Mutual Interference of Wells
in Confined Aquifers

A Dissertation for Master of Engineering
in

Water Resources Development

by
S.N. GOEL, XII COURSE

WATER RBESOURCES DBVELOPMENT TRAINING CENTRE
UNIVERSITY OF ROORKEE
1969



DR, BHARAT SINGH
COE(HOBS). Phono(mndﬂn)' D.Ilco’ A.H.IOE.
~ PROFESSOR DESIONE (CIVIL)

csgz;ziggxg

Certified that the Dissertation entitled
% MUTUAL INTERFERENCE OF WELLS IN CONFINED AQUIFERS"
vhich is being sudtmitted by Shri S.N. Goel in pertial
fulfillment of the requirements for Degree of Master
of Engineering in Water Resources Development of
University of Roorkee, i3 a record of student's work
carried out by him under my supervision gnd guidance.
The matter embodied in this has not Men sutmitted
for any other Degree or Diploma. |

Thisz is further to certify that he has
worked for a period of 11 months from 1.10.1968 to
28.8,1969 in connection with the preparation oi this
Dissertation.

Poharnal <

(BHARAT SINGH)
Professor Designs(Civil)
Roorkee Water Resources Deve lomment
Oniverarty of Roork
_ niversity of Roorkee
Date _ 17~ 8 57 Roorkee, (U,P.) ’




ACK NOWLEDGEMENZT

The present study was undertaken at the Water
resources development training centre of the University |
of Roorkee in partial fulfilment of the requirsnents for

Master of Mgineering degree in Water resources development,

Grateful thanks sre due to Préf. Jagdish Narain,
Profegsor and Head of the Water Resources Development |
Training Centre, who provided sustained help and guldance.
Thanks are also duq to Dr. Bharat Singh, Professor(Designs),
W.R.,D,T,Csy under whoge guidance, the work was undertaxen
and carried oyt.

saboet, gefia
( 8.8, GOEL )
X1 Courss,
W.R.D,T,Co



Chapter I
Chapter I1

Chapter IXI
Chapter 1V

Chapter V

CONTENTE

Common Notations

Bynopsis-

Introduction

Depinitions, Phystcal
principles and basic
equations.

Pehaviour of a gingle well
Mutual interference between
vells located in confined
aguifers.

Conclusions and practicel
applications.

ledxozan+uv

LR N

LR X ]

(XX

LR T

-

>

8)

12

25
%9

V72
|



¢

»

NOT

The following nctations have been commonly used, Other

notations have been exjlained in the text,

H

Q1y Q25 Q3,...

sesvsceceen Plezometric height on recharge
boundary. '

Ceveconstge Plezometric helght on guter face
of the well,

Csssssovone Plezometrioc height st any point

in the zone of influnece.
Caeimsenes ® ,thiuﬂ of influence

o0 s000ONN TS Aeqiivalent redius of influence
1.6, the radiuvs of influence
of a single isolated well that
g}é%ﬁggve the gsame discharge,
as given group of wvells,
under identical conditione,

.a.a.....;.. Radial distance of any point
from the centre of the well,

eesssesssnss - Badial distances of i?entrea
S of wells from any point,

$00 00 000080 Radius of ‘911‘0 !

sseevcscsses .  Spacing between wells,

$e0ese0p0nsy . d’l.stquce of & vell (tg'wfifst
array of wells®sfrom a 1line
drive.

ssssvses bans distance of second well or

second array of wells from the 1
a&u'u_' drive.

*0svaseeren Coefficient of pormeaiiltty'.

Seevesavennh Thi.Ckne’s of the aq\lifero

Cerevesnoses Discharge of a gigle well or
the average discharge of group
of wells.

IR T XYY YN TN Discharzes of i{ndividual wells ¢
W & group.

taossve®esns e DisCharze of & single isolated
well used as base.



SXNOPBIE,

Ah sttempt hgs been made in the present study to
provide a systematic presentation of tho effects of mutual
interference of wells in confined aquifers in a steady state.

e scope of the _aubjecﬁ has been indicated in Chapter I.

Termg commonly used in well hydrgulics and having
significant bearing on the behaviour of wells have been
explained and basic equations for flow towards wells in
confined and unconfined equifers have been derived in Chapter II.
Although the trcatment in the pregent atudy is limited to steady
flow towsrds wellsin confined aguifers, the similarity of basice
equations, enables the treatment to be extended to unconfined

aguifers with a change in the valus of constants.

The behaviour of a single well has been discussed in
éhapter III with the specific purposge of stuaﬂﬂg the influence
of different variables, physiczl factors and natural bounderies
on the performance of the well, The follewing cases have been

analysed,

(a) single well located at the centre of a circular
~ recharge boundary,
(b) single well located eccentrically in a circular
recharge boundary.
(¢) single vell located close toqstratght recharge
boundary, impervious boundary or intersections of

recharge and impervious bound ariec.



. The effects of mutual interference @&f between wells
placed in grovps have been analysed in Chapter IVe The following

cases have beeh trepted.

(a) Groups of wells located in closed recharge boundaries,
(i) Two wellg~ equal dradown
(i1) Three wells in a straight line-
Equal drawdoun,
Equal discharge,

Three wells in &mrm of a triangle «
Equal drawdown.

(i111) Four wells-forming o square-sequal drawdown,
(iv) Five wells- four wellg forming a square amJ
them f1fth in the centre,
Equal drawdown
Bqual discnarge,

(v) Daltery of 'n' wells placed along the circumference
of a circle-

Constant spacing bekween wells, cang-
Constant radiug of battery circle,

(b} Groups of ﬁells lncated on one pide of a straight
line recharge boundary or a line drivee |
(1) Two wells parallel to line drive,
Two wells at right angles to line drive,
(14) Three wells parallel to line drive,
(i11) Infinite numder of wells arrguged in single array
parallel to live drive, '
(iv) Infinite number of wells arrarged in doudle
array parallel to line drive =
gquare setting,

staggered setting,
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Computations for a workirg range of variables graphs

and discussion of regults have been given after anglytic derivations
0‘& evu}w‘\m dov 28k Cane -

Chaptor V detalls triefly the significant conclusions
arrived at on the basis of the present study, This 1s followed
by a review of the nature of practicsl prodblems and the .

application of the results of present study to such problems,



INTRODUCTIONs

Wells have been dug in all parts of the vorld since
times immemorial, for meeting the needs of domestic water
supply and irrigation of small plots of land. S0 long as the
number of wells was few and far between, and the withdrawals
were low and intermittant, no problems were involved, except
those of digging a well and striking a reasonably good water
bearing statum, With the turn of this century, much greater
effort and planning have gone into the development of available
wvater resources, Fajor surfzce flows of the world have elther
been tapped or are in the process of development. Naturally, of
late, the development of ground water is getting an increasig
attention and forms an egsential part of the water resource
planning of most of the countries, Some of the countries of
thé world, particularly the western states of USA have depleted
the gréund vater supplies to such an extent that recharge
of ground water through wells and other methods hes become a
pressing problem, Apart from utiligation as gsources of water
supply and recharge, the wei?us have ém extensive application
in many other practical protlems e.g., drainage of water
logged areas pressure rellsf wells, dewatering operations for
foundations, offsetting operations prevention of sea water
inrusion into coastal waters, tepping oll snd flooding and
flughing of o1l Beds, It 1s therefore useful to have a proper
undergtanding of the physical principles of ground water
movement, behaviour of individual wells and groups of wells and

their-action-and—interaction—underdiffere
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their action and intergotion under different field conditions.

TERFERENC L

When water ig pumped from a surface well, there is
a general lovering of the watertable in the area surrounding
the well, The area from which water is drawn to-wards the well
is known as erea of influence or region of influence, The
| drop in the watertable is known as drawdown. If water is
pumped from a confined aquifer, the watertable may remain
undisturbed, but there is g genecral depression in the
piegometric levels of the aquifer in the area surrounding the
well, The area in which the depression in piewometric surface
ococurs forms the region cf influence of the confined gquifer.
The drop in ptezonietric ievels is draw.down. The shape and
extent of the region of influence gnd drawdown depend on the
geometry of the well, characterigtics of the formation ad
discharge with_drawn from the well. Other variables remsining
conastant, the drawdown ircreases and the reglon of influence

extend as the discharge withdrawn from the ﬁell increases.

If snother well is placed close to the first well,
nothing happens so long &8 the reglons of influence of the
two wellsgre independent and do not overlap each other,
However, 1£ the vells agre close enough or the regions of
influence extend sufficiently to overlap each other the
performgnce or efficiency of btoth the wells suffers. The
implications are that, |

(a) For a glven drawdown, the dischargé obtained
ne
from each well is less then what 1t would have been, if are woll



had been pumping alone, However, the combined discharge
of the two wells is more than the discharge of a sing le well,

(b) PFor a given discharge from each well, the drawdown
caused by two wells pumping simiulteneously is much more than the

drawdown of a single well.

If more wells are added to the group, the digcharge of
each well is reduced although the total avallable discharge is
more. Similarly, for a given discharge from each well, the
drawdown of every well in the group increases wlth the installation

of every additional well,

Thé reduction in the efficiency and general performance |
. of wells, when placed in a group is known as mutusl interference
of vells. If there are three wells in a straight line, the
central well gsuffers more as compared to the end well§ because
the central well is interfersd with from both sides vhereas, the
end vellare interfered with from are side only. Similarly,

in alarge groupof wells, the wells that are placed in the

{nner ®ings or are surrounded from all sides) suffer maximum
interference, whereas,'the affect of interference on wells

lying in the outer x&g’s is comparatively lesser. The extent

of interference and reduction in the efficiency of the individual
wells, depends on the spacing and geometry of he well system

and disposition of recharge and other natural boundaries.

| A
ROACH

Normally, all engineering programmes or fleld problem
negd some sort of assessment, evaluation and prediction at the
stage of planning, detailed design and execution. The commonly

ave



The commonly avalladble methods ares

(a) BRellance on practical or fleld experimence:

In the earlier days, this was by far the rost accepted
method. Working on the basis of precedents or actual field
experience hags obvious advantages., It works on the principle
ot/‘nung is benovtng'and brings a man closert to the problem
in most practical aspects. The method however lacks a physical
basis or reasoning. It works more by intuition, thumb rules
and empirical formulse énd involves the use of cut and dry
methods and trials which are uneconomical and wasteful, It also
involves, at every stage, the s% of a man who had the
requisite experience under similar field conditions and has the
capacity %o interpret and apply avallable experience to the

problezs in hand.

(b)
Are usually restricted to a solution of gpecific

field problems. They alsc rely oo trials and cut and dry methads, b
but the results are obtained et a comparatively much lesser cost
and in a very much shorter periods Utility of mod ¢) studies

end laYoratory work depends, on the extent to which the field
conditions are simulated and limitations and variations if any,

are properly 1nterpreteh Apart from application to speci;‘tc
problems, the results of the model studieg can be generallsed

to some extent is such studies are based on proper application of

physical principles and scientific reasonirg.

In spile of their limited role, the model studies have

become extremely propular aud are undertaken extensively, almost



at all stage of planning, design and execution of major

engineering programnes.

(c) Agalytical Approgchs
_Analytical vork is usually based on 1dealised conditions

and assumptions which are fqr removed from conditions in the
field,and therefore such work and 1ts results are looked

upon with scepticism by men of experience or men in the field,

The analytical work is however based on sound physical laws and the
results are obtained by a2 gradual bﬁt rigourous process of
stientific reasoning and magthematical analysis. It aimg &t
establishing basic premises and then deducing and generalising

physicel relationships, which could find universal application

in the field. |

(d) Composite Approachs
Under the present day conditions, when knowledge id

developing fa¥t, the best approach 1s to combine and utilise
a1l the best of all the three methods.

An active cowordination at all stages, between the
planner, designer,the theorist, men in the ladoralories and

men in the field should yicld sound and economical results,

E_OF THI $ .
The maln objectiva of the present study is, to provide
a systematic prosentation, of the effects of mutual interference
of wells, in confined aquifers in a steady state, It also
aims at providing a proper understanding and appreciation of
the physical laws governing the problem. Froadly, the scope
of the woerk includes the folliowings
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(a) [Explsnation of the common terme and physical
factors invol ed in gi'ound water movement in general and flow
towgrds wells in perticular, with an emphasis on physical
properties and charactergstics that influence grounl water
movement, significantly. |

(b) ©Statement of idealised assumptions for analysis of
flow towgrds wells, practical limitations and implications of
such assumptions and derivation of basic equations for steady
and unsteady flow towards wells in confined and unconfined
aquifers., This should give an t'mderstanding of the basic
physical principles involved in flow tovards wells and to spotlight
the points of similarily in basic equations for flow under
different conditions.

{c) Detailed gnalysis of the behaviour of a single well
in a2 confined aquifer under the influence of different types
of natural recharge bounderies, impervious boundaries,
and genlogical discontinuties. This QYnuld provide a dbase for
stady of the behaviour of groups of wells and the effects of
nutual interference between them. It should also help in
identifying tiw and i.so.la'tf.ng the effects of mutuel interference
and the effects of other physical factors.

(d) Detalled analysie of the behaviour of groups of
wolls and the elfects of mutual inteorference between they, under

the following conditions.
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(1) Groups of wells in a Closed recharge boundary,
(41) Groups of wells on one side of an infinite iine
drive, | |
(e) significant conclusions on the basis of
present study and scope for the applicatbn of the treatment
to practical profalems,
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SHAPTRR__1X

2.1 Definitions s

The definitions and explanations given here, include
some of the terms commonly used in the study of ground water
movement. Particular emphasis has been plkced on the proper-
ties and limitations of physical factors, which influence the
behaviour of wells significantly,

'Ground watert - Wgter appears in nature in nimerous
phases and forms.That portion of water, which flows freely
through the soil, under the gction of gravity and is held in
porous formations, under hydrostatic presgure, is known as
ground water. Under normal conditions met with in practice,
ground water is a single phase, homogeneous fluid. The flow
of ground vater towards wells and other areas of discharge is
in a saturated state.

Water bearing formations or aquifers! -~ These are
geological formations, that hold and transmit sufficient water.
Aquifers generally consist of consolidated or unconsolidated
sands or gravels and cab have any size, shape or thickness.
Aquifers may bde ‘confined’ or *unconfinedt.

‘Unconfined aquifer® - 1s a formation of porous material,
supported by an impermeadble ded of rock or clay. 7The upper sur-
face of the formation %s exposed to atmosphere. The saturated
surface of the unconfined aquifer, forms the water-&¥sde tadle.
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‘Confined aquifert is a formation or water bearing ctu’tun,

confined at the top as also at the bottom by thick and impervious
layers of rock, ¢lay or any othor material. 7The thickness and
oxpanse of the overlying material is such that there is no possi-
bility of direct recharge of the aquifer from the surface. Water
flows through a confined aquifer, as e result of differential
pressure detween the region of intake, which is generally for jor
off and the point of discharge. Confined aquifers may bo small
or locel, or may b® extensive,

'semi Confined agquifer' is that aquifer, in which the
confining layers are leaky.

tPorosityt! is defined as the percentage of pore space,
per unit volume of soil. It provides a meagure of the voids
and interstices in the aquifer materiale In the cgse of pere
meable formations, it provides an index to the c¢apacity of the
aquifer to hold water. Porosity depends on the size, shape,
grading end packing of aquifer materiasl. Different values of
porosity can be obtained from the sare material with changes
in packing and distridution,

tpermeability’ or co-efficlient of permeability is
defined as the constant of proportionality in Darey's law
or veloeity through the 01l for a unit gradient, It is an
index of the ease, with which, water can move through the porous
medium, Iike porosity, permeability also depends on sire, shape,
grading and packing of aquifer meterial. However, the link
botwoen porosity and permeability is mot direct. Clays have
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high porosity, btut very low permeadility and form poaQr aquifers.
Some of the sands and gravels may have low porosity, but high
permeabllity. Permeadility can undergo substantial change, with

a change in particle size distridution and packing. Permeadility
can have the samé velue or different values in different directions.
Permeadility can also have different values at different points

and dltroéent levelg in an aquifer,

Porosity and permeability of an aquifer material may
change substantially after continuous operation of the well, This
may happen, either due to mechaniocal clogging of pores by the
sodiment transported by the fluid or by gradual choking due to
chemical gction,

'Transmissibility' or Co-efiiclent of transmissibility
is the product of aguifer thickness and co-efficient of permea=
bility., Transmissibdiiity 4s a property of the aquifer end is
deternined %y fleld tests, '

iy

'Specific yield® 1s the volume of water, which can o
released by a unit weight of a saturated soll, under the action
of gravity. Specific yleld provides a measure of the availabi-
11ty of ground water from an aquifer under free flow conditions.
Specific yleld depends directly on porosity and permeabdility,
Specific yield froa sends and gravels, which form the common
aquifer material, varies from 10% to 20%.

18torage Co-efficient' - when a confined aquifer is
charged, the pressure of water in the pores of the aquifer
moterigl rises. Agsuming that there igfgioldtng of the con.
fining layers, the gvailable gtorage wolume within the aquifer,
can be tregted as constant, 7The increas® in hydrostatic pressure
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results in compression of the aquifer material and water. The
implications are, that the compression of the aquifer meterisl
makes moré space avallable for the storage of water, whereas,
compression of wgter makes it possible for more water to de
stored within the sgme space.

When water is pumped out from the gquifer, the piezo-
‘motric levels go down in the vicihit_y of the well, This results
in a partial release of hydrostatic pressure, resulting in the
expansion of aquifer material and water. Expansion of aquifey
material leads to squeezing out of water from the pore spaces,
as there is a reduction in spacé available for accomodating
water, whereas, the expansion of water further results in
release of vater, as lesser water can b accomodated i{n available

Space.-

Storage co-efficient is defined as the volume of water rele-
‘esed per unit area of the aquifer for a unit change in drawdown.
Btorage co-efficient depends on the porosity and permeability of
the aquifer and elastic properties of the fluld and aquifer
material, 6Since, water and aquifer material are compressibdle
to a very limited extent, the value of storage co-efficient is
generally of a very low order. In most aquifers the value
ranges between 0,008 to 0.,00006., Etorage coe-efficlient is a
property of the aquifer and is determined im practice, by field

tests,

*Isotropy' -« Isotropy indicates identity of physical
properties, e.g., ¢lasticity or permeability in different dire.
ctiongs It im rare to find a truly uniform, homogeneous and
isotropic aquifer materizl, in g natural state, In practice
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the material 1s .treated as uniform, homogeneous and isotropic,

1f the significant engineering properties are reasonabdbly unifornm
in all directions.

‘Unsteady flow through aquifers' « If water is pumped
continudtsly from an 1isolated aquifer, which does not have any
source of recharge, the drawdown and region of influence go on
extending for an ingefinite periods &uch a flow towards a well
is unsteady. If the aquifer has a source of recharge, but the
rate of recharge is low, the flow continues to be unsteady and
the drawdown and reglon of influence still extend indefinitely,
but at a substantially reduced rate. In an extensive aguifer,
the source of recharge is at a far off place. The gradient
available between external recharge boundary and region of
influence is generally very flat and therefore, the time taken
tnklow is very long and the rate of recharge available to the
region of influence is very low. In such a casé, oven if the
available recharge is plentiful at the external boundary, the
flov 1s unsteedy for a substantially long period.

Unsteady flow towards wells can teke place in confined

as also in unconfined aquifers,

15teady flow through aquifers! - Steady flow through
aquifers, indicates balance between discharge of a well and rate
of rechgrge in the region of influence. Theoritically, steady
state flov towards wells does not exist in nature. However, in
most of the cases met with in practice, a sort of quasi-equili.
brium or stabllity is established after some time and subsequent
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Pates of change in drawdown or region of influence are imper-
ceptidbles Such conditions can be treasted as steady stots condie
tions for purposesbf cnalysis. In small aquifers with plentiful
rechargs, steady state or squilibrium conditions are estabdblished
very soon. GEimilarly, in larges aquifers, vhich have intermediate
connections with sources of rechargs and bodies of water, the
steady state conditions develop quickly. Extensive aquifers,
with far removed sources of recharge takes long time to estadlish
equilibrium cohditions.-

2.2 J_fey Bagic Concepts
Badiug of Jofluence s

When water 4s pumped from a well, there is s certain
drawdown and general loworing of the water table in ths case of
unconfined aquifers and plezometric levels in the cgse of con-
fined aquifers. If the pumping is continued at a steady rate,
the region of iufluenco extends graduglly, btut stabliges after
sads sustained pumping. Average radius of the region of influe-
nce is knovn as radius of influence, Radius of influence is a
theorttical concept, which is rather vague, but 18 is extremely
helpful in the solution of problems of flow towards wells.

The varighles involved in the equation of radlal flow
touards wells in g gteady atate are co-efficient of permeability
K, thickness of the gjuifer B, radius of the vell ry, radius of
{nfluence R, maximum drew down at the face of the well H.h, md
discharge Qe Variables K, B and ry undé are normally predeterai-
ned, and can b talen as independent variables. Out of the
remaining nrtabln)g sore veriable can be treated as indepen-
dent, say H-hye This lsaves two variapbles Q and R, which are
depsadent &» K, B, ¥y and H-hw md are interdependent ou each
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other., &ince, there 1s only oné flow equation, the prodlem is
indeterminate and it is néf possidble to frind unique solutions
for Q and R, If the raté'of recharge to the region of influence
is known, another relation can be obtained end theoritically,

the problem tecomes determinagte. However, there are practical
difficulties involved in ascertaining and assigning suitable
values of rété of recharge and then applying it to the prodlem,
As such, to siﬁpltty the analysis, an arbitrary value 1s assigned
to Re

The limitattions involved in assigning an arbitrary value
to R are s

(a) 1t does not take inte congideration, the rate at
which the region of influence is replenished,

(b) Ditferent persons may gssign widely different
values of R for the same set of conditions,.

However, the limitztions are not very serious. In the
flov equation, Haly and Q are related to log R and therefore,
even wide variastions in the value of B have ninor influence on
the results. As such, with the data available from field tests
and with a 1little experience, it should b possidle to assign a
fairly satisfactory value to R,

Nagture of flow through the pouffers ;

It is usual to assume that ground water flow is conti-
nuous, irrotational and leminar. The assumption 1s not truly
correct, Unlike a pipe or a capillary, the aquifer material ip
in the form of a large number of irreguler voids and interstices
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of aifferent shapes and sizes, connected to each other in all
directions. As such, the movement of ground water takes pk ce
through numerous channels following circuitous paths, Ground
water velocitics are generally of a very low order, and in

moat 0ases the flow through the. individuel channels {s continuous
 end laminar. However, in some of the channels there msy be conti-
nuous trensverse movement of fluid particles from one flow channel
to another, leading to turbulence and rotution and in gome cases,
even lsck of continuity. The t:ariaverae wlocities are however
small and in most cases balgnce each other., As such, taking a
macroscopic and stétisti.cal view of the aquifer as a whole, the
flov through the aquifer can b treated as reazonadly conttnuoug_,

irrotational and laminar,

Applicability of Derey's Law to ground water movement s

Darey enunclated in 1858 a linear relationsghip botween
vé locity and hydraulic gradient for flow of water through sands
aud thereby laid the fo&ndaticn for rational analysis of problems
of flow through porous media.

Hagen Poiseuille's equation gives a linear relation W«
tween velocity and hydraulic gradient for lexinar, viscous flow
through pipes. ©Since, ground jtater mo vement occurg through minute
porous chennels, the flow is viscous and therefore, Dercy's law
is applicable, so long as the flow is lominar. Many inwstiga-
tors* have shown that for flow through porous material, the |
critical velue of the Reynold's number (formed with mean grain
diameter as length parameter) at which transition occurs from

%  Todel — Growd walan ‘Qvn't)\n-’#.c-%«a, i



laminar flow to turdulent flow, ranges betusen 1 to 10. Since,
the ground water velocities are generally of a very low order,
this limit is normally not exceeded. On the lower side, there
s almost no practicsl limitation to the applicability of
Darcy's law through common aquifer materials.

Conbinations of floy patterns s

Laplace's equation gives a flow pattern for a given
set of conditions, Llaplace's equation is linear in form. If
there are a number of flow pattorns, each of which satisfies
Laplace's equation, linear combinations of one or more of such
flov patterns, will also atisfy the laplace's equation. This
property of the laplace's equation, is very useful in combine
ing or superimposing simple flow patterns to form a large
numbcr of complex flow patterns. Or conversely, complex flow
patterns met with in practice, can be split and reduced to a
number of simple flow patterms for which solutions are available,

Method of Izageg s

Very extensive aquifers are rare in nature, Generally,
todies of water, €.g. surface streams, lakes, reservoirs or
s0as bound the aquifers, In many cases the gquifers may be
Younded by impervious boundaries or geol.oglcalvdtscontinuitles
on one or more sides, Evidently, all natural toundaties in-

fluence the pattern of flow towards wells.

Nethod of images is a mathematical device employed
for the solution of such problems, Under this mebhod, a
natural boundary or flov fleld is replaced by an imeginary
vell (source or sink) or s combination of imaginary wolls,
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located in such a manner, that the combdined hydreulic effect
of the group of imaginary wells, is the sam® as that of the
given doundary. Since, the solutions for flbw patterns for

a single well or a group of wells are available, the solutions
for flow fields of vells located in the neighbourhood of
natural boundaries, can be obtained,

Method of images has a very wide application. It
can be applied to confined and unconfined flow, steady flow
and unsteady flow and normally to all types of natural boune
daries, oommonly met with li.n practice, The number of image
wells, their location and type (discharging or recharging)
depends on the type of the boundary., Actually, the number
of image welis may vary from one to infinity,

2.3 Bogle Jqustions 3

Basic equations involved in the flow of ground water
are, continuity equetion, Dgreoy's equation and general flow
S@quations of Laplacians form. Thesé equations have been 5tat0§
without giving dcrlvations-' Basic equations dealing with
steady radial flow towards a well in confined and unconfined
aquifers, have been deduced and dealt with in detail,

2,31 Equation of Continuity s

The general eéquation of continuity for flow of water
through compressible medium can be written as,

- —;‘x‘(p 'x)"s?; (P Vy)"?a; (P vg)= n“D(P"%) }f

Ssee (2. 11)
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vhere
f = mass density of the fluid,
n = porosity of the aquifer material,
o = yortical compressibility of sand,
P= compressibinti of water,

For an imcompressible flow in a steady state, the
squation of continuity reduces to,

Ddvx 0¥y D Vg
i 4+ s g + emwge== = 0 (Cartesian co-ordinstes)

TXEY) ...(2.12)

and -,32.21 ¢ -t W2 9.33.'.9....&!5.:0
r ror @ o= (Cylindrical

0 Vg 2 Vg co-ordinates)
0}‘ ,%S-;()Lvr)* ‘% -5 + —— = 0

Shoaroroanse 0(2013)
2,32 QJarey's Bguationg ¢

According to Darcy*s law, the velocity of flow through
porous mediua is directly proportional to hydraulic gradient.
Symbolically, Dardy's law can be stated as follows s
Using cartesian co-ordinates,

P P)
Vx =z e« K 3-5 » VY ® K %‘% y Vg = - K S'E eeesese(2.21)

¥sw Using cylindrical co-ordinates,

: -y O
Ve -K 3"& y Yo "§"§'% )y Vg =¢ K -5’9 esese (2.,22)
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For unidirectional flow or symmetrical radial flow

V‘-‘--K%‘g or ". = « K %"‘? 00000000(2023)

2.33 general flow equations s

On integrating Daroy's equations with the equations
of continuity, the following flow equations can be odtalned.

For unsteady flow through compressidle sands,

2 2 9 | v
"a?";ﬂh *’?‘: g "'s';;‘h = I (pedy 2D ... (200

where ¥ = gpecific veight of the fluid and other
notations ‘éﬁ‘ the same g3 in para 2.31.

For flow through a confined aquifer of uniform thickness
in a compressible medium, the equation reduces to

__ﬁ b 2h = g.. .—-g-% TEIXYY 0(2'328')

where § 1s the storage co-efficient.

e
oY ;’3""*% B’ “% "—n 0::..00&0(2032‘)
(cylindrical coeordinates)

For steady flow the eguation reduces to the Laplacian

form,
02y 8 28
2°h +--—g-— = 0 (Cartesian co-ordinates)
b.? 292 | o%
......(2.33)

2
or )2h + rh S h ._% =0
£ d (Cylinadrical

or % = '°h )+?.5%‘+ = 0  Cow-ordinates)



(a) Agsumptions s

(1) 7The medium is uniform, homogeneous and isotopic.
The well penetrates the entire depth of the porous
medium,

(i1) The bed of the aquifer is horizontal and thickness
of the stratum iz uniform.

(111) there is no legkage from impervious layers, con-
£ining the stratum,

(iv) T™he flow towards the well is horizontal radisl and
symmetrical about the axis of the well ani is in a
stepdy state, There is no natural flow in the aqui-
fer before punping.

(v) Sien Convention s
In the csse of pumped wells or discharging wells, the
flow. 1s towards the well, As such, for the sake of
convenience, pumped discharges gnd velocities to-
wards the well, have been treated as positive,
Other parameters @.gey h) Ty, x and y have the

normal sign conventions followed in Cgrtesian and
Cylindrical co~ordinate systems.

(¢) Derivation of the flow eguation s

Let h be the height of the piezometric surface at
any point reckoned adove an arbitrary datum(fig.
2.10)s let r bte the radial distance of the point
from the centre of the well,-
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The Laplace's equation for flow through isotropic porous
medium is given by,

? 5 28n %
% 5;(%)*- & 5‘?4"5—;2.0(39:..@02034)

Under the assumptions made, the flow through the
confined layer is horirontal, radlal and symmetrical
adbout the axis of the well, There is no component of
velocity either 4n the direction of Z or @ . As such,
the derivates of h with respect to Z gnd Oy are zero.
Congequently, the equation of steady radlal flow towards
a well in a confined aquifer reduces to

22 (2D, -0 cereres(2e42)

On integration, we get,

0 ¢ . d KC
r c o
r b R e s YVu & KT-Q n C.J

esne (3.43‘)’ .
Integrating asgain, we get,

ha= cl logr + ca IR (zcmb)
where C; and Cy are constants.

Congidering the discharge flowing across a oylindrical

ring of radius r and thicknoss B we get,
2
Q= J’ Yp o B . T 40
.
On substituting the value of vy we get,
a0
K.C1

Q= °f*n-8xd0
> ) 4
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or Q=28 K B,Cy

or Qlc ____Q______ | bpe ds0 (2.‘2 ¢ )
" BT KB

Substituting the value of C; in equation (2.42 b) we get,

h = +C TP RIL IR 2 .
e n7 ad

This is the basic equation for steady radial flow
towards a well in confined aquifers. The value of C is
determined from boundary conditions. '

(4) Eguipotential liges gud stream ilneg,

Let the complex potential for flow towards the well
P+ Ty
be W = p==iy, where ; {s the velocity potential and 'Y 1s the

stream function,

Where, lP-Kh. and _5?2&_ s K ?s_g
T T

Equation (2<43) can be rewritten as,

Kh r +C?

" gl 106
or 4’ g{'q',ﬂ'ﬁ“ 103 r + C! IZIITY (3044)
Also , 2 2 |
e, #— C 37

oV ¢
or = 7
‘ “J“
27 B

or «’a - “Q Q@+ cn, sssenees (2.46)

From equations (2.44) and (2.45) we get the value of

the complex potential
o Vo= pfe LY

= T%__g_(logr-c-i&) + C

aa g = logz-.o-c ou.toonoo.(zow)
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Where 2 = x+—1y = 1'09-10

Equation 2.44 implies that, when j = congts, r = constant
and therefore the equipotential lines for free radial flow towards

a well are concentric circles with centres at the well,

Similarly, from equations (2,45) we can see that when ¥
ig constant, @ = constant and therefore flow lines are radius

vectors converging towards the well,

Flow towards a well in an unconfined aquifer has

téllouing special chracteristics.,
(1) The free surface is not known.

(11) The free surface strikes the well at an elevation,
which ig slightly higher than the elevation of
water in the well, thereby forming a seepage face.
The height of this seepage face is not known.

(111) The depth of flow varies according to distence from
the well, Due to non uniform flow the velocity
vectors are inclined and length of the path followed
by individual fluid particles, varies with elevation,

(v) Jasumplions;
The problem is solved with the help of simplifying
assumptions made by Dupuits- |
(1) The medium is uniform homogeneous and isotropic.
The well ﬁenetrates the entirs depth of the A:;:;"

medium,.
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(11) 7The Yted of the aquifer is horizontal and thickness
of the aquifer is uniform,
(111) The flow towards the well is horigontal, radial and
symmetrical about the axis of the well and is in
a eteédy state. There is no vertical recharge or
percolation from the ground, There 4{s no leakage
from the bed supporting the aquifer, There is no
natural flov along the aquifer,
(1v) Velocity is uniform over the full depth of flow
and 1s given by K -95.%.. « The lengths of path
followed by individusl particles are assumed to

be constant.

(¢) Derivation of the flow eguations

Let h be the height of the free water surface at a
distance r from the centre of the well.(Fig.2.40)s Under the
assumptions made, there is no component of velocity either in
the direction of Z or 8. Consequently the equation for steady
radial flow towards the well is given by,

T e Sbo)y =o (Ref.Eqn. 2,34)
On integration, we get,

r 2b o=
AMso, vy = k-%.gk = K —g& ¢ss0ee(2461)

Where C; and Cy are constants.

i

Considering the discharge flowing across a cylindrical
ring of radius r and thickness h we get,

2T

Q = {V, e Re * 40
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0a gubdgtituting the valuo of vy we got,

kAL

Q = Y Kfl shr de

(-]

Since, h is a constant Lor a given particular value of r
Q@ = 27K h, Cg

oy 01 = m 000.0:(2052)

Subgtituting thig value in the equation es....(2.52)

ve goty

g 20 =  ___Q.
°F 2" Kh

or 2.(..“2.).... 2 e
2r g T Ky
Integrating again we get,

2 = "’"'9'1?“" logr +c ssevese. (2463)
N K

This is the basic equation for steasdy radial flow

tovards a vell magmconﬁnea aquifer,

aquifer hae bven gtudied in chapter IIT, under difforent
conditiong. (Ref. Para 3.0)., Similarly tho performance of
groups of wollslocated in counfined aquifers has been gtudied in
c¢hapter 1V.

The basic equations for flow tovards well in confined and

unconfined aqufers ere very ginmilar,

h o -g—-m log? ¢+ C (For flow touards a
“ (Oqne2.43) voll in a confinod
aquifcer).
ha —Q—K- log ¥ ¢ C (For 2lov towards a
A (0qn «2.63) voll in an unconfined

aguifor.)
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It 1o theroforo pooeibdlo to opply all mothads and
Gorivationo of Chapter XX ond IV R0 unconfincd flov by using
oguntion (2,63) in otead of cquation (2.,43). Qualitativoly,
tho concluplong that hovo bcon drown in individual casco gorw
ateady flov ¢ouprdo vwollo in confined oquifors, olso apply
¥ otoady radinl flov towards woll in unconfiocd aquiforo.

Tho aain linitation of Duipuit'é.a aosumpptiong and the
oquation (2,83) pre that the oxistanco of the scopnjo £a00
1o iguored. For all practical purposes this io not o gertoug
limitption; betauge tho variption in tho nctusl shopo of the
gr00 surfnce end Dutpuit'a frcs purfoco oceur, in the clogo
vicinity of the welle Ao vo woVe auoy fyom the vwell the difference

15 nominal,

fuppose that the gquifer is cxtensive gnd that there
gre no lateral wvatcr Youndarieg to support the dischargo of tho
volle In such a €asc the water vill couc from storcgo ovailable
yithin tho aquifor and tho discharge of tho well will be
oqual to tho product of the rete of doclino in hend and storage
Coe=0fficient, intcgrated over tho arca of influcnco of the welle
Tho digforcentiol oguation governing Unstondy radicl £low to o
voll in o confincd aquifer 1g glvea by,

?;i;;%. o2 2 o & é%—‘? ( ROZ.0gne2e32 bo)

Mais° oWaindd o solution for this oquntion Baccd on

¥ Thoio - Tho relation t:étt:con overiag of pﬁosomotric
puPfaco and rato of duration of discharge of o vwolil ground
gag% ,&?@° Trancoctions of mcricon Gt:aph,yo%eni Un&o% Volol%

-3 .
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an analogy botucen ground vaterf@ov and heat conduction. T He

agssumed the following conditionsg,

Lim ( z2h )= _Q for ¢t > O
O {;‘UT 4
/l—-?o
P (s}

This signifies that the well is replaced by a sink of

constant strength.bther btoundary conditions sre,

h = Hfort < 0 (Initial conditiong)

and h > Hwyhen r-=< for t =o

The solution obtained by Sheis ig,

o
"H-h = 9 y g=u du
4N 7T ' u
r2g
e 7%
Where t 1e the ’ﬁme taken from the commencement of
2 8

umping and u = ,

The above exponential integral can be expanded in the

form of & convergent seriesy

Heh & wi- E-O.E’?‘?Q-]og (u)».u-,z-‘%

4anT
% Eg?’,, ] .4 ¢ e0sese ]
37 4 E

For large values of t the above exprcosion can b2

oxpresgsed very closely bz the spymptotic expression

Heh = z=f= log ﬁ»BBTﬁ ses000(3e61)0
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This equation can be used for obtaining the values of
aguifer congtant T and i and when the aquifer consgtants are
knowy, it can be utilised to obtain drawdown at any point and
at any time for differemt discharges.

An examination of equation (3.,61) will show that at a
fixed interval after pumping, L.e. for a given value of t the
equation is similar to equations 2.43 and as such the methods
used in chapter III and IV for steady radial flow towards wells
in confined aquifers can be applied in a limited manner to
similar problems of unsteady flows Moreover, the inferences and
conclusions drawn about the behaviour of wells under steady flow
and the effects of nuturgl interference between them ,Gan be

applied qualitatively to problems of unsteady flow under similar

gituations.
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CHAPTER I11
BEHAVIQUR OF A SINGLE WELL

3.0 BEHAVICUR OF A SINGLE WELIs

If an isolated well {s placed in a water bearing
stratum, the flow tovards the well is free and radial. Basic
assumptions and flow equations for steady radial flow towards
an 1aolato% a confined aquifer have been given in para 2.34.
In nature, the disposition of the nstural toundaries e.g., bodies
of water, geological discontinuities and impervious tounderies,
may substantially influence the behaviour of the well, The
following caseés have bdeen studied with a view to have a proper
_appreciation of the influence of mtural boundaries and other
-‘fr»f;étéré" on the behaviour of an isolated well,

(a) 8ingle vell at the Centre of a circular island

| or recharge boundary.

(b} i‘nrluence of eccentricity.on a well located in
a circular vater bound@ty.

(c) 1Influence of irregular shape of a closed water
boundary. '

(@) Influence of straight line water doundaries,
impervious boundaries or combinations of such
boundaries in the néighbourhood of the well,

(e) Influence of unidirectional natural flow in
the aquifer, |

3.1 MM@W&W

When the well is located at the Centre of a recharge
boundary, the flow is radial. The agsumptions and basic equations
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have been given in para 2.34. 7The influence of different variables
on the bhaviour of the well has been studied and illustryted.

Flow guat {ons;

Suppose that the well ig located at the centre of a
circular island or any other circular recharge boundary with
constant plezometric levels along the periphery. (Refer f£1g.3.10),

The basic equation for flow towards a well is given
by, |
h = ’28\73 logr + C Refer equation 2.43

Constdéri.ng a point on the external boundary where
h=H, » =R, |
H = Q;Qqﬁ log :B,;* C eseserseesse(3e11)

Congidering a point on the face of the well, where

h b', T = Py

hw = rﬁqﬁ log Ty * C ¢nnu.ov-'-(3012)

From equations (3.11) and (3.12) we get

H«-h‘, 'F’?ﬁlﬂ“ig“" .’l’..!.'..‘a.m‘)
2T KB (Hehy)
or Q - Eg (:m) Qccccoooodzt(sﬁlab)
Ty

From equations (2.43) and (3.11) ve get,

Hah= B‘ﬁgﬁ 10‘ § T RLY 0000(3‘1‘l)

or h= Ha- pdez 105 & eerssevenes(3414D)
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Equation 3,13 gives the discharge for the well and
equation 3.14 gives the plezometric heights for different points
on the drawdown curve. |

Equation for piegzometric height can also be written
in the following forms,

h-hwﬂgﬁgﬁ' log %; tesesssesse(3s140)
or h= h'lbﬁgﬁ 108%"' ..........(3.140
or h = *& ].og p ..-..;....(3.140)
P log B Ly
Ty
Computations s

The following computations have Yen done to Lllustrate
- the influence of different variables on the flow of a well under

a given set of conditions

(a) Influence of radius of influence on discharge
(Table 3,11 and Fig. 3.11)

(b) Influence of radius of well on dischargs.
{Table 3.12 and Flg. 3.12)

{c) Influence of discharge on drawdown ourve
(Assuming that drawdown curves for different
values of discharges are geometrically similar
Table 3,13 and Fig. 3.13).

(d) 1Influence of Radius of influence on drawdown
curve, (Assuming that the drawdown remains
constent. Tadble 3,14 and PFig. 3.14).



(®)

Sonclusionsgs
(a)
(b)

(e)

(d)

(e)

(1)
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Influence of change of drawdown on drawdown curve
(Assuning that the radius of influence remains
constant. Table 3.16 end Fige 3.18).

The discharge increases as drawdown increasos.
Discharge increases as the radius of the well
increasés, Variation 1s however logarithmic.

A tenfold increase in the diameter of the well
increases the discharge by 36f. It is not econo-
mical to have large diameter wells.

Discharge decreagses as the radius of influence
increesés and vice verga. The variation is howe
ever logarithmic., 4 change of 100£ 4n the value
of R effects the discharge by less than 104,
Discharge 1s directly proportional to the trans-
missibility of ths aguifer,

Dravdown curve is a logwrithmic curve with very
steep gradients cloge to the well and Zlatter

oy row i il
gradientsy 758 of the drawdown occurs within

100 £t of the well..

FPlow lines are radius vectors converging towards
the centre of the well, Equipotentisl lines are
concontric circles with centre at the centre of
the vell {.0,, the flow lines are concentric with

the feed contour..
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The behavicur of a well located centrally in a circuler
recharge boundary has been studied in para 3.1 7This is an
idealised conditions. In practice, the wells, particularly
groups of wells may have to be located awaey from the Centre,

The influence of eccentricity, =8 the behaviour of the well,
has Yeen studied by the application of method of images (refer

to para 2.2),

Suppose that the well 4s located at My with an eccenw
tricity 'e! with respect to the centre of a eircular island or
a circular recharge Wundary (Refer to fig. 3.20). let the
pilozometric levels along the extesrnal boundary be constant.

It has been shown (Refer to para £.34d) that the equi-
potential lines for free flow towards s well gre concentric
circles. In the case of a well, locaved at the centre of an
4sland or circulsr recharge boundary, the flow lines are also
concentric with the recharg® boundary, as such, the basic chara-
cter of frée flow towards a well is maintained.

It can be imagined that, 1f the well is located eccen-
trically in a circle end is pumping freely, the pressure distri.
wtion along the given c¢ircle wiil mot te uniform. Conversely,
1f a constant pressure is maintained along the circular Yboundary,
the eguipotential lines of the well will not be concentric
circles, This distortion in the pattern of flow, occurs due to



the presence of the toundary. 7The problem 13 solved bty using
the method of imagés. If the given recharge boundary is removed
and replaced by a rcsharglug image well, with the game flow as
that of the real well, and is located st point Mg, where M is
the inverss reflection of M) sbout the given boundary, a constant
potential is obtained along the given bouudary. As such, the
image well st My replaces the hydraulic effects of the given
boundary aend the problem of s well located eccentrically in a
circular feed contour is transformed intc a prodlem of two wells

located at My and Mg,

Co-Ordinates of the Image Well s

Let R be the radius of the given circular boundery with
zentre at 0, The real well is loceted at My with co-ordinates
%23 = x3 * iy, and the imege well 1e located at My, with co-
ordinates Zz = X + fyo. (Refer fig. 3.20),.

Eccentricity e = Qi = \/ 11§¢y12 = &)
Slnce M, &3 the inverss reflection of point My about
the given boundary,

M. R
.—..;g-__ or RZ=OH1.0H2

R G2
It can o seen from £ig. 3.20 that,
ONg s
=y 0y
2
or 3_2_ = 92 1 - R = m-gg—.
w W ™ a2 x,24y,2
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5im11arly, %!;g s O
1 oMy

or ._?_g,vnz .

¥yi o3 x1207,8

or ya3® ¥3 ¢ B2

xl?-o—y 2
,,,,, Zzaxatiygn xlm A .ﬁzz R _ B2
xlz‘b}']? -y 7 1

Floy Eavgticug s

let the discharge of the real well e +Q and thut of
the imago well B2 «Qs Lot P be any point with complex co-ordi-
nates Z = x+ly., Leb PMy b8 equal to ry and PMg be equal to rge

e basic equation for flow to-wards a well is given by,

hegle logr +C Ref. equaticr 2,43

Combined flow equation Oy regl well at My and imaginery
well at Hp can b written as,

h "3‘:?@1"3 r1 "'2%—7@ log g + C {(3.21a)

* gl log |22y |~ g log ! ZpZ| +C

2L
& 2 )

ﬂg-_-hgxr log |\ 2231 --g:qﬁgloa ?ﬂ'} +C

voevess (3:31D)
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Considering a point on the face of the real well at My,

2 = Zyerye £l = 1221 ] = ny |
2 ‘

Z

. 2. 22

. o Naﬁbsry'gﬂi‘gﬁ ]D‘Lg!' +C 0.090(3.22)
Considering a point on the external boundary, say at 4,
h=H, py =AM 20A« (M =R =@

rgxmgeoua-oan_gﬁ-na ﬂug:sl

o.o H agsnm 108 ‘B‘e) - §gﬁ§ 108 E“':;ﬁ +C eese {3:23)
From equations (3.22) and (3.23) we get,

PPe® e

Rehy =y los A2 o B iy
\ 2.2
= 281'1-{-(-3 log g':;—:‘ ........(3.2‘&)

2 T KB (H-by)

log. j2-e2
cl’&

or Q=

®ev e 0p (3.341))

From equations (3.21a) and 3.23 we got,
r . » \
H -h'rﬂgiﬁ_ log ‘;% . % o......(3.2Ba)

or hlﬁ-r%rlos ‘;%“ 9§ oooc-oo(aozsb)

Equation 3.24 can be utilised for computation of dis-
charges and equation 3.25 can be used for computation of piegzoe-
metric levels at different points on the drawdown curve,
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| Computations s

The tollowln'g computations have been done to illustrate
the influence of eccentricity of the well ;

{a) 1Influence of eccentricity on discharge,
(Table 3,21 and Pig. 3.21)

(b) Influence of eccentricity on drawdown curve,
(Table 3.22 and Fig. 3.22),

(a) The dlscharge increases as the eccentricity of the
mn increases, The increase in the discharge is of
the order of 6% upto 508 eccentricity and of the
order of 108 upto 70% eccentricity. Beyond that the
increase 1s sharp but wide variations occur only

~ .when the eocentricity exceeds 90%.
(b) PFor a given eccentricity ( % ) the value of radius

of influence has nominal effect on discharge. (Refer
to f1g. 3.21). | |

(¢) Equivalent radius of influence RY, is given by
521-_-3 « (Refer to equation 3.24a).

(dy In practice, the influence of occantztctﬁy can be
neglected without much loss of accuracy. This is
particularly conwnunt in the case of group of
wells located in a circular is-land or any other
recharge boundary.
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3.3 Well located in an island or recharge boundary of irregular
shapes ‘

The Yehaviour of & well located at the col;tri of a oir-
cular island has been studied in para 3.1, For sll practical
purposes, this is too idealised a condition to be met with in
practice, It is rarée to find a natural recharge boundary vhich
is absolutely oircular. Moreover, the well may not b located
exactly in the centre of such g boundary.

The offect of eccentricity or displacement of the well
from the centre of the toundary has been studied in para 3.2 and
it has been obdserved that the variation in dlscharge becomes
significant, only wvhen the eccentricity exceeds 70%.

Evidently, the influence of the ghape of the external
water boundary on discharge can be studied only when the ghape
of the boundary is known,  Polubarinova-Kochina* has guggeated
an analytical solution of the problem by conformal transformation
of the irregular boundary into a circular Youndary and thenm apply-
ing the results of para 3.1 and 3.2 to the problene'.

§he has also ahalysed the gpecific cases of ellipticsl

toundaries and has obtained the~follewivg results, which can bde
summarised as follows 3

Case (a) Iet *a' b8 the major axis and *bH' be the minor
axis of the elliptical boundary. Let R be the
radius of the circular bundary. If R =R and

*Polubarinova-Kochinas Theory of Ground wgggr Movement,
. Pe
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a = 3R, the discharge of a well located at the
centre of an elliptical boundary is more than 97¢
of the discharge of well located at the Centre of
a circular boundary. There is no further reduction
in discharge when g > 3R,

Case (b) let the area of the elliptical boundsry be equal
to the area of circular boundary, or R2 = g,b.
Upto a = 3b, the discharge of the well located
at the centre of the elliptical boundary is 105§
- of the discharge of the well locsted at the centre
of circular toundary. For a = 6b, the discharge

is 1104,

Evidently, the influence of an irregular boundary on
digcharge, is nominal and c¢an be ignored for all practical
purpoges, However, in exceptional cases, specific solutions
can be obtained.

3.4 - ¥ell locgted op one side of an impervious boundary s

In nature, the aquifers are frequently intercepted thy
natural impervious boundariés or geological discontinuities,
®.8ey foults and folds. If the well i3 lncated on one side of
such g discontinuity in the aquifer, the pattern of flow to-wards
the well gets distorted and the discharge and shape of the drawe-
down curve are affected. The problem is solved by the method of

images.

location of tho image vell s
12t the impervious boundary lie along the axis of Y
(Mg. 3.40) let A( a,0) be the location of the well.
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 (Fige 3.40). Let Q be the discharge of the well. The effects
of the impervious boundary are s

(a) There is no flow across the toundary Yoy , which
means that it is a flow line.

(b) when the well is pumping, maximum drawdown will
ocour at O which is closest to the well, The drav-
down will diminish gradually along O\ and OY ¢,

Suppos® that an imege well with the sgme discharge +Q
as that of the real well is located at B (-a;0), which is the
reflection of point A on the other side of the impervious boundary.
If wells at A and B are in operation, simultaneously, a water
divide 1s obtained along YO\ ¢, ;:ater divide implies that there
is no flov aci‘ohs {t, Water divide is also a flow line. That
satisfies the first condition, “The maximum drawdown along the
vater divide shall be at 0 which ig clogest to the two wells
with gradual reduction aiong OY and o*{ 0; thereby satisfying
the second condition,

Flow equations 3

Equation for free flow towards a well is given by,

h= 5?&-5 logr + C (Refer to equation 2.45)

Combined flow equation for real well at A and imgge
well at B with a discharge of § ©ach, can B written as,

*svEs o8 T1 BnEB  © 2

s gfpr- 10g Ti¥3 ¢ C  eeevennos (3041)
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Considering a point on the face of the well at A,
LA
FL=Z, T2 =2, h=hy

or hy = ﬁﬁ- 102 2% + C  ev000 (3.42)

Considering a point on the external boundary of the
region of influence,

rp —r2 =B h=H

or H cz%ﬁ 108 Bs + C essvscss(3e43)

From equations (3.42) and (3.43) we get,

. H - N .g" TKB ]Dg §L¢ 0.0-0.0(3¢443)

or Q = y—x—a-mgm) Sngs ee ve ny vo(aoﬂb)
log 5_5__
a Py
From equations (3,41) and (3.43) we get,

: 2
H-h "é-_-"gk-g—— log ?ﬁ? sessses(3,45a)

or h=H - o 10‘ 32 esssse o(3+45D)
27KB ry¥2 .

Equation 3.44 gives the discharge whoereas equation 3,45
gives the plezometric hoights for different polnts on the drawdown

curve.
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Computations s

The following computations have been done to illustrate

the influence of impervious boundary on the dehaviour of a well

under a given set of conditions.

(a) Influence on discharge of the well,
{Tabdle 3.41 and Pig. 3.41)

(d) 1Ingluence on drawdown curve
(Table 3.42 and Fig. 3.42)

Conelusiong s

(a) The presence of the imperviousg boundary reduces the

discharge availgble from the well,

(b) The discharge incregses as the well moves away from
the impervious boundary.

(c) the flow equation and drawdown Curves aré same as for
a group of two wells placed inside a circular water
boundary (Refer to para 4.l1).

(d) Conwersely, the presence of the impervious boundaries
or other discontinuities can b located dy studying
the nature of drawdown ourves fronm roadtngs-ot obsé\;\'-

vation welise R
R

(¢) The equivalent radius of influence R* = ___ S\

2a A\

An infinite water boundary may appear in nagture in the

form of a river, drain, durried valley, canal, lake, regervoir

oY 80a.

The word infinite signifies that the lengths of the
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source is ve#y much bigger than the space dowvered by the group
of wellg, Lot s assume that the potential along the water
toundsry is constant and that the sands of the aquifer outorop
into the water toundary, so that free flow and rechsrge at cons-
tant head is availsbdle to the squifer,

?catlon of the uugg vell ¢

Let the water boundary 116 along the axis of Y (Fig.3.50)
A Let A (ay0) be the location of the well, (Fig. 3.60)s let Q
be the Gischarge of the well, Tho effects of the water boundary

are 3

(a) Water is drawn by the well from the wgter boundary.
As such the flov lines will originate at right
angles to the wgter bounéary and vill converge
gradually to-wards the well,

(b} The water toundary VoY 4s a line of congtant
potentials. | -

Supposs that a recharging image well with the flow of

«~Q 13 located at B( «a,0), which is the reflection of point A
on the other side of the water bdundary. If the recharging well
at B and real well at A are in operation simultagneously, the flow
lines will originate radiany from B and converge radially at A.
On account of symmetry of the two wells the flow lines will cut

oX'at right angles. This satisfies the first condition.
Pumping vell at A will cause dravdown all along YoY' with
maximum dravdown at 0, Recharging well at B will cause identical
dbuild up along Yo¥\with maximua tuild up at 0. Cumulative
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effect is that a constant potential is maintained along Yot ,
thereby satisfying the second condition.

Flow equation

Equation for free flow towards a well is given by

h= ﬁgﬁ log r+C Ref, equation 2,43

The combined flow equation for the real well gt A and
image well at B cen be written as,

zﬂmlogrl- ﬁﬁ.'bgrg+c

n ‘ | '
E‘ﬂﬁfﬁ log ‘3"2' +C esevsersves(3.81)

Considering a point on the face of the real well we get,

ry = ryy rg = 2a,

}M‘E'“Sﬁ log Py "8.“"%' 108 2a + C 0000(3052)

Considering a point on the water toundary we get, ry = a,

'3 = ae
EQ"EE log a -‘E-Q"— log a+C
sessvssacnssnes(3.83)
From (3.52) and (3.63) we get,
H-hy= goee log BB .. .00 (3,500)
or g= 235 =  iesecsen(3:54D)

g
v
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From equations(3.81) and 3.53 ve get

H -h.ﬁgﬁ hs% 0-.0.00-(30858)

oY h'u‘ﬁ?{-{g log %g. ooo.cttc‘Sossb)
1

Equation 3.54 gives the dlscharge and equntion 3.56 can
be uged for computing the plezometric heights of different points

on the dravdown curve.

Flow Pattern - Equipotential lines end Flov lines 3
" M SRS A .

(a) Equipotential Lines :

Equation 3.85 can be revwritten as

- . rl
h-H—ﬁgfﬁ 108‘;;’3'

Y o
or (r_;)a = e ﬁ Al BEM
» 4w ‘N

For eguipotential 1ines h = consts, « « © " = consta=m S,
' ’
Converting ry and rp to cartesian Co-ordinates we get,

23 (x=-a)+y2

1’32“(3“'&)‘*73

(x-2)2 + 73
or L ]
(x+a) + y@ ’

or E:-a(%g)]2+ia= (}lgié-]a cores(3466)

The equation represents a family of oircles with centres

>
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at [a (i% )y 0] gnd radii = f\ ] o« Equipotentisl

lines can be obtained by assigning different values to h.

(v) Flow Lineg s

The atream function for a well can be written as,

Tt Ref. e

The stream function for the combined effect of the real
well at A and recharging well at B can b written as,

Y1 =" ¥z ==gdm (0 - &)

-
Where & = tan = and O, = tan gE=

For ottaining the stream lines we can put the strean
function “ti-YL = conste.

or 9 =~ 0y = 2.5.’.3 ( h="Y_) = Constms = .
or tan (Gi = @) = Constant = O'Ra:,/-@ ‘

vhere p= tan %ﬁ (Y =-Y¥_)

or tan 61 « tan 9o

manoltanéa' - P

or ..g- - ol =
1o Y. o Y
X~ X¥n

or lz + ( V - - W )8 = ( a\/' a® )2 06"000(3057)
P

This equation represents a fauwlly of c¢ircles with centres

at (o. 2 ) end radil = a /14 The flow 1ines can te obdtained
P

by assigning different values to (™ =%_ )« It can b seen
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that the family of oircles pass through the points A (a,0) and

B ("@,O)C’

Computations s

The following computations have been done to;illt“xstrate
the influence of the water boundary on the behaviour of the wells

(a) Influence on discharge of the well (Teble 3.61.

(v)

(c)

lugion

(a)

(b)

(e)

(@)

3

Fige 3e81)e-

Co-pordinates of centres and radii ofequipotential
circles for a given set of conditions (tadble 3,62).
Influence of water Wundary on drawdown curve.
(Table 3.53. Fige 3.52).

Discharge decregses as the well moves away from the
water toundary and vice versae.

Equivalent redius of influence R' = 2a,

Drawdown curve has a comparatively steeper gradient
from 0 to A. Drawdoun curve extends to infinity
along Ax, 1.6. as we move away from the water dboundary.
The eqguipotential lines are almost concentric circles,
close to the well, - The gradients are steep in this
region, and absorb 75f of the drawdown. Beyond that,
the droudoun curve becomes flatter and eccentriocity
and radil of equipotential circles, increase sharpl.y,\.
t111 they reach infinity. (Ref to Tabdble 3.52) \\

\
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3.8 Influence of natural bouadarjes on the per-
$

The problems are solved by the application of method of
images, Curved toundaries are usually replaced by planes or
straight liness The image wells may be discharging wells or
rechaing vells and the number image of wells may vary from
one to infinity depending on the nature of natural boundary and

the accuracy desired.

Iet the water bhoundery be along OY and impervious boun-
dai';r along OX. (Fig.3.61), let the well with discharge +Q be
located at A (ayb)e 4An image well with discharge -Q will be
needed at B (-g,b). (Refer to para 3.5) to replace the hydraulic
effects of water toundarys. Similarly, an image well with dis-
charge +Q will be needed at D(a, -b) (Refer to para 3.4) to re-
place the impervious boundary, Further, another imgge well with
a recharge Q, will be needed at C(~z, ~b) to balance the draw=
downs caused dy Image wells B and D, along the extensions of
natural boundaries,

The combined flow equation for the group of wells can

@ written as,

Ty
he Ergk_ﬁ 108 ms + C YYXX L) ,.(3.61!)

Considering the point 0, the junction of the two boun.
daries,

erg=rg=r=/F+E ,h=H
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*-_.o'o H=C dasecpon e ....(a.alb)
Considering a point on the face of the rni‘”uen at 3,

rl‘”rm?z:aa,!'a‘m,rq'ﬂ‘?b, hﬂhw

“ .

«o by =gl log 2.1?4..!1.. +C eeverssa(3e610)

a

Equations (3.81b) and (3.61c) gilve,

Hehy = o0 log 36»’;?7:? ceenee(361Q)

or Q= 2TKB (H - eeesos(3.610)
log 23/;2 + bé_ '
: 'sc l.'w

Equauon'(a.sla) and (3.61b), give,

1‘
&_g__QE_ ‘08 "1 1;,2 ssse e 0.(3.61!)

or h=Ha E"QKB log

o080 ...(3.615)
l']. rq

Equation (3,61e) gives the discharges and equation
(3.618) gives the piezometric heights for the drawdown curve.

The egquation 3,64 indicates that the discharge increases as
the vater boundary moves cloger to the well and impervious boun-
dary moves away from the well, The equivalent radius of influence

R = 2a\/4:§ -; ba




3.623 Well located in a gquadrant formed by the intersection of
' two water tounderies s

'

Let 0X and OY be the water boundaries (Eig. 3.62). Let
the well with a discharge Q b8 located at A (ay D).

AD imoge well with discharge -Q is necded at B( ~-a, b)
to replace the boundary 0Y. (Refer to para 3.6)s Similarly, another
image woll with a discharge «Q is needed at D(a, b) to replace the
vater btoundary OX. Another image well with g discharge +Q is
needed at C (~ay ~b) to balance the drawdown caused by the image
wells B and D along the extentions of the water Moundaries .

The comdined flow eguation for the group of wells can
be written as,

ry ¥z _ .
3 4 A gt + C COP B WONe b .
he v 6 5 re (0. 628)

Considering the point 0, the junction of the two water

toundaries,

rperg=r3=rg =/ 2+ ,8 3 h=H,

LA H - c .OPOQQDOQO(atsz b)

Considering a point on the face of the well at A,
5 R 2T ro = 2ay r3=2y‘§+b§ ’ !'4'2‘)' aﬂdh"h'

h"geh— 1cg NW sessee (3.620)

>
2 ab

From equation (3,62b) and (3.63c) we get,

H - by = g%z log E?%%f‘z‘ “reeeess(30624)
a
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or Q = a—nnw‘ gu- h ) o..poou-oooocoo-(aoaze)

log ._..2ab

From equations(3.62a) and (3.62b) we get

Ty T4
He h= 5??;37 log .51-;5 ensesen (3.621)

ro ¥4
or hsHa 108 i Y I I .0(30828)
ggm - s . .

Equation (3.62¢) gives the dischargés and equation
(3.62g) gives the plezometric levels, The discharge increases

as the well moves closer to the boundaries. The eguivalent

radius of influence is given. by R' = 2 gb
| M aa*bg

3.63 Well located in a quadrant formed by the intersection of
tvo impervious boundaries '

b
1st OX and OY/the imperviousg boundariies (Fig. 3.63).
et the well with g diszcharge § Ve located at A (a, D).

An image well with g discharge Q is needed at
B (-a, b) to replace the toundary OY, Similarly an image well
with digcharge Q is needed at D (s, ~b) to replace the boundary
0X. Another image well with @ discharge Q is needed at C (-a,-b)
to balance the drawdown caused by the image wells B and O along
the extensions of the impervious boundaries OX and 0X.

The combined flow equation for the group of wells

can b written ss,

ha= ﬁ%ﬁ log Ply ¥2, P39 g ¢ C 4eeee(3.630)
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Considering a point on the external rechargé toundary
h=H ryorger?3erg= R
or H= g—_“gﬁ— log B‘ +C o‘.......(a.Gab)
Considering a point on the face of the real well, heh,
o
ry = 8, o = Bgy raum, 1'4'2b
or by =gl log Bry ab/FNZ +C  see(3.630)

From equations(3,63d) and (3,63¢c) we get,

' 4
H - N = ﬁcsﬁ- 10‘ n Gossepo (3.63&)

or @ = W ’ eesseeves (3,638)

8aly Gﬁ*bﬁ o Py

From equations (3.63a) and (3,63b) we get

H-hs=s g&;ﬂ 108 "1*52‘?"39'4 o'ooooc(aoeaf)

4 .
b
or h=H e E%-ﬁ log 1'101'2-1':;'?4 sseeses(3.638)

Equation (3,63¢) gives the discharges and equation (3,63g)
gives the plegometric levels,

™e discharges incresses as a and b increase, 7The

equivalent radiug of influence 1s R* = __R* . The prodlem
Bat/ g2 "’bﬁ

is similar to the prodblem of a group of four wells placed in a
circular water Moundarye.
3.64 Jpfluence 0f other patural boundazjesg s

The pattern of image vwells has been indicated in figure
3.64 for wells located clos® to the following typee of boundaries;
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(a) Well located in a sector formed by E° water boun-
daries intersecting at an acute angle,
(b) Well located in a gector formed by a water boundary
meeting an impervious boundary at an goute angle,
(¢) Well located in a gector formed by intersection of
tvwo impervious boﬁndari.n. ,
(@) WVell lying in between two parallel water boundaries.
(¢) Well lying in detween one water bdoundary and one
impervious boundary running parallel to each other.

fimilarly, patterns of imageée vells can be formed to rep-
lace other closed or open areas formed by the intersections of

water boundaries and impervious boundaries.

. All ceses discussed earlier are baged on the sssumption
that plezometric levels are static, when the vell is not in operae
tion. This assumoes rechargé at a constant potential, or under
reservoir conditions. In nature, the ground water ig under a
continuous movement., It should therefore bHe of interest to
study the influence of natural flow in an aquifer, on the be-

haviour of a well,

Rlgu_eguations s

Let the well be located at 0 (Fig.3.70).- let there
bo uniform flow with a velocity U parallel to the x-axis.'

The complex potential for free flow tovards a well is
given by (Refer to para 2.34d)
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Ny =y ¢t = 9 log 214 €y ( Refor © eq. 2.46) 61
= |

Let Wo be the complex potential due to uniform velocity
U in the gquifer,

. c()¢ ‘?’—
. . w-®U or fip= Ux+ Const,
also ANy or Y_= Uy + Const,

g

oo Wo=m UZ+ Cp

The combined potential is giwen by,
W=+ We=U,2 +§_Q_§ log 2 + C coesesr (3.71)
]
&

Or ﬂ = on 4+ 108 ! ’ c I ERTN R FNY W 30;2
and I 3U.y " Q ° . c B R EEFEEFERY N4 (3’;3)
! 9 ,

Staznation Polnts

Stagnation point is the place where the natural velocity
in the aquifer is balanced by radial velocity towards the well
fombined velocity 1s given by,

P . ”4)
u = _g_ “U*ﬁ_ﬁa # ecasseee (3474)

At the stagnation point u = 0, y=0, x=x,

*

¢ e U+ = 0

+v e

oY Xp = -E,Q*_’m_ eCssnse (3075)
w

For Q = 1.5 cfs, B = 100 feet, U = 50 ft/year, x, =1510 feeot.

¥ater divide; is the extreme limit or btoundary upto which water 1is
drawn by the well, There is no flow across the water divide.
Naturally the water dévide i3 a flow line passing through the
stagnation point,
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The stream function is given by

T= GyegRzoscn Ref. equation 3.73)

At the gtagnation point, y = Oand 6= ¢ m

L]

" Y «Ctt =

The equation of the water divide is therefore given by,

U'y "'......Q...... 9 ’,2: ..,.2____ '...0000(3‘76)
27B 2 B

For intercept of the water divide on the y - axls,
8= .'%_ AR

01' yl = : : BU Oﬁt»o.ococsow)

When Q = 1.6 ¢fsy, B = 100 ft, U= 50 ft./year,
y= z 2370 ftm

Aounee
Conclugionss (a) Natural flov in aquiters serves as a scumce

of recharge. It narrows down the region of influence and
increases the digcharge of the well., The increase in discharge
is directly proportional to the veolocity of natural flow in the
aquifer, Incidentally, natural flow in the aquifer helps in
stabilising the region of influence and establishing steady state
conditions, quickly.

(b) dGround water velocities gre gencrally of a very
small order. Under normal conditions, velocities of the order
of 80 ft, to 100 ft./year will have nominal influence in the flow
pattern and discharge of the well. If the velocities are of a
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higher order, flow pattern may undergo substantial distortion and
the influence of natural velocities may be analysed under the given

set of conditions.

(¢c) When the ground'watew velocities are of a high
order, the region of influence is in the form of a narrow
strip. In such cases the wells can be placed very close io
each other, aqﬁight angleg to the direction of flow, without
causing mutual interference between them. Whereas, the spacing
in the direction of flow, will have to be very much larger

to reduce the effects of mutual interference.
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JNELUENCE OF RADIUS OF INFIUENCE ON DISCHARGE
m $ see H =20 ﬁ’ h“ S+ Py = 0,256 tt,
KB = 0,107 £t2/sec,
Notes «ee RoOfer to equation 3.13.
Q, refors to discharge for R = 2000 ft.
Results plotted in figure 3.11
L "
g %. % (cfs) { -%
i i § 4
200 6.68 2,08 1,36
§00 7.60 1.78 : 1.19
1000 8.30 , 1,63 1.09
2000 8,98 1.80 1.0
3000 0,40 1.43 . 0.96
5000 9,90 1,36 0,91
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R = 2000 £t, KB = 0,107 ft%/sec

66

Dpta s soe
H=20ft, h, =0, r, = 0,356 ft,
Notes ees Refer to equaﬂan 3.13
qo refers to digcharge for ry, = 0.25 ft.
r, = radius of vell,
Results plotted in fig. 3.12
-1"," ]; /¥ T log _R 7 Q ;‘:
A Yo T’ § (ctfs) ) '%‘;
i § |
- i § i i
0,286 1.0 8.98 1.60 1,000
0.50 2.0 8.29 1.63 1.088
1,28 B.0 737 1.81 1.208
2.50 10,0 6.68 2,02 1.346
6.00 20,0 6.00 2.26 1.600
12.60 50.0 4.97 2.7 1,810
28,00 100.0 4.38 3.08 2,060
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(Aasummg' hat d!'avdown crvaa for dirtorent
valueg of discharges sre geomotrically similar)

Datg s ese ( H o hy) ¢ = (B)y
KB = 0,107 ft3/gec, T, = 0.26 ft.
Notes. +es Rofer to equations 3.13 and 3.14.
r refers to radial distances along the radius

of recharge boundary. BResults plotted in £ig.3.13

f Q=0.,9 cfs | Q = 0,66 cfs
f Bz 12 f¢  Hehys 8 gt
600 £t g R=12002t J R = 800 £t

r | n } r i n h
(feot) i(feet)l {teet) iifeet)l (feet)l (feet)

:[4! 5 L°l7!8

2000 20,0 1600 20,0 1200 20.0 - -
1000  18.5 1000 19,2 1000 19,8 800 20,0
500 16.9 500 17.9 50 18,8 500 19.48
200 15.3 200 16.2 200 17.6 200 18,87
100 13.4 100 151 100 16.82 100  17.90
50 1l1.8 60 12.7 80  16.82 80 17.22

0.25 0 0.25 4,0 0.256 8.00 0.28 1-2000

At
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H =20 ft, hy = 0, KB = 0,107 £t2/sec

Detg s ..
ry = 0.25 ft.
Notes °se Refer to equation 3.14
Results plotted in FPig. 3.14
r refers to radial distances along the radius
of recharge bdoundary
R = 2000 £t R = 1000 ft ;Rz 00 R = £t
Q= 1.8 cfs Q=263 cf8 § Q= 121.78 cfs Q =2,08 efs
T N ——
r i h § h § 1 _ h r | h
(feet) §(fest) (faet) §{feet) § (fec (Faet) (reet) J(feet)
1 2 3 }i 4 ! ) j!““é !P
2000 20,0 - - - - - -
1000 18,5 1000 20,0 - - - -
50O 18.9 500 18,3 500 20,0 - -
/"800 16.3 205 16.1 200 17.6 200 20,0
100 13.4 100 4.8 100 15.8 100 18.0
60 1.8 80 12.8 &0 14,0 50 18.9
0 0 0 - 0 0 0 0 0
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Deta s eee R = 2000 ft, H = 20 £t, KB = 0,107 £t2/sec.
Ty = 0.25 ft. |

Notes ess Refer to equation 3.14
| Results plotted in Fig. 3.18
r Refars to radial distances along the radius
of recharge hundary.

PR T L= a1
-~ : T R T
i h r §* h §: r gg h wi r ﬁg h
(foat) éﬁ(teet)! (gaet) j (feet)] (feet) !(xeet)wé (feet) ¥(feet)
N ) fa §F4'%5 HEER K re
2000 20,0 2000 20,0 2000 20,0 2000 20,0
1000 18,5 1000 18,8 1000  19.1 1000 19,4
500 16,9 800 17,86 500 18,8 500 18,8
200 18,3 200 16,9 200  16.9 200 18,0
100 13.4 100 14,7 100 16,0 100 17,3
50 11,8 50 13.6 50  16.1 50 18,7

0 0 0 4.0 0 8,0 0 12,0
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Hs 20 £t, hwe 0 , rv= 0425 fto
KB = 0,107 It.zlsecg,

Note see Refer to equation C.24
Qo refers to dischorge of a wewx located
contrally in an islgnd under same
conditions. Resulis Dlotted in Fig,8.21,
] TR = 2000 £t T
LR ”’w . o
; (efs.) : Q :
o 1,50 1,00 1,63 1.00 1.78 1,00
Oul 1+50 1.00 183 1.00 1.78 1.00
0.2 1.61 1.00 163 1,00 1.78 1.00
0.3 152 1.01 1464 1401 1,80 101
04 153 1,02 166 1.2 1.82 1.02
0.5 1.66 1.03 1468 1.05 1,86 1.04
0.6 1.58 105 1.72 1.06 1.89 1.08
0.7 l.62 1.08 1477 1.09 1.95 1.10
0.8 1,70 le1S 186 leld 2:05 1415
0,9 d+84 123 2.04 14256 227 1.28
0.98 2,03 1,36 2480 1.38 2456 led4
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Data. Y B= 20 ft, hv = Oy XB = 0,107 £¢2/secs
e= 800 £%, R= 2000 ft, Q= 1,53 cfs,
Qg = _%f__ = 6000 £t,
Note eee Refor to equation 3,25,
Plezemotrie lovols hzve been computed
along B O M3 Llin C
Drav dowm curve Dlottod in Fig.3.22,
r { To % ry h
(£ect) I (food) X £cot) (feet) ,
—————— ——
2000 7000 2800 am'po
1200 6200 2000 19,51
200 5200 1000 18,19
0 6000 800 17..?2
600 4500 300 15.%4
700 4300 100 13»?5
800 4200 0.25 0 |
‘900 4100 100 13.6}5
1000 4000 200 16,32
1500 3500 700 138 48
2000 3000 1200 20,0
4000 1000 8200 24471
4500 500 3700 £5 .62
4750 250 3950 28035
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L X L
5000 0,25 4200 44,20
6280 260 4460 28,05
5500 500 4700 27.20
6000 1000 8200 25.80
7000 2000 6200 24,70
8000 3000 7200 24,06
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WINGLE WELL ggc;gg_x_::g QN ONE SIDE OF AN MMPCRVIOUS

Batsi wes H= 20 £8, hw= O, rue 0,25 £t,
KB & 0,107 £t.°/000,

Note see Refar to oguation 3,44
Qo refers to disch-rge of a well located
in a circulsr water boundary with R = 2000 £t.

Results plotted in figure 3.41.
Q : dashoma Sfwaws ﬁ'W\u M?uu&n.,, wo.n‘

R= 2000 feot. } R= 1000 ft.

a - — —
aowr ST T e T
50 1413 0075 128 0,79
100 1420 0480 1037 0:84
200 1428 0s85 1447 0,90
300 1032 0488 1.5 0486
400 1,36 0.91 160 0498
500 1440 0493 1,63 1,00
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Datas ens Hs 20 £%, hw =20, rv = 0,25 £t, a = 50ft,
| | KB » 0,107 £t%/goc., R & 2000 ft,
Notes ese  Refer to equation 3,45
Plozometric levels have been computed along
a line porpendicular to the impervious
boundary and passing thyough the well.
Drawdown curve plotied 4n £4g.3.41
= T [ |
(foet) 1 (feet) l ( feeg;. X
et . - D GENE— S— ,
0 50 - 80 . 7465
25 a6 7% 7415
50 0,25 100 0
75 26 126 8.05
100 60 160 .50
200 150 250 12,20
500 4560 650 16,33
1000 960 1050 17.70
2000 1950 2080 20400
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Hw 20 £, hwe 0 4 rw s 0.25 b,

600 1000 2000 6000

163 150 1.40 1,28

1.09 1.00 0,93 0.86

Notes eoe Refer to equation 3.54
Qo rofors to discharge of a well
—  docgted in a c¢ircular island with
R= 2000 ft.
Results thted in Fig-845l.
[ a _
(£oot,) 100 200
Q
(cfs,) 2,02 1.83
.%_ 1486 1.22
(]
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m-l LE] ] Re 20 ft, hw = D; U e 0,25 £84,Q = 1.6 cfse
a® 1000 £t, KB s 0,107 £t2/sec,

Notes “oe Refer to equation 3,56
h T m Comordinatos oi’ 3 radius(fect)
{ foot) i centre (feot) 2 m
X al Jxm) ,0 § 1=m
I X e -
_ A ) S —c————
EO 100 o< '0 <
19,6 0,637 4520,0 _ 4380
19,0 0,407 £370,0 2180
1840 0. 166 1395,0 970
6.0 0,028 105640 339
1440 0.0046 1010,0 : 136
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m— . AR H - 20 ft’ hw= O' o AR ] 0925 ftp, Q’ 1.5 CfSC
KB & 0,107 £t%/56c., a= 1000 ft,

Notes  ewe Refer to equation 3.55 and 3. 14.
Plorcnotric levels have been computed
along axis of x.

on
h; = picrometric hoight of a point er the
dravdown curve of real well.
b = Plorometric holght of a point on drawdown
curve of imago woll.
o povl M
h = pilerometric height of/drawdown curve
duo to combined action.
Drawdown curves plotted in ¥F1g.3.52,

(fget) %Cfle‘%’t) ! (:%eﬁ) { (f%et) § (fgete) % (foot.)
—t—= 4—-—— 3 “t:a" X i i _ﬁ;"‘"'jf'""""" R —

«10000 11000 9000  23.78 16,67 20.45
« 6000 6000 4000  22.44 16445 £0.89
- 2000 8000 1000 20488 21,54 22430
w1500 2600 600 2046 23411 23457
- 1260 2260 260 20422 24,65 24487
- 1100 2100 100 20.11 56 466 26,77
- 1060 2050 50 2004 23420 28,24
« 1000 2000  0.25 20,00 40,00 40,00

w 950 1950 60 19,96 28420 284,16
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X 53 < DR T ;] - —
- 900 1900 100  19.89 26 .66 26,56
- 750 1750 250 19467 24,66 24,32

- 500 1600 600  19.34 2tell 22,45
0 1000 1000 18446 21,54 £0400
© 500 500 1600 18,89 20466 17466

750 250 1750 1536 20433 15,68
900 100 1900 1334 £0¢ 11 13,446
960 50 1950 11480 20,08 11.84
1000 0,25 2000 ) 20,00 0
1050 60 2050 11,80 10,96 11,76

1100 100 2100  12.3 19.89 13,23
1260 2650 8250 15,35 19.78 15,11
1500 500 2500  16.89 19,54 B.44
2000 1000 3000 18,46 19,12 17,68
5000 4000 6000  21.66 17466 19,11
10000 8000 11000 23,33 B.22 19.56
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HOTUAL _JNTERFERE

4,0 then a single isolated woll is placed in anaquifer

and vater is pumped out, it develops = region of influence, If
anoth(r well is placed close to the first vell, the reglcns of
influence of the tuwo wells overlsp, leading to greater drawdown
and reduction in discharge and overall efficiency of each well,
Bfficiency of the individual wells diminighes further, vith the
1nsta11ation of every additional wvell in the area. This reduction
in efficiency is due to mutual interference betueen wells.

. If a group of wells are placed in a straight line, the end wells
suffer lesger interference than the intecrmediate vells, becausge
the end wells are interfered with, from one side only, whereés,
intermediate wells are intefered with, from both gides. 1f the
group of wells are in the form of closed patterns, the wells
loceted in the outer rings suffer lesser interference, than
those in the inner rings. The interference increasges,as the
specing of the well decreases and vice versa. Thug, the

extent of interfernece depinds on the spacing of the wells and

their geometrical placing in the area.

Proadly the problem of interference betwoen wolls can be

divided into follouwing categorlies:

(a) Hells Jocated in a_clogsed yater houndary-
Closed water boundary is in the form of a circular

{aland or an alluvial aquifer with pleutiful recharge at tho
oundary. The groups of wells in s cloged boundary cen further -

be classificd into two categories-
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(i) &mall groups of wollg, i.0. o group of wolls
occupying a soall areas of tho cloged vater
boundary. This normally happcng inm the carlier
stages of dovolopment and drilling operationg,
{(11) Group of wolls sprcad over the whole area. This
ig the ultimate stage, and will occur im firal
gtages of dovelopment.

(b) Wells located gﬁ‘t %side of the atraight rocherge
boundary or infinite lin‘e drive, The 1lino drive may b0 in th
form of a river canal, lake, reservoir or sca. The vateor -
boundary is treated as infinite, if it very much longer than the
tt‘l:éaé opread of the group of woll,

The following cases have been analysed in the present
study for steady flow in confined squifers. o

(a) &mall group of wells in a closed vater boundary-
(1) Tuo wells in a line
(i{) Three wells in a straight line,
(111) Three wells forming a triang]@;
(iv) &‘?.”5 vells formining a gquare
(v) Five vwells - Four vells forming a squarc and
onc vell at the centre,
(vi) Battery of 'n' wells amranged in a e¢irclo, with

a glven spacing vwith a given radius of circlo,

(b) Groups of Viclls on one gsideo of a line drive,
(L) Tuo vwolls parallel to the line drive
(11) Two wells at right angles to the line drivo,
(i11) Threo volls parallel to the line drivo



(1v) Bingle array of wells parallel to the line drive
(v) Iouble array of wells parallel * ''ne drives,

vith gquare placing
vith gtaggered placing.

The implications of interforence between wells have been
brought out in terue of reduction of discharge, increase in
dravdown and influnsce on the shave ol the drgwdown curve,
Comparisons have been made with reference to a gingle well
located in a circular boundary and the regults have been

$1llustrated by graphs.

Broadly the assumptions are the same as for steady
radial flow towards a single wocll, In the case of wells located
in & cloged boundary the boundary has been agsumed to be Circular
or more or less circular with gn average redius of influence Re
The priermetric heights of points lying on the boundary are

assumed to be equal cr more or less equal with an average height H,

4.1, Tro wells located in an 1sland or closed rechsrge boundary:
Iet the two wells he located at A (Q »0) and B(- g 2 + 0)

(Flg.4°10). Let the spacing betwesn wells be ae Lot r1 and ro

be the distances of any point P g2§33 the centres of vells A gna B

regspectively,

The Equation for steady radlial flow towards a vell

in a confined aquifer is glven by,

h = 9 logr + C  (Ref.Egn.2.43)
PRI )

The combined flow eguation for the two wedls A aend B

cen be written as,
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A
h= Q log + lo C eeesf
'%‘ﬁ:h - 20;2\ g r2 + (4. 11)

Congidering a point on the face of well at &,

Considering a point on the face of well at B,

Ren
h, = -5.-.% log a + -2—%- 108 W6 + Cauoe (€13)

Considering a point on the external boundary,

H = =3 log B + =B g R +C aeveeesld
=3 log o log veven(8.14)

From equation (4.12) and (8.18) ve get,
G = sessee (4 15)
From equation (4, 12) and (4.14) we get

Heh = i log R2 veee(4:16)

v 2nKR alry

or @ = 2T R (H:hw).
R

ssvee(4,18 b
log (418 B

a Ty

From equation (4.11) and (4, 14) we get,

H-h = ° log R2 eves o (4, 17a)
2TKB rire
orh = H o__ﬂ—_._ lﬂg -32 ’..‘.‘4.17 b)‘
2K ry rp

Equation 4.16 gives the discharges foxdifferent andl
equation 4,17 can be used for computing the pierometric height

for different points on the drawdown curve,
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Lomputgtiongs

Following computations have ®een done to 1llustrate
the influence of different variasbles on mutual interference

betveen two wells -

(a) Effect of Mutual interference of wells on digcharge
(table No.4e.11, Fig. 4.11)
(b) Effect of mutual interference of wells on Draw-

down curves (1) Draw down curve along a line
passing through the two wells, (Table 4,12, Fig.
4.12).

(11) Draw down curve along the water divide bde.
tween the two wells, (Table 4.13, Rig+—4+13),

(a) Combined discharge of two wells placed imn a group
is more than the discharge of a single well,
under identical conditions. Discharge of each well
in the group is however less than the discharge
of a single uell,

(b) The efficiency of the wells diminishes as they
come closer to each other and vice versa.

(c) The draw down caused by individual wells in the
group, adds up linearly to give the draw down due
to comdbined agction of the two wells,

(4) A single well operating with a discharge equal to
the combined discharge of two wells will hgve %o
a much greater drawdown.
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(e) The equivalent radius of influence is given
by BY = §?- (Ref. equation 4.16)

Wells placed in a straight line with equal drawdown
at the faces of all wells,

Let the three wells de located at A (a,0), D(0,0) and
B (‘&0) (Refer to Fig.4.20). 7The discharge of the wells M
Q1 Q2 and Q3 respectively. Epacing between wells te ‘a'. Let
r1s T2y rg bo the distances of any point P(r, O) from the
Centres of wells A, O and B respectively.

The equation for steady radial flow towards a well in
a confined aquifer is given by

h= E%ﬁ 108 r+C .'t..(ret' aqﬂq aﬁa,

The combined flow equmtion for the three wells can
be written as s

h 'Z‘T\Qm log 23_+2-_;19§~B log ro+ -5%-@ log r3 + Cee(4.81)
Considering a point on the face of the well 4,

Q . .
N uz‘;‘}i‘y" Ty #2';“‘%10‘ a "’2%3"‘@ 108 2a +Ceps (4'22)

Considering a point on the face of the well at ),

Q
hy = 5;—:1@103 a +2-_-“-Q-21§-B— log *v + ﬁ%- log & +C eese(4.23)

Considering a point on the face ot the well at B,
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Dy myee—te log 2a 43‘;‘%- log a +-§%log PytC ceeoe(4.24)
Considering a point on the external boundary
B??&, r’&ra al’a ‘R’ h==H;

Q Q
H =tr=log B + poops log R*a'%“ 20g R + Ceyos (4,26)

Equation (4.22) and (4.24) give Ql = 03 veve(4.26)
Equations 4.22 and 4423 give,

Q Ty % Q1 8
0=~k W8 3 * ~7rs 1°“F3 ‘T KR 108 =

Q1 2 Q
o et ¥ gk

a 27 KB
~A
or Ql = “_123 r‘ . Qz Q....Qi'.iﬁ"‘4.27)
10 -
& ghs-

Equation 4,23 and 4.26 give,

'H-hv '!%g&g 108 ";8‘0' "é‘%'?'ﬁ 108 "& 00.tc-40¢(4928)

Pw
Equation (4.268) and (4.27) give,

- 4.
Q= Q o (l*!l'z\i)a‘\'ul'?.a11084m

ﬁ s vnssens (4029)
2 105-5 »log ?wtlog ﬁ"'r'w‘ loggy

Hehy) 2 v KB Z-LII R %
- ( W) dlog 0o {4.20D)
R
2 303% «log $B-+10g - log ==

From equation 4.21 and 4.265 we get,

H-h 52‘?“% lﬂgr';ng'a* ﬁs—\gﬁ 108 .g-é evesssse (4.210)
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Bquation 4,29 gives the discharges and squation 4.210
glves the plezometric heights for different points on the draw
down curve,

Somputatiopa s

The following computations have been done to illustrate
the effect of mutual interference betveen thres wells in a strai-
ght 1line ;

(a) BEffect of mutual interference of wells on
discharges (Table 4,21, Mg. 4.21)

(b) Effect of interference of wolls on drawdown.
rewdown curve alcng a 1ine pessing through the
wells. (Toble 4.22, Pig. 4.32), |

{(a) Comdbned discharge of the three vells placed in
group is more than the discharge of a single
vell, under identical conditions. Discharge of
each woll in a group is hovever legs than the
discharge of & single vwell,

(b) The efficiency of the wells diminishes as they

| cams cloger to each other and vice versa. The
reduction in the discharge of the end wells is
isss as compared to the centrgl well. Radius of
influence does not have much of effect on the

»atio of discharges %2__ .
1

(c) The Grav down Caused by individugl wells adds up
1inearly to give the draw down due to comdined
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~ action of the three wells,
{d) The ares lying dstween the wells decomes a more
or less level Qewatered zone,
(e) A single well operating with a discharge equal to
the ocombdbined discharge of three wells will have
a much greater drawdown, |

wuh
Wells placed in a straight line equal discharge from

ell wells, Iot the three wolls b located at A(a,0), O (0,0)
and B §-g,0)s The discharges of the vells be Q ach. (Fig.4.30)
The heights of the plezometric levels at well race_s be h.,‘. hy2
and hy, respectively. Spacing tetween wells b6 a. 18t ry,ra
and rg be the distances of any point P from the centres of wells,

Ay O and B respectively, -

The equation for steady radial flov towards a well in

a confined aquifer is given by

h=gde logra+c (Refer eguation 2.43)

The combined flow equation for the wells can be

written as,
h = !g'ﬂﬂ"‘ l'lol'gofa'l'c sas toosse (4.31)

Considering a point on the face of well 4,

y= §:§E§ log ry+ §§%§B log a#'gﬂﬁLgb 1og 2a

= T KB log 2‘20 Ty eessvensnse s(2.32)
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Constidering a point on the face of the well 0,

tug = pydpy 108 o + gogp- 108 1V + Figp 1og o
ﬂrﬁﬁ.. log aa.rw iooo;ooatto(4.33)
~t

Considering a point on the face of the well B,

hug ”g.g“—i@ log 2a+§-;—‘1@— log a-«-ﬁ%hg!\,
= E‘_eﬁ log 282 Pu bi9.o0o00(4.34)

Considering a point on the external boundary we get,
* 378 2 _¥p= ¥y3 =R, h=H

H =§g".‘—l§§ logﬁa -.n......u.“u(‘ﬁcaﬁ

Equations (4.32) and (4.34) give,
h‘lc h‘a ...-.......”.(4.36)
From equations(4.32) and (4,33) ue get,

hey = Bug * gl dou 2

or hﬂl u?’l%ﬁ log 2 ¢ Mg '03.00000(4¢37)

From 6quatlons (4.32) and (4.35) ve get,

Ha mz » -é-igﬁ- 308 & &2"§‘ oo..-(‘.38)
From equations (4.31) and (4.35) ve get,

3
thﬂzgm log ?&Eﬁ;"‘ o;.u....({&.39)
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oS
Equation 4.38 giveg the discharges equation ‘4.39)

gives the plezometric heights for different points on the drav-
down curve , Equation 4.37 gives the dravdown {n the side
wolls, when the draw down in the central well is known.

Somputationsas

Following computations have bteen done to 1llustrate
the effect of mutual interference tetween wolls -

| (a) Effect of mutual interfersnce of wells on discharges
and drawdowns at facés of outer wells(Table 4.31
FAR G 32,
(v) Effect of mutual interference of wells on drawdown=
drawdown curve along a line passing through wells-
(Table 4432, Fig. 4.32),

Conglugiongs

{a) The discharge of the wells a» diminishes as they
coms closer to each other and vice versa.

(b) The drewdown of the central well is more than the
drawdown of wells on the ends. The drawdown caused
by individual wells, adds up linearly to give the
combined drawdown of three wells.

(e} A single well operating with ti® comdined discharge
of the three wells in the group, g;ws three times
the drowdown under identical oéhdltlonu

(@) The equivalent radius of influence is given by,

R'aﬁg-'
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Wells forming a triasngle. Drawdown equal for all wells,

Let the three wells be located at the verticles of a
triangle (Pig.4.40), I8 spacing btetweon the wells be ‘a’, Let
r1s Pg and rg be the distances of centres of wells from any point
P. Let the discharges of the three wells b8 Q) Qg and Qg

respectively.

The equation for steady radial flow toward a well,
in a confined agquifer is given by,

h= Qﬁg‘Kﬁ" 108 2 ¢+ C evesvecnes(Rof, eguation 2.43)

The combined flow eguation for the three wells can be

written as
9 2 Q% | |
h sypr 108 Titgmpg- 108 Tot 3ogy 108 PpHC oeus (444
Considering a point on the face of the well at A,
Q3 Q2 .
hysgmis 1og Twt Fogp 108 a* FgEe 108 e9C eiuse(4042)
Considering a point on the face of the well al B,

_ Q
hﬂz% dog ru+ ‘é";\g‘:’n‘; log ru+ ‘;‘2"@’ 108 atC evesses (2.43)

Considering a point on the face of the well gt C,

h\i‘g%’lﬁ' log a+ 39;2-7—"“203 e *ﬁ% log YWeC oy0eee(4.44)

Considering a point on the external bPoundary R> a,
F1 == P v T3 = R, hsH
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Equation 4.48 is also identicel to equation 4.39 for
a m of throe wells in a straight line, But equations 4.48
and 4.39 involve r3, Yp and py for vwhich the values in the two
cases are different as such the oxtent of draw down and gposi-
tion of the equipotential lines in the two.eases will be
different.

Conclusiongs

(a) 1f there are three wells in a group, drawing the sam
discharge, the extent of mutual interference depends
on gpacing and radius of influence, For a given
spacing beiween wells)the goometry of the placing
has no influence on discharge,

{b). For a given dischargz from each uell, the draw=
down at the taeeshndiviaual wells, shape of the
drawdown curve and 'dispositiou of equipotential

lines, depends on the geometry of the placing.
4.6 Four Wells Joonted iu an falapd or clogsed rechgrge Dboundarys
wells forming a square. Drgwdowus at the faces of wells
are equal.
Iet the four wells be located at A(f, # )y B(- §:°3 )

Cy (=8 = £)y, D(E~ 2). (Flg. 4.60). Lot the gide of the

square be 'a'e Let r1y P3y ¥3 and rq4 be the distance of any
point from the centres of wells A,B,C and D respectively.
Let the discharges of vells be Ql, QZ’ Qa and Q‘o

The equation for steady radial flow towards a well in
a confined aquifer ia given by,



H = 131 108 Re E%ﬁ‘ 103 Rf‘é“‘?é‘i'ﬁ 108 R*c'*loo'o'o(m4s)

. Prom equation (4.42) and (4,43) ve get Q = Q

From equation (4.43) and (4.44) ve get,
R =9
or Qz‘ = Qg = Qa encssnnsssess(4.48)

From egyations(4.42) and (4.45) vwe get,

Hehy = z%ﬁ‘ log "’gn‘s;""""’ 00000-0(40476)

a
or Q= 2KB (0 = Dv) tessvinsss(4d47d)
log. p2_
. a" I'w

From equations (4.41) and (4.45) ve get, -

R
Hahs= E‘T%‘ﬁ 108 1'101'20”3 Y I (40683)

or hﬂﬂ"g'_‘?gﬁ’ 108 ';i'z‘}a‘i‘.‘é':?s‘ QOO.COG.“Q‘Bb’

Equation (4.47) gives the discharges and eguation
4.48 gives the peizometric heights of points on the drawdown

cuUrve,

It can be goen that equation 4.47 is identical to
equation 4.38 which gives the discharges for a group of three
wells in a straight line, drawing equel discharges. As such
for a given data discharges of the two groups of wells will be

{dentical., For effects of mutual interference 5“ discharges »

refor to table 4,31 and Fig. 4.31.
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h = 3 log r+ C (Regf. equation 2.43)

The combdined flow equation for the group of four wells
is given by,

Ql log e mg rzg—% log ry* EQ-&-- log 2 ¢C ...!.(4.51)
Considering s point on the face of well at A,
hy?g%logr»m log a+2-ﬁ]og a2 g ZT'KB log a+C sees (4.52)
Considering a point on the face of well at B,
hu== losa ;1..198 ru*fg% log a+....ﬁloz o/24C o4 (4, 53)
Considering a point on the face of well at C,
hy azfrTQ'j]{"B’ log ayZ+ ..2.%3;@135 a-rz% log ry+ 'é%‘ﬁ log a+C..(4, 84)

Considermg a point on the face of well at D,

h, = E" log a+ 5%?3 a/ﬁ+2,“KB log a«c-z_r,qﬁre log ry+C .. (4.85)

From equations 4.52 end 4.64 we got, Q1 = Q
Prom equations 4.53 and 4.85 ve get, Qp = Q4
From equations 4.52 snd 4.83 ve get, §; = Q

or, QlaQaa Qa'%' Q -....‘......(4.56)
Considering a point on _the external boundary,

Ry gy M1l oo g g 0 R

H= F‘-“% 108 34 + C Sesvseesere e (4'57’
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and gpacing between wells remain @nchanged.

Ir the wells are placed in any irregular pattern
with non uniform gpacing, the digcharges from
wells agre ditferent,

(d) The disposition of the equipotential lines, shape
of the drawdown curve, and drawdown at the faces
of wvells depend on the discharge and gecmetrical
placing of the wells, |

(1) Wells with equal discharges and equal space
ing betwoen them cen have different drave
downs at the fasces of wells depending on
the geometry of the placing.

(11) Wells with equal discharges and non-uniform
spacing will have difforent draev downs al
the faces of wells,

(144} WVells vith different discharges, but equal
| spacing betveen them will have different

drawdowns at the faces ot wells,

 e4
(e) Equivalent radius of influence R* = Ep. ,
a

PN Four wells forming a square and one well at the
Centre, Equal dravdown at the faces oi all wells,

Let the vells te located at A (+§ , 8 18¢4 , 4)
C(-#~2) D( & -2B) end 0(0,0)(Fig.4.60)s Lot the side of

the square be 'a's Let ryy roy P3y Yq and ry be the distanoes
of any point P froe the Centres of wélls 4,B,C, D, O respecti-



From equations (4.52) and (4,57) ve get,

H-‘» T’Qﬁ" 103 3 ' eseeoo(4s58a)

Py

- a.:\_n_zm:m ceseos (458D
or @ » ; ( )]

8
a2 v

Fron 0quatl.ons (4,81) and (4,57) vwe got,

Eﬂﬁ 108 3'1"2'1'3"4 0...00(40‘93)

rd

SGE V6 FiFmEaery  vere (49w

h= H e

Equation 4,58 gives the discharges and equation 4.59 giw
the piezometric holghts for points on the draw down curve.

Somputstionat -

, Computations $llustrating infliuence of mutual inter-
foronce of wells on discharges have been given in Table 4.61
and the results have deen plotted in Fig. 4.51.

CLonclugionss

(a) For a given sot of conditions, the discharge Imn

decregses with closer spacing and vice versa.

() Mor a given drawdown, the discherges of all
vells in a group are equal, if placoed in the
form of a square. The geomstrical placing of
the sguare in the recharge houndary has no ine-
tluoneowaiachargo.

(d) If the wells are placed in an open geomutrical
patterp, the dilscharges of different wells in
the group are different, even if the drawdown
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vely. Ilat the dis€harges of wells be Q3, Qg Q3, Qq and Qg.

The equation for steady radial flow tovards a well

in a confined aquifer is given by,
h edOE ¥ *+ C  seaceesso(ROL, 0qn. 2.43
s oal (Rof. oqu. 2.43)
The combined flow equation for the group of five
vells is given by,
%1 Q2 Qa Sq
b ETEE 08 M1t 3gm 108 TataTpm 108 Tatyrys 108 Tet

w KB

85
aT\KB 10‘ rﬁ +C oo vy 0.000(4.61)

Considering points on the faces of wells A, B, C,
D, and O we get the following equations,

v = 55 108 Turgris 08 o+ g o6 ofBs ooy 0w o

Q 2
g-g-— lﬂﬂéﬂ' 4 C saeocvsavenense(4.62)

Q Q4
by = Fogs 108 a‘z"‘"ﬁ log r“"anq?m 1og e+ =75 log &/ +
Q
gﬁ%_ 105;;" +C 0...-00.00..:..;--.‘4,63)

Q
h' .2‘-:“—%5-]0‘ aﬁ‘fz&?‘ﬁh‘ a*a‘?%ﬁh‘ rw"’a".gﬁiﬁ 10‘ a+

qQ
5—?\‘1%7'1"8\;5 + C o.qoo.o‘ooo-o(40“)

hy = 5‘%—“ log u*g**ggloz aﬁ*" log a+ g-ﬁ- log ¥, +

- Q
g_“_'%' 10“. + C  eeeevesnee(465)
V2
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il don by wEs o+ R U et

gi‘g'x_n- 108 r' +C e0s 0 &0 io o009 08 Sy ‘4.66)
1

From equations(2.62) and (2,64) we get, Qz = Qg
From equations (2.63 and (2.65) we get, Q = G
From equations (2.62) and (2.63) we get, Qy = Q,

[ ]

e ¢ Ql = Qa &= Qa = Q‘ n-.ocoooooo:(40678)

From equations (2.62) and (2.66) we get,

108 wulmmn ’
Ql = qs gﬁ r‘ --......-(4037b)

”M
wrv

Considering a point on the external boundary,
h=H oy Py P> Pg R,

Ha=a g,—?_-‘]-'ﬁlog B‘* ‘2"3%5""10‘ R+C sencoe '™ ‘4.68)

From equations(2.68) and 2,66 we get,

4
Hey = goas- 1o ‘%Jr - log ‘%w oo (4.60)
a KB

Equations( 2.67) and (2.68) give,

Q = 2 VKB(H-hy) 108 melereue
V2w ceese (4.610a)

4 loz\@.loz .....l.... 4-103-5 log ==l
& L, 47z ry

Pw
W= . — = (
4 10“ mg PO - S— *]O‘ 10‘ ®0 0, 4961°b)
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From equations (2.61) and (2.68) we get,

Ré S5 R
H-h =05 108 F1iro.75.7 ~ BKB log Ty +(4.611a)

Q1 g% .. 8% ... ® . (4.611b
or h = H -y og fﬁgoraor" CEN log s TR ¢ )
“{ Equation 2,610 gives the discharges and equation
2,611 gives the piezometric heights for points on the drawdown

ourve,
Computations s
Coliautations 1llustrating the influence of mutual

interference of wells on discharges have been given in Tabdble

4.61l. Theresuits huve—deen—plotted—in—Fig—4.61,
Conclusions s

(a) For equal drawdowns at the faces of wells, the
discharges of outer vells are more than the die-
charge of well located at the centre,

The radius of influence does not have gny in-

fluonce on the ratb—-%g- .

The geometrical location of the group of wells
in the recharge bundary does not have any in-
fluence on the discharges,

(b) The drawdown at any point, shape of the drawdown
curve and disposition of equipotential lines de-
pends on the geometry of the group of wells and
1ts location in the recharge boundary.
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Prom wells foraing a square and one well at the
Centre. All wells have equal discharge.

Let the wells be located at A (3, ), B(E §)

C(-4,-%, pd ,-8) and 0 (0,0)(F15.4.80). Lot the

side of the gquare be 'a’'s Let r1, Ppy F3y Fgqy Tg be the
distances of sny point P from the centres of wells A,B,C,

D, O respectively. Let Q bde the discharge of 6ach of wells,
Let hyly Dy, %39 hy4s Dyg be the draudowns at the faces
of vells,

The equation for steady radial flow towards a well
in a confined aquifer is given by,

h tg%.ﬁlog r+C essseasse (ReL, oqhe. 2.43)

The combined flow equation for the group of fine
wells is given by,

h'= m—- 10‘ rlrgral"!'a + C ooy ...‘4071)

Considering points on the faces of wells, 4, B, C, D,
0 ve get the following eguations,

h‘l 'ﬁﬁ log ."H + C 0.000(40723)
hvg z’2—,_‘.'-"&— 10‘ .‘,“ + C soeey (4072b)

hvg = gy Jog a’ry + C es o0 o (4:720)

hugy =y=Se  1og a¥ry ¢« € o oo oo (4.72d)
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4
h‘sag',‘",gﬁ‘ IDK"%" ™mw+ C eoeso(4.73)
From equations 4.72 we get,

ml = h‘z = hva = hU4 0'000(4074)

From equations (4.72a) and (4.73) we get,
& e
m}. a ms + ,’{;‘T% JO‘ 4 00000(4075)

Considering a point on the external boundary,
h=sH rp=rp =rg =rg =rg = R
B = ylomlog RO coess(4:78)

From equations (4.73) and (4,76) we get,

]
Hehwg = §—v-9~ﬁ7 log 4B eossef{4e?7n)

ot v
or ‘ = gﬂmﬁﬁ ) 9000-(4-77‘))
lo
¢ adry
From equations (4,71) and (4.76) we get,
- ) Rs
Heh = ""KB]O‘ !'le'z‘ra'r‘Qrs YY) 0(4078I)

B5
or h = B wpmdiere 1og FITRaTorTaeFg o° e (478D

Equations 4.77 gives the discharges and equation
4,78 gives the plezometric heights for .;'aoixits ‘on the drave
down curve, Equation (4.75) gives the drawdowns at outer
wells when the drawdown at the Central well is known.

Copputationsy

Computations illustrating the influence of mutual
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interference of wells on discharges have been given in

Table 4.71. The_results—hagve—beenplottedtn PFigi a7,
Lonclugiong 3

(a) When the discharge of all wells is equal, the
dravdown in the Central well is more than the
drewdown in the outer wells, . Other effects of
interference are same as for groups of three and
four wvells.

(b) The extent of drawdown at the faces of wells,
shapes of drawdown curves and dispositions of
equipotential lines will Val‘y with'tho geometry
of location, even when the discharges of all
wells and spacing between them mﬁtinue to
remain the same. B

(¢) 7The equivalent radius of influence R¢ = .‘!%?..o

e
4.8 ) Battery of vells Jocated in a clozed recharge boundarys

Let r bo the radius of the battery circle (Fig.4.80).
Let the numbter of wells be n, equally spaced along the ciroum-
berence of the battery circle., Let the spacing between gd-

joining wells v a = 2 r sin 7. . Let the drawdowns at the
n

faces of wells be equal. Let rj, Yoy P3 eesesa?pn b0 the
distances of any point P from the centres of wells. Let Q;,
Qps Qg s+¢esssQn Do the discharges of wells. |

The equation for steady radial flow towards g well
in a confined aquifer is given by,

h= ﬁ%- 10‘ r+C (Rerq eqgn. 2.43)
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The combined flow equation for the group of n wells
is 31v0ll by‘

Qn
n = girylog ry+ af-%' 10g Tt eeeeenTRE 108 Ty + C
0.000(4081)
By considering the points on the faces of wells n

equations can b8 obtained to give, Q1 = Qo = 03.....0,,==aay Q
o9 oo (4082)

The combined flow ®guation can therofore be sewritten

as
h= -2-1-‘31-(-5 ]D‘ rlorzqraqqoooorn + C o0 .....(4.83)

Considering a point on the face of the well at A we

get, h = hy,
1 Py

ol

re= AB = 2r sin

[

r, = AC =2 r sin 2T

|

=}

r4=llb==2rsin§3

rp=27r sin (n-l) 15

or hy = 3._10g *v. 2r sin . 2r sin 27 ...2r sin(n-1)" +C

n n
a |
= log rv.n=3sr.2sin. .2sin 2T....2 sin(n-l)" +C
 ¢] n n
“n .o (4084)'

Considering a point on the external boundary,

hs H’ rl\a\ ,2 QOQOOOYJ\rn A—V R’

Hﬂag‘:'fa.o‘ Rn'O'C esssressssennses (4.85)
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From equations (2.84) and (2.86) we get,

Bn e e

rg.r“'lz sinT .2 stn 87 ...2 sin¥n-1) 3
n n n

Hehv =,=des log

“r!?xs & . ‘Tv am T . ‘ ”
r 2 sin ] .2 sin 20, 2 ain 3N .,.2 sin(n-1)y
D n »

n
<
MmNl
M .

21'\7KB (H-hw ) (4.86D)

or @ =
| log B + 1og . m;n-la {n BT
n 8-1-,- 8N‘mg1"8°ﬁ-

1

Prom equations (2.83) and (2,85) we get,

: : 5;2 snse (4.87&)
Heh = E w E'B-]'Og rlorzcraq o qrn .

. RO
orh=H- E%KBIOB 2‘1.!'2.!'3..... o ssoneos (4,87D)

- Equation 4.86 zi.vés the discharge and equation 4.87
gives the plezometric heights for points on the drawdown curve,

Somputations
The following computations have been done to 1llus-

trate the effect of mutual interference of bdattery of wells
placed along the circumference of a circle -

(a) ZEffect of Mutugl Interference on discharge

Case ] - Constant spacing between wells (Tadle
4.81% mp\las-\o

Case II-Constent radius of battery circle |
(Table 4.82 and Fig. 4082{
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(b) Effect of mutual interference of wells on
dravdown -~ (Table 4.83 and Pig. 4.83).

(a) Discharge diminishes as the number of wells
in the battery increase, even when the spacing
betwveen wellg remains unchanged.

(b) When 10 wells are placed in the dattery, the
total discharge from the wells is of the order
of tvo and half to three times the discharge
of a single well, Thus a battery of wells is
not economical for drawing water for consumptide-
purposes,

(¢) The drawdown curve glong the diameter passing
through wells becomes flatter as the numder of
vwells in a battery moraaaes. This {s very use-
ful for dewntering operations.

Let the rechgrge houndary or line drive lie along
the axis of x (Fig.4.90). Let the wells Y% located at A
(0ydy) and B (0, d5)« Let the discharges of wells at A be
Q3 &and that at B te Q5. Lot one image well with a discharge -
Q1 e placed at C (0, - @) and enother imagé well with g
discharge -Qz be placed at D(0, -dy) to replace the recharge
boundery. Let ¥y, r2, r3 and rq be the distances of any point
P from the centres of wells A, C, B and D respectively. Let
the drawdowns at the faces of the real wells A and B b equsal.
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The equation for steady radial flow towards a well
is given Yy, |

-9“- logr +C (Ref. eqn. 2.43)

The combdined flow equmtion for the group of real
and image wells is given by,

Q n 9 r
h = gkE 16 ¢ s W65 ¢ C e (4

Considering a point on the face of the well at A,
h=hw r) =rw, r2 = 2d;, r3 = da~d;y 74 = 4)+dy

or hw = Ql loz'ga— 32“—25- log %ﬂw&.u.m)

Considering a point on the face of the well at B,
h = v, r; = 4g=dyy rg = do+dyy ra=rV, rg= 2d,

Q dp_dy Qo v’ .
or hw 32‘__' B 108 ag;a‘; "‘3‘.:."'&"' 1082‘5"2"" *.< Cm..(‘l.BS)

, Considering a point on the recharge boundary we get,
Pl ¥ ¥y g = gy h=H

or H=(C Seese 00.¢0¢on(4§94’

From equation (4.,92) and (4.93) we get.

0= Tt aa ) Tom od B -
2, dgr1
[ E RN Y WN WE N T (4.95’

From equation 4.93 and 4.94 we get,

Q . (%241 Q2 24z
H- o= pfy 108 Gomdy T BTHE 108 T o vee v ve (4096)



| 11¢
From eguations (4.95) and (4.96) we get,

242 4 -d -
qy = 27 EBED) w5 e

oc-e 0(4097‘)
log %‘-'glloz 24z, da"dl]*lo 24z @,ﬂda- j

24; , dp_d
27 KB(H-hw) log =k * dg;dﬂ

dz+41 2da dg .41 Soal2 2dg 010201, de.dl]
8 L0 dovd; | P8 do+dy

000 c000s (4.970)

and Qz'

From equation (4.91) and (4,94) we get,

H«h ‘2‘_"%‘;%";- 10‘ ‘%;3 i..noa ob.oo(4098.)

2,54

| Q
or h=H -2'?"'%5' log m eo vesoes (4.98D)

Equation 4,97 gives the discharges and equation 4,98
gives the piezometric heights for points on the draw down curve,

Somputationg s

Computations have been done in Table 4,91 to 1llus-
trate the etfect ot mutual interference of wellsg on discharges.
owdts Lo —%Cyutd n }«? 49
Couglusionas

(a) Discharge of each of the wellsg in the group is

less than the discharge of a single well in
fidentical conditions. Ratio of averege dis-
charge Q to discharge of a single well increaseg
with the spacing between wells dut deci'eauoc with
the distance from the recharge boundarys

(b) Ratio of the discharge of second well Q, to dis-

charge of first well Q1, decreases as the spacing



117

between wells increases. The ratio also increa-
s6s as the distance from the recharge boundary

increases.

4.10 WL&M&W

Iet the recharge boundary or line drive 1lie along
the axis of x (Flges 4.100). Let the wells to locatsd %A
(0y d) and B (a, d). Let the drawdowns of two wells be
equal, By the symmetry of location, the discharges of the
twvo wells are equal, say Q ®ach, Let the imsge well with a
discharge « Q Y@ located at C (0, d) and anothor image well
with a discharge -Q be located at D(ay ~d)e Lot ryy Py Ty
r4 be the distances of centres of vells A, C, B, D respectively
grom any point P. Let the spacing between wells be a .

The equation for steady radial flow towards a well
is given by,

h= g logr+C (Ref. ogn. 2.43)

The combined flow @quation for the group of realsnd
image wells 1s given ty, ..

- ."'Q""'" !‘1 ra (XIX N NN} 11
haz_nm log m + C (4.101)

Considering a point en the wpes face of well at 4,
h=hu, 2y * 2 2 “Qda r3 = @, 1‘:,"' ";a""“’@t!§
bL-n Mu——- EYYEER] X 2
or m'zﬂxn l.oz2 - W +C e (4.102)
2,442
a“+4d
Considering a point on the recharge boundary, say O,
h=H v T2y T3 =2y
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01' Hg c .....0!0..(4.1@)
From equation (4.102) and (4.103) we get,

H-hw 82‘;\95—10‘ % /___.__.‘2+4F_ ®ss000s0ep (4‘104‘)
a

= 23KB.(H -hy)
or Q Soenpos e 00(4.1Mb)

From equations 4,101 end (4.103) we get,

or h = H -L Il" “L- .......'..(40105b)

Equation (4,104) gives the discharges and equation
(4.105) gives the plezometric heights for points on the draw

down curves,

Computations s

Computations have been done in Table 4.101 to {llus.
trgte the effect of mutual interference of wells on discharges.

The results have teen plotted in Pig. 4,101,

Lonclusions

(a) The discharges increase® as the distence from
the source dﬂcreaacs. The dischorges also in-
oreas® with the increase in spacing between

vells,
(b) Equivalent radius of influence Rt = %‘q./a2+‘d2

Let the recharge boundary or line drive lie along the
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sxis of x (Fig. 4.110). Let the wells te located at A(0,d),

B (a, d) and C (2a, d). Let the drawdouns at the faoces of

three wells be equal. Let the discharges of wells be Q,

Qo and Qg respectively. Let the image wells with discharges -
v ~G2 and =Q3 b located at P (0, -d), E (a) ~d) and

7 (2a, ~d), Let Ty, ¥gy T3y T4y Tgy Fg be the distances

of any point P from wells at A, ¥, B, E, C, F respectively,

The spacing between wells be a.‘

The equation for steady radial flow towards a well
is given by,

h = 2‘1?“ logr + c oo oo+ (Ref, Eqn. 8.43)

The combined flow equation for the group of veal
and image wells is given by,

Q ' r
“ﬁ%glozrm b‘ﬁ*z’nggﬁ—hg ;2*0

on ¢p 080 s 0(40111)
Considering points on the faces of wells, A, B, and

C ve get,
1 - b a.
hw =, —] 1o 1o o 30 c
R i v
tontte v Q(40112)
2’(1KB m-F TMKB ‘2%1' 3&-' W
YRR YRR o-o“(4o"]-]3)
LA RV F""’“ ‘ r-&-loc Fhee
| VoPteq? %"

Q0p 0 0se b 00(4.114)
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From equations(4Ji2) snd (4.114) we get, Qlﬂqa eoes s(4ellBa)

From equations (4.112) gnd (4.113) we get,

s N

8
o
1log %S mJ‘§+d2

From equations (4.113) and (4.116) we get,

®oescvge e (40115b)

Ha he = Ql log 8 %ﬂ, bg-—g esssncanee(4:117)
27KB ’I,“\\d')

From equations (4.115) and (4.117) we get,

2 2
o = &X 47 KB(H-hw) g 1og(§§ y=10g (1+§g )}

{m (28" {208 & >2.<i+ g;)} -2 gloau a2 ?1

¢ 9 DO Ga (46118&)

47 KB(H-hw)[log(?.S! ’043 loz(l«u-ﬂ. )]

ol (e B 2 o ]

Cb0p0 Bose 0 (4.11&)

Qg‘

From oquations (4.111) and (4.116) we get,

b 4 b
H-h = f-;n?b‘ m + ?———‘ bkﬁg Soeenos .(4. 119&)
Q re . Tg Qs rq
h =z He lo L] . I XX XX 4.11
or o a5 (4.119%)

Equation 4,118 gives the discharges and equations 4.119

gives the plezometric heights for points on the draw down curve,
% Lot 4t v Comdtahise
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Iat the recharge boundary or line drive lie along
the axis of x. (Fige 4¢120), ILet the wells bde located at A(0,d),
B (ay, 4)y, C (28y d) seevs(nag, d)ess Lot the discharges of the
wells be Q each, Let image wells with discharges -Q each, e
placed at A!' (0,-d), B* (a, =-d), C* (2a, ’d).*--.o(ﬂag"d)aooo
Let Ty Toy 3 eeene. b the distances of gny point P from
the centres of real wells 4, B, C, respectively. Let the drav-
downg at the fuces of all wells be equal. 7The spacing between
wells he a and the distance of the array of wells from re-
charge boundary be d.

The equation for steady radial flow towards a well

in a econfined aguifer ig given by,

h ?;Qm— iog » +C  (Refer ogn. 2.43)

wus
The comdined flow equation for the group of real is

given by,

h aaq,ﬁnlog :}(, Fge Ty +C
ﬁzﬁg-_éh}&x-na)z* (y~d)2] +C
a fm[}oe Coa_h 2;"_&1-_-@_003 ga—zji-c
soss (40221)*
Fquation 4.111 15 a basic equation for solution of
problems involving infinite array of wells just as equation
2.43 is basic eguation for flovw towards a single well, The

special toéturas of the equation arée s (i) It satisfies Laeplace's
equation,

* For the derivation of infinite integral refer to Flo of
. Homogensous fluids through porous media by M.Mugskat, 50€hq,
4.9 page 189-180,
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(11) It is a periodic function., The argument of
the logarithm vanishes at centres of wells

, (ng, d).
(111) Pressure distribution is symmetrical about
the axis of y.

The comdined flow equation for the infinite array
of real woells and image wells is given by,

h 3‘%’-1-{,8 cos-h 3'“(!5“)-%8 2“§ + C esee(4:122)
cog h a’kx-_gg)-cos 21‘2

For s point on the line drive say (0,0),
H=C vseone 0(40123)

For a point on the face of well A,
h=hi y=derw, x=0

a +C
Cos hgl;gg -1

or hw® - log {

S [\2“ P v ]c (4.12¢) D:2
= 1o i) - + eeee(4de
v e |

From equations (4,123) and (4.124) we get,

1on (2 240
Hehy = z:‘gﬁ-]og 51:._;_@].‘.5:5. sessscsss o(4:125a)

orY Q" W ’000000030(40125b)

1 sinh 2.4
‘ M
siuh-’!:l-n
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From equations (4.122) and (4.123) we get,

Cos h.2% 222 )_cos 273
H-h a4-_-‘.-'-§-§- loz{ ' A

\‘9- (X X 0(4012,633
Cos h 27(~¥=d) - cos 2vd

Cos h 2™ (&8 § | cos 2v3
2 8. ) A . -ocov(éomb)

or h = He S log
Cos h 2T (Eaﬂ—) - GOS wa

4 KB

_ Equation 4,125 gives the discherges of wells in the
array and eqguation 4.126 gives the piezomtric heights for points

on the drawdouwn curve.
Computgtionss
The following computations have been done to illustrate

the effect of mutual interference in any infinite array of wells
placed psrallel to an infinite 1line drive,

(a) Influence on discharges Tgble 4.121 and Fig.
4.121, |

(b) Influence on draewdown. Tables 4.122 gnd 4.123
Fig. 4.122 and 4.123.

Conclusionss

(a) Discharges increase with an increase in gpacing
between wells and vice versa.

(b) Discharges decrease with gn increase in distance
from the line drive and vice versga.

(¢) The equipotentisl lines are straight lines,
parallel to the 1line drive except within a dis-
tance equal to spacing 'a' from the centres of
vells, This is indicated by a uniform gradisnt
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of the drawdown curves upto 500 ft to 750 ft

for the line drive.

4.13 Infinite Arrays of wells parsgliel to gn infin

in 1ine drive
QT 2 rechggg boundary - Double Arragy of wells in gquare sett-
ing.

Iet the recharge boundary or line drive lie along
the axis of x. (Fig. 4.130). Let the distance of first array
of wells from the line drive be dj and/listance of second array
from line drive be dg_; Iet the spacing between the wells along
the arrays be 'a’ and the getting of the two arrays of wells be
in a square pattern, \Let the discharge of wells in first array
te Q1 and that in the second array Qu. Let the drawdowns of
all wells be equal. Let two infinite arrays of image wells
with discharges ~ Q) and -Qg be placed, at distances d; and do
respectively, on the oppogite side of the line drive.

The comdpined flow equation for the two arrays of
real wells and two arrays of image wells is given by (Refer to
equation 4.121).

Cog-h 21'('(2__1 } - Cos

h‘ﬁqﬁ"l“’g z,%ﬁ/ g

Cos-h 2T (xgél y=Cos 20X

Cos~h 27 ( 1’--92)- cos X

+' _’L)a o +C 0000(4]31
Wb ) cosh 2 T ( y*2 y'+d2 ) ¢ cos 2:
a

Consldering a point on the face of a well in first

array, say (0, dy) ve get,
‘ _ n
2 -1 Q cos h 2(31-92)-0,
w3 KB 10 Cos 2 1‘-% + 21_@_ 1og — —’0 +C
2T cos T di+d
fwe\ l'h’-fﬂ -\ —;;—a —_

O
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Al T ) —-bT\
- ‘2"?\% log | Stoh "= . R 1og Sia-hllde=d1) q
Sin.h 2 "Qal__ 2 KB Sin-h T -.gdzﬂll
8 a
ooo{Be130
Similarly considering a poiut on the face of a
CoW
wvell :;\ s-econd~an?, say (0y d1) we get,
C 2m - )=1
L os-h ( na..i.m.) .
W » . f%—
¢nie Cos-h 27 ( 42+ 41) -1
l
Cos 2NMry =1
+ L log -
WTicR, : + C
“Cés 2V 2 # -1
. Sin-h T d2 -~ 43 )
or h, = i leg _ _T"‘L *
' 2T KB §in-h 1 (dg + 41 ) e
‘ 5
&, o Sin-h »y :
* 3 & g + € eeesee(4.133)
5 Bin b 2 dp

From equation (4.132) and (4.133) we get,

A

Sin.h Wy e S8Sin_Nh T +d

AR S AR

stn-h2m 9 | g1 hv(dz-dy) J
. AT
&, o
—— - cenese{4e134
AV ————
- sin-h Ty sin-h *r\(da'»a])
8o G =g a e
siph 2 _d; . 8in hy(dz-dy)
a RO
8

Considering a point on the line drive we get,

H = C 09000'050000(40135)
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From equation (4.132) and (4.135) we get,

Q1 sin-h®2 v 43
Hehy = log ‘ +
2m KB sin.h - T Ty

B " ( stnbmi(dg + a) °

e, O . ceeceses(4s136)
sind +, ?dz-d_l_,l,

a

Equations (4.134) and (4.136) give,

- 27 KB (Hehy) log A
% log [simh 2 d1 *‘} log A + log [ sin’h—n(dgi»dl)

sin.h T"’?x

Lsin,h v dz-djj) L"ﬁ%

“‘0 4.

a
2 "KB(H-hy) 1ogB

a log B.
and @ stn) 2" dﬁ sm h 'r\(_@* )] §
log £ } log A + log

stoh Tty

sinhT (,ﬂa:ﬁl) vee (4
a 137

(‘unfh T ry o sin-h " (da+d1)
Where A = : 'y -

Loin,h 2V d2 . sin h u(dg=dj) ’

‘ ISR NS S

sin -h .I e sin h 1 (do+d
end B = S -

stn h™m2 4 . sin (de=dq)
a , Y

From equations (4.135) and (4.131) we get

cosh 2 ( +.4d3) =cos 2 7 x
h=Ha. % 108[ X ,\

4 KB cos-h §v(j_nl) Y _____,3___5 ] ) E{ K

Cw( d anx

igl_ M 9\7)(‘61’ L) — G (l (‘&‘3«

— _—
uneh M 2 (Y dz—j Co 29 2%
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2 x
log "‘V‘%—W"’“:{?‘ veo (4138
2 AX

“cos h =42) - cos” 2___X
a

Equation 4.137 gives the discharge and equation 4.138
give the piesometric heights for pointson the draw down curve,

Computgtions; - ‘

‘l'hé following computations have been dameto illustrate
the effect of mutual interference of wells in doubdble array of wells
parallel to an infinite line drive,

(a) Discharges of wells in the two arrays and shield-
ing characteristics of the first array of wells,
(Table 4.131. Fig, 4.131 snd 4.,132)

(b) Influence of spacing between arrays on shielding
chargcteristicg. (Table 4.132, Fig. 4.133)

(¢) Dravdowns along a line at right sngles to the
1ine dr1v§ and,

(1) Passing through the wells,
and(i1) Passing midvay between wells, 1. along
the water divide,

Conclugiony ¢

(a) The discharge ﬁornsu with increase in spacing
botueen wells and decresse in distance from the
1ine drive,

(v) The shielding effect of first array of wells
decresses vwith increase in spacing between wells,
For larger spacings the value of 91 _ 1sof te
order of 2/3, Ql*ql'



(¢)

(d)

(e)

(£)
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The shielding effect become constant for values
of 9_1__ exceeding 0.5,

a
The shielding effect increases with an incresse in t!
spacing between arrays of wells,
The draw down curve along a line ;-fright, angles to
line drive is a straight line from the line drive upt
a distance 'a' from the centres of the wells. Again,
there is a uniforn gradient for some distance
between the two arrays of wells. Finally, the
drawdowyn curve becomes a horizontal straight line
beyond the. gsecond array of woells. This is due to
the fact that equipotential lines are more or less
parallel to line drive excep‘t‘hn close vicinity
of the wells,
The potential from the line drive can be made to
drop to any m extent by the veriation of
spacing between wells and discharges of wells.
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Suppose that the two arrays of vells discussed in
para 4.13 are staggered by a distance ﬁ’img the axis of x
and are placed as shown in figure 4.140. lLet the drawdowns at
the faces of all wells be equal,

The combined flow equation for the arrays of real and

imge wells is given b
h =81 1o Ccﬁa“(y-dl) ~Cos 27 3 .
= ye 8 o

(y+dy) - . *}%
Cosh2 T ‘!t‘}- : Con_&f’_f
a
& Cos.h 8 T (g=g2 )+ Cos 27 x ") 4C .. (4.1
log - a a

Cos.h 27( y &£ da) +Cos 2 7 3
8 - a

Refer to para 4.12 for basic equation. The plus sign
before Cos 2.1z for second array of wells indicates advance
in period by »: ralatlv_ie' to first array of wells.

Considering & point on the face of a well in first
~array, say at ( 0, d1), we sit
x=0, y= ( dp#rv), h= by

“Cogh2 ¥ a1

Q1
ot = TR g(co»—h PR T ] * 38y
| Cos-n2 T ( a';gag) *1 ]w

log ,
* | wawEs zigmzs““u
t &
Q sinh T opu
= lo . :
T xem 08 | sﬁ«—hmlg‘ngl ¥ ";%
a
Oo (10g cosdm(d1=d2) . -
’ + tsever \Ee
2 Tos—h ’r\:&z.tﬂg) |
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Congldering a point on the face of a well 1n second array,
say at  ( g;a} » 4, ) we get, |
x»g“.vuaa. ho=
4 Cosh2w (dg=dy ) +1
or hy "3}"23 log S ‘ = -
“Tos—h 27 (dy *+dy1) 1 =

& 1og Cos—h 27y <1 7]
ung & A + C
“Tos_h &v _dg__ = 1
&

R [ Cosn (ag - ay)

| . | + Q.
“Cos-h do+dy) . e i
SN GO U 3 1
: Y ] - -
-+ gl log sin —“.J..: o
ankB L] ———— - + C eonisoe (80143)
) . ain/Q\ 2o 4,
. &
From equations(4.142) and (4.143) we get,
[ sin]trg Cos h +dy)
1og L...;_.. . 7&9&‘_}.— (l
8in. h 2 T’-dg got/h T(dowdl) \)
o = | a Qe (4
o sinh ~ ry Cos—h T (dgtd1) 7
& a

. e L] .
stnh 2743  “@dmh T (dg-a1) )
L | 3 —a

Considering a point on the infinite line drive we get,
. [ X R XX 000(‘.1“)

u equation (4.142) a!-}d»(‘é‘léﬁlo'lﬂmoﬂrdl

ve—



132

| | slnL 27a
B ' gﬁm { (jﬂnk Py -5@—_‘-\1' a0)
[ )
cos-h T (dpg+dy) f]

' .Ol05(4016)
cosn T (dg~dy) J

From equation 4,141 and 4.145 we get,

o Q tox Cos-h 27T ( ) =Cos _2ux ) |
- & 4 '
.ﬁ‘nKB Acos.h:'?rv(z-d])-ﬂoﬂ ﬁ.&.

Cosh 2TG (y+ dy) + Cns ,,_g_,_;_
&, a

wnicd “Cosh 211( y + d) + Cos .21_{1-

LN R XY (4. ]47)

Equations 4.144 and 4.146 glve the dlscharaea and
~ equation (4.147) gives the plezometric height at any pointd.

Gonputationsi-

Computations have been made in Table 4.141 to ss.ve the
~ shielding effect of first array of wells for different valuea
of (dg-dl).

Wﬂl‘ Equation 4.144 which gives the ratio of Qq to @
is slmﬂar to equation 4.134, T8 S‘anc the values of Cos/hrda-d |
and alqu wdgi_z are almost equal for valucse of dz-dl = 0.8
and above, the shielding characterlstics of double nrray of wells
with square sottmg and staggered setting are almost the same,
Other conclugions are the ‘san«‘o as given in parzs 4,13,
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Datag  +ee H =20 ft, hy = 0, 7, = 0.25 ft,
KB = 0.10 ft2/sec.
Notes ees Refer to equation 4.18
Qo Yefers to discharge of a single well pumping
alone under similar conditions,
Regults plotted in fig. 4.11
] | T |
§ R = 5000 £t R=2000 2t J§ R = 1000 ft
(teet) § Qo= 1.36 cfs Q= e cfs | = Q= 1.6 cfs
U P P P B
i Q ¥ e Yo §F Q
f(cts) l‘&- ¥ (ofs) } Q, i (cfs) § &
1 i 2 ! 3 ! a g 5 {6 :i 7
§0 0.93 0,69 1.08 0.71 1.20 0.74
100 0,98 0.72 1.12 0.76 1.28 0.79
200 1.08 0.76 1,20 0.80 1.36 0.84
300 1.08 0.78 1,24 0.8 l.42 0,87
400 1,09 0.80 1.27 0,886 1.47 0.90
500 . 1,11 0.81 1,30 0.87 1,50 0.92
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DPata s eee H=20ft, hy = 0, ¥y = 0.26 ft.
N KB= 0,107 ft2/sec,
a = 100 ft, B = 2000 ft, Q = 1,12 cfs.
Rotes oce Refer to equation 4,17
Piezometer height have been computed along a
1ine passing through the two wells.
hy and hp refer to pilezometric heights due to
the action of individual vwells,
h « refers to ptezometric height due to the
combined aotton' of two vwells,
Drav down curve plotted in Pig. 4.12

Y
Effect of well at

A Effect of well § Combined effect of
x X i at B § tvo vells
oo lioty | b 4 o i (e
P g “ 3 i
—T 1 i i 1
0 60 13.88 80 13,85  7.70
28 25 12.70 75 14,86  7.28
50 0.258 8,00 100 15,00 O
7% 2B 12,70 125 15,40 8,10
100 50 13.86 180 16.70 9,85
200 160 15,70 280 16.60 12.20
500 450 17.50 B850 17.82 15,32
1000 980 18,80 1060 18.90 17.70

2000 1960 20,00 2080 20,00 20,00
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He=20 2t hy = 0, v, = 0,26 £t KB=0.107 £t2/sec,
a = 100 ft, R = 2000 ft. |

Refer to equation 4.17

Plezomstric helghis have been computed along the
water divide between tho two wells ( o,0')
hy and hy refer to plezometrid height due to the

action of individual wells,

h refers to plezo-

metric helght due to the comdined action of two

wells,

Tt 2 . 0 e et ncoed

2 Effoct of well at A i Effect of

well of B jCombined effect

fof the tuo wells

(feet) § (feet) (teet) (faet) g (feet) { (tnﬂ
0 50 13,88 80 13.85 7,70
100 113 15,32 112 16,32 10,64
200 412 17,38 412 17,38 4.7
800 510 17,76 510 17,76 15,52
1000 1006 18,96 1006 18,96  17.92
1500 1600 19,50 1500 10,60 19,00
2000 2000 20,00 3000 20,00 20,00
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JHREE WELLS LOCATED IN 4 CLOSED RECHARGE BOUNDARY
Case I- Wells placed in o straight line.
Equal drawdown at the faces of wells,

Data ¢ ves H=20ft, w = 0, ry = 0,25 f¢,
KB = 0,107 £t2/sec,
Notes Ty Refer to equation 4.29

§ = Moan discharge of three wells

=91+ 92 4%

Qo = Discharge of a single well in
identicsl conditions.

Results plotted in Fige 4,21,

R = 5000 £t ﬁ R = 2000 £t
Qo™ 1.36 ofs Qo= 1.6 cfs
T ] T o 1o 1
I @ § @yl Q § % §% j_9
(feet) #(crs) %(c:s) [ g '35 J(cts) % (ofs) %‘Qi‘ 1 %

§0 0,76 0,66 0,87 0.54 0.8 0,77 0.87 0,857
100 0,82 0,72 0,88 0.68 0,97 0.86 0,88 0.62
200 0:88 0479 0,80 0,63 1,07 0,96 0,89 0.69
300 0:04 0s84 0,90 0,67 113 1.8 0,90 0.7
400 0,97 0.87 0,90 0.69 1,19 1,08 0.80 0.77
k00 0,99 0,90 0,81 0,77 1,23 1.11 0.80 0.80
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BE W
Cage I = Wells placed in a straight lMne,
Equal dravdown at the faces of wells,

140

TED CL RECHARGE .

Datss o0 HE=20 1%, w3 0, Yy = 0,25 1L,
KB= 0,107 £t%/s6c. | |
a ® 500 ft, R = 2000 £t, Q1 = 1.23 efs, Qo=l.1l ofs.
Notes ..  Refer to equation 4.210
Plezometric hsights have bwen computed along
¢ line pagsing through the vells,
e ﬁ{ Y ! n | %5 yh
) (feet) % (teet) jﬁ (toet) g (feot) |
0 600 0.25 500 0
100 400 | | 160 750 9,87
280 250 as0 760 10.98
400 100 400 800 10,45
§00 0,26 §00 . 1000 0
600 100 600 1100 . 1148
780 250 750 1260 13,69 .
1000 500 1000 1800 18.75
2000 1800 2000 2500 20,00 .
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JHBER WELLS LOCAIED IN A CLOSED RECHARGE BOUNDARY

Cage II Wells placed in a straight line Bqual -
Digcharge from all wells,

Datag . oeee B =201t hug 5 0, 7y = 0.25 ft,
KB =.0,107 1t%/sec,
Notes eve Refer to ejuation 4.38
Q= gg:grix:{g:s?! a single well in identical
Rosults plottedin Figr4.3l,
| R= 5000 £t } "R = 2000 £t
Q" 3..36 ofs . | g Qontl.so ofs
(teet) !r (c28) 1% (:z) g (csn) % & §<?‘J%ﬂ
80 071 082 0,72 0,83 086 088
100 0,76 0,86 0,78 0,80 0,60 0.93
200 0,83 0,61 0,85 1,00 067 1.08
300 0,67 064 0,89 1,08 071 1.09
400 080 066 0.8 L1l 074 Ll
500 0,03 069 088 L15 077 L.l
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Case II - Wells placed in a straight line |

Equal discharge from all wells,

Datas . e

Hotes oo

H =80 %, hwg = 0, Ty = 0,25 £b

XB = 0,107 £t3/sec a = 500 ft

R = 2000 £¢ Q= 1.6 ofs.

Refer to equation 4.39

Plezometric heights have been computed along
a line passing through the wells,

r2 r3 h

(foet) (re:%r (feet)  (foet) (foet)
0 500 0428 800 0
100 400 100 600 10.12
250 260 260 760 11,20
400 100 400 900 10,80
500 0,26 500 1000 1,18
300 100 600 1100 11.83
750 250 750 1250 13,95
1000 500 1000 1600 16,91
2000 1500 2000 2500 20400
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/ELLS TED _IN CLOSED RECHARGE
") forming a square. Same drawdown a © faces of wolls,

ZABIE $,80

Data $ eso H= 20 ft, hw = O, Py = 0.25 1t
KB = 0,107 ft2/sec,
Notes .o Refer to equation 4.88

Q= Qz = % b Q“ Q(Eqn. 4.58)

Qo refers to discharge from a single
vell under identical conditions.

- ¥
] :
§ R = 5000 ft § R = 2000 ft
; Qo= 1.36 efs s Q= 1.5 cfs
§ Qo 1 g T ¥ &
(teet ¥ (cfs) 1} %- ¥ (cfs) | -
) i H o H ; % ”
50 043 0.685 0.69 Ay
100 o 47 0.720 ’ 0.77 o]
200 b:S2 0.7567 0.87 C6'sy
300 ©0'Ss 0.780 0095 oS¢
400 0:54 0.800 1,00 &6y

500 o6l 0.815 1,06 O« 70
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WMM%&W BECHARGE_BOUN
Four wells forming a square and the fifth vwe n Centre,

Equal drawdown at the faces of all wells.

JABLE 4461
INTERFIRINCE BEIWEEN WELLS ON DI
RAWDOWNS  _AZ FACES OF WELIS

mg ‘oo H=20 ft' hy = O’, Py = 0.25 £t
KB = 0,107 £t°/sec.
Notes wee Refer to eguation 4.610

Q= W23ty 4% + Qs

Qo= Discharge from a single well under
identical conditions.

Results—plotted-in Fig. 4.61,
‘ R = 8000 £¢ $ R = 2000 ft
| Qp= 1.36 ofs ¥ Q= 1.8 ofs

?Ql R

Tel o] :2,15% h

50 0sBl 0,36 071 0.32 0,60 0.43 0,72 0.38
100 0s56 0,43 0.7 0.35 0,67 0,80 0.76 0.43
200 0,61 0,48 0,79 0,39 0,77  0.60 0.78 0.49
300 0,66 0,82 0,7 0,42 0,83 0,66 0.79 0.53
400 0,69 0,85 0,80 0.44 0,89 0,71 0.80 0,57

500 0,72 0,68 0,81 0.,48 0,94 0.7 0.8l 0.60
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ﬂiﬂ.@{a%ﬂw B_A CLOSED RECHARQE BOUNDARY
Four we forming a square and one well at the Centre.

A1l wells have equal discharge

Datas ... H=20ft, hug = 0, Py = 0,26 ft. KB = 0,107
£t2/sgec,
Notes ooe Refer to equation 4,77
Qo = Discharge of a single well in identical

conditions.
gaasooott i R = 2000 1%
Q= 1.38 cfs } o= 1.5 ofs
a [*TR | 14 Q i & i 1
(feet) % (Cts) ; Qo { (teet)i (cfs) y Qy § (feet)
50 0,46 0,338 0,82 0,64 0,360 1.11
100 0,50 0.368 1.08 0.60 0.400 1.23
200 0,66 0.406 . 1,13  0.69 0.460 1.42
300 0,60 0O.442 1,33 0.75 0.600 1.84
400 0.64 9,470 1.31 0.80 0.534 1.64

8500 0,687 0.492 1.37 0.885 0,566 1.78




- . ABAITERY OF WELLS LOCATED IN 3 CLOSED RECHARGE BOUNDARY
Iw
E RFER G
Cgse 1 ¢+ Spacing between adjolning wells remains
| constant,
Patas eee H = 20 ft, = 0, *w = 0,28 ft.
R Sl G LA P
Notes «is- Refor to equation 4.86
Q@ referg to the discharge of a single well in
f{dentical conditionsg.
T R = 6000 £t "R = 2000 £1
=50 .'25 ) a=2 00 88250 ‘mn !

i(ets)l'&, ! s) '8 l(c!s) l R0 g(ct-)

l(cts)l R, i(crs)l 'go

O ©® ® N O o » O N M

1.36
0.93
0.71
0.58
0.49
0.43
0.39
0.35
0.33
0.30

1.0 1.36
0.68 0,98
0,62 0,76
0.43 0.64
0,36 0.55
0.32 0,49
0429 0,45
0.26 0.41
0.24 0.38
0.20 0.35

1.0 1.36
0,72 1.03
0.56 0.83
0.47 0.71

0.40 0,62

0.36 0.56
0.33 0.62
0.30 0.48

0.28 0.43

0.26 0.42

1,00
0.76
0.61
0.52
0.46
0.41
0.38
0.36
0.32
0.31

1.50
1,06
0.8
0,69
0469
0,53
0,48

044

0,41
0.38

1.00 1.50 1,00

0.71 1.12

- 0.86 0,90

0.46 0.78

' 0.39 0.68
" 0435 0,61

0.32 0.58
0.29 0.62
0487 0.49
0.25 0.46

0.75
0.60
0.52
0.48
0.41
0.37
0.38
0.33
0,31

1,60
1.20
1.00
0.87
0.78

0.72
0.68

0.64
0,61
0,59

1.00
0.80
0.67
0.68

0,82

0.48
0.45
0.43
0.41
0,39




EFFECT _OF _MUTUAL INTIBFERENCE ,
Cgse I]Is Radlus of the battery circle remalns constant

Datas ..o H =20 ft, w = 0, rv = 0.25 ft, HB = 0.107 £t%/sec,
Notes «s» Refer to equation 4.8
''Qo refers to discharge of a single well in identical

condi tions .
Results plotted in Fig. 4.82.

T
n r ﬁcﬁmnéra 0.1 : : Rgsf Ol ' r=200 £t

icgsjgag gcgs)lo %(cgs) g'goi (cgsi %oi (Cgs)i%o ;:Lgs)gp
1 1,36 1.00 1,36 1,00 1,36 1,00 1,50 1,00 1,80 1.00 1,50 1.00
2 0,98 0,72 1.08 0.76 1.09 0,83 1,13 0.75 1,20 0,80 1.28 0.85
3 0.71 0.52 0,81 0.60 0,89  0.66 0.89 0.59 0,97 0.65 1.08 0,72
4 0,50 0,43 0,67 0,49 0,75  0.85 0,73 0,49 0,81 0.5 0.93 0.62
5 0.51 0,38 0,567 0,42 0,64 0,47 0,61 0.4l 0,70 0,47 0.82 0,55
6 0044 0,32 0,49 0,36 0,56 0,41 0,83 0.35 0,61 0sdl 0,728 0,48
7 0.38 0,28 0,43 0,32 0,50  0.37 0046 0.31 0,54 0.36 0.65 0,43
8 0,34 0,25 0.38 0.28 0,45  0.33 0.41 0.87 0,48 0,32 0,69 0.39
O 0,31 0,23 0,35 0,26 0.4L° 0,30 0.37 0.25 0.44 0.29 0.854 0.36
10 0,28 0,21 0,32 0,24 0,38 0,28 0,34 0.23 0,40 0.27 0.49 0,33
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JABLE 4. 83
EFFICT OF MUTUAL INTERFERENCE OF WEILS QN DRAWDOWE CURVES

H==201‘t,hw==0,rw=0.25ft
KB= 0,107 ft2/sec,

Refer to @quation 4.87

Draw down curves have been plotted through a dlemeter
passing through two circles.

n = npunber of wells in the battery.

x = digtance in feet from centre,

} T | 5 3 g i
= 2 in=4 n=g } n=8 in=10
|1 = 1,28 cfa} Q=0.93 ofs JQ=0.72 cfal Q=0,859 cfs 1Q=0.49 ofs
§ h § h h h ] h
§ (foet) } (fest) [(feet) § (feat)  J(feet)
| , 8. g S——
11.25 7?30 | 5.26 390 | 3.30
| 11.15 7.28 5.20 3.89 3.28
| 10.94 7.25 _ B.18 3.87 3.25
10.4_:0 7.‘ 10 8.10 3.84 3.20
9, 53 8.56 4,90 3,70 3.18
8.10 §.80 ~ 4.45  3.35 2.90

0 0 (4] 0 o
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WO WEL CED_AT RIGH 10_AN E_LINE DRT
JLBLE 4,91
EFFECT OF INTERFERENCE OF WELLS ON DISCHARGE

Datss eeo H =20 ft, hw = 0, rv = 0,28 f¢t,
| KB=0,107 ft2/sec.
Notes .. Refer to equation 4.97
Drawdown is equal on faces of wvells,

Q
Q = avergge discharge = ~A§33~

Qo= Discharge of a single vwell plgced at a dis-
tance dy from line drive,.

résults plotted in Fig. 4.91.

- dy= t dy = 1000 £t
?%eg%); Q:= g?ga ofs i | q§ = 1.8 cfs
-3 ; g Y 1
19, ¥ % § %2 § Q, § @ ¥ 821
| |
LIRS

100 1,26  1.22 0,97 0,76 1.13 1.1  0.89 0.75
200 1,35 1.20 0,06 0,81 1,19 1,14 0.08 0,77
500 1,46 1.32 0.81 0,85 1,28 1,20 0,94 0,83
1000 1,61 1.3¢ 0.88 0.87 1.34 1.23  0.02 0.86
2000 1,66 1.356 0.87 0,89 1,38 1,23  0.80 0.88

4122000 £t d1=5000 £t
Q=1.4 ofs Qo=1.28 ots

100 1,01 1,00 0,99 0,72 0.90 0.89 0.99 0.70
200 1.06 1,04 0,98 0,76 0.94 0.83 0,99 0,73
600 1,14 1,10 0.97 0.80 1.00 0.99 0,99 0,78
1000 1,19 1,14 0,96 0.85 1,04 1,02 0.98 0.80
2000 1,26 1,16 0,83 0.87 1,10 1,06 0.96 0,85
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Datas «e. H=20ft, hu = 0, rv = 0,25 ft
KB = 0,107 £t%/sec,
Notes ... Refer to equation 4.104.
Drawdowns at the faces of wells are equal.

Qo=discharge of a single well under identical
conditions,

Results plotted in Pig. 4.101.

o

o o "

i ; | | *
§4=500 £t d=1000 ft d=2000 ft 5 d=5000 ft
§Q0=1.63 cfs § Qu=1.560 cfs § Qg=l.44 cfs § Qy=1.28 cfs

]
i
(tegti(ga)ﬁo g (c?s) E‘—g (Ma:)?s go—g--}?fs){go

1,00 1.27 0.78 1.13 0,76 1.01 0.72  0.89 0.70
200 1.36 0.8 1.20 0.80 1.08 0.76  0.83 0.73
800 1l.48 0.81 1,30 0.8 1,16 0.8 0,99 0.77

1000 1.56 0.96 1.38 0.92 1.21 0.88 1.08 0.82
2000 1.60 0,98 1.45 0.97 1.29 0.92 1,10 0.86
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THREB WELLS PLACED PARALLE RECHRGE_BOUNDARY OR INPINIIE

N
EFFEC T CE_QF WELLS ON D] sCHARGES

m’ 'Q.. ngoft,h\!ﬂ(), rw = 0,28 .
K = 0,107 £t2/sec, |

Notes ves Refer to Equation 4.118
Q = Average discharge = :Q*Q

Qo= Discharge of a single well under identical

conditions
Results plotted in Fig. 4.111,
g a=200 ft r as 500 It
..sL.{ Q.= 1.83 ofs % . =1£§crs
L i 2 [ 1 '
a g(?:}s) g(cta) i Y I'go } (ofs) ;(cfs) 2 _@_:}Q
R SR | i i 3 Ry

0.1 2,64 2,63 1,00 0,09 2.24 2.24 1,00 0,99
0.2 2,31 2,30 0.99 0,97 1.96 1,93  0.99 0,97
0s6 1.01 1,88 0.97 0.92 1,07 1.02  0.97 0.93
1,0 1.61 1,49 0.93 0,88 1,44 1,35 0.94 0.87

1l 1442 1,30 0,82 0,80 1.30 1,21 . 0,83 0,82

2,0 1,33 .21 0.1 0.77 1l.19 1,12 0.92 0.80
2.6 1l.26 1,10 0,90 0.74 1.18 1.06 0.91 0.76

a = 1000 £t a = 2000 £t
Qoﬁ 1.50 cfs Qaa 1040 cfs

0.1 2,02 2,02 1.00 1,00 1.82 1.82 1,00 1.00
0.2 1479 1477 0,99 0,97 1.66 1.64  0.99 0,99
0.5 1,66 1,80 0,97 0.894 1,43 1.40 0.98 0.95
1.0 1433 1,27 0,94 0.87 1.33 1.16  0.95 0.87
1,6 1,23 1,14 0.93 0.8 1.15 1,08 0,94 0.84
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2,0 1,17 1,08 0,92 0,81 1,08 1.01 0,03 0.82
2,6 1,09 1,01 0,92 0,78 1,08 0.96 0.93 0.80



EFP] ERFERENCE E SCHARGE

Batar  ese H=201t, hw = 0, rw = 0,25 1t
- KB = 0,107 £t%/sec. |
Notes e Rerer to equation 4.128
Qo= Discharge of a single well for the same
value of d.

d = distance from line arive,
a = ppacing between wells,
Results plotted in Fig. 4.121

L i
d=500 ft l d=1000 ft § d=2000 ft B d=5000 ft
‘Qozl.ﬁa cfs § Qo 1.60 efs } Qoal.éo cfs Q°=1¢28 cfse
T ol el ole o]
a8
(fae}) (crs).%; g (ct‘s)l Qo g (crs)g '8; % (ct3) ;%;

100 0.38 0,24 0,20 0,13 AQl0 0,07 0.04 0.03
200 0,66 0.4l 0,38 0.26 0.20 0,15 0.08 0.08
500 1.12 0,69 0,74 0.49 0,44 0.31 0,20 0.16
1000 141 0.86 1,068 0,71 0.71 0.81 0,36 0.28
2000 1.56 0,96 131 0,87 1.00 0.72 0.89 0.46

Z4BLE. 4,122
ZRAWDOWN CUBVE ALONG A LINE PASSING THROUGH JHE CENTRES OF WELLS

Gontyes=0f d = 100 ft, a = 500 ft, Q = 0.74 ofs
Refor to equation 4.116. (Fig. o8

x (feet) 0,25 25 60 100 180 200 250

h (feet) 0 6540 647 6.4 6.8 6.9 7.0
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Datas

Notes

LR 2}

H=2202t, hw = 0, rv = 0,25 f¢,
KB = 0,107 £¢%/3ec, 4 = 1000 £t, a = 600 ft,
a = 500 ft, d = 1000 ft, Q =.0.74 cfs. |

Refer to equation 4.126

Dravdovwn along line at right angles to the line
drive,

Casée I = x = 0 Line passing through a well
Case II- x = 260 ft, water divide.
Results plotted in fig. 4.133.

1 |
Along a line passing through a well§ Along the water divide,x=260f1{

(rget)g (rgen
i i

e

i

y h i § h h
(feet) g (teet) 3(feet)g(teet) uxeet);(reet)

g ' 1*‘ ﬁ i, 1. ""I“ 'T

0
250
800
760
800
860
800
950
1000

20.00

16,55

13.10
8.65
8.90
8.10
7.20
6,20
0

- 1060 . 5.36 0 20,00 1080 6,70
1100 5.85 860 16,67 1100 6,80
1180 6.00 8500 13,10 1150 6.36
1200 6.20 760 9.70 1200 6,32
1260 6.20 800 9,00 1280 6.30
1500 8.28 850 . 8.456 1800 6.30
2000 6.25 900 7.80 2000 6,30
6000 6.30 960 7.40 5000 6.30

10000 6.20 1000 7.00 10000 6,30
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Q:waj
Iﬂﬂ!ITE AREY OF LS RALLE AN _INFINITE LINE RIVE

Dats .+ H =202t hv = 0, rw = 0,25, KB = 0,107 £t/sec.
Note: ... Refer to equation 4.137
a = dg - dy
§ = shielding effect = _§1__
Q1+dg
Q= Discharge of a single well for 4 = qj
Regults plotted in Fig. 4.131 and 4.132

a Ja F ! ; °2 ? 91 §'
(feet){r i (efs) l(c s) ¥ §  § @ 'go
3 0 A N T T
§ ] . ] i
100 0l 2,80 1,00 0,364 0.733 0.66
0.2 2,33 0,00 0,386 0.732 0.61
0.8 1.67 0.62 0,396 0.716 0.49
1,0 1,08 0,41  0.396 0.716 0.36
1.6 0,78 0,31 0,396 0.716 0.29
2,0 0.62 0,25  0.396 0.716 0.24
2.6 082  0.21  0.396 0.716 0.21
200 0el  2.850 1,01  0.404 0,712 0,67
0.2 2,07 0,88 0,425 0.702 0.62
0,6 1.45 0,63  0.435 0.699 0.89
1.0 0,98 0,43 0,435 .  0.699 0.39
18 0.7 0,32 0,438 0,699 0.31
2,0 0,89 0.26 0,435 0.699 0,26

2.8 0,80 0.22 0.436 0,699 0.22
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R 2 3 “ s é 7.
500 Ol 2,13 0,96 0,480 0.690 0.69
002 1.84 0,86 0,467 0.682 0,63
0s8 1,32 0,63 0,467 0.678 04 55
1,0 0.91 0,43 0,467 0,678 0.4l
1.5 0,69 0.33 0,467 0.678 0.33
2.0 0.856 0,27 0,467 0.678 0.28
2.6 0,47 0,22 0,487 0.678 0,24
1000 Oel 1,82 0,92 0,480 0,678 0,70
0e2 1.66 0,82 0,490 0,667 0,65
0e6 1.20 0.6L 0,506 0.665 0.56
1.0 0.85 0.43  0.508 0,666 0.43
1.8 0,658 0.33 0,606 0.665 0.34
2,0 0.85 0,28 0,506 0,668 0,31
2.5 0,45 0.23 0,506 0.665 0.29
2000 0.1  1.73 0.8 0,506 0,650 0.71
0e2 1441 0,74 0,523 0.642 0.67
08 1.18 0,60 0,832 0.639 0.58
1.0 0.81 0.43 0,832 0.639 0,46
1.6 0,63 0,34 0,532 0,639 0,37
2.0 0,81  0.27 0,532 0.639 0,37
2.5 0.43 0,23 0,832 0.639 0.26
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0.2
0.6
1.0
1,86
2,0
2.6

0,810

0,646

 0.478
0,373

0,309

0,262

0.830
0672
0.508
0,407
0,339
0,291
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Jata s ess H=20 tﬁ, hw = 0, rw = 0.25 £t

| KB = 0,107 £€/ sec, dy= 1000 ft, 4,=1600 ft,
a = 500 ft, Q; = 0.856 ofsy Qp = 0.27 cfs.

Notes  +.« Refer to Equation 4.138

Drawdown along lines at right angles to line drive.
Case I - x = 0 - Line through wells,

.Case Il. x= 260 £t ~ water divide.

Results plotted in Fig. 4.134 and 4.138

Line passing through wells-x=0§ Water divide x = 250 ft

————

T h 1} 7 h ¥ n ~ h
(teze)g (feet)? (.tegt){ (feet){ (zegt)g (feet)a{(teit)i (feeat)

0  20.00 1150 3,70 0 80,00 1150  3.92
250 16,13 1200 3.44 260 16,14 1200  3.569
800 12.28 1260 3.18 600 12.30 1250  8.33
750  8.37 1300 3.08 760 8.43 1300 3.10
800  7.58 1380 2,76 800 7.73 1380 = 2.88
850 6.74 1400 2,42 85O 7.00 1400 2,66
900 5,79 1450 2,00 500 6427 1450 2,48
950  4.85 1800 © 950 8,67 1500 2,34

1000 0 1650 1.76 1000 §.14 1550 2,22
1050  3.64 1600 1.92 1050 4.60 1600 2,15
1100 3.78 2000 2,05 1100 4,39 2000 2,05
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Tedble 4,141 - Sbioldmg effect of first array for
different values of (do-d})

Dnta - H =20 £t hw = 0y ry = 0.265 ft.
XB = 0,107 t.%/s0c.
Notss = Refer to equation 4,144
a ® spacing between wells

dy= Digtance of first array from
recharge boundary

d2~d, = spacig between tha tuo arrays of wells,
Shielding effect = _Q; . '

Q1+

Lo o1 -4
T g, ¢ & owie

1
0.1 550 0,91 9.63 1100 .92 0.52
0.2 600 -~ 0.82 0,55 1200 0,84  0.54
0,8 750 0465 0.61 1500 067 0,60
1.0 1000 0.48 0.68 2000 0.61  0.86
1.6 1250 0,38 0.73 2500 0,40  0.72
2.0 1500 0.31 0.78 3000 0.3  0.75

2.6 |

1750 0.27 0.79 3500 0.29 0.77
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Conclusjonas
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The analytical derivations, computations for a working range °

of variables and conclusions connected with the behaviour of a single

woell and groups of wells and the effects of mutual interference
between wells have been discugsed in detall in Chapters III and IV,

The significant conclusions based on the present study are

detalled delows

(a) Performance of a single well-

1)

Varisgtion of discharge is to the extent of

q9790% for a veriation of 150% in the value

of R from 2000 ft. to 5000 f£t.(Table 3.11,
Fige3.11) . Any value of R of the above
order is therefore good enmough for analysis
of field problems.,

(11) Increase in the discharge is 80% for a 20 fold

(111)

increase in the radius of the well from

0,26 ft. to 5 ft. and 100§ for 100 fold increase
from 0,256 ft. to 25 ft.(Table 3.12, Fig.3,12)

It is not economical to have large diameters of

wells,

An eccentricity of 708 in the location of a
woll in a closed recharge boundary, increases
the discharge by 108(Table 3.21,Fig.3.21)« The
effect of eccentricity can therefore bde ignored
in analysis of field problems.
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(iv) 1Iregular shape of a closed recharge boundary
has ubminal effect on discharge (Para 3.4)

(v) Presence of recharge toundary, lmpervious
toundary and other geological discontinui ties
influence the behaviour of a well substantislly,
Individual cases should be analysed accordirg
to treatment given in para 3.4, 3.5 and 3.6.

(vi) WNatural flow in an aquifer modifies the flow

pattern. Iow velocities upto 50 £t.100 £t/ year g ofleer
_HZQ.rezion of influence nominally.(Para 3.7, Fig.

3:70)« Higher velocities coﬁvert the region of
tofluence into a 2;;;;? strip parallel ég the
direction of flows In such cases, the wells
can be placed close to each other(at right angles
to the direction of flow) without causing

interference,

(b) Performance of groups of wells in closed recharge

boundaries, Fig.5.10 gives the effect of putting one to ten

wells with equal spacing in a closed area. 4ll comparisons have
been made with respect to a single well in identical conditions,
Specific points connected with cases under study éggfgivon belows

(L) Two wellss- Fbr‘a_ = 0,2 the discharge is reduced

to 85’.('1‘31'310 4,11 PFig.4.11).
a = shredy  hdrpun WAl -
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(11) Three wells in a straight line- equal drawdown.

For f = 0,2 the average discharge of three
wells is 77%. Ratio of discharges of end wells
to that of central wells 1s of the order of
90%(Table 4+21,Fige4.21),

(111) Three wells in a straight line-equal discharge

(iv)

(v)

from all vells, The average discharge for

ﬁ 20,2 is 74%. The end wells register 11%

legser drawdown than the central well(Table

4.32 Fig.4.32),
: % wells placed in a square pattern.,

Averege discharge for ,g 20,2 18 66,7%(Table 4.61),

Battery of wells arranged along the
circumference of a circle- For E =0,1 the
discharge drops from 26% in the case of two
wellg to sssj}wm five wells :;3 to 33% for

ten wells where r is the radius of the battery
circle,(Table 4,82,Fig.4.82),As compared to a
drawdown of 20 ft at the face of the welle the
drawdown at the centre of the battery circle

is 8,78 £t for two wells,14,16 ft for six wells
and 16.7#*&7 ten wells, for f%&‘?‘ wells and gﬂm
78% of the enclosed m»ne has more or less
uniform drawdown.{Tadble 4.83,Fig.4.83). tne
to—Figs6+10-gives—the-effoct ol puttingono—to—tan
egually-gparedt—welly—tn—en .

P,



on
(¢) Performance of wells located one are side of a line

1?6‘

drive,Fig.5.,20 giyes a camparison of the performance of different

arrangements parallel to a line drive. 4ll comparisons have

been made with respect to performance of a single well in

identical conditions. Significant points of actual cases under

study are given bdelows

(1)

(11)

(141)

(1v)

(v)

Two wells placed at right anglesto the line
drive - the average digcharge is of order of
86% for when the ratio dg-d ranges mo.a

to 1.0, (Ta'blc 4,91 Fig. -91). dy = dotave ﬁJ
Gronn bne At d,,_dwmww&«&uw&wt—uaww —

Two wells parallel to a line drive- The discharge

for a ratio of éﬁ-u 02%(Tadle 4,.101).
A= dus taua )‘*w Qs diug., A = QMM WAL

Three wells parallel to a line drive, The discharge
for a ratio 02,3 = 1, is 874 (Tadble 4.111).

Infinite array of wells parallel to a line

drive ~single array~ the discharge for a ratio of
3 - 1, is 718 (Table 4,121) and Fig.4.131). For
a = 500 £t and 4@ = 1000 f£t, the potential drops by
67.5€ from 20 ft. at the line drive to 6.30%
teyond the array of wells. The hyiraulic gradient
is uniform from line drive to a distance of Q
from the well, The potential becomes almogt
constant after a distance of ‘5 beyond the well(
Table 4.123 and Fig.4.123).

Infinite array of wells parallel to a line drive.
double array -squarsetting. Average discharge
s of the order of 40§ for a = d; = dz-d1(Table
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4.131)« Shielding effect of the first array
of wells becomes constant at 65% to 708 for
a . 0e5 and dy-d; = a. For a = 500 ft. and
d; = d2-d1 = 1000 ft, the potential register
a drop of 90% from 20 ft at the line drive to
2.05 ft. bveyoni the second array of wells,

(vi) Infinite array of wells parallel to a line
drive- double array-staggered setting there is
no influence of stadling-an shielding effect
for values of @2-d] > 0«6, For lower values
upto C.1 the 1nr§hno¢o is nominal, '

stic ’
| {(a) Planning a group of wells for irrigation, Main
considerations are economy in ingtallation and operation.
The wells are generally spread out to cover large areas.
Méximum'ailowable drawdown can b fixed from practical and
economic considerations. If the recharge doundgries are defined,
the trlﬁtmant given in chapter IV can be utilised to determine
alternative spacings and corresponding discharge for study of
finaneial tmplications.

If the recharge bundary is not defined the value of R c¢can
be fixed from date avallable from pumping tests.

If additional wells are propesed to be installed in an
area which is already ig35§il.uy vells, the influence of additional
wells an discharges of existing wells and drawdown in the gres

can Yo worked out,
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() IDrainage of water log:sed areas the problem is simiky
to that of irrigation wells. Desired drawdown is fixed from,
requirements of drainage. Discharge is not an important |
parameter. Alternative spacings and corresponding discharges can
be worked out for most economical pumping.

(c) 'P,J.analng wells for water supply- The prodlem is to
have maximum water within a reasonable distance. .Uolla parallel
to sources of recharge e.g., river, canal, lake or reservoirs
are suitadle for water supply. Discharge for diftoront spacings
of wells in a 1line or other patterns as required by topegraphy
can be workeq/out for study of financial implications .

(d) Dewatering operationss~ The prodblem involves lowering
the watertable to a desired M in o restricted area. If the area i
oloaed)g battery of wells can be used im one or more clrclés to
lovwer the waierté% Treatment of para 4.8 can be used for
vorking ont different spacing and discharges for study of
financial implications.

If the area is open, i1.6.,, large as compared to the width
a single or doudble array of wells can be used, WUell point
systen utilises this principle.

(e) Pressure relief wells down stream of earthen dams.
The length of earthen dams is generally large. The m relief
vells can therefore be treated as an infinite array of wells,
The desired down stream potantiavij;r:n practical considerations
at or a little below the river bed lcvol.‘.{suglly discharge is not
significant. As Xuch spacing which will give a unifora loyering

of potential under and downsiream of the dam can be worked out.
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Actual spacing will sgain depend on the level of collecting drain
down stream of relief wells,

(t) Similarly, the present study can be utilised in
preliminary studies connected with other practicel problaems,
Although the treatment given im Chapter IV is restricted to
steady state flow in confined aquifer it can also be adopted
for problems 1n unconfined aquifer with changs of constants.
(Ref.Para 2.36),
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