdes, frisona', U.d.Glde \nter Supply
Paper BO9-R.



	HYD109937.pdf
	Title
	Synopsis
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	References


