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C OMMQN _ NOTATI Cat 

The following notations have been commonly used, Other 
notations have been ez lamed in the text* 

N •. •., •..... Piezometric height on recharge 
boundary. 

hw •• 0•. • ••... Piezometric height on outer face 
of the veil. 

h •......... A Piezometric height r,t any point 
in the zone of in f lua ec e. 

R ...:«..n... Redius of influence 

R' .,...,...... Equivalent radius of influence 
1.e., the radius Qf influence 
of a single isolated well that 
grail , ,give the same discharge) atjt 	given group of wells, 
under identical conditt.on 

r .7.......... Radial distance of any point from the centre of the well, 
rl,r2,r3,... ............ Radial distances of centres of wells from any point. 
'w i.• .o~. ~. ~,. r Radius of veil. 
a •,.•.~.~..... Spacing between wells. 

dtdl ...... •...y. q,o~+ distance of a well t r first 
array of wells6Vfom a line 
drive. 

d2 ....,...,•,, distance of second well or 
second array of wells from the 1 . 	drive, 

•,••,••,•,•. Coefficient of permealility. 
B ......•..,,. Thickness of the aquifer. 
Q ...•...,.*.. Discharge of a sigle well or 

the average discharge of group 
of wells. 

919 Q3f Q3,... .,..,,••,•••. Discharges of individual wells i w► a group. 
t ...,......... Discharge of a single isolated well used as bass. 



2 

lb Vttompt has been made in the present study to 

provide a systematic presentation of the effects of .mutual 
interference of wells in confined aquifers in a steady state#  
The scope of the subject has been indicated in Chapter L 

Terms commonly used in well hydraulics and having 

significant bearing on the behaviour of wells have been 

explained ai basic equations for flora towards wells in 
confined and unconfined aquifers have been derived in Chapter I1. 
Although the treatment in the present study is limited to steady 

flow towards wells in confined aquifers, the similarity of basic 
equations, enables the trcatment to be extended to unconfined 

aquifers with a change in the vales 01 constants. 

The behaviour of a single well has been discussed in 
Chapter III with the specific purpose of studying the influence 
of different variables, physical factors and natural boundaries 

on the performance of the well. The following 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. 

C' 

Cc) sit;gle well lcc aced close to straight recharge 

boundary, impervious boundary or intersections of 
recharge and impervious boundaries. 



The effects of mutual interference cep between wells 
placed in grot'pe have been analysed in Chapter XV. The following 
cases have been treated. 

(a) Groups of wells located in closed recharge boundartee. 
(t) Two veils- equal dradown 

(ii) Three wells in a straight line. 
Equal +dr wdown. 
Equal discharge. 

Three wells in iform o f a triangle • 
Equal drawdown. 

(lit) Four wells-forming a square-equal drawdovni  

(iv) Five wells.. four wells forming a square sl 
then fifth in the centre, 

Equal drawdown 
Equal rata nnarge. 

C v} Battery of 'n' wells placed along the circumference 
of a circleft 

Constant spacing between velis,c.  
Gmstant radius of battery circle. 

(b) Groups of wells located on one side of a straight 
line recharge boundary or a line drive. 

(1) Two wells parallel to line driver  
Two wells at right an ,lea to line drive. 

(ii) Three wells parallel to line drive, 
(ill) infinite number of wells arranged in single array 

parallel to lire drive. 
(iv) Infinite number of wells arranged in double 

array parallel to line drive 
square setting, 
staggered setting, 
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Computations for a wo: kirg . range of variables, graphs 

and discussion of results have been given after analytic derivations., 
q ev& 	 fi.cA.4e ,e. 

Chaptor V details, 'briefly the significant conclusions 

arrived at on the basis of the present studyihis to followed 
by a review of the nature of practical problems and ee 

application of the results of present study to such problems* 
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Wells have been dug in all parts of the .world since 
times immemorial, for meeting the needs of domestic water 
supply and irrigation of email plots of land. • ,SD long as the 
number of wells was few and far between, and the withdrawals 
were low and intermittent, 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 o f available 
water resources. Major surface flows of the world have either 

been tapped or are in the process of development. Naturally, of 
late, the development of ground water is getting an inereasicg 
attention and forms an essential part of the water resource 
planning of most of the countrteè. Some of the countries of 
the world, particularly the !extern states of USA have depleted 
the ground water supplies to such an extent that recharge 
of ground water through wells and other methods has become a 
pressing problem. Apart from utilisation as sources of water 
supply and recharge, the wel: s have an extensive application 
in many other practical problems e.g., drainage of water 
logged areas pressure relief wells, dewatering operations for 
foundations, offsetting operations prevention of sea water 
inrusion into coastal waters, tapping oil and flooding and 
flushing of oil 'pia. It is therefore useful to have a proper 
understanding of the physical principles of groundwater 
movement, behaviour of individual wells and groups of wells and 



s 
their action and interaction under different field eonI itionn . 

When water is pumped from a surface veil, there is 
a general lowering of the watertable in the area surrounding 
the well. The area from which water is drawn tb,wards the well 
is known as area of influence or region of influence. The 
drop in the watertabie is known as drawdown. If water is 
pumped from a confined aquifer, the watertable may remain 

undisturbed, but there is a general depression in the 
piesometric levels of the aquifer in the area surrounding the 
well. The area in which the depression in piesometric surface 
occurs forms the region of influence of the confined aquifer. 
The drop in pietometric levels is draw down. The shape and 
extent of the region of influence and drawdown depend on the 
geometry of the well, characteristics of the formation m d 
discharge with,.drawn from the well. Other variables remaining 
constant$ the drawdown ir~creasea and the region of influence 
extend as the discharge withdrawn from the well increases. 

If another well is placed close to the first well, 
nothing happens so ]gong as the regions of influence of the 
two wells are independent and do not overlap each other. 
However, if the wells are close enough or the regions of 
influence extend sufficie-it]y to overlap each other the 
performance or efficiency of both the wells suffers. The 
implications are that, 

(a) For a given drawdown, the discharge obtained 
from each well is less than what it would have been it ac. well 
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had been pumping alone. However, the combined discharge  
of the two veils is more than the discharge of a sirE le weld.. 

(b) For a given discharge from each well, the drawdown 
caused by two wells pumping simiultaneously is much more than the 
drawdown of a single veil. 

If more wells are added to the groups the discharge of 
each well is reduced althol gh the total available discharge is 
more. Similarly for a given discharge from each well, the 
drawdown of every well in the group increases with the installation 
of every additional well. 

The reduction in the efficiency and general performance 
of wells„ when placed in a group is known as mutual interference 
of wells. If there are three wells in a straight line, this 
central well suffers more.as compared to the end veils because 
the central well is interfered with from both sides whereas, the 
end yells are interfered with from are side only. Similarly# 
in aLerge groupof wells, the wells that are placed in the 
inner sines or are surrounded from all sides, suffer maximum 
interference, whereas$ the effect of Interference on wells 
lying in the outer r , 3s is comparatively lesser. The extent 
of interference and reduction in the efficiency of the individual 
wells, depends on the spacing and geometry of the well system 
and disposition of recharge and other natural boundaries. 

A 
MS QDS....QF... APPROACH TO 2RMLL~2 L 

Normally, all engineering programmes or field problem 
need some sort of assessments evaluation and prediction at the 
stage of planning$ detailed design and execution. The commonly 



The commonly available methods are: 

(a) ianc~e on n~raactical ar gieldexne~ jMenae: 
In the earlier days, this was by far the most accepted 

method. Working on the basis of precedents or actual field 
experience has obvious advantages. It works on the principle 
of 'seeing is believing and brings a man clossrt 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 formulae and involves the use of cut and dry 
methods and trials which are uneconomical and wasteful. It also 

-aeu2 L* 
involves, at every stages the sus of a man who had the 
requisite experience under similar field conditions and has the 
capacity to interpret ant'! apply available experience to the. 
problems in hand. 

(b) tw tesand aoratpr ejjpentss 

Are usually restricted to a solution of specific 
field problems. They also rely on trials and out and dry methods, h 
but the results are obtained at a comparatively much lesser cost 
and in a very much shorter period. Utility of mcri el studies 
and laboratory work depends, on the extent to which the field 
conditions are simulated and limitations and variations if any# 
are properly interprete 	Apart from application to specific 
problems, the results of the model studies can be generalised 
to some extent is such studies are based on proper application of 
physical principles and scientific reasoning. 

In spile of their limited role, the model studies have 
become extremely propular , rd are undertaken extensively, almost 



at all stage of planningD  design and execution of major 
engineering grog ramp es. 

(c)  pallgtical Aonrog  s 
Analytical work is usually based on idealised conditions 

and assumptions which are for removed from conditions in the 
field, and therefore such work and its results are looked 
upon with scepticism by men of experience or man in the field. 

The analytical work is however based on sound physical laws and the 
results are obtained by a gradual but rigourous process of 
scientific reasoning and Mathematical analysis. It aims at 

establishing basic premises and then deducing and generalising 
physical relationships,, which could find universal application 
in the field. 

Cd) oIuoogiteproachs 
Under the present day conditions$  when knowledge it 

developing fait, the best approach is to combine and utiils e 

htl the best of all the twee methods. 

An active co•ordioation at all stages, between the 
planners  designer9 the theorist, men In the laboratories and 
men in the field should yield sound and economical results. 

SCE O •, HE WO  s 
The main objective of the areeent study is, to provide 

a systematic presentation, 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. Eroadlyf  the scope 
of the work includes the followings 
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(a) Expl nation of the common terms and physical 
factors invo]v ed is ground water movement in general and flow 
towards wells in particular, with an emphasis on physical 

properties and characteristics that influence ground water 
movement, significantly. 

(b) Statement of idealised assumptions or analysis of 
flow towards 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. his should give an understanding of the basic 
physical principles involved in flow towards yells and to spotlight 
the points of similarily In basic equations for flow under 
different conditions. 

(C) Detailed analysis of the behaviour of a single well 
in a confined aquifer under the influence of different types 
of natural recharge boundaries, impervious boundaries, 
and geological discontinuties. This should provide a base for 
study of the behaviour of groups of wells and the effects of 
actual interference between them. It should also help in 

identifying the and isolating the effects of mutual interference 
and the effects of other physical factors.. 

(d) Detailed analysis of the behaviour of groups of 
wells and the effects of mutual interference between thep under 
the following conditions. 



U) Groups of 'e .ls in a closed recharge boundary, 

(it) Groups of veils on one side of an infinite li©e 
drive. 

te) Significant conclusions on the baits of 
present study and scope for the applica1Ion of the treatment 
to practical probl+ s# 

11 
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2.1 	a, # 

The dsf initions and explanations given bare., include 
some of the terms commonly used in the study of ground water 
nov ent. Particular emphasis has been pk cod on the proper.. 
tits and limitations of physical factors, which influence the 
behaviour of wells significantly. 

#Ground water' • Water appears in nature in numerous 
phases and forms.that portion of water$  which flows freely 
through the soilp udder the action of gravity and is held in 

porous formations#  under hydrostatic pressure, is known as 

ground water. Under normal conditions met with in practice$  

ground water is a single phase, homogeneous fluid. The flow 
of ground water 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 can have any sits#  shape or thickness. 

Aquifers may be 'confined' or 'unconfined. 

'Unconfined aquifer' - to a formation of porous material, 
supported by an impermeable bed of rock or clay. The upper sur-
face of the ,formation is exposed to atmosphere. The saturated 
surface of the unconfined aquifer#, forms the vatei't15 table. 
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$Confined aquifer' is a formation or water bearing stratuaf 

confined at the top as also at th$ bottom by thick and impervious 
layers of rocks  clay or any other material. The thickness and 
expanse 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 a result of differential 
pressure between the region of intake, which to generally ' -
off and the point of discharge. Confined aquifers may be small 
or local#  or may be eztsnsiV+. 

Semi Confined aquifer $ is that aquifer, in which the 

confining layers are leaky. 

Porosity'. is defined as the percentage of pore spaces  

per unit volume of soil. It provides a measure of the voids. 
and interstices in the aquifer material. In the +use of per • 

meablo formations, it provides an index to the capacity of the 
aquifer to hold water. Porosity. depends on the size$  shape, 
grading and packing of aquifer material. Different values of 
porosity can be obtained from the semi material with changes 
in packing and distribution, 

'permeabilit r' or co-efficient of permeability to 
defined as the constant of proportionality in Darcy's law 

or velocity through the soil for a unit gradient. It is an 
index of the ease, with which, water can move through the porous 

mediums Like porosity, permeability also depends on sixes  shape, 
grading and packing of aquifer material. However, the link 

between porosity and permeability is not direct. Clays have 
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high porosity* but very low permeability and form poor aquifers. 

Some of the sands and gravels may have low porosity, but high 
permeability. Permeability can undergo substantial changa, with 
a change in particles sire distribution and packing. Permeability 
can have the same value or different values is different directions. 

Permeability can also have different values at different points 
and different levels In an aquifer. 

Porosity and permeability of an aquifer material may 
change substantially after continuous operation of the wall. This 
may happen, either due to mechanical clogging of pores by the 
sadtaelt transported by the fluid or by gradual choking due to 
chemical action. 

'Transmissibility' or Co-Ofttcient of transmissibility 
to the product of aquifer thickness and coefficient of permea-
bility.' ansaissibtiity is a property of the aquifer and is 
determined by field tests. 

Specific yield' is the volume of water, which can be 
released by a unit weight of a saturated soil, under the action 
of gravity. Specific yield provides a measure of the availabi-
lity of ground water from an aquifer under free flow conditions. 
Specific yield depends directly on porosity and permeability, 
Specific yield from sands and gravels$ which form the common 
aquifer material, varies from 10% to 20%. 

'Storage Co.. ff ici gent' . when a confined aquifer is 
charged, the pressure of water in the pores of the aquifer 

'wc 
material rises. Assuming that there is~yieldtng of the con. 
fining layers, the available utorage volume within the aquifer, 
can be treated as constant. The increase in hydrostatic pressure 
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results in compression of the aquifer material and water. The 
implications area that the compression of the aquifer material 
makes more space available for the storage of water, whereas, 
compression of wat&r makes it possible for more water to be 
stored within the same space. 

When water is pumped out from the aquifer, the piesowo 
metric levels go down in the vicinity of the well. 2hts results 
In a partial release of hydrostatic pressures  resulting in the 
expansion of aquifer material and water. 8apanslon of aquifer 
material loads to squeezing out of water from the pore spaces, 
as there is a reduction in space available for accomodattng 
water, whereas, the expansion of water further results in 
release of water, as lesser water can be accomodated in available 
space. 

storage co-efficient is defined as the volume of water role-
aced per unit area of the aquifer for a unit change in drawdown. 
Storage coy-efficient depends on the porosity and permeability of 
the aquifer and elastic properties of the fluid and aquifer 
material. gincet  water and aquifer material are compressible 
to a very limited extents  the value of storage co-efficient is 
generally of a very low order. In most aquifers the value 
ranges between 0.005 to 0.00005. 005. Storage coefficient is a 
property of the aquifer and is determined in practice, by field 
teats, 

'Isotropy$ • Isotropy indicates identity of physical 
properties, e.g,, elasticity or permeability in different dire.. 
ctions. It is rare to find a truly uniform$ homogeneous and. 
isotropic aquifer material, in a natural state, In practice 
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the 'material is treated as uniform, homogeneous and isotropic,. 

if the significant engineering properties are reasonably uniform 
in all directions. 

'Unsteady flow through aquifers' 	It water is pumped 
Continu6tsly from an isolated aquifers  which does not have any 
source of recharges  the drawdown and region of influence go on 
extending for an indefinite period. such a flow towards a well 
1s unsteady. If the aquifer has a source of recharge, but the 
rate of recharge is lows  the flew continues to be unsteady and 
the dravdown and region of influence still extend indefinitely, 
but at a substantially reduced rate. In an extensive aquifer, 
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 takes 
ir4f low is very long and the rate of recharge available to the 
region of influence is very low. In such a cases even if the 
available recharge is plentiful at the external boundary, the 
flow is unsteady for a substantially long period. 

Unsteady flow towards we lie can take place in confined 
as also in unconfined aquifers# 

'Steady flow through aquifers' - Steady flow through 
aquifers, indicates balance between discharge of a well and rate 
of recharge in the region of influence. Theoritically, steady 
state flow towards wells does not exist in nature. However. in 
most of the cases met with in practice, a sort of quasi-.equili-
most or stability is established after some time and subsequent 
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Fates of change in drawdown or region of influence are taper. 
csptible. Such conditions can he treated as steady stat* condi. 
tions for purpoa*s f analysis. In small aquifers with plentiful 
recharge# steady state or iquilitriur conditions are established 
very soon. Similarly, in large aquifers#, which have inter tedtete 
connections with sources of recharge and bodies of water, the 
steady state conditions develop quickly„ Ertensivi aquifers, 
with far removed sources of recharge takes long tim to establish 
oquiltbrium cobdttions.- 

When water to pumped from a well, there is a certain 
drawdowz and general 3owortng of the water table to the case of 
unconfined aquifers and ptezo2netrtc levels In the case of con-
fined aqu isrs. If the pumping is continued at a steady rate, 
the region of influence extends, gradually1 but stablisi►a after 
eats sustained pumping. Average radius of the region of inf].ue-
ace Is known as radius of influence. Radius of tnfl~uenca is a 
theoritica1 concepts which is rather vague, but It is Ixtr rely 
helpful in the solution of problems of flow towards v.114.  

The variables involved in the equation of radial flow 
towards we11s to a steady state are co.-efficient of peraea' tltty 
K, thickness of the aquifer B, radius of the well rv, radios of 
influence A* aaxths drew down at the fare of the well Hubv m d 
discharge Q. Variables Z1 B and rT not an normally paredeters!-
nods and can be taken as independent variables. ' Out of the 
resaintng variables, oa core variable can be treated as tadepsa-
dent, say H•h,. This leaves two variables Q and R, which are 
dependent ar Ks So rw and 1IIiwad are interdependent on each 



other. Since,, there is only one flow equation, the problem is 
indeterminate and it: Is Aot possible to find unique solutions 
for Q and R. If tie rate of rechargo to the region of influence 
is known, another relation can be obtained and theoritically, 

the problem becomes determinate. However, there are practical 

difficulties involved in ascertaining and assigning suitable 
values of rate o f recharge and then applying it to the problem. 

As such, to simplify the analysis, an arbitrary value Is assigned 
to R. 

The limitations involved in assigning an arbitrary value 
to P acre $ 

(a) it does not take into considerations  the rate at 
which the region of influence is replenished, 

(b) Different persons may assign widely different 
values of " for the same set of conditions. 

However, the limitations are not very serious. is the 
flow equations  ff hw and Q are related to log It and therefore, 
eves wide variations in the value of A have minor influence on 
the results. As such, with the data available from field tests 
and with a little experience, it should be possible to assign a 
fairly satisfactory value to A. 

nature of  j2gw..t irouth the S t,f, e , ,  ; 

It is usual to assume that ground water flow is Conti' 

nuous, irrotational and laminar. The assumption 1s not truly 

correct. Unlike a pipe or a capillary:  the aquifer material is 

in the form of a large number of irregular voids and interstices 
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of different shapes and siuea, connected to each other is all 
directions. Ae such, the movement of ground water takes pk s 
through numerous channels following circuitous paths. Ground 
water velocities are generally of a very low order, and to 
most cases the flow through the. tadividuai channels is continuous 
and laminar. However, in some of the channels there may he conti-
nuoue transverse movement of fluid particles from one flow channel 
to another, leading to turbulence and rotation and io some cuess  
even _lack of continuity. The transverse velocities are 'however 
small and in most cases balance each other. As such, taking a 
macroscopic and statistical view of the aquifer as a whole, the 
flow through the aquifer can be treated as reasonably continuous, 
irrotational and dinar. 

.aP cabal .tx of 	s iri Lgt,,,_çpUwaatter  mQ_y env  # 

Darcy enunciated in 1858 a linear relationship between 
velocity and hydraulic gradient for flow of water through sands 
and thereby laid the foundation for rational analysis of problems 
of flow through porous media. 

Ragsn Poiseuille's equation gives a linear relation te - 
tween velocity and hydraulic gradient for laminar, viscous flow 
through pipes. Since#  ground water movej+nt occurs through minute 
porous channels, the flow is viscous and therefore1  Darcy's law 
is applicable, no long as the flow is laminar. Many investiga-
tore* have shown that for flow through porous material$ the 
critical value of the Reynold's number (formed with man grain 
diameter as length parameter) at which transition occurs from 
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laminar flow to turbulent flow$  ranges between 1 to 10. Sincel  
the ground water velocities are generally of a very low order, 

r 	 this Unit is normally not exceeded. do the lower video  there 

is almost no practical limitation to the applicability of 
Darcy's law through common aquifer materials. 

Laplace's equation gives a flow pattern for a given 

set of conditions. Laplace's equation is linear in fora. If 
there are number of flow patterns, each of which satisfies 
Laplace's equation, linear combinations of one or more of such 

flow patterns#  will also gatiefy the Laplace's equation. This 

property of the Laplace's equation, is very useful in combin. 
ing or superimposing simple flow patterns to form a large 
number of complex flow patterns. ter conversely, complex flow 
patterns net with in practice, can be split and reduced to a 
number of simple flow patterns for which solutions are available. 

Very extensive aquifers are rare in nature. Qeneraiiy, 

bodies of water, e.g. surface streams, lakes$ reservoirs or 

seas bound 'the aquifers. in many cases the aquifers may be 
bounded by Impervious boundaries or geological discontinuities 
on one or more sides. Evidently, aU natural baundatins in. 

fiuencs the pattern of flow towards walls, 
k 

xethod of irages is a mathematical device employed 

for the solution of such problaas. Under this amhod, a 
natural boundary or flow field is replaced by an imaginary 
well (source or sink) or combination of imaginary wells, 
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located in such a manner, that the combined hydraulic effect 
of the group of imaginary weilat is the same as that of the 
given boundary. Since, the solutions for flow pattern for 
a single well or a group of wells are available, the solutions 
for flow fields of wells 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 boun- 
daries#  commonly met with in 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 well may vary from one to infinity. 

Basic equations involved in the flow of ground water 
area  continuity equation, Darcy's equation and general flow 
equations of Laplacians form. These equations have been stated 
without giving derivations. Basic equations dealing with 
steady radial flow towards a well in confined and unconfined 
aquifers, have been deduced and dealt with in detail. 

The general equation of continuity for flow of water 
through compressible medium can be written asp 

0 0... ̀ 2.11) 
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where 
f Is Mass density of the fluid, 
a * porosity of the aquifer material, 
oL vertical compressibility of sands 

compressibility of water. 

For an i*aompress tble flow in a steady state, the 
equation of continuity reduces to, 

bX 
	

y 
 + 	a 0 (Cartesian co-ordinates) 

• iii• 0#*(2.12) 

and 	.. 	+ yam' 	.. 

or r r M vr) # - 

• 0 

vo • 	air 
+ 	0 

(Cylindr ica 1 
co-ordinates) 

......x..00 *(2.33) 

According to Darcy+s laws the ve;oeity of flow through 
porous medium is directly proportional to hydraulic gradient. 

Symbolically, Dardy's law Can be stated as fo ilovs $ 
Using cartesian co-ordinates, 

v~ ~ .. K 	~► vy „~, 	~ VS = f► K 	... * ... (2.21) 

996 Using cylindrical co-ordinates, 

V 	« ► •Q - h , v 	= j K  
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For unidirectional flow ors etrical radial flow 

v= A 	or 1. RR r K .j r 	i.s tos 0.(24,23) 

2.33 QSQ9ZnI f log actuation 

On integrating Darcy's equations with t3 a equations 
of aontinuity, the following flow equations can be obtained. 

For unsteady flow through compressible sands, 

3 
3h + _ ~ + 	= % ((+)  

where V = specific weight of the fluid and other 
notations 	the seas as to para 2.3]. 

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

3  

where 8 is the storage co--sfficteat. 

or 	r
4
-.........(2.32b) 

(cylindrical co-ordinates) 

For steady flow the equation reduces to the Laplacian 

tors, 

$b 3h + 	+ 	0 (Cartesian coordinates) 
 ~  

00....(2.33) 

0 or 	
__ +) C lindrtcal 

O? i t ( r a r )+ 	+ j  	0 	o ord .aates). 
r 
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(a)  As$UaRtiona  $ 

(i) The medium is uniforms  homogeneous and isolzpie. 
The well penetrates the entire depth of the porous 
medium, 

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

(iii) there is no leakage From impervious layers, con-
fining the stratus. 

(tv) The flow towards the well is horizontal radial and 
sy asetrieal about the axis of the well ai is In a 
steady state. There is no natural flow in the aqui. 
for before pumping. 

In the case of pumped wells or discharging veils, the 
flow, is towards the well. As such#  for the sake of 
convenience, pumped discharges and velocities to-
wards the well, hevo been treated as positive. 
other parameters e.g., h, r, x and y have the 
normal sign conventions followed in Cartesian and 
Cylindrical Qo-ordinate systems.. 

= 	a 1 	s 	.1-. 	t 	a . 	• t 

Let h be the height of M piesometrie surface at 
any point reckoned above an arbitrary datum(fig. 
2.10). Let r be 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 
*ediuU is given by, 

h 	0 (Betsgn.2.34) 

Under the assumptions wade, the flow through the 
confined layer to horizontal, radial and symmetrical 
about the ut s of the well. There La no component of 
velocity either in the direction of Z or 9 . As such, 
the derivates of h with respect to Z and py are zero. 
Consequently, the equation of steady radial flow towards 
a well in a confined aquiter reduces to 

On integration$ we get, 

r 	I. V r 	~ 
!.*. (2.42*) 

Integrating again, we get# 

h* C1 logr +02 	.t...,.f#(2.42b) 

where C and 02 are constants. 

Considering the discharge flowing across a oyltndrical 

ring of radius r and thickness we get, 

Q 	( 	err . $ . r d9 
J
4 

On substituting the value of trr we get,, 
In 

J 
Q 	• 	1 $,r, d9 

a r 



27 
or Q'21TKB.Cl 
or 
 •o.... (2.42 c 

2 n KB 

Substituting the value of C1 In equation (2.42 b) we get, 

h 	 log 
r +C 	........ç2.43 ). 

This Is the basic equation for steady radial flow 
towards a well in confined aquifers. The value of C i$ 
determined from boundary conditions. 
(d) Equiotentl.,1ln..efi- dteamlines1► 

Let the complex potential for flow towards the well 
be W a Ø i11 where is the velocity potential and '' ' is the 
stream function, 

Where, ,su !h, and 	è. a K h 
r  ~r 

Equation (2.43) can be rewritten ae~,. 
Kh = 	 log r +C' 

or 0 2 
 8 

log r + CI 	........ (2.44) 

Also 	
,r 

or  

2nD 

or  
= ________ 	

+ C,, , 
~ T ~ 

.......♦ `2.46) 

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

as w  pt 

logy + IQ) +C 
TB 

- log Z + C 	 ... «.0 .... (2.46) 
2 B 



Where = s4-iy - 
Equation 2.44 implies that when I n coasts, r a constant 

and therefore the equipotentfal lines for free radial flan towards 
a well are concentric circles with centres at the well. 

Similarly, from equations (2,45) we can see that When t 

is constants  0 = constant and therefore flow lines are radius 
vectors converging towards the well. 

2.35. 

Flow towards a well in an unconfined aquifer has 
following special chracteristics. 

(t) The free surface is not known. 
(ii) The free surface strikes the well at an elevation, 

which is slightly higher than the elevation of 
water in the wells  thereby forming a seepage face. 
The height of this seepage face is not known. 

(iii) The depth of flow varies according to distance 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, 

The problem is solved with the help of simplifying 

assumptions made by Duputt:- 
(1) The medium is uniform homogeneous and isotropic. 

The well penetrates the entire depth of the f s 

medium. 



(it) The bed of the aquifer is horizontal and thickness 
of the aquifer is uniform . 

(tit) The flow towards the well Is horizontal, radial and 
symmetrical about the axis of the well and is In 
a steady state. There is no Vertical recharge or 
percolation from the ground. There is no leakage 
from the bed supporting the aquifer. There is no 

natural flow along the aquifer. 
(iv) Velocity is uniforMM over the full depth of flow 

and Isgiven by c 11• The lengths of path 
followed by individual particles are assumed to 
be constant• 

Let h be the height of tt a free water surface at a 
distance r from the centre of the well. (Ftg.2.40). Under the 
assumptions made q 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, 

	

r 
	 (Ref. Eqn. 2.34) 

On integration, we get, 

r  ci 

Lisa, yr 	k r 	K 	 ...•..(2.51) 

Where C1. and C2 are constants.. 

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

,h.rdQ 
Q a  ~r 

D 



ci.  

71, 

3 
d 
JA 

D 

r) 

Ll 

3 0  
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4n substituting the valuo of yr to got 

Q = 	11 01 	o hr d O 
r 

Since, h is a Constant for a given particular Value of r 
Q = 2nKh.C1 

oP C1 =~ 
2 n hh 

00 ... e. (2.52) 

Substituting this value in the equation .. o ,. (2 52) 
ise got$ 

r -or 	2' (h 

or 	...,_..~...»...,. 
i r 	3InKr 

Integrating again we get, 
ii2 	 log r + c 	 0'S IR 0 M i is (2.53) 

This is the basic equation for steady radial f 1cu 
am towar®s a well in a nZined aquifer* 

Cd) jt XtJo the u 	. 
The performance of a single boll located in a confined 

aquifer has boen studied in chapter III, under different 
conditions* (Ref. 'Para 3.0). Similarly the performance of 
groups of dolls- located in confined aquifers has been studied in 
chapter IV* 

The basic equations for flow towards well in confined and 
unconfined equfers are very similar, 

h 4 	log r+ C 	 (Pbr flow touarda a 
(cgn.2a43) 	 uoll in a continod 

aquifer). 

hzz 4r — Sog r C 	 (Pbr glow towards a 
(ogn.2083) 	

ou in 
)an unconfined 
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it to the oforo p000tblo to cpp1y all mo¢hoao and 

Qo'tvatioua of 	pier lit cad IV to unconfln+ floe h ► unto.3 
oquotton (2.83) to atctd of oquotton (2.s3). (ualttottvo3yp 
the concluatono that hove bccn + roan to Individual canco for 
c toad r f ou to ordo o110 In corn f o ed aqu t toro $ 0100 app 
to otoady radial flou tovarcln vcll In unconftnc aqui,foro. 

The min limitotion of Dtputt r~.a aneuizpttonc and the 
equation (2.83) are that the auictanco of the ccop o taco 
to Ignored& Tar all practical purposes thto to not a aertouc 
ltettationo beCauso tho variation in the actual chap a of the 
froc surface and Duipuita frc ourfoec occurs to the clooCo 
vicinity of the ucil. Ao t,o zt ai,ay from the roll the difference 
to no atnaL 

ruppooe that the aquifer is a to gvo an? that there 
are no lateral t atcr bowida*'Iao to support tho 41schargo of the 
t~011. In ouch a cats the u;atcr tai .. co; o from atom avat able 
ulthio the oqutfor and the discharge of tho ioU will be 
equal to the Product of the rato o f docitno to hcad and atoro o 
Co-officten , lutccPatcd over the area of Influcnco of the vol o 
The 41fforcutiol equation govorntn,a tLn toady radial flats to a 
von to a confinca aqutfcr is ? ivca by 

~P , 2" if" + 	
C Aot.ogn.2. bo ) 

8o° obtalwd a solution fop this Oq tto 3 'b 04 on 

ccH OwIc 	roictlon b ttoc LatGrtu of paouomotrtc 
ougfuco and roto of duration of discharge of o yell Q 1 	Cround 
vator otor o x ►ancoottono of Mc'icon t cop o oni Uotou Voge13g 
P 8l9. 
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an analogy botuoon ground uaterf&ow and heat conduction. 	H e 
aosumcd the follobing conditionog 

Lira ( gam_ )= Q 	for t ? o• 
o 
~r  T 

,  

This signifies that the cell is replaced by a sink of 
constant strength-Other boundary conditions area 

h. 	= 	H for t < 0 (initial conditions) 
and h - 	H when r— a< for t 	o 

The solution obtained by S heir imp 

Where t is the i.ce taken from the commencement of 
pumping and a 	' Tt _ 

The above exponential integral can be expanded in the 

form of a convergent series, 

R _ h 	= 	.. 	[.O.5?72 ,. log (u) + u 

Fbr large values of t the above e~rprcnsion can bo 

oxpresced very Closely b the asymptotic expression 

11 

Lt 4  r 	log T.25 TL.. 	6 • b CA D ♦3b V1 4 
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This equation can be used for obtaining the values of 

aquifer constant T and i and when the aquifer constants an 
know , it can be utilised to obtain drawclown at any point and 
at any time for different discharges. 

An examination of equation (3.61) will show that at a 
fixed interval after pumping, i.e* for a gives 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 flow. Moreover, the inferences and 
conclusions drawn about the behaviour of wells under steady flow 
sac the effects of natural interference between them,can be 
applied qualitatively to problems of unsteady flow under similar 

situations. 
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• :'i ~t- 

 

')3W) 

If an isolated well is placed in a water bearing 
stratus, the flow towards the well is free and radial. Basic 
assumptions and flow equations for steady radial flow towards 
SD isolated in a confined aquifer have been given in pars 2.34. 
In nature, the disposition of the natural boundaries e.g. , bodies 
of water, geological discontinuities and Impervious boundaries, 
may substantially influence the behaviour of the well. The 
following canes have been studied with a view to have a proper 
appreciation of the influence of rptural boundaries and other 

• tactore'- on the behaviour of an isolated Weil. 

(a) Single well at the Centre of a circular islandd 
or recharge boundary. 

(b) Influence of eccentricity•on a well located In 
a circular water boundary. 

(a) Influence of irregular shape of a closed water 
boundary. 

(d) Influence of straight line water boundaries, 
impervious boundaries or co*binations of such 
boundaries in the neighbourhood of the well. 

(a) Influence of unidirectional natural flow In 
the aquifer.. 

3.1 

When the well is located at the Centre of a recharge 
boundary, the flow is radial. The assumptions and basic equations 
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have been given in par& 3.34. The Influence of different variables 
on the behaviour of the well has been studied and illustrated. 

P20W Neat tones 

Suppose that the veil is located at the centre of a 
circular island or any other circular recharge boundary with 
constant ptezc etntc levels along the periphery. (Refer ftg.3.3.d), 

The basic equation for flow towards a well to given 

by, 

h a ~B log r + C 	Refer equation 2.43 

Considering a point on the external boundary where 

h Nf r a P► 
3 	log 3+ C 	...*........(3.11) 

Considering a point on the face of the well* where 

	

t a 	log rw +C 	►....«....(3.12 

From equations (331) and (3.12) we get 

R1fOO& ,P~- 	 •4s  •.... o.. (3.13*) 

2'K8 (R-bw ) 

	

or Q 	og 	 ......,.....(3.13'b) 

rx 

From equations (2.93) and (331) we gets 
Hha 2t. 	log A 	•* .«... •...(3.].is) 

or h a H - 	log A 	........ (3.14b) 
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Equation 3.13 gives the discharge for the well and 
equation 3.14 gives the piesometric heights for different points 
on the drawdown curve. 

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

h -hw  r log `w.  

or h 	hM  + 	log fir"" 
w 

or b- 	+ ;b± log,. 
l'a 	`w 

w 

♦......... (3.14c) 

....o ..... (3.14da 

........ (3.14s)  

The following Computations have, been done to illustrate 
the influence of different variables on the flow of a Well under 
a given set of conditions a 

(a) Influence of radius of influence on discharge 
(Table 3.11 and Pig. 3.11) 

(b) Influence of radius of well on discharge. 
(Table 3.12 and Fig. 3.12),  

(c) Influence of discharge on drawdown curve 
(Assuming that drawdown curves for different 
values- of discharges are geometrically similar 
Table 3.13 and Fig. 3.13). 

(d) Influence of Padtus of influence on drawdown 
curve. (Assuming that the drawdown remains 
constant. Table 3.1.4 and Fig. 3.14). 
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Cs) Influence of change of drawdown on drawdown curve 
(Assuming that the radius of influence remains 
constant. Table 3.16 and Fig. 3.36). 

r t 	• M 

(a) The discharge Increases as drawdown increases. 
(b) Discharge increases as the radius of the well 

increases. Variation is however ]ogaritbmic. 
A tenfold Increase in the diameter of the well 
increases the discharge by 35%. It is not •dono-
mtcal to have large diameter wells. 

(e) Discharge deereasea as the radius of influence 
increases and vice versa. The variation Is how. 
ever 3ogartthmic. A change of 100% In the value 
of R effects the discharge by less than 10%. 

(d) Discharge is directly proportional to the trans. 
miss ibility of the aquifer* 

(a) Drawdown curve is a ioguttl*to curve with very 
steep gradients close to the well and latter 
gradients 75% of the drawdown occurs within 
100 ft of the well., 

(t) Flow lines are radius vectors converging towards 
the centre of the well. Equipotential lines are 
concentric circles with centre at the centre of 
the veil i.e.,, the flow lines are concentric with 
the feed contour... 
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3.2 

The behaviour of a well located centrally in a circular 
recharge boundary has been studied in pare 3.1.E This is an 
idealised conditions. in practice#  the wells, particularly 

groups of wells may have to be located away from the Centro. 
The influence of eccentricity, 	the behaviour of the w€].1, 
has been studied '! the application of method of images (roper 
to Para 2,2). 

Suppose that the well is located at MI with on eccen. 
tr icity let with respect to the centre of a circular island or 
a circular recharge boundary (Refer to fig. 3,.20). Let the 
ptezometric levels along the external boundary be constant. 

It has been shown (Refer to Para 2.344) that the equt-
potential lines for free flow towards a well are concentric 
circles. In the came of a well, 1ooaaved at the centre of an 
island or circular recharge boundary, the flow lines are also 
concentric with the recharge boundary, as such'  the basic chara. 

eter of free flow towards a well is maintained. 

It can be Imagined that,, it the well is located eccen-

tricale in a circle and is pumping freely, the pressure distrt . 
'hutton along the given circle will not be uaifor.. Conversely, 
it a constant pressure is maintained along the circular boundary, 
the equipotential lines of the well will not be concentric 
circles. This distortion in the pattern of flow$  occurs due to 



40 

th presence, of the boundary. The problem is solved % using 
the method of images. If the given recharge boundary is removed 
and replaced by a rc;hargLug Image vells with the same flow as 
that of the real well, and is located at point U29 where 	is 
the Inverse reflection of U1 about the given boundary, a constant 
potential is obtained along the given boundary. As sudig t e 
image well at M2 replaces the hydraulic effects of the 4iven 
boundary and the problem of a well located eccentrically in a 
circular feed contour is transformed into a problem of two wells 
located at M, and U2. 

Co-Ordinates of the Image Well % 

Let R be the radius of tt'hW; given circular boundary with 
'sutra at 0. The real well is located at 1h with co-ordinates 

" sl + , and the Image well t located at 142' with co-
ordinates Z3 a x* + Lye. (T +fer fig. 3.20) , 

Eccentricity a O9i1, a  

Since a Is the inverse reflectiob of point E about 
the given boundary, 

or  

It can be se eta from fig. 3.20 that, 

	

ON2 	__ 

	

I 	ON, 

Xl 1 
2 

L' 1e ~l ~yl 
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or z2 49 x1, •  

Similarly M 

3. 	1 
xt ...~  - 

z1,2+y1 

Or ,Y"3 	7'1 

Z12+71 

z1 	.0 
	

B2 	B2 
23,471 

Let the 2tschargs of the real well be +9 and that of 
the tma8e wall to -Q. Lot P be any point with complex co-*rdi- 
nates Z = x+L7. Lt:t P) j be equal to r and x'13 be equal to r2. 

Thu basic equation for flow to-wards a we 11 is gtveu b, 

h as 	log r + C 	fact. squattcn 2.43 

Combined flow equation tair real wall at MI and tfag ►uary 
well at UE can be written as, 

 j]og r~ "' =r► 	log r3 + C 	(3.21*) 

	

$ u log l 2"21 " 2!W'  log 1 Z2" ` 	* C 

T 	log 1 Z-Z1 I "r 	log 	 + C 

* s.. ,.. ~► (3.21b) 
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Considering a point on the face of the real well at Kl, 

Z Z1+rw, rl Z4i) = rw 

W2 	zi=k_ zr 	` 

+C .....(3.22) 

Considering a point on the external boundary, say at A, 

haff r1aAs1=OA- CI],=R-e 

r2 =AM2 ON_OA* ._ t~  

. . 8 	log (A-0) - 	log .I Q1 . C ....(3.2 

From equations (3.,22) and (3.23) we get, 

w a2 	log . 2 • a 

log 
$.02 

. R. M.. • (3.24a) 

3KB (H4,) or q 	- .~...~ 	....... (3.24b) 

From equations (3.21a) and 3.23 we got, 

R - h 	,log 	.  

or h a ff _ T 	log r 	IN 	. « «.. • . (3.2ab) 

Equation 3.24 can be utilised for computation of die" 
charges and equation 3.25 can be used for computation of piez►- 
■etria levels at different points on the drawdown curve.. ' 



43 

Coaputattons $ 

The following computations have been done to illustrate 
the influence of eccentricity of the well e 

(a) Influence of eccentricity on discharge. 
(Tab]* 3.21 and Pigs 3.21) 

(b) Influence of eccentricity on drawdown curve. 

(Table 3.33 and Fig. 3.32)„ 

(a) The discharge increases as the eccentricity of the 

well increases. The increase in the discharge is of 
the order of 5% upto 50% eccentricity and of the 
order of 10% ' upto 'fit % eccentricity. Beyond that the 
increase is sharp but wide variations occur only 
when the eccentricity exceeds 90%. 

(b) Fbr a given eccentricity (e ) the value of radius 

of influence has nominal effect on discharge. (Refer 

to fig. 3.31). 

(c) Equivalent radius of influence A+ # is given by 
3~e3 ,, (Refer to equation 3.24&). 

(d) In practice$ the influence of eccentricity can be 
neglected without such loss of accuracy. his is 
particularly convenient to the case of group of 
wells located in a circular is-land or any otter 
recharge boundary. 
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3.3 Well  Located to an Island or re char boundary of irregular 

The behaviour of a well located at the centre of a air-
cular island has been studied in pars 3.1. for all practical 
purposes t this is too idealised a condition to be met with in 
practice. ° It is rare to find a natural recharge boundary which 
is absolutely circular. Mnreevert  the well may not be located 
exactly in the centre of such a boundary. 

The effect of eccentricity or displacement of the well 
from the centre of the boundary has been studied in pars 3.2 and 
it has been observed that the variation In discharge becomes 
significant, only when the eccentricity exceeds 70%. 

Evidently,, the influence of the shape of the external 
water boundary on discharge can be studied only when the shape 
of the boundary is known. Polubarinova uKochina* has suggested 
an analytical solution of the problem by conformal transformation 
of the irregular boundary into a circular boundary and then apply
ing the results of pare 3.1 and 3.2 to the problems. 	

0 

She has als analysed the specific cases of elliptical 
boundaries and has obtained 14 tpUo :+rig results#  which can be 
summarised as to llows 

Case (a) 	Let 'a' be the major axis and 'b' be the minor 
axis of the elliptical boundary. Let ,R be the 
radius of the circular boundary. It 1 a R and 

*Polubar theva-Koohina: Theory of around Water Kovement, 
p.3NS 
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a = 3R#  the discharge of a well located at the 
centre of an elliptical boundary is more than 07% 
of the discharge of well to cate d at the Centre of 
a circular boundary. There is no further reduction 
in discharge when a " 3R. 

Case (b) 	Let the area of the elliptical boundary be equal 
to the area of circular boundary, or R3  = a.b. 
Upto a In 3b, the discharge of the well located 
at the centre of the elliptical boundary is 105% 
of the discharge of the well located at the Centre 
of circular boundary. For a a 6b, the discharge 
is 110%. 

Evidently, the influence of an irregular boundary on 
discharge, is nominal and can be ignored for all practical 
purposes. However, in exceptional cases, specific solutions 
can be obtained& 

In nature, the aquifers are frequently intercepted by 
natural Impervious boundaries or geological discontinuities, 
e.g., faults and folds. It the well is located on one side of 
such a discontinuity in the aquifer, the pattern of flow to-wards 
the well gets distorted and the discla rgo and shape of the draw'. 
down curve are affected. The problem is solved by the method of 

Images. 

Let the Impervious boundary lit along the axis of Y 
(Fig. 3.44). Lot A( ag,o) be the location of the well. 
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(Fig. 3.40). Let Q be the discharge of the well. The affects 

of the impervious boundary are $ 

(a) There is no flow across the boundary `fo~ 9 which 
means that it is a flow line. 

(b) when the well is pumping#, maximum drawdown will 
occur at 0 which is closest to the well. The draw-
down will diminish gradually along 0 Y and 0'f ' . 

Suppose that an image well with the same discharge +9 
as that of the real well is located at B (-a,o), which is the 
reflection of point A on the other side of the Impervious boundary. 
it wells at .A and E are in operation# simultaneously, a water 
divide is obtained along `t 0 `f ', Water divide Implies that there 
is no flow across its Water divide to also a flow Itne. That 
satisfies the first condition.- 'The maximum drawdown along the 
water divide shall be at 0 which is closest, to the two wells 
with gradual reduction along Of and 0 N',  thereby satisfying 
the second condition. 

Flow equations s 

Equation for free flow towards a well is given by$ 

h * ~ log r + C 	(Refer to equation 2.43) 

Combined flow equation for real well at A and image 
wail at B with a discharge of Q each, can be written asp 

h=-L..logrl + . ---- logr2+C 
2T,KB 	211 

log r1Y2 t 6  
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Considering a Point on the face of the well at At 

2-A 
!1 alas r2a2,, h*bw 

or t - 	log 2aj + C ..... (3.42) 

Considering a point on the external boundary of the 

region of influence# 

s 	r2 '1; has 

or Ha 	1ogR3 +C 	........(3.93) 

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

9 • hw = .~► 8 3 

 
2 

	

.log 	• • ..... (3.94a3 
w 

or Q s 	2nU OAM) 	a.sr,rs•r~s.(3."b) 
log 
2 rw 

From equations (3.41) and (3.43) we get# 

H ,•ho 	lag 	s«.~--a ......w(3.45a) 

or h = R - .-  .— log 	B2 	( 	) 2'R KB 	r3.r3 

Equation 3.444 given the discharge vhereaa equation 3.45 
given the piezoaetric heights for different points on the drawdovn 
ourve. 
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The following computations have been don• to illustrate 
the influence of impervious boundary on the behaviour of a well 
under a given set of conditions. 

(a) Influence on discharge of the veil. 
(Table 3.41 and Fig. 3.41) 

(b) lnfluonc on draw4ovn curve 
(Table 3.42 and Fig, 3.43) 

•r±  

(a) The presence of the impervious boundary reduces the 
discharge available from the well. 

(b) The discharge increases as the well moves away from 
the Impervious boundary. 

(c) the flow equation and dra'wdown our vec era same as for 
a group of two wells placed inside a circular water 
boundary (Refer to pars 4.1) • 

(d) Conversely,, the presence of the impervious boundaries 

or other discontinultioe can be located by studying 
the nature of drawdova curves from readings of obse\ 

vat ion wells. 
(a) The equivalent radius of influence It  

3g 

3*5 

An tr►finite water boundary may appear in nature in the 

form of a river,, drains, bunted valleyscanal$ lake, reservoir 

or sea. 1 word infinite signifies that the lengths of the 

WZ • 
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source is v#y such bigger than the space overad 'y the group 
of veils. Let Us auune that the potential along the water 

boundary is constant and that the sands of the aquifer outcrop 
into the water boundary so that tree flow and recharge at Cons-
tent head is available to the aquifer. 

ocat ton of the t • ws ll i 
w+~r.r.r~rrrr.rn.w~a...~~..~►.u.rr.rr...r 	.,.ra.,*ar 

Lot the water boundary It along the axis of Y (Ptg.3.50) 
A Let A (ago) be the location of the well. (M$. 3.50), Let Q 
be the 6ischar, a of the wall. The effects of the water bound ry 
aria 

(a) Water is drawn by the well from the water boundary. 
As such the flow lines will originate at right 
angl+ s to the water boundary and will converge 
gradually to-►wards the well• 

(b) The water boundary Y b 1' is a line of constant 
potentials.- •• 

Suppose that a re 	g ing image • e it with the flow of 
"Q is located at B( ••a#O) which is the reflection of point A 
on the other side of the water boundary. If the recharging well 
at 13 and real well at A are in operation simultaneously, the flow 
lines will originate radially from B and converge radially at A. 
On account of symmetry of the two wells the flow lines will out 

Y ° 
 

'at right angles. 	This satisfies the first condition. 
Pumping well at A will cause drawdorn *11 along °N l ait~; 
maximum dravdown at 0. Recharging well at B will cause identical 
build up along `{ °\ w tth Maximus; build up at 0. Cuau lat ivo 
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affect is that a constant potential is maintained along YoY' 
thereby satisfying the second condition. 

Flow equation ; 

Equation for ter flow towards a well is given by 

h s 9g log r + C 	Pot. equation 2.43 

The combined flow equation for the real well at A and 

imago well at B can be written ,as,, 

hU ~logr3, tQI 	209r2+C 

log 	"~ Ci 	. ! ~► . # s i i •. +r ~a7. ii+) rS 

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

ri * rw! r = 2a, 

log r t '2iKB 	log 3a + C •... (3.152) 

Considering a point on the w~wi' boundary we get, it a a9 

H a j log a 	 log a + C 

♦ .•.l... ~...i iC3..f7i17 

From (3.62) and (3.63) we get, 

3 '- by * 	! 	log pew - ........(3.54) 

or 	b 	B 	( .I., L. 	........~.. {3. ;54b) 
rw 
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Pros equations (3.51) and 3.53 we get 

H.ha9 tog 	•.......(3.55a) 
1 

or h*H A log 	........~3.bBb~ 
1 

Equation 3.54 gives the discharge and equation 3.55 can 
be used for computing the piero~aetrta heights of different points 
on the drawdown curve. 

`]row Pattern - Equipotentiai lines and Flow lines s 

(a) Equtpotential Lines 

Equation 3965 can be rewritten as 

log 

• 4 T 	h. 
Cdr equipoterttal linea h a + onsti 	e 	 a cons tan -,Qy 

0 

Converting rl and r2 to Cartesian Co-ordinates we got* 

r2 a(x+ a )+ 

2 or 	Y2 , $ 
(x+a) + y2 

or 	~X M $ 	a 	 [ 	.....•(3.56) 

The equation represents a family of circles with centres 
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at 	r .+ 	)s0] andeaclita 2 LJ i s 	Equipotenttal 

lines can be obtained by assigning different values to he 

('b) Flew Lines t 

The stream function for a well can be written as# 

.Q,,,.. a 	Bet. equation 2.45 . 

The stream function for the combined effect of the real 
well st A and recharging well at B can be written ass 

Where Q s tit 	and 0 to 

For obtain .ng the stream lines we can put the stream 
function 'h- consts. 

or 	 (~f\ - `f'L) 

or tan (Oi «► dij) Constant = 6A 

where p = tan 	C"t(_%f ) 

or 	tan Q. -tat 02 
+pa, t ag 

/~ ..Y.. 	.. ,.,~.1,y~.. 
o 	

__ i~3r~ &A. 

-a z+a 

or z2+(Y 	
)3 

p 
.. (3.57) 

This equation represents a family of circles with contras 
at 

 
(OsA ) and radii a a 4+I The flow lines can be obtained 

P 
by assigning different values to ('f —"tj.'" It can be seen 



that the family of circa s pass through the points A (a,0) and 

B (-a$0).~ 

The following computations have been done to illustrate 
the influence of the water boundary on the behaviour of the wells 

(a) influence on discharge of the well (Table 3.51. 
Wig. i 3.51).` 

(b) Co-ordinates of centres and radii of equipotential 
circles for a given set of conditioni (table 3.82). 

(c) Influence of water boundary on drawdown curve. 
(Table 3.53. 1`ig. 3.52). 

2 

(a) Discharge decreases as the well moves away from the 
water boundary and vice versa. 

(b) Equivalent radius of influence T' = 2a. 
(C) 1!rawc wn curve has a comparatively steeper gradient 

from 0 to A. 0rawdown curve extends to infinity 
along Ax, i.e. as we move awe from the water boundary. 

(d) The equipotential lines are almost concentric cirelos, 
close to the well* • The gradients are steep in this 
region, and absorb 15% of the drawdown. Beyond that, 
the drawdown curve becomes flatter and eccentricity 
and radii of equipotential circles, increase sharply',, 
till they reach infinity. (Per to Table 3.82) 
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3.6 

I 

The problems are solved by the application of metbod of 
images. Curved boundaries are usually replaced bi planes or 
straight lines* The image wells may be discharging wells or 
rechai n` wells and the number image o f wells may vary from 
one to infinity depending on the nature of natural boundary and 
the accuracy desired. 

3.61 
a 

Let the water boundary be along OY and impervious boon' 
dart' along OX. (Fig.3.61). Let the well with discharge +Q be 
located at A (a, b). An image well with discharge -Q wl,U be 
needed at B (-a, b). (Refer to pars 3.6) to replace the hydraulic 
effects of water boundary„ 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 image well with 
a recharge Q, will be needed at C(-a, sib) to balance the draw-
downs caused by image wells 13 and Do  along the extensions of 
natural boundaries#  

The combined flow equation for the group of wells can. 
be written as 

11= 	log rl 	+C  r2 r3  

Considering the point ©, the junction of the two boun.. 
daries1  

r1 =r2 =r3= 4 = a 	, h=K 



S... Se s •.r...* (3.61b) 
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Conside?ino a point on the face of the real ae11 at Ay 

ri,rws r2= 2a, r3=2 Jt f r4 a2b, hhh 

•~ 	t 	log .. ?.o 21L, +C •.......(3.61c) 

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

H 	 log 2a/'b 	...... X3.614) 

or Q  
log 2f br  

Equation (3.61x) and (3.61b), give, 

H - h .. 	tog r. 	,,... 
Z 

or h=t.•To log r 
rl r4 

........ (3.61t) 

.....•.M. .,.(3,63.g) 

Equation (3.61e) gives the discharges and equation 
(3.61g) gives the piezometrio heights for the drawdown curve. 

The equation 3.64 indicates that the discharge increases as 
the water boundary moves closer to the well and impervious boun-
dary moves away from the wall. The equivalent radius of influence 
B' a za, 	 b2 

b 
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3.62: Well catdIn p gupc 
tio water boundar es i 

Let OX and AY be the water boundaries (Vig• 3.62). Let 
the well with a discharge Q be located at A (a# b). 

An image well with discharge -Q is needed at B( -a, b) 
to replace the boundary 0!. (Refer to Para 3.6). Similarly, another 
imago well with a discharge -Q is needed at D(a, b) to replace the 
water boundary ©X. Another image well with a discharge +Q is 
needed at C (ma, -b) to balance the drawdown • caused by the image 
wells B and A along the extentions of the water boundaries . 

The combined flow equation for the group of wells can 
be written as# 

h c. a~rw log 	 ~' V 	1 .. ~! ♦ 1 0 • it i (~7. i 2a ) 

Considering the point 0, the junction of the two water 
boundaries, 

ri r2 a!3a '4a 	+ 	h=H! 

$ 	C 	 ...,.,,... (3«62 b) 

Considering a point on the face of the well at At 
r1 a ?w, r2 * $a' s3 g 2+b'. , r4 on 2b, and h * ba 

' ~ gg   log  
9 ab 

From equation (3.62b) and (3.62c) we get, 

H . bw a -log r 	t 
	

too ...... (3062d) 
a 
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- hw 620 

log 	&b— 

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

It.ha Q1_ 	 r2 U 
2i AB log r..-.._ 

orhaA-~ g r.. 22 4 
r1 r3 

.,..i.0 (3.62t) 

............ (3.62g) 

Equation (3.620) gives the discharges and equation 

(3.62g) gives the ptszo tric levels. The discharge increases 
as the well moves closer to the boundaries. The equiva] nt 
radius of influence is given. by B' a 2 ,g 

a b 

3.63 Well located in a quadrant formed by the intersection of 
8 1 

be 
Let OX and OX/the iapervious boundarlies (Fig. 3.63). 

Let the well with a discharge Q be located at A (as b). 

,An image well with a discharge Q is needed at 

8 (-at b) to replace the boundary OX. Similarly can tango well 
with discharge Q is needed at D (a# -b) to replace the boundary 
©S. Another image well with a discharge Q Is needed at C (-a, -b) 
to balance the dravdown caused by the image wells B and 0 along 
the extensions of the izpervious boundaries OX and OY. 

The combined flow equation for the group of wells 

can be written its 9 

h a 	209 'i, r2. *3s *; + C ,..... (3.63&) 
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Considering a point on the external recharge boundary 
b H rlr. rg c—r3 -r4 a R 

log 24 +C 	........ {3.63b) 

Considering a point on the face of the real wel1l h-b1 
~.w 

r1 ftt r2= 2a$ r3= 	9 14 a2b 

or hu = 	log 8 rw ab.152+b2 + C •....(3.63c)  

From equations (3.63b) and (3.63c) we gets 
g 
~i +fir bw3.'~ 	 log M *wirr irrrrrwrrrNrrri-r 	~1 f .'t • t~.V3vi~ 

log A4  

8a .w+hb , ry 

From equations (3'•63a) and (3,63b) we got 

H " bdKB log r . 	! 	•..r...{3.63f 
1 E 3 4 

or h a B M 	 log ; l 2.' , f 4  

Equation (3,63.) gives the discharges and equation (3.63g) 
gives the pteometntc levels*. 

The discharges increases as a and b increase. The 
equivalent radius of influence Is R' a 	_ The probes 

Is sit 	to the problem of a group of four veils placed in a 
circular water 'boundciry. 

The pattern of Image wells has been Indicated in figure 
3,664 for veils located close to the following types of buundariess 
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tso (a) Well located in a sector formed by lb water boun- 

dames intersecting at an acute angle„ 
(b) Well located in a sector. formed by a water boundary 

meeting an impervious boundary at an stCute anglw. 
(c) Well located in a sector formed by Intersection of 

two impervious boundaries. 
(d) Well lying In between two parallel water boundaries. 
(c) Well lying in between one water boundary and one 

impervious boundary running parallel to each other. 

Similarly#  patterns of image wells can be formed to rep-
lace other closed or open areas formed by the intersections of 
water boundaries and impervious boundaries. 

3.?  
$ 

All eases discussed earlier are based on the assumption 
that piesometric levels are static# when the well is not In opera. 
tion• This assumes recharge at a constant potential, or under 
reservoir conditions. In nature, the ground water is under a 
continuous movement. It should therefore be of interest to 
study the influence of natural flow in an aquifer, on the be 
haviour of a Well. 

tat the well be located at 4 (Ftg.3.?4). Lot that* 
be uniform flow with a velocity U parallel to the x i exts. 

The complex potential for free flow towards a well is 
given by (Refer to pare 2.344) 



_0 	log s l + C 1 (R etcr to eq. 2. "s) 61 
2-mB 

Let W2 be the complex potential due to uniform velocity 
U in the aquifer # 

. 	 43- 
or 	* Uz + Const. 

~l. 

also 	ii or ' . * Uy + Cont. 

•~ W2  U.Z + C2 

The combined potential Is given by, 
W = t7l + W = U. Z + -. 2 	log Z + C 	 ...... (3.71) 211B 
or 	* U.a + 	log r + CO 	.......... (3.72) 

and l' * U. ,y + 	Q + C ' 	«. , . «..... (3.73 ) ~  

f  

Stagnation point is the place where the natural velocity 
in the aquifer is balanced by radial velocity towards the well 
£ombbined velocity is given by, 

u = 	aU+ O • 	 ........ (3.74) 

At the stagnation point U a 0p y0, x*xo 

U + 	. 	2 	* 0 

	

or xo * ,. 	 ....... (3.75) 

bbr q = 1.5 cte, B = 100 feet, U a 50 ft/years x, '1510 feet. 

)dater diviclet is the extreme limit or boundary upto which water is 
drawn by the well. There is no flow across the water divide. 
Naturally the water divide is a flow line passing through the 
stagnation point. 



w 
The stream function is given by 

U.y + - -2 0 + C" 	Ref. equation 3#73) 

At the stagnation point# y * 0 and 0 = I -n 

2B 

The equation of the water divide is therefore given by, 

U 41y + , Q ,,,,.  
2VB 	9 B 

For intercept of the water divide on the y - axis* 

or y, 	.*. 	 ... 3•'"!' 

When t 	1*8 Cfs,, B 100 ft! U= 50 tt«/year' 
7 ± 2370t. 

c~.tg . (a) Natural flow in aquiters serves as a s*rce 

of recharge, It narrows down the region of influence and 
increases the discharge of the well« The increase in discharge 
is directly proportional to the voiocity 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) Ground water velocities are generally 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 water velocities are of a high 
orders  the region of influence is in the form of a narrow 
strip. In such cases the wells can be placed very close to 
each other s  affright angles to the direction of flows  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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t 	M 	:~s W• 1 F"  

: 	... 1 a 20 ft, '~3w a 0, 	0.25 ft, 
KB = 

 
0.10? ft2/sec. 

N tes 	... Refer to equation 3«13. 
go refers to discharge for R = 2000 ft. 
Results plotted in figure 3.11 

B 	Tog -  
(ees) 

i 

800 6*68 2*03 1.35 

SOD 7,60 1.78 1.19 

1000 8.30 1.83 1.09 

2000 8.98 1.50 1.00 

3000 9040 1.43  • 0.96 

6000 9,90 1.36 0.91 



OR 

2 	 0 

or tp 



TABLE 3.12 

_ 	_ 	... R = 9000 fty B 0.10? ft2/seoe 
Ha20ttg b* 0, r =0.26ft. 

votes 	•.. Peter to equation 3.13 
go  refers to discharge for rw  = 0.26 ft. 
'W  = radius of veil. 

1 esults plotted in Pig. 3.12 

i--  .-_. - 

	

- L___- 	- 	 ________ 

	

tv 	r.IAw 	lo& (cs)  r 	r 

0.26 1.0 8.98 1.50 1.000 
0.60 2.0 8.29 1.63 1.085 

1.26 6.0 7.37 1.81 1.206 

2.80 10.0 6.68 2.02 1.345 

5.00 20.0 6.00 2.26 1.600 
12.60 60.0 4.97 2.72 1.810 

28.00 100.0 4.38 3.08 2.060 
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TABLE 3233 

Ass 	.oli 

 

that dravdoiia curves for different 
vale of discharges are geometrically similar) 

___: 	.. (Aa.bv) ra (B)r 
3 = 0.107 5t2/sec, w  a 0.28 ft. 

Notes. 	... Refer to equations 3.13 and 334. 
r refers to radial distances along the radius 
of recharge boundary. liesults plotted in fig.3.3 

Q 0 l.B cfs Q 1.23 cfs 1 Q= 4.86 a=s I Q 0.66 afa 
H- 	a20ft ITh.b X16 tt iH --N=12 ft iih* aft 

2000 	t R=1600 ft I R=12003ft A0800ft 

r I h 	r I hi rib I r I h 
(feet) (feet) 	(feet) J(feet)I (feet) I(teet)I (teet)I (feet) 

1 	x 3  1 	3 	i 4 x 	5 	i 6 Y 7 	8 

2000 20.0 1608 20.0 1200 80.0 
1000 18.8 1000 3.9. 2 1000 19,8 801 20.0  

500 16.9 SOO 17.9 Soo 38.8 Soo 19.48 

200 16.3 200 16.3 200 17.5 200 18.87 

100 13.4 100 15.1 100 16.32 100 17.90 

80 11.8 so 13.7 80 16.83 fro 17.32 

0.25 0 0.25 4.0 0.25 8.00 0.26 13.00 
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i~ 	 EIC  CU 

to ... 

 

Hxz20ft, h ©, IBa0.107tt2/sec 

ry = 0.25 t. 

Notes 	... 	Refer to equation 3.14 
Results plotted in Pig. 3.14 
r refers to radial distances along the radius 
or recharge boundary 

R 2000 ft 	R= 1000 ft 	B 600 t't 	B = 200 ft 
:= 1.5 cfs 	Q = 1.63 eta 	Q 1.78 cfs 	Q 2.03 cis 

r 	lb I r # h I •r f h I 1' lb 
(test) I(teet) I (feet) I(ieet) I (feet)] (Feet)4 (feet) 4( feet) 

9000 20.0 00 ri +" • w 

1000 18.5 1000 210.0 • 

Boo 16.9 500 18.3 500 20.0 - 

00 16.3 200 16.1 200 17.6 200 20.0 

100 13.4 100 14,E 8 100 15.8 104 18.0 

80 11.8 30 12.8 60 14.0 50 15.9 

0 0 0 0 0 0 0 0 
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Data I ... 	R = 2000 3t, S = 20 ft q K0 in 0.107 ft2/eea. 
x"w ~ 0.25 Its 

Notes 	... 	Refer to equation 3.14 
Results plotted in Pig. 3.16 

r Refers to radial distances along the radius 
of reoharge boundar.  r. 

H hp m 20 It 
1.5 Cfs 

}f• 	= 
* Q 	is 

16 It 
1, 2 of! 

H-bw = 
Q 	a 

12 It 
0,9 ets 

Hh a 
Q 	= 

8 It 
0*6 Cf s 

- 

r 
(test) 

h 
(feet) 

I 
r 

(feet) 
h 

(feet) (feet) 
rb 

[ (feet) (feet) 
rh 

(feet) 

x 2 13 	14 r 5 	R 63 

2000 20.0 2000 20.0 2000 20.0 2000 20,0 

1000 18.5 1000 18.19 1000 19 01 1000 19.4 

500 16.9 500 17.8 600 18.2 500 18.8 

200 15.3 200 15,9 200 16.9 200 118.0 

100 13.4 100 1407 100 16.0 100 17.3 

sQ 11.8 60 L3.8 60 15.1 so 16.7 

0 0 0 4.0 0 8.0 0 12.0 
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$ a 20 f t, bw = 0 2 rat c 0.25 f t 

a 0.107  

Note 	.,. 	Reter to equation 3.24 
tea ro'ere to dts forge of a wee located 
cents.' in an i1cnd under same 
conditions# Results ~,Ottod in Fig*3.21, 

4, .i 	 # 0 	i 

IR Q  1y 

' (cJ s#►) ' 	
['~ 

r 	ww.r (e e,) Qo Q6 
' # 
I I ! , t 

is _ 

0 3,50 1.00 3..63 11000 1.78 1.00 
001, 1.50 3400 1.63 1600 i.78 1600 
0.2 1.51 1.00 1463 1*00 1*78 1.00 
0.3 1.52 1.01, 1.64 1003. 1.80 1.01 
004 3453 1.03 1.66 1.82 1.02 
005 1.55 1.03 1*69 1.% 01S 2085 1.44 
0,6 1.58 1.05 1.72 1.06 1.89 1006 
0.7 1662 1.05 1.77 1.09 1.95 1.010 
0.8 1#70 1.13 1.86 1.14 2005 11*16 
0,9 1084 1.23 2.04 1.25 2.27 1028 
0.95 2*03 1..35 2.26 1428 2.56 1.44 
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trN 

H = 20 ft 1, her = 0, I B = 0*107 ft2/aea• 
o + 	aW ft9  Fiz 2000 ft g  Q 	1.53 Ch's. 

O2 .2 	..,R2„ 5000 ft, 
0 

Note ,*, 	Refer to a uation 3.25. 
Plezometria 1ovo1s have been computed 
a1ougB0r1jt2C 

Draw dci curve Dlottod In 	'ig.3,22. 

x 	r2 	I r1 I 	b 
(feet) I 	(feet) 	I (f 	t) (feet) 

2000 7000 2800 2000 

1200 6200 2000 19.51 

200 6200 1000 18 13 
0 5000 800 17092 

600 4500 300 16.94 
700 4300 100 13066 

Soo 4200 0,25 0 

900 6100 100 .13*66 

1000 4000 200 16.39 

1600 3500 700 2 #48 

2000 3000 1200 20.0 

4000 1000 3200 24.71 

4600 800 3700 2S «62 

4780 260 3950 x.35 



wi 

6000 0* 25 4200 44.20 

6250 280 4450 28.05 

5600 Soo 4700 27.24 

6000 1000 E40 25.80 

7000 2000 6200 24,70 

8000 3000 720() 24.06 



i

11, 1, i - -1 

:' r4 
-d -' 

•r 
• - - 

1 .r. 

'1 r 

I 

I 
0 

I '- 

ODet 

ILI 

cs:,o 
t r\i 
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64 

_____, so # 	H = 20 ft, hw = 0 	r = 0,25 ft. 
KB = 0. ,07 ft / oc. 

Note , . , 	Ref or to Qquat ton 3,44 
Qo refers to disch• rge of a well located 
In a Circular t:at er boundary with B = 2000 ft. 
Results plotted in fide 3.41. 

B 	2000 Lest. 	I 	B 	1000 ft. 

OSO Ma 	i 
50 3..13 	0,.78 	1. 	0.79 

100 1.20 	0.80 	l,3? 	0.84 
200 10 2B 	0.85 	1.47 	01090 

300 1.82 	0.88 	1.5 	0.95 

400 1636 	0.91 	1.60 	0.98 

600 1040 	0.93 	1.63 	1,00 
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t 	 fir_ 	~ ~ 	' i # ' 	r 	# 	~: 	~x ~~ ri 	+ t . 	:,~ t ~ M ; ~• 

j 	. 	fl* 20 ft.p bit s~09, w 0 0&25 ft, a* 50ft 
IB 0 0.1(7? f t2/aoc.. I A s 2000 ft. 

Notes r .. 	Refer to squattcit 3.46 
Piezanetric levels have been ccaputed along 
a line perpendicular to the Impervious 
boundary and pa 3flinj through the well. 
Drawdoi curve plotted IA f tg.3.41 

r2 b 
(feet) (feet) ( toot.) 

0 50 50 7.66 

25 25 78 7,15  
60 0.25 100 0 

76 26 126 8.05 

100 60 160 9.60 

20D 150 2600 12,20 

600 460 560 16.33 

1000 950 1050 17*70 

2000 1960 2050 20.00 
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,Dts 	0* 	9 a 20 ft,  bit a 0• rw s 0.25 ft. 

Notes 	0 0. 	Rotor to equation 3.54 
Qo .rotors to disebargo of a yoU 
located in a cir or island with 
R 2000 ft. 
Results plotted in Fig.3# 1. 

(f ot.) 	100 	200 	Soo 	1000 	2000 	6000  

(c£e.) 202 1.83 1+63 x..60 1.40 1928 

1.36 1022 1.09 1.00 0,93 0.06 
to 



• 

V5L 1 

oo 

OSti 

T , 

QQ O~ 5 Q 

c_+I 

Q 



• 

Di 

Notes 
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... 

B 	20 tt, by = 00 rt 0 

s 1000 ft B,B st 0. 07 

Refer to equation 3,56 

0„25 ft.OQ a 1.5 cfo. 
Zt2/Sec. 

h m CO 	rdinato; of 	radlus(feet) 
( toot) centre (feet) 2arfm 

20 1.0 °,0 oc 
.5 00637 4520,0 4380 

19.0 0.407 2370,0 2380 

1Sao 0.1x5 3395,0 970 
10.0 0.028 10550 330 
14.0 0.0045 101000 135 

9 

• 



• • 1 

. 	 ... 	HS20ft,bit=0, 	0,026ft,s  Q.1£ cfe« 
a 0..107 ft2/aec. , a 1,000 ft. 

Notes 	«, . 	Refer to equation 3.66 ard 3.14. 
Pioroinetric Zave3s have been computed 
along axis of xr 

cr►1 
h , a piercoetric bo ht of a point +r the 

drawdom curve of real well 
Ptaroo&etrle height of a point on drawdor 
curve of irnago veil. 

b a pieroiaetric height of' 	curve  
due to combined action, 
Draado n curves plotted in Fig.3.52, 

x 	4r 	X r2 	t 	j 	 h 
(feet) 1(feet) 	I (feet) 	(feet) ) (foot.) 	(feet.) 

10000 .11000 9000 23.78 l.6? 20+46 
- 5000 6000 4000 22.44 18.46 20.89 

• 2000 040 1000 20.88 21.84 22.30 

1500 2600 600 20.46 23.11 23+57 

1280 260 250 20.22 24„65 24.8? 

13.00 Igloo 100 .0 6.66 26 . fl 
1050 2050 So 200 04 0920 28*24 

w» 1000 2000 0.25 20.00 40.00 40.00 
• 950 11950 50 19.96 28.80 28.16 



900 1900 100 19.89 26.66 26.55 

• 750 1750 250 19#67 24.65 24*32 

800 1640 500 19*34 2.3.1 22.45 

0 1000 1000 18.46 21.54 20.00 

500 500 1500 IB.89 20.6 1?. 6f  
750 260 1750 15.36 20,33 15.68 

90D 100 1900 13.34 ,1 . 1.3.46 

950 60 1950 1.1.80 20006 11*84 
1000 0.25 2000 0 20.00 0 
1050 50 2053 31080 10.96 1.1.76 
1100 100 2103 13034 19.89 13,,23 
1250 250 2250 15..35 19.78 1.6. U 
1600 Soo 2500 16.89 39.,54 36  .44 

2000 1000 3000 .046 19.12 17.55 

5000 4000 6000 21.55 17.66 19..1.1 

.1.0000 9000 11000 23.33 33.22 39055 
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4.0 	When a single isolatedmoll is placed in an aquifer 
and rater is pumped out, it develops a region of influence. If 
another well is placed close to the first well, the regions of 
influence of the two wells overlap, leading to greater draudown 
and reduction in discharge and overall efficiency of each well. 
Efficiency of the individual wells diminishes further, with the 
installation of every additional well in the area. This reduction 
in efficiency is due to mutual interference between molls. 
If a group of well, are placed in a straight line, the end wells 
suffer lesser interference than the intermediate uell€~, because 
the end wells are interfered with, from one side only, whereas, 
Intermediate we135 are inteferecI with, from both sides. It the 
group of wells are in the form of closed patterns, the wells 
located in the outer rings suffer lesser interference, than 
those in the inner rings. The interference increases,aa the 
spacing of the well decreases and vice verca. Thus$ the 

extent of interfornece depInds on the spacing of the dells and 
their geometrical placing in the area* 

Proadly the problem of interference between walls can be 

divided into following categories: 

Closed water boundary is in the form of a circular 

island or on alluvial aquifer with pleattful recharge at tho 
boundary. The groups of molls In a closed boundary can further 
be classtficd Into two categories- 



It 
(1) small groups of taolla q  i.e. a group of dtolla 

occupying a ut2all area of tho closed cater 
boundary. This normally happen n in the earlier 
stages of dovolopmcnt and drilling operations, 

(ii) Group of tyolls spread over the whole area. This 
is the ultimate stage, and will occur in final 
stages of dovelopmenta 

(b) 	Wells located an are side of the straight recharge 
boundary or infinite line drive. The line drive may be in tha 
form of a river canal, lake, reservoir or sea. The eater 
boundary is treated as infinite, if it very much longer than the 
tom" 
tart spread of the group of Tolle 

The follow ing cages have been analysed in the present 
stud r for steady flog in confined aquifers. 

(a) Small group of wells in a closed -dater boundary-i 
t t) Two yells in a line 

(ii) Three wells in a straight line, 
(iii) Three cells forming a triangle, 
(iv) yells formtning a square 
(v) Five wells - Four yells forming a square and 

one well at the centre. 
(vi) Battery of 'n' -dells auranged in a Circle, with 

a given spacing utth a given radius of circle, 

(b) Groups of Wells on one side of a line driv, 
(t) Two Tolls parallel to the line drive 

(it) Two ►ells at right angles to the line driv-of  

(iii) Thrco wells parallel to thb line drive, 
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(iv) Single array of wells parallel to the line drive 
(v) Ibuble array of wells parallel ' "ne drives, 

with square placing 
with staggered placing. 

The implications of interforence between trel]s have been 
brought out in terns of reduction of discharge, increase in 
drawdown and influnace on the ah.ane of the drawdown curve. 
Comparisons have been made with reference to a single well 
located in a circular boundary and the results have been 
illustrated by graphs. 

Broadly the assumptions are the same as for steady 
radial flow towards a single moll. In the case o±f wells located 
in a closed boundary the boundary has been assumed to be Circular 
or ,mare or less circular with z an average radius of influence R. 
The priermetric heights of points lying on the boundary are 
assumed to be equal or more or less equal with an average height He 

401. 	'g,,. e1 arc eta f.n are fs~ancl err c r d r ch ;r~e_t~iuncnrvs 

Let the two wells he located at A (p ,O) and B(.. j ,O) 
2 	 2 

(Fig.4.lO). Let the spacing between -dells be a. Let rl and r2 
be the distances of any point P g m the centres of wells A and B 
respectively. 

The Equation for steady radial flow towards a well 
In a confined aquifer :.a given by 

h = Q 	log r + C 	(Ret.Egn.2.43) 
icW 

The combined flog equation for the two we 1a A and B 
can be written as, 
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h= Q~ 	10g 	* Q2 	log r2 + C ....(4.u) 

Considering a point on the face of well at £, 
-.~`.w. log rw + ' -"92 log a + C .'.--(4.12) 2 

B 	2 KB 

Considering a point on the face of well at Bf 
hW 	,.,..., 2.- log a 	+ --- --w log 	+ C.... (4.13) 

2 B 	2 KB 

Considering a point on the external boundary 
a'- R, 	r1 -. r2 	R 

= 	log B 	+ 2.. 	log R + C ....... (4.14) IUD 
FrOAfl equation (4.12) and (4.IS) we gets 

From equation (4.12) and (4.14) we get 

H - hh = 	log ..,,~. 2 	....(4.16) 2110 	a rw 

or Q 	:____ 	tl.. 
g 	 •.•••(4.16 b) lo 

a r,I 

From equation (4.11) and (4.14) we get, 
H - h 	 log .. -......» 

21.B  

or h a N • O .. , log 	 .....(4.17 b).  r1 r2 

Equation 4..16 gives the discharges 	 and 
equation 4.17 can be used for computing the piarometrie height 
for different points on the drawdown curve. 



Pbllowing computations have been done to illustrate 
the influence of different variables on mutual interference 
between two wells 4. 

(a) Effect of Mutual interference of wells on discharge 
(table I.4.11, Fig. 4.11) 

(b) Effect of mutual interference of wells on Draw-
down curves ti) Draw down curve along a line 
passing through the two wells$ (Table 4.129 Fig. 
4.12). 
(1i) Draw down curve along the water divide be-
twe en the two wells. (Table 4.13 f rig. -4.13-). 

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

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

(a) The draw down caused by individual wells in the 
group, adds up linearly to give the draw down due 
to combinedd action of the two we l ls,~. 

(d) A single well operating with a discharge equal to 
the combined discharge of two wells will have #o 
a such greater drawdowa• 



(e) The equivalent radius of influence is given 
by B' = ~2 	(Ref. equation 4.16) 

g3 
Walls placed in a straight line with equal drawdown 
at the faces of all wwlls. 

Let the three, wells be located at A (a,0), 0(0,0) and 
B  (4a 0) (Refer to Fig.4.20). The discharge of the wells be 
Q1,, Q2 and Q respectively. Spacing between wells be 'a'. Lot 
rl, z, r3 be the distances of any point P(r, 0) from the 
Centres of wells As 0 and B respectively. 

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

h = 	log r + C 	..... (ref. eqa. 2.43) 

The combined flog equation for the three walla can 
be written as $ 

b ~`r~8 log r1+2 	log r2+ 	log rr + C..(4.21) 

Considering a point on the face of the well A; 

h 2 	og, r 	log a 2 rg log 2a +C.,,(4,22) 

Considering a point on the face of the well at 09. a1,-- 3og a +2 KB log rw + 174 '-log a +C ....(4.23) 
KE 

94 

Considering a point on the face of the well at ,. 
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+ '~2 	 ' log 2a +2,n 	log a + 	log ry+C ....(4.24)  

Considering a point on the external boundary 

R ?? a, r1 ., rg -r3 -0 R , h = E 

H *2" log t + 	log R+2 K log A + C.,,.(4.25) 

Equation (4.22) and (4.24) give Qi a 93 e...4.26) 

Equations 4.22 and 4.23 give, 

4 ~"~; log " 	+ 	log ..g ~1 log . s, a 	 r~ ; "" 	a 

	

log 2..... 	-RB 	log ,. 
v 

Vic, 
or 	9 	"* g r~ 	 0 s. r. l ~ •. i * i i (4*27) 

log 
1F 

Equation 4,22 and 4.,26 give, 

R 	s 	log ;+ 1-cT 	log 	••• s .....(4.28)  
W 

Equation (4.26) and (4.2?) gives 

Q1  + a ,~3 	8.hr 2 - KB log 	"' 	. • ..... ±► • {4.2 
2 ]ogE ,.log ,lag 	• logrw 

(H•hw) 2T KB log  
2 log  .log 	+log 	- log 

From equation 4.21 and 4.26 we get, 
H-h ' 	]og=' 2. t 	,. 	10g ""  2 	r2 



Equation 4.29 Sivas the discharges and equation 4.210 
gives the ptezonetrto heights for different points on the draw 
down air vs. 

Cestutettae  

The following computations have been done to illustrate 
the effect of mutual interference between three wells in a strata 
ght line : 

(a) Effect of mutual interference of wells on 
discharges (Table 4.219  Fig. 4.21) 

(b) Effect of interference of wells on draw n„ 
1)rcvdown curve along a line passing through the  

lls ,"- (Table 4022' Pig. 4,22). 

(a) Combined discharge of the three wells placed in 
group is more than the discharge of a single 
wall#, under identical conditions* Discharge of 
oath wall to a group is however Less than the 
discharge of a single well. 

(b) the efficiency of the wells diminishes as they 
cams closer to each other and vice versa. The 
reduction in th© discharge of the end veils is 
Less as compared to the central roil. Radius of 

influence does not have such of effect on the 
ratio of discharges 	• 

Qi 

(a) 	The draw down caused by individual Welk adds up 
linearly to give the draw down due to combined 



ill 

action of the three wells* 
Cdi The area lying between the wells becomes a more 

or less level dnraterod zone. 
(ef A single well operating with a discharge equal to 

the combined discharge of three veils will have 
a such greater drawdora. 

IR 	1L 4 . _,: 	rs 

t 
Wells placed in a straight line equal discharge from 

all wells# Let the three walls be located at Ma, 4), 0 (0,0) 
and B t-a,0). The discharges of the veils be Q each. (Pig.4.p) 
The heights of the piezometric levels at well faces be bw N2 
and h . respectively, Spacing between wells be a. Let VIM r2 
and r be the distances of any point P from the centres of wells, 
A# 0 and B respectively„ 

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

a 	]jog r + C (Peter equation 2.43) 

The combined flow equation for the wells can be 

written as,, 

h '~ ~ ~9 ri.lg. r3+C .. ...u.. 4.330 

Considering a point on the face of well A$ 

bw AKA' log rr* --ItB Log a+ iE log 2a 

a t, 	log 2a2. rM 	.0 •*.; ...... (4*32) 



1 • 
• 

Considering a point on the face of the well 0, 

cz log a + 	log rw + 	log a 

a 	` log a3. rye 	....,..... «(' .33) 

Considering a point on the face of the well B. 

W3 

 

	

log 2a+ 	log a+ 	log \ 

It rii log 2a2 r.  

Considering a point on the external boundary we gets 

r >7 aq ri z r2 ' 	r3 	P # h = 0 

	

 

logfi3 	 iMiii*.1 M!.!Mi.*•t+ ~ *k36) 

Equations (4,32) and (4.34) give, 

11 0 h3 

From equstions(4.32) and (4,33) we get, 

hh2 a 	loin 2 3-n 

or hw , a 	log 2 + aw2  

From equations (4.33) and (4.35) we get# 

TI .. hrt2 a 	log  

From equations (4«31) and (4.36) we get, 

3 
log  



r 
Equation 4.38 gives the discharges equation '4.395 

gives . the piezometr is heights for different points on the draw-
down curve . Equation 4.3? gives the drawdown in the side 
wells # when the draw down in the central well is known. 

P, llow ing computations have been done to illustrate 
the effect of mutual interference between wells do 

(a) Effect of mutual interference of wells on discharges 
and drawdowos at faces of outer wells(Table 4.31 

I 

	

	 (b) Effect of mutual interference of wells on drawdown. 
drawdown curve along a lino passing through wells. 
(Table 4,32,, Fig. 4.32). 

(a) The discharge of the wells av diminishes as they 
come closer to each other and vice versa. 

(b) The drawdown 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. 

c) A single well operating with t2 combined discharge 
of the three wells in the groups  gives three times 
the drawdown under identical Conditions. 

(d) The equivalent radius of influence is given ', 

gl* 
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4.4 

Wells forming a triangle. Drawdawa equal for all wells. 
Let the three wells be located at the werticles of a 

triangle (Fig.4.40). The spacing between the wells be 'a'. Let 
r].9 

 
r2 and r3 be the distances of centres of wells from any point 

P. Lot the discharges of the three malls be gill Q2 and Q3 
respective ly. 

The equation for steady radial flow toward a well, 
to a confined aquifer is given by, 

h = r log r + C .4 4 4 4 ..... (Ref. equation 2.43) 

The combined flow equation for the three welts can be 
written as 

` 02-n 	log rl+j — log 12+ 	log r3+C .... (4.41) 

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

24 log rw+ 	log 	log a+C ....4(4.42) 

Considering a point on the face of the well at 139 

2b log - - - 	log rw+ 3 — log a+C ., . , ... (4. ) 

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

her= 	log a+ 	log a + 3 log rw+C ...... (4.44) 

Considering a point on the external boundary P >7 

1~1, 
 

12'3 	RIP h a He 



Pcti,e, 

 h  

by 
X1 	 o 	 x 

- 7 
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Equation 4.48 is also identical to equation 4.39 for 

a -3 app of three wells in a straight line. But equations 4.48 
and 4.39 involve r1, rg and r3 for which the values in the two 
cases are different as such the extent of draw down and deposi• 
tion of the equipotential lines in the two cases will be 
different. 

(a) if there are three wells in a group, drawing the same 
discharge#  the extent of mutual interference depends 
an spacing and radius of influence* Pbr a given 
spacing between walls- a geometry of the placing 
has no influence on discharge# 

(b) For a given discharge from each well, the dray-
down at the faces individual veils,, shape of the 
drawdown curve and disposition of Oquipotential 
linen:  depends on the geometry of the placing. 

4.6  Four Well ] cg tcdin  }In 	or c3g224, r!gharg urzs  

Wells forming a square. Erawdowos at the fac a of wells 

are equal. 

Let the four wells be located it A( $ 	), B( 

C, (- 	), D( 	). (Fig. 4.50). Lot the aide of the 

Square be 'e'. Lot rip r3, r3 and ri be the distance of any 
point from the contras of wells A,B,C and D respectively. 
Lot the discharges of wells be Qi, 931 % and Q4. 

T)* equation for steady radial flow towards a well in 
a confined aquifer is given by, 



11 a 	log P+ $ ,~ K-` log P+ 2 U log R'F'C -...... (4.45) 

It 	Prom equation (4.42) and (4.93) we get Ql 

Prom equation (4.43) and (4.44) we get, 

I 

	

Q9 = Q3 

or 	 •l*.Ni.•.***.(4.46) 

From egqations(4.42) and (4.45) we get, 

log 
a rw 

o 	 e T-is f7 lid err 4fAl_ 	
.MrN.Yii.►.(4647b' 

log. ..wrrr 

a rw 

From equations (4.41) and (4,48) we get, 

h 	log 

or ! .r ' ~ 
	 (4* 48b) I h 	 Ti 	 p' rjLar,2or 	.rrra.... 

Equation (4.4?) gives the discharges and equation 
4.48 gives the peizometria heights of points on the drawdown 
curve. 

It can be seen 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 equal discharges. Ja such 
for a given data discharges of the two groups of wells will be 
Identical. Fbr effects of mutual interference 	discharges 
refer to table 4.31 and Fig. 4.31. 
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It =2~ log r + C 	(Bet. equation 2.43) 

T a combined flow equation for the group of four vella 

is given by,, 

Considering a point on the face of well at £9 

Iva Q, 2o,~Y's+ 	lag a+2 	log av KB log a+C ....(4.52) 
B 

Considering a point on the face of well at B, 

f log a+ 7 log r+ 	log a+2 	log eq+C ..(4. 53 

Considering a point on the face of well at C, 

1 2T 	log W+ 	Yog &+2i!  log r+ 2Q4' 	log a+C.. (4+ $4) 

Considering a point on the face of well at 4 

z 	log a 	g 	+2 KB log a+71(! 	rw+C ... (4.55) 

From equations 4.52 and 4.54 we get, Q1 = % 
From equations 4.53 and 4.55 we get, Q2 a q4 
From equations 4.52 and 4.53 we gets, Q1 a 

or 91=Q2=Q,3_ _Q .,,.►*.....,(4.86) 

Considering a point on__the external boundarys 

H a 	 log 0 + C 	i. • w.... ! ♦ * N (4.57) 
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+~ (2.') 

o 

~a5 D(,-q) 
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and spacing between wells remain $nchanged«  
Zr the wells are placed 10 any irregular pattern 
with non uniform spacing'  the discharges tyros 
we lis are different. 

(4) The disposition of the equtpotential linos, shape 
of the drgwdown curve, and drawdowu at the faces 
of Vella depend on the di schar. ge and geometrical 
placing of the wells. 

U) Wells with equal discharges and equal spac-
ing between then can have different draw 
downs at the faces of wells depending on 
the aeoretry of the placing. 

(1i) Wells with equal discharges and non- uniform. 
spacing will have different draw downs at 
the faces of we 11g. 

(.tt) Wells with different dtsobarges f  but equal 
spacing between them will have different 
drawdowns at the Paces of ws 11 ,,, 

(e) Bquivalent radius of influence its S- a 

4.6 

Four wells forming .a square and one well at the 
Centre. Equal car arsdown at the faces o t all wells, 

Let the wells be located at A (+ s 	$ ` f 

C (u. 	f)#  D( f, u)  and ©(O,0)(Ftg.4.60). Let the side of 

the squire be #a$. Let rib 	11,39 r4 and r5 be the distances 
of any point P from the Centres of wells A9Bt Cj, D, 0 respecti- 



Iron equations (4,652) and (4.57) we get, 

......(4.58a) 

or j  
log 

0447-rw 

From equations (4. al) and (4,57) we gat* 
4 H .. h 	log r-~- r 3 r+ 	•...«.(4.49a) 

9 b H "2 J log r1. 2. r. r4  
j 

Equation 4,658 gives the discharges and equation 4.59 givi 
the ptezorsetric heights for points on the draw down curve. 

Computations illustrating influence of mutual inter-
ference of well on discharges have been given in Table 4.61 
and the "salts have been platted in Fig. 4.81. 	 .~ 

(a) Pbr a given get of conditions, the discharge 
4ecreases with closer spacing and vice versa. 

(b) !r a 'iven drawdown, the discharges of all 
wells in a group are equal, it p]a cod in the 
form of a square. The geometrical pacing of 
the square in the recharge boundary has no its- 
f luen discharge.    

(d) If the wells are placed In an open geometrical 
pattor~p, the discharges of different wells in 
the group are different% even if the drawOown 
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ysly. Lot the dtstharges of wells be 419 Q2, Q3, 94 and Q5. 

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

h 	 log r + C .....,..(fief. •qn. 2.43) 

The combined flow equation for the group of five 
wells is given by# 

h 	log r3,+ 	log r2+C 	log r3+2 KB log r4+ 

Q5 
2K 	log r6 + C ..,.......(4.6l) 

Considering points on the faces of wells A$ B, CO 
Do and 0 we get the following equations, 

log rw1j log a+ 	log 	+ 	log a + KB 	D 

*- 	iofi 

 

+c ...•s.......•..(4.62) 

Qa 
hw * "KB log a'+ ~` U d 	 log rw+2 j log a+ n log *4 + 

Q log 	600*............... (4,63 ) 

h *2.~ 1B log a + 	log a+2" Blog !w+aj log a + 

log 	+ C 	..4.►.i1..l.. \4564) 

Y V 

-~- 	log--2 	ga KBLoga+ 	9 yoBrw+ 

KB log 	+ C ,.........(4..65) 
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 io 	-~-- 2 - 10 	~o~. ..  + X2*  	+ 	+ t► KB 	2 T, KB 	 D * 	 +2- nl~  ~ 

Q.. B log r + C 

From equations (2.62) and ' (2.64) we get, Qa s 94 
From a quations (2.63 and (2.68) we gat, Q1 m 93 
From squat ions (2.62) and (2.63) we get, Q, a Q2 

. •Ql 	q 	Qd a Q, 	...... « • •... (4o67a) 

Prom equations (2.62) and (2.66) we got, 
log rrr~ :rinwwrr. 

Qi - Q8  

208 

Considering a point on the external boundary, 
ha H,  

H 2 log 0+ 2-r-1o6 R + C .. * s .... (4.68) 
From equations(2.68) and 2.66 we gets 

log 	 log - 0.0 0 0 (4.69 ) 

Equations( 2.67) and (2.60) give, 

q1  
rw 	 •.... (4.610a) 

4 log `Llog ....f... +]0ç-.]o& ..r~.... 
a VI rV 	 ry 

211ICB(H-by) log 	s Q5_ 	44ry 
4 to 	U 	+]jog r' '°S ' 

a 
1 	. , .. (4.610b) a 	ry 	4D1~ 
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From equations (2.61) and (2.68) we get, 
4 

Hub 2 Iff JKB 	rl.r2.r2 .r4 *KB 	log ra ...(4.613) 
8 

Q 	h4 	.... Q8... _ .... 
	... ,,,,,. or h = 9 -2 -n RB_ 

log r ,.r2.r3.r, 	Log 	... (4.611b) + 	 =b 

Equation 2.610 gives the discharges and equation 
2.611 gives the piesos~etrio heights for points on the drawdown 
curve • 

Computations illustrating the influence of mutual 
interference of wells on discharges have been given in Table 
4.61. The result5 have been plottSd in Fig. 4.6!]. 

(a) For equal drawdowns at the faces of wells, the 
discharges of outer wells are more than the din.. 
charge of well located at the centre. 
The radius of influence does not 'have any •ia-
fluence on the rats  

The geometrical location of the group of yells 
In the recharge boundary does not have any in-
fluence on the discharges. 

(b) The drawdown at any points shape of the drawdown 

curve and disposition of squipotenttal lines de-

panda on the geometry of the group of veils and 
its location in the recharge boundary. 
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4.70 

F.* wells forming a square and one well at the 
Centre. 	All wells have equal discharge'. 
Lotthewollsbelo tedatA (2, 	), B( 	' 2 

C ( - , 	,- 2), 0(( 	,u f ) and 0 (090)(Fig#4.I0). Let the 

side of the square be 'a'.  Let ~r ,j r2, r39 s49 rg be the 
distances of any point P from the centres of well. A,B,C, 

1, 0 respectively. Let Q be the discharge of each of walla. 
Let hi bra, h3, hu4t lIwb be the drawdowns at the faces 
of walls. 

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

h 4 	log v + C 	......... (Bet. equ. 2.43) 

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

h - 	--- log rlr+gr3r4s`5 + C ...... (4.71) 

Considering points on the faces of wells, Al B, C# D, 
0 we yet the following equations, 

hurl log a4rw + C  
hwB ~ j - log a ►y + C .....(4.72b) 

hV42?B log a4i1'y + 0 	..... (4.72d) 
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hw5 	 logi rw+C .....(4.73) 4 

From equations 4.72 we get, 

From equations (4.72x) and (4.73) ws get, 
hi hw8 +  

Considering a point on the external boundary, 

haH, r1zzr2 -r3 -r4%,r8"f 

H i 	log A' 	 6600.(4.78) 

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

H hv5 2 	206 4 P6 .....(477a)  riB 

or $ (Ra) 
log 

a 

From equations (4.71) and (4.76) we get, 

61 66 6 (4.78x) 

or h 8 ~2 	~log r
1 ` .r r.r.r 4 $ 

.....(4.78b) 
3  

Equation. 4.77 gives the dtschargse and equation 
4.78 gives the piesc~artrio heights for points on the draw 
down curve. Equation (4.78) gives the dr awdo wn a at outer 
wells when the drawdorn at the Central vol] is known. 

Computations illustrating the influence of E teal 



interference of veils on discharges have been given in 
Table 4.71.  

£wclgtori _ 

(a) When the discharge of all wells is equals the 
drawdown in the Central Well is more than the 
drawdown in the outer wells., . Ober- effects of 
Interference are saw as for groups of three and 
four wall.,. 

(b) The extent of drawdown at the faces of wells, 
shapes of drawdown curves and dispositions of 
equipotsntial limes will vary with the geometry 
of location, oven when the 

f 
discharges of all 

wells and spacing between then 	o ntinue to 
remain the s. 

(c) The equivalent radius of influence P' a __S • 
a 

Let r be the radius of the battery circle (Fig.4.80). 
Let the number of wells ban, equally spaced along the ctrcws.- 
berence of the battery circle. Let the spacing between ad- 
Joining wells be a a 2 r sin ;~ . Lot the drawdowds at the 

n 
faces of wells be equal. Let ri, r2, r3 •....,r be the 
distances of any point P from the centres of weila. Let 9_9 

Q~,, Q3 .......Q be the discharges of wells. 

The equation for steady radial flow towards a well 
In a confined aquifer is given bye 

h a 	log r + C 	(Buf f eqn. 2.43) 
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The combined flow equation for the group of n we118 
is given by, 

h = c iog r1+ 5 log r2+.....2nd 	rQ  + C 

By considering the points on the faces of wells n 
equations can be obtained to give, Q1 q2 = ©3 .....Qn=aay Q 

• 0 ... (4.82) 
The combined flow equation can therefore be **written 

as 
Ii = 2_Q_ log rl. r21  r3, ..... ra  + C .......(4.83) 

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

ire t, 	h ` hw, 
r1= rw 
r2= AB = 2r sin W 
r3  = AC = 2 r stn 

r4 

 

AD= 2rain 

ro== 2 r sin (n-i) Q 

or hw  =B 	log rw. 2r s .o • 2r sin 2.'...2r sin (n-1) 1 +C 
A 	 "L 	 fl 

3L. log rv.t 	r,2sth.. .2sth , ....2 ain(n-1):, +C 
n 	 n 

.... 4̀.84/ 
Considering a point on the external boundary, 

`_ '= H, 	2 *. • . • Mrn r B, 

H =2  —1.og B + C 	................ (4.85) 
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From equations (2•$4) and (2.85) we get, 

fl 

2'KB log 
 rw.r°-12 sin" .2 sin 	...2 sin#n-1) 

In 	n 	n 

o log is • ,w 

2 sin TT .2 sin 	. 2 aisA ..*2 sin(n..l)y 

1flb .1 
  1 ç; log-+ log 	- 	2 sin 	.. (4.86a) 

or Q 	2 	KB (H - hw) 	 -_ min-1 	 •.... (4.86b} 
n log 	+ log L- E 	2 a in r 	rw m=l 	Q 

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

n (4.87a)  r1.r2.r3....r.© 

orh=S - -- 8log 	 Re 

	

rl.r2.r3.... 0 * r, 	......• t~.8?~ 
Equation 4.86 gives the discharge and equation 4.87 

given the piezometric heights for points on the drawdown curve. 

The following computations have been done to illus.. 
trace the a 'fect of mutual interference of battery of wells 
placed along the circumference of a circle - 

(a) 	of 	~.1 _In terterence_..Of...dt 	t&t 
Cs____~,,I - Constant spacing between wells (Table 

4.81 S•~~ 

Case fl-Constant radius of battery circle 
(Table 4.82 and Fig. 4.82) 
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(b) Effect of mutual interference of wells on 

drawdown - (Table 4.83 and Fig. 4.83). 

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

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

(a) The drawdown curve along the diameter passing 
through wells becomes flatter as the number of 
wells in a battery increase.. This is very use-
ful for dewater ing operations. 

4.9 

Let the recharge boundary or line drive lie along 
the axis of x (Pig.4.90). Let the wells be located at A 
(0, dl) and B (d, d2) . Let the discharges of wells at A be 
Q1 and that at 2 be Q2. Let one image well with a discharge .. 
Qi be placed at C (©, - dl) and another image well with a 
discharge -Q2 be placed at 9(O, -d2) to replace the recharge 
boundary. Let r1, rt2, r3 and r4 be the distances of any point 
P from the centres of wells A, C, B and D respectively. Let 
the drawdova s at the faces of the real wells A and B be equal. 
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The equation for steady radial flow towards a well 
is given by, 

h U2 f f lag r+ C 	(Ret. eqn. 8.43) 

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

Q1  1'g + r1 	log 	+C.....0 (4. 

Considering a point on the face f the well at A, 
h=),  rl a rw, r2 = 2d ,, r3-d2-d1 r4 = dl+t 

or hw 	—log - + 	*- log 	.. « (4.92) 

Considering a point on the face of the well at FAO 
h = hw, r 	r2 a 2'1, r3 rw, rde 24 

a 
or hw =R 	— log -a- $2lI 	1og 	+ 	-... (4.93)  

Considering a point on the recharge boundary we gets 
r, r,21 r3 I r4, h I U 

orH0C 	 •....•.«r.•.•(4.94) 

From equation (4.92) and (4.93) we got, 
C 	Q1 Od d2•d1 Q2 	d2+d1

'•;$1 	f lo 

	

2d2 	d2"d1 
or Q1 * Q2 	g ~c w 	i 

log 	4 +dj  

From equation 4.93 and 4.94 we gets 

R • hw to 	n „p 	• log 	•. « .... {'4~ 9R 



From equations (4.95) and (4.96) we get,, 
ad2 da_dl 2 r gB( I"hw) loft=y ~ ~ 

log +d~`iog 2. deal +log d2 & 
. . »(4.9?a) 

KB(fhw) log 
 i d2i8~,

2 Tr 	
~2dl  

1 8 and t 	 d2 1 

	

log +d1 2og ad2 . 42..ail t3,0 	2d1. 	_ 

	

w cry rw 	a 
...i•.1$(4*9?b) 

From equation (4.91) and (4.94) we get# 

'g "' h-ti B log 	. 4 r3. r3 (4.98*) 

or h H " 	log 1 3 
........ (4.98b) 

Equation 4.97 gives the discharges and equation 4.98 
gives the piezometric heights for points on the draw down curve. 

Computations have been done in Tablo 4.91 to tllus•» 
trate the effect of mutual interference of wells on discharges. 
(\+ 4- LM.L - 	#4-0  ¢rat wt 	4 q r 

..!golus1 ng 

(a) Discharge at each of the wells in the group is 
less than the discharge of a single well in 
identical conditions. Ratio of average die. 
charge Q to discharge of a single well increases 
with th spacing between wells but decreases with 
the distance from the recharge boundary 

(b) Ratio of the discharge of second well Q2 to dis. 
charge of first well Qi, decreases as the spacing 
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between weals increases. The ratio also increa-
see as the distance from the recharge boundary 
increases. 

4.10 

Let the recharge boundary or line drive lie along 
the axis of s (Fig. 4,100). Let the wells to located A A 
(0 d) and B (a, d)a Let the drawdowns of two wells be 
equal. By the symmetry of location, the discharges of the 

two wells are equal, say Q each. Lot the lug* well with a 
discharge • Q be located at C (0, d) and another Image well 
with a discharge -Q be located at D(a, 	-U). Lot r1, r2, r3, 
r4 be the distances of centres of veils A, Cl 1 , D respectively 
from any point 	Let the spacing between wells be a . 

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

b = ~r 8 log r .+ C 	(Bet eqn o 2.43) 

the combined flow equation for the group of read 
image veils is given by, 

ha2Ti 	log 	+C 	000.0..(4.141) 
4 

Considering a point an the ewe face of well at A, 

h=hwi r1= Tw, r22, r3 *46 r4"/ 	" 

or hW = 	... log ..? ,a..0...u.,.....~. + C 	•....,.(4.102) 

.4d2 

Considering a point on the recharge boundary, say a,. 
h s I, rlar2, r3'~r4 
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	 or H=C 	 ..........(4.103) 

From equation (4.102) and (4.103) w• get, 

R- 4~ 	
log 	/a 	.......... (4.104*) 

a 

or Q 	2"~ (H-hw ) 
log 	« / d 	 •., r •. r. r. (4.104b) 

rat
• .+_._...,.. a 

From equations 4.101 and (4,103) we get, 

H  2i 	log *-r3 
3 

orh=R- 8 log rr ~ 

•n.•ll #., (4.105a) 

.......... (4* 105b) 

Equation (4,104) gives the discharges and equation 
(4.105) gives the plezometria heights for points on the draw 
down curves. 

s =' 1 	i1iIWJ  

Computations have been done in Table 4.101 to tiles. 
trate the effect of mutual interference of wells on discharges. 
The results have been plotted in Fig. 4.101.. 

T  .irj 

(a) The discharges increase as the distance from 
the source dflcreases. The discharges also in-
crease with the increase in spacing between 
we us, 

(b) Equivalent radius of influence R' 	a2+4d8 

4.11 

Let the recharge boundary or line drive lie along the 
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axis of x (Fig. 4.110). Let the wells be located at A(0,d), 
8 (as d) and C (2a, d). Let the dravdowne at the faces of 
three wells be equal. Let the discharges of wells. be Q19 
Q2 and C respectively. Let the image wells with discharges - 

-Q19 -92 and -Q2 be located at) (0, -d), S (a, -d) and 
F (2a, -d). Let rl, r2, r3, rd . r5i rg be the 	distances 
of any point P from wells at At )), B, B, C, F respectively. 
The spacing between wells be as 

The equation for steady radial flow towards a well 
is given bye 

h=~logr+C 	..... (R+ef. ''qn. 2.43) 

TM combined flow equation for the group of real 
and image wells is given by, 

h 2ii log g '  K~-- .- log 	+ 2-n 	log 	+C 

	

KB 	4 	5 

., .. 0 0.0 0 . (4.111) 
Considering points on the races of veil si A, B# and 

C we get$ 

	

' 	 +C by =2;9 BLoo r p log ''r'~1...... * 	 ........ 

.0.000...,(4.].12). 

hw "2 B log--- ♦ L- 3rog21B  
v 	 a ♦4d2 

s1~ low.. ".."' + 
!.. 	

Mpg r..3,...,.. + M 	$ jj+C 
a 4d 

..........(4.].14) 
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From equations(4.U2) and (4.114) we get, Q1 Q3 ..... (4.116a) 

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

log  rw 	 _ - _ 2+4d2 

lOg ~rw g- 3+4o a +d2 
.......... (4.118b) 

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

H .. hw 	Q1 iog i ± 	+ Q2 log Ad ........ ♦ . (4.11O 

	

B 	rw 
From equations (4.116) and (4.117) we get, 

am 4-u 1 (H-hw) 	log( 	)11og (1+ 2 ) 

log ( 	2 log (4 ;3. (1+ 9) ..2 log(l 	n 

	

a 	 a 

......... (4.118a) 

	

4 *► HH(U_hw) log (2 ) ~ifd a log(.+ 	17 Qg 	 a 	C 

log( 	)2 	 ( 8 )2 .(1+ 	) 	.2 1og(i 	) 
2 a 	 s 
	

2J 

........,.. (4.118b) 

From equations (4.111) and (4.130) we get, 
r 	r 

~-n T H 'g ~ 	+ - -r- 	In 	........ (4. ~►19a3 

or h a &- Qilog 	+ ~... .. log  
1 5 	3 

Equation 4.118 gives the discharges and equations 4.119 
gives the . ptezonotrie heights for points on the draw down curve. 

( I, ~, 
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4.12 

Let the recharge boundary or line drive lie along 
the axis of x. (Fig. 4.120), Let the wells be located at A 0,d), 
P (a,, d), C (gas d) ....• (naf d).. • Let the discharges of the 
relb be Q •ach. Lot image wells with discharges -Q each, be 
placed at A' (0, -d), B' (a, -d), C' (tat -d).... (n a,-d)... . 
Let ri g r2, r3 ..,..be tge distances of any point P from 
the centres of real wells A, B1 C, respectively. Let the draw. 
downs at the faces of all veils be equal. The spacing between 
wells be 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 confined aquifer is given ter', 

h 	log z' + C 	(Refer eqn. 2.43). 

The 	
A 

combined flow equation for the group of real i, 
given t, 

h  2 KB Iog Vi, rat • r3 	+ C 

a,l(x-Aa)2+ (Y_d)2 + C 
~Dg Co 	.' g+_Co. 	]+C 

•..,„ (4.121)' 
Equation 4.111 is a basic equation lbr solution of 

problems involving infinite array of well@ just as equation 
2.43 is basic equation for flow towards a single veil. The 
special features of the equation are $ (t) It satisfies Leplace's 

equation# 

Pbr the derivation of infinite integral refer to Fla of 
Homogeneous fluids through porous media by M.Mushat, 80s , 
4.9 page 18.490. 
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(ii) It is a periodic function. The argument of 

the logarithm vanishes at centres of wells 
(na, d). 

(iii) Pressure distribution is syamotrical about 
the axis of y. 

The combined flow equation for the infinite array 
of real wells and Image wells is given by, 

206 	so srh 2(d),5 
	+ C ....(4.122) 

eos,h2'Y )~Oos 2c1 

	

a 	a 
Fbr a point on the line drive say (0, 0), 

H = C 	....... (4.123) 

Pbr a point on the face of well A 
h s` hw I y a d+rw, z a 4 

orhw~~ log conk 	:i 	C 
oosh22 l a 

	

4- $B ~n , 	+ 	....(4.124) 4) log 	~ 	..~ ~ 

a 	a 	+0 	a - 2 	
L1.~:.~, -4 ~,c,•~z 

From equations (4.123) and (4.124) we gets 
s .ah (.2 

H. 
	= 	 so . •...... (4.1e2►~►~ia) hw 	log  

s iuh 

or q - 2..: ~., A (H_-,..,h +~ 	 .......... (4.15b) 
Binh 2 fl4 log . 
sink 
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From equations (4.122) and (4.123) we gets 
Cos h.22 ~Y )..Cos 2T,1 

'~jh 4 .r 	lo
g 

rrrwr.~"`~_. ir.r~~.r.a+.~~.n 	
.i • 0. 0 0 0 (4.3~+6s) 

+~L Cos h 2TI(_ate) - cos 2na 

Coa h 2 ( 	) .. cos 27'i ~ryQ 
or h 	'+► __log .rw~..r«rrwr-A....~..~.a 	 . ..... ( 

(~ 4.126b) 

Cos h 2-n a 

Equation 4.125 gives tt1a discharges of ws lls in the 
array. and equation 4.126 gives the piezomtris heights for points 
on the drawdown curve. 

The following computations have been done to illustrate 
the effect of mutual interference in any infinite array of wells 
placed parallel to an infinite line drive. 

(a) Influence on discharges Table 4.121 and Fig. 
4.121. 

(b) Influence on drawdowP. Tables 4.122 and 4.123 
Fig. 4.122 and 4.123. 

(a) Discharges increase with an increase in spacing 

between wo lls 'and vice versa. 
(b) Discharges decrease with an increase in distance 

from the line drive and vice versa. 
(c) The equipotential lines are straight lines$ 

parallel to thee line drive except within a dis-
tance equal to spacing 'a' from the centres of 
wells, This is indicated by a uniform gradient 
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of the drawdown curves upto 500 ft to 750 ft 
Zr the line drive. 

Let 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 dl an( distance of second array 
from line drive be d2. Let the spacing between the wells along 
the arrays be'a' and the setting of the two arrays of wells be 
in a square pattern. Let the discharge of wells in first array 
be Q1 and that in the second array Q2. Let the drawdowns of 
all wells be equal. Let two infinite arrays of image wells 
with discharges Ql and -Q2 be placed, at distances dl and d2 
respectively, on the opposite side of the line drive. 

The combined flow equation for the two arrays of 

real wells and two arrays of image wells is given by (Refer to 
equation 4.121). 

h_ ..~,..... 	Co s-h 2 T (Z 	) -' Cos 2... 
4-n KB log  	a - 

Cosh 2T ( a )-Cos a -tr- 

Co s,h 2 - (~=--~2 }.~ cos 2 T=x 
— 	g.~...._._ 	..._&__. +C .... (4.131 

Cos-h 2 	( I. ) ;. cos 2" 
a 	 a 

Considering a point on the face of a well in first 
array, say (0, di) we get$ 

Ql 	 cosh 2 (dl-d2_)-e hw=4' rk' 	log Cos 2 '1 rte, " 	+ 2,_,, log 	 .~.. tC '~..`_..". 	 r, B 	co s h 2  
-' j 	 a 
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- Ql,, 3o8 Sin_h 	- 	 ~~ Sin -h n d~ dI 
2 	 S1n,h 2 Tom'"' # 2 r 9 	Bin-h  

a 

Similarly considering a point on the face of a 

veil a second 	p say (4, d ,) we get, 
Coe-h ' 2 (  

4 r, IB 	Co s-h 2 	+ di.) -1 

Cos 2"1r •1 
a 

L 	2 	1 
	+c 

q1 	Sin- h T~( d2 ..dL) fl  
or 	 ti -h ddb" 	x~ 

a 

Si ~L log n-h ~r 
4- 

 
2~u~n, 	 + C ......(4.133) 

Si; d2 

From equation (4.132) and (4*133) we gets 

log Sin.h 	Bin IT td 

8inr-h 2 Tn 	. sin_h v (d2-d1) 
a 

......(4.134 
 s Qt- 	..fit_.. s a- ,L Q =yog 	a  

s r 2d A 8 n.-h d2 i1) 
8 

Considering a point on the line drive we get, 

H 	= 	C 	 ..Mi*Mi. •~I.* (4..475) 



From equation (4.132) and (4.135) we get, 
Q1 	g 	sin_h~+ 2 dl 	

+ 
H« 

	
log 

2 	KB 	s tn_t ' T' 
a 

61, 	 sinTt (d2 +d 

 

log  a 

s n Tt (d2-d) 
a 

.....#..(4.136) 

Equations (4.134) and (4.136) give, 

2 	gB (H•hw) log A 
qty log 	o ic,►►. h ..2 	+ 6 sin-h-T (d2+d3) 1loI T 

sia T '1 G~• 
a 	.. ,► » (4» 

2 	KB (H- 	) logB 
and 	 -~ 	log B. 

ssa4, 2 	 9in.h 'Ti( +, 	) 
s 

log 	Ts,.._.......~,»._ 	log A + log ...,.......~, - 
s itch 	i r 	 s ink Ti (2i) ' . i3? 

sin-h ly.. sin-. I (d1) 
Where A 	- a 

1 4 . sin_h IT(d241)  

sin-h 	-n P . s in ,h -t► (d +d 
and B 

sin^h 22 di . sin -n (d2-c1i) 
a 

From equations (4.135) and (4.131) we get 
QZ aoeh 2 -f (, 	~ 	cos $,.'.X. 

h 'R g - .r..r ~6 4 -r) KB 	co s- 2 _,Z ;$l, -coo _„ , z_,_  
XTi th.\_ .All 	 n 

k -AV-1 S   
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12 
cos 

... (4.138 

a 	 a 

Equation 4.13? giveS the discharge and equation 4.338 
give the ptsnometric heights for poin is on the draw down curve. 

The following computations have been d to i llu str ats 
the effect of mutual interference of wells in double array of wells 
parallel to an infinite line drive, 

(a) Discharges of wells in the two arrays and shield. 
log characteristics of the first array of wells. 
(Table 4.131. Fig. 4.131 and 4.132) 

(b) Influence of spacing botwes arrays on shielding 
characteristics. (Table 4.332. Fig. 4.133) 

(c) Drawdowns along , a line at right angles to the 
line drive end, 
(t) Passing through the wells#  

and(ti) Passing midway between veils, i.e. along 
the water divide#  

Cgncus  S 

(a) The discharge increases with increase in spacing 
between wells and decrease in distance from the 
line drive. 

(b) The shielding effect of first array of wells 
decreases with increase ' to spacing between wells. 
Pbr larger spacings the value of _],L _,  is of the 
order of 2/3, 

log 
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(c) The shielding effect become constant for values 
of 	exceeding 0.8. 

a 

(d) The shielding effect increases with an increase in tt 
spacing between arrays of walls. 

(a) The draw down curve along a line 4 right 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 uniform gradient for some distance 
between the two arrays of vclls. Finally, the 
drawdovn curve becomes a horizontal straight line 
beyond the second array of wells. This is due to 
the fact that equipotential lines are more or less 
parallel to line drive except* close vicinity 
of the wells. 

(f) The potential from the line drive can be made to 
drop to any dented extent by the variation of 
spacing between wells and discharges of wells. 



13 
4.1 

Suppose that the two arrays of yells discussed in 
L 

para 4.13 are staggered by a distance 94 along the axis of x 
and are placed as shown in figure 4.140. Let the drawdovns at 
the faces of all yells be equal.. 

The combined. flow equation for the arrays of real and 
im9e wells is given  

1 	0019 2 ( y- d1) - Cog a r7 
b * 	g [~......,.  

Co42 	Cos.a.., 

Cosh 2 m 3L„ ) + Cos 2 ~t 	+C .1(4.1 
--- 

 logi 	 a 	 a 

Co,r 2 T ( r + d) + Colt 	... a 

Refer to para 4.12 for basic equation. The plus sign 

before Cos   	for .second array of wells indicates advance 
e 

In period by -h relative to first array of wells. 
Considering a point on the face of a well in first 

array, say at ( O d1), we get 

x *~ O, Y ' (d1+rw) t h hw 

-1 

a 
Cos..- 2Ti( 	) +. 

log 
L  sh 2 T 2 2 +1 

a 
Q1 	ait~h ~n 

& Z 	tat .Cos 'TI ( 	) 
2fi 

t; n 
+ C 	......(4.142 
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Considering a point on the face of a well in second arrays 

say at. (2s d2 ) we get, 
2 

Cas~h'2ic(d2-d, 	+1 
Os hw ~, 1..,.,, ~+g 	 a 4 -Ti 

oos 	-ri  

a 

+ QZ CO51 2 1T ry 	•i-- 	 1 
41flcg 	 a 	+ C 

a 

= 	C CotTd2..dl 
10 	

-j + 
Q2 L 0_h 	2+ 1 . 	«....,,...... 

.-. 
g '..""' 	a 	+ C 	(1.143)  

e int 2 'n d2 

•From equations(4.142) and (4.143) we getp 
Sin ce r~ 	Cos—h d #dl) 

Sin._. ► 2 ti 	o$ h `dsdl) 
a 

l 	 si 	-~ r 	o 	m d2*d 
log 	 a 	 a 

~ n 	2~ T~,k11 	 Tl d2•dl 

Considering a point on the infinite line drive we get, 

% equation (:..1 ). a%44&14b)otehge! +dl 



( stn 2 T $ $ - hw  log 
i s 

.,... 
T 

+ 
-  

Cos-h 'tr (d2+d1) 

3og .....X4.198 Lcos -h in (d2 -dl) 
a 

From equation 4«141 and 4.10..5 we 
.r 	Cos. 	2hT t 	+ d 	? • coo 

10 L-.0 a a 

Co" 2 -C (y - + d2) + Cos  ' 
6~Z 	 a 	a - - 	 .,, .,► (4.147) 4 	 ,~jn1~ 	COti 	~1 	+ dl 	Ctla 	I z 	

.  
a 	 a 

Equations 4.144 and 4.146 give the discharges and 
equation (4.147) gives the piezometric height at any point. 

.~~. 	,• 	., 
Computations h ► e been made in Table 4.141 to give the 

shielding effect of first array. of Wells for different values 

of (d2-dl).. 
Cox c 1ua iogcr- Equation 4.144 which gives the ratio of Qj to Qg 

is similar to equation 4.134. T ~ince the values of Cosh r, d2*d 

	

and ain..h,Td2"di . are almost equal for values of 	d 	0*6 
and above$ the shielding characteristics of double &array of wells 
with square setting and staggered setting are almost the same. 
Other conclusions are the same as given in paz a 4.13* 
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D~ AL 	... E a 2© f t, hw * Ot rw a 0.26 !t. 
# 0.10 ft/sec. 

Notes 	... Refer to equation 4.16 
Q0 refers to discharge of a single well pumping 
alone under similar coalitions 
Results platted to fig. 4.11 

a 	I R a 5000 "t 	R a 240© f t 	R' a 1000 ft 
(feet) I %a 1.36 cfh 	Qo= 1.8 ofs 	qo* 1.6 ate 

efs) 	gfs1 	~Q g) 
'~o 

Sd 0,93 0,69 1.06 O.?1 1.20 0.74 

100 0.98 0.72 1.12 0.75 1.28 0.79 
200 1.03 0.76 1.20 0.80 1.36 0.84 
300 1.06 0.78 1.24 0.83 1.42 0,87 

400 1,,09 0.80 1.27 0,85 1.47 0.90 

Sod . 1,11 0.81 1.30 4.87 1.60 0.92 
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Sh s 	•.,. Ha20ft, h 	a 09 rpa 0.28ft. 
K9* 0407 ft2/sec. 
a = 100 its P 	2000 it, Q 	1.12 ate. 

Notes 	... Refer to equation 4.17 
Piesometer height have been computed along a 
line passing through the two we ils. 
hi and ) refer to pie zometr i c heights due to 
the action of individual wells# 
h - refers to piezometric height due to the 
combined action of two wells. 
Waw down curve plotted in Pig. 4.12 

Effect of We11 at A 	Effect of well 	Combined effect of 
x  I I  I  at B  I two wells 
(feet) 	r'1 I 	hi 	 I 	h2 h 

I(feet) (it) IN)  J(ft) 	 (it) 

- 	f 	.wrwrr- ru+rrrr+ariw:wrriawrr~  +rnr 

0 60 13,05 80 13.85 7.70 
25 28 12.70 78 14.65 7.28 

60 0.85 8.00 100 18.00 0 

76 28 12.70 186 15.40 830 

100 50 13085 150 15.70 9,55 

200 150 18.70 280 16.80 12.20 

500 450 17.80 550 17.82 18.32 

1000 980 18.80 1060 18,90 17.70 

2000 1950 20.00 2060 20.00 20.00 
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______ r.. 	H a 20 ft, ! , a 0, ry a 0.2$ ft 8'3x0.107 ft2/sec. 
aa100ft, Rx2000ft. 

Notes ...  Aefer to equation 4.17 

Piezome~trtc heights have been computed along the 
water divide between the two we Ile ( o, n 1) 
b1 and by refer to plazoaetrid height due to the 
action of individual wells. h refers to piezo . 
metric height due to the combined action of two 
wells, 

Effect of well at Al I Effect of well of B 

(toot) 	(feet) 	(teat) 	f 	(f et) 	(feet) 

Dmbined o 'feet 
f tha two wells 

h 

(feet) 

0 sfl 13986 50 13.86 7.70 

100, 112 15.32 112 15,32 10.64 

20) 412 17.38 412 17.33 14.76 

500 510 17976 510 17.76 15.52 

1000 2.006 18096 1006 18096 17692 

1500 1600 19.80 1600 19.60 19.00 

2000 2000 20,00 2000 20.00 20.00 

J 
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E2HR LWEL QATED IN k CQs1D  GERRX 

Case I. Wells placed to a straight line. 
Equal dravdown at the faces of voila. 

V 	Y.r 	L' :~, f 	it 	', 	♦ « 4 ~ 	l r 	• 	 a~` 	! V 	'~ } 	V 

Dçitas 	... 	Ha20ft. by 0, i=0.25 Ito 
a 0.1 Y7 ft2/sec. 

votes 	... 	Refer to equation 4.29 
Q Nona diadwge of three Vona 

Q0 = Discharge of a single well in 
identical conditions. 

Results plotted in Fig. 4.21. 

1z5O0Oft AM2000ft Qo= 1.36 *Is I Q* 1.6 ab 
Qi Q Qi 

(cts) 
Q2 Q2 LL  

I 	"! 	t, (last) (Cts) (cf5)1 toffs.) 

50 0.76 0.66 0.87 0.54 0.89 0.7? 0.87 0.57 

100 4.82 0.72 0.88 0.58 0.97 0.85 0.88 0.12 

200 0.88 0,79 0.90 0.63 1.07 0.96 0.89 0.69 

300 0.94 0.84 0.90 0.67 7.23 1. Ce 0.90 0.73 

400 0.97 0.87 0.90 0.89 1.19 1.08 0.90 0.77 

sno 0.+99 0.90 0.91 0.71 1.23 in 0.90 4.80 
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mEE W 	8D 	c 	RECH RGE 

Cage I • Welk placed to a st?a ►t line 

Equal draaxdowa at the faces of V41340 

	

t~ 	! ' 	i 	C ' 	~ ' 	 to 	► ' i 	~..li 	r~.il r 

	

___,t 	+.. 	A is 20 it, by x 4, rr 0.28 it. 
On 0.107 tt2/sOC. 

a * 500 it, B 0 2000 it, 91 a 1.23 +cte, Q2*1.11 cte. 

	

a~,_ 	... 	Refer to equation 4.210 
Piezometzie heights have been computed along 
a line pasts through the yells. 

0 600 0.25 5(Z) 0 

100 400 100 750 9.87 

260 250 260 760 14.98 

400 100 400 900 10.46 

500 0.25 500 1000 0 

600 100 600 1100 11.48 

750 250 760 1260 13069 

1000 500„ 1000 1600 18.76 

2000 1500 2000 2800 80.00 
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,PEEijE LOCA7E ACL E1JNDARY 

Case I1 Wells placed to a straight line Equal 
Dia charg4 from all wells. 

,ta] s 41" 

:.«+r 	Rx20ttq hw a0# ry=0.28Yto 
KD 4.0.107 82/sou. 

Notes 	.... 	Rater to a uation °4.38 
Q0u Discharge of a single well Lu Identical 

conditions • 
. 

R :;;; 	R =2000 tt 
Q* 1.36 ofs 	Q Z 3.50 0ts 

a 	1 	9
' 

1~,, 	

'~ 
i w I 	Q 1 	J hv1 

(feet) I 	(CIS) I o 	(feet) I (ots) 	(fast) 

so 0.71 0452 0,12 0083 0.55 0.85 

100 0.76 0.56 0»78 0090 0.60 0.93 

200 0, 83 0.61 0.85 1.00 0.67 1.02 

300 087 0.64 0.89 1.06 0.73. 1.09 

400 0.90 0.66 0.93 141 0.74 1.14 

500 0.93 0.69 0.96 135 0.77 148 
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Carr 11 - Wells pia crd in a straight line 
Equal discharge from all wells,, 

,i 	•~. 	T~ ~' 20 ft, hvr 09 ry p0.25 ft 

KB a 0..107 tt2/ee c a = 500 ft 
2000ft 	ga1.80f$* 

.. 	Refer to equation 4.36 
Piezometric heights have been computed along 
a line paae .ng through • the wells. 

r 	rl r2 16 h 
(feet) 	(feet) 

LL 

(feet) (feet) (teat) 

0 500 0.28 600 0 

100 400 100 600 10.12 

260 260 280 760 11.20 

400 100 400 900 10.80 

500 0.26 600 1000 1.18 

600 100 600 1100 11.83 

750 260 760 1250 13.95 

1000 800 1000 1600 16091 

2000 1600 2000 2500 20.00 
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a square. sew drawaown a 	aces of we 

Datas 	... 	H 20 ft, hw = 0, rye= 0.28 ft 
KB a 0.107 ft2/ne c. 

Notes 	... 	Refer to equation 9.58 
Qj ~ Q2 =' Q = Q4 * Q C Eqn . 4 . M ) 
Qo refers to discharge from a sing ► 

well under Identical conditions. 

R ' 8©0© f't 
Q0= 1.33 cto 

(feet) 	I (et s) 	I 

P-2000 ft 
% 1.5 ate 

Q 
efa ~ ~ t ) 1 90 

60   43 0.686 0*69  
100 0.47 0.720 0.77 0• Sl 
200 0.757 0.37 o • s3 

300 0.780 0.95 o•sg 

400 0 •Sib 0.800 1.00 c 0 	7 
500 0.61 0.815 3. 05 O.70 



2000 tt  
Q0= LB Cfs 

14 

vdia rorsi.ng a square ana the niz'tn well in tri 
Equal drawdown at ON faces of all wells. 

~6 	... 	H a 2 0 tt, by a 0, rw a 0.25 ft 
HB a 0.1.07 f /so c. 

Notes 	:+. 	Rater to equation 4.610 

Qoc Discharge from a single well Under 
identical conditions. 

Reit-e- plotted in Pig. -4.61, 

80 0.8. 0.36 0.73. 0.32 0.60 0.43 0.72 0.38 
100 0.55 0.42 4«76 0.36 0.67 0.60 0.75 0.43 
200 0.61 0.48 0.79 0.39 0.77 0.60 0.78 0.99 
300 0.66 0.52 0.79 4.42 0.83 0.66 4.79 0.53 

400 0.69 0.58 0.80 0.444 0.89 4.7]. 0.80 0.57 
$00 0.72 4.68 0.81 0.96 0.94 0.76 0.81 0.60 
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Four wells forming a square and one welt at the (Sntra. 
All wells haw equal discharge 

2ABLE 4.f 

Qy 	WEEIWELIL 

as 	 a20ft, hw&=Q9  rv=0.28t't.BB=©.107 
tt2/sec. 

Notes 	•.. 	Defer to equation 4.'?? 
Q0  Discharge of a single well in identical 

conditions. 

N = 6000 Zt 	 1 	R a 20©0 ft 
Q136  eta 	 l.5 ate 

	

a I Q i SL I hV3 I 	Q 	'L 	h`"1  
(Feet) (Cfe) 	+furs) Qp (test)._J1_ 

60 	0.46 0.338 0.92 	0.54 0.360 1.11 
100 	0.50 01.368 1.02 	0.60 0.400 1.23 

200 	0.55 0.405 1.18 	0.69 0.460 1.42 

30D 	0060 0.442 1.23 	0.75 0.800 1.54 

400 	0.64 9.470 1.31 	0.80 0.134 1.64 

500 	0,67 0.492 1*37 	0.85 0.566 1.15 
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OF WELL c 	QQARGE BJNAR 

2kBIE  4.83  
EFCT OP MUTUL XT VR 	 a 
Cam  s Spacing between adjoining wells remains 

constant, 
: ... 	H = 20 tt, by = O, rw = 0.28 tt. 

B3 = 0.107 tt2/ O c. 
Notes ... 	Peter to equation 4.86 

refers to the discharge of a single well in 
identical conditions. 

1 1.36 1.0 1.36 1.0 1.36 
2 0.93 0.68 0.98 0.72 3.03 
3 0.71 0.52 0.76 0.56 0.83 
4 0.68 0.43 0.64 0.47 0.71 
S 0.49 0.36 0.58 0.40 0.62 
6 0.43 032 0.49 0.36 0.56 
7 0.39 0.29 0.45 0.33 0.52 
8 0.35 0.26 0.47 0.30 0.48 
9 0.33 0.24 0.38 0.28 0.43 
0 0.30 0.20 0.38 0.26 0.42 

1.00 1.60 1.00 1.60 1.00 1.60 1.00 
0.76 1.06 0.71 3..12 0.76 1.20 0.80 
0.61 0.83 0.55 0.90 0.60 1.00 0.87 
0,52 0.69 0.46 0.78 0.52 0.87 0.88 
0.46 0.89 0.39 0.68 0.45 0.78 0.52 
0.4] 0.53 0.38 0.61 0.41 0.72 ' 0.48 
0.38 0.48 0.32 0.56 0.37 0.68 0.48 
0.38 0.44 0.29 0.52 0.35 0.64 0.43 
0.32 0,41 0.27 0.49 0.33 0.61 0.41 
0,31 0.38 0.25 0.46 0,31 0.59 0,39 
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_LOCATED E 	 N 	RECHI E flJNDAR!  

Z BLE _4.- 
U PFE 0FELL80NDISCUA GE8R 

'g ! I 	Radius of the battery circle remains constant 

Was 	... H 20 !t, hw = 00 Tw v 0.25 ft,. 'B =0.107 Z't2/sec. 

Notes 	... Refer to equation 4.86 
 , refers to discharge of a single we 11 in identical 

condition$ 
Results plotted in Fig. 4.82. 

0 
n 

fs) ,~ 	Ices)i o !(cfs) 
	I{ctsl Q0 	(Cfs)!Q0 	Icfs)J 

1 1.36 1.00 1.36 1.00 1.36 
2 0.98 0.72 1.03 0.76 1.09 
3 0.71 0.62 0.81 0*60 0*89 
4 0.63 0.43 0.6? 0049 0.75 
5 0.61 0.38 0.57 0.42 0.64 
6 0.44 0.32 0.49 0.36 0.66 
7 0.38 0*28 0.43 0.32 0.50 
8 0.34 0*28 0.38 0.28 0.46 
9 0.31 0«23 0.35 0.26 0.41 

10 0.28 0,21 0.32 0.24 0.38 

1.00 3.60 1.00 1.60 1.00 1.50 1.00 

0.83 1.13 0.75 1.20 0.80 1.28 0.86 
0.66 0.89 0.59 0.97 0.68 1.08 0.72 
0065 0.73 0.49 0.3.1 0.64 0.93 0.62 
0.47 0«61 0.41 0.70 0.47 0.82 0.55 

0*41 0.53 0.35 0.61 0*41 0.72 0.48 
0.37 0.46 0.31 0.54 0.36 0.65 0.43 
0.33 0.441 0.27 0.48 0.32 0.69 0.39 
0.30 0.37 0.25 0.44 0.28 0.84 0.36 
0.28 0.34 0.23 0.40 0.27 0.49 0.33 
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p R ~ 	L ~ 	~` 	 t ~ 	, 	 ~ ► ~ r Y 	4~~i ! ~ 
sy~ ~ ~ ` r 

0.• H=2Ott,hw=0, rw=0.25ft 
KB= 0.107 ft2/so o. 

... Peter to equation 4.87 
Draw down curves have bean plotted through a dterater 
passing through two circ3Es. 
n = number of wells in the battery* 
x = distance in feet Frog. centre. 

n=2  
Q= 1.28 cfs 

h 
(feet) 

a = 4 
Q=h.93 0f 0 

(beet) 

=4.72 are 
h 

(feet) 

n=8 
Q=0.59 erg h , 
(feet) 

D=1Q 
Q=.49 erg 
(feet) 

	

11.35 	?.30 
	

5.26 
	3.90 	3.30 

	

11.15 	7.28 
	

8.30 
	3.89 	3.28 

	

10.94 	?.25 
	5.18 	3.87 	3.25 

	

14.40 	?.1© 
	

5.10 
	3.34 	3.20 

	

9.53 
	

6.56 
	4.90 
	3.?O 	3.15 

	

8.10 	5.8© 
	4.45 	3.35 	2.90 

0 
	

0 
	0 	0 
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,1 I  

(feet '  

v 

6 

: 
017 

0 



mgt  ... 	H = 20 f t, hw = 0`  rw = 0.28 f t, 
1( 0.107 ft2/aec. 

Notes ... 	Refer ,to equation 4.9? 
9rawdown is equal on faces of veils. 
Q = average discharge 	+Q3 

QQ= Discharge of a single well placed at a dis-
tanco dl from line drive. 

results plotted in Fig. 4.91. 

d2Mwd 81= 5f  t I 
dl, = 1000 ft 

(feet) Ro 	.03 fa Q0 * 1.8 ate 

i ir 
I I 4 I I ' 	I I U 

100 1.26 1.22 0.97 0.78 1.13 1.11 0.99 0.78 
200 1.38 1.29 0.96 0.83. 1.19 1.14 0.96 0.77 
800 1,48 1.32 0.91 0,88 1.28 1.20 0.94 0.83 

1000 1.81 1.34 0.88 0.87 1.34 1.23 0.92 0.86 
2000 1.88 1.36 0.87 0.89 1.38 1.23 0.89 0.88 

41*2000 ft 41*8000 ft Q0=1.4 cfs QO=1.28 eta 

100 1.01 1.00 0.99 0.72 0.90 0.89 0.99 
iri•tli 

0.70 
200 1.06 1.04 0.98 0.78 0.94 0.93 0.99 0.73 
800 1.14 1.10 0.97 0.80 1.00 0.99 01.99 0.78 

1000 1.19 1.14 0.98 0.85 1.04 1.02 0.98 0.80 
2000 1.26 1.16 0.93 0.8? 1.10 1.06 0.96 0.88 
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}w 	; 

	

B E11 	 ~ DIS J TG  

	

fig t •.• 	H = 20 ft, hw = 0, rw = 0.25 ft 
KB = 0.107 ft s̀/se o. 

	

Notes ... 	Refer to equation 4.104. 
D rawdo wns at the faces of wells are equal. 
Qadischarge of a single well under identical 

conditions. 
Results potted in Fig. 4.101. 

a ft 	I d=1000 it 	4=2000 ft 
.63 efs I %=l.50 of$ I Qa=1.44 efs 

	

at ' I 	I W 	 w 

	

(feet] (cfs)I 	(cfv) Q0 	(eta) 

4=5000 ft 
Q0=1.28 ofs 

(Cfs) 

1900 1.2? 0.78 1.13 0.75 1,01 0.72 0.89 0.70 

2Q0 1.36 0.84 1.20 0.80 1.03 0.76 0.93 0.73 

300 1.48 0.91 1.30 0.86 1.15 0.82 0.99 0.77 
1000 1,56 0.96 1.38 0.92 1.21 0.86 1.06 0.82 
2000 1,60 0.98 1.45 0.97 1.29 0.92 1.10 0.86 
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F 

Datas 	.. , H = 20 !t, hw = 0, rw 0.28 
$ = 0.107 tt2/sec. 

Notes 	... Refer to Equation 4.118 
Q a Average discharge a. 	Q2~.2+Qa 

Q©a Discharge of a single well under identical 
condition. 

Results plotted in Fig. 4.111. 

--2 	 F 	as 500 ft 
= Q 1©83 eta 	j 	Q].63 cta 

1 
a  c38) {(cto)  (  Qo i (ots)  (cfs) 

0.1 2.64 2.63 1,00 0.99 2.24 2.24 1.00 0.99 
0.2 2.31 2.30 0.99 0.97 1.96 1.83 0.99 0.97 
0.6 1.91 1.83 0.97 0.92 1.07 1.02 0.97 0.93 
1.0 1.61 1.49 0.93 0,86 1.44 1.38 0.94 0.87 

1.5 1.42 1,30 0.92 0.80 1.30 1.21 0.93 0.82 
2.0 1.33 1.21 0.91 0.77 1.19 1.12. 0.92 0.80 
2.8 1.26 1.10 0.90 0.74 1.16 1.06 0.91 0.76 

a1000ft 	 a=2000tt 
Qaa 1.60 eta  Q0= 1.40 ofs 

0.1 2.02 2.02. 1.00 1.00 1.82 1.82 1.00 1.00 
0.2 1.79 1.77 0.99 0.97 1.66 1.64 0.99 0.99 

0.6 1.66 1.50 0.9? 0.94 1.43 1.40 0.98 0.96 

1.0 1.33 1.27 0.94 0.87 3.23 1.16 0.95 0.87 
1.6 1.3 1.14 0.93 0.83 1.18 .1.08 0.94 0.84 
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3.0 1.17 1.06 0.92 0.81 1.08 1.01 ©•93 0.82 

2.8 1.09 1.01 0.92 0.78 1.03 0.96 0.93 0.80 

i 
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i 	std -~ t 	.' 	a" Gi 	i 	F 	i • 	. 

pata 	.,. 	U=20tt, hw=0f ry=0.26It 
KB = 0.107 ft2/se c. 

Notes ... 	Refer to equation 4.125 
% Discharge of a single well for the same 

value of d. 
d = distance from line drive. 
a = spacing between wells. 
Results potted in Fig. 4.121 

d=500 It  d1000 It 0 (1.2000 It  dd5000 It 
%1.63 cfs * Qo-m1.50 ets I Q,1.40 a.ts  Q,%=1.28 

aQL  4  
t (feet)  S)  (c ft)I  We)  (c 

rwwrwr+r+rwrfrri:rr~a.rni~rw rr 	 6  

100 0.38 0.24 0.20 0.133 010 0.07 0.04 0.03 
200 0.66 0.41 0938 0.26 0.20 ' 0.15 0.08 	0.06 
600 1.12 0.69 0.14 0.49 0.44 0.31 0.20 0.16 

1000 1.41 0.86 1.06 0.71 0.71 '0.51 0.36 	0.28 
2000 1.56 0.96 1.31 0.87 1.00 0.71 0.69 	0.46 

wr~~wr~r~+ wr rr+rrw~w 	rwa 

ZAiL .122 

ZAWDOWrI CURVE A Q§Q A NENG * 00- E CEN E ©F WALLS 
Gt ssa~►8d=100 It a=600 It Q=0.74cfs 
Refer to equation 4.116• (Fig. 4.122) 

x (feet) 	0.28 28 	50 	100 150 	200 	250 

It (feet) 	0 	6.0 	6.? 	6.4 6.8 	6.9 	7.0 
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$ ... 	H = 20 ft, hw = 0, rw = 0.28 tt, 
KB = 0.107 f't2/sec, 4 = 1000 ft, a 500 ft, 
a= 800 ft, (= 1000 ft, Q=•0.74cf's. 

	

Notes ... 	Refer to equation 4.126 
thawdown along line at right angles to the • line 
drive, 
Case I - x = 0 Line passing through a well 

Case It- z = 260 ft, water divide. 
Results plotted in fig. 4.133. 

Along a lima passing through a well# Along the water dtvtde,xx280ti 

h y h h ly * 	h 
(feet) 
~wrrwriwrrrww~ 

(feet) (feet) 
~ ~ii wri r+ir 

I 	(feet..) 
~ri ~run- 

`eet)*(feet) 
ir~+rrrr w+r~arri.~ r~rA 

I(feet)1(feet) 

0 20000 . 1080 6.3-6 0 20.00 1060 6.70 

230 16.55 1100 8.8€ 260 16.67 1100 6.60 

500 13.10 1150 '6.00 500 13.10 1160 6.36 

750 4.65 1200 6020 760 9.70 1200 6.32 

800 8.80 1260 6.20 800 9.00 1250 6.30 

880 8.10 1500 6.28 850 8.46 1800 6.30 

900 7.20 2000 6.26 900 7.80 2000 6.30 

950 6.20 6000 6.30 950 7.40 6000 6.30 

1000 0 10000 6,30 1000 7.00 10000 6.30 
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a" KY OP WELL PAIR 

FABLE 4431  

_ 	... H = 20 ft, 1w a 09  rw = 0.28, KB = 0.107 ft2/sec. 
Notes ... Refer to equation 4.13? 

a=d2 -62 
S = Shielding effect 

Q1+©g 
% Discharge of a single veil for d = di 
Results plotted in Fig. 4.131 and 4.132 

100 	0.1 2.89 1.09 0.364 0.733 0.66 

0.2 2.33 0.90 0.386 0.722 0.61 

0.5 1.67 0.62 0.396 0.716 0.49 

1,0 1.03 0.41 0.396 0.716 0.36 

1.6 0.78 0.31 0.396 0.716 0.29 

2.0 0.62 0.26 0.396 0.716 0.24 

2.8 0.62 0.21 0..396 0.716 0.21 

200 	0.1 2.80 1.01 0.404 0.,712 0.67 

0.2 2.07 0,88 0.426 0.702 0.62 

0.8 1.45 0.63 0.436 0.699 o.iQ 

1.0 0.98 0.93 0.438 0.699 0.39 

1.6 0.74 0.32 0.436 0,699 0.31 

2.0 0.69 0.26 0.436 0.699 0,26 

2.6 0.60 0.22 0.436 0.699 0.22 
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600 	0.1 2.13 0.96 0.460 0.690 0.69 

0.2 1.84 0.86 0.467 0.682 0.63 

0.5 1.32 0.63 0.467 0.678 0.68 

1.0 0.91 0.43 0.467 0.678 0.4] 

1.8 0.69 0.33 0.467 0.678 0.33 

2.0 0.56 0.27 0.467 0.678 0.28 

2.6 0.47 0.22 0.467 0.678 0.24 

1000 	0.1 1.92 0.92 0.480 ` 0.678 0.70 

0.2 1.88 0.82 0.490 0.667 0.65 

0.8 1.20 0.61 0.606 0.668 0.66 

1.0 0.86 0.43 0.806 0.668 0.43 

1..8 0.66 0.33 0.606 0.665 0.34 

2.0 0.65 0.28 0.606 0.668 0.31 

2.8 0.45 0.23 0.606 0.665 0.29 

2000 	061 1.73 4.88 0.606 0.650 0.73 

0.2 1.41 0.74 0.523 0.642 0.67 

0.8 1.13 0.60 0.832 0.639 0.58 

1.0 0.81 0.43 0.532 0.639 0.46 

1.6 0.63 0.34 0.832 0.639 0.3? 

2.0 0.53 0.27 0.532 0.639 0.37 

2.8 0.13 0.23 0.832 0.639 0.26 
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OI 

~'ct-41 dZ► a 41 1 
a 

1 

0.2 0.810 0.663 0.830 0.547 
0.5 09646 0.607 0 672 0.698 
1.0 0.478 0.677 00506 0.664 
1.5 0.373 0.787 0.407 0.710 
2.0 0.309 0.763 0.339 0.74l~ 
2.5 0.262 0.792 0.291 0.775 

1.6 
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___ 	.0. f= 20 it,bwa00 rwa0.25ft 
1 = 0.107 !e/ eev, d3,= 1000 ft, 42=1800 ft, 

a = 600 tt, Q1 = 0«86 cf! t  Q2 = 0.27 et, . 
Notes 	... Refer to Equation 4.138 

Drawdown along lines, at right angles to line drive. 
Case I - z = 0 - Line through wo lle. 
Case !L. ;x = 280 ft - water divide* 
Results plotted in Fig. 4.134 and 4.135 

Line passing through ve 1s-x=0f' water divide z = 280 ft 

(feet) i (feet) * (tee) I (feet) I (feet) !  r IrTTT  heat) 	ee 	(feet)  

0 20.00 1180 3.70 0 20.00 1160 3.92 
250 1633 1200 3.44 280 16.14 1200 3.59 

500 12.28 1280 3.16 600 12.30 1260 3.33 

750 8.37 1300 3.03 750 8.43 1300 3.10 

800 7.88 1350 2,75 800 7.73 1380 2.85 

850 6.74 1400 2.42 880 7.00 1400 2.66 

900 8.79 1480 2.00 900 6,27 1450 2.48 

980 4.85 1800 0 960 8.67 1500 2.34 

1000 0 1550 1.75 1000 8.14 1650 2.22 

1050 3.64 1600 1.92 1050 4.60 3600 2.18 

1100 3.78 2000 2.05 1100 4.39 2000 2.08 



169 

D 

7- 
u1 

rn 

LL. 

C 



1v' 

Rd 

in 



"able 4.14 , - Shielding etfact of first array for 
different values of (d2-d3' 
h a 20 ft$ h 	0# rw O.2£ ft. 

KB a 0. iai ft. /aeci 
k 

Refer to equation 4.144 
a a spacing between w UIe 
dir Distance of first array from 

recharge boundary 
d2.d1 a apace rg between the two arrays of a11s 

Shielding, effect ,g_,,,_,, 

a 	0 	U(J'Q rt. 

rr ~ 

0.1 alo 	0091 9.53 . 1.100 0.92 0.52 

002 600 	0.62. 0.55 1200 0.84 0.54 
0.6 750 	0.66 0.61 1500 0.67 0.60 

1.0 1000 0.46 0.68 2000 0.61 0.66 

1.6 1250 0.38 0.73 2600 0.40 0.72 
2..0 1500 0.31 0.76 3000 0.34 0.75 
2.6 1750 0.27 0.79 3500 0.29 0.77 
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CCoeclus10   
The analytical derivations, computations for a working range 

of Variables and conclusions connected with the behaviour of a single 
well and groups of wells and the effects of mutual interference 
between wells have been discussed in detail In Chapters III and IV, 
The significant conclusions based on the present study are 
detailed below, 

(a) Performance of a  single weld.- 
(1) Variation of discharge is to the extent of 

for a variation of 150% in the valet 
of 'R from 2o00 ft. to 8000 ft. (Table 3.11 
ftg.3.i1) 	Any value of B of the above 
order is therefore good enough for analysis 
of field problens. 

(It) Increase in the discharge is 80% for a 20 fold 
increase in the radius of the well from 
0.25 ft. to 5 ft. and 100% for 100 fold increase 
from 0•25 ft. to 25 ft, (Table 3.129  Fig.3ti2) 
It is not economical to have large diameters of 
v•lls. 

(lit) An eccentricity of 70% in the location of a 
well in a closed recharge boundary, increases 
the discharge by i0%(Table 3.2lO Fig•3.21). The 
affect of eccentricity can therefore be ignored 
in analysis of field problems. 
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(iv) Iregular shape of a closed recharge boundary 

has nominal effect on discharge (Para 3.4) 

(v) Presence Of recharge boundary# impervious 
boundary and other geological discontinuities 
influence the behaviour of a well substantially. 
Individual cases should be analysed accordirg 
to treatment given in para 3.4, 3.6 and 3.6. 

(vi) Natural flow In an aquifer modifies the f loo 
pattern. Low velocities upto 84 ft. ].00 tt/year jar 

A. region of influence nominally* (Para 3.7, Pig, 
3.70). Higher velocities convert the region of 
influence into a a e strip parallel t the 
direction of flow. 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 
boundarie~t, Pig.540 giver the effect of putting one to ton 
wells with equal spacing in a closed area* All comparisons have 
been made with respect to a single well in identical conditions, 

Specific points connected with cases under study me given belows 

(i) Two wollss- For 	0.2 the discharge is reduced 
to 86%.(Tabl• 4,]], Fig.4.11)• 

R 	~,.a„ 	 ~~*  
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(ii) Three wells in a straight line- equal drawdown, 

For $ a 0.2 the average discharge of three 
wells is 77%. Ratio of discharges of end wells 
to that of central wells is of the order of 
9O%(Table 4.2 1, Ft. g.4.21) . 

(iii) Three wells in a straight line-equal discharge 
from all wells. The average discharge for 

=0.2 is 74%. The end wells register 11% 
lesser drawdown than the central well(Table 
4.32 Ftg.4.32 ). 

(iv) weUs placed in a square pattern. 
Average discharge for 	=0.2 is 66.7%(Table 4.51) 

(v) Battery of wells arranged along the 
circumference of a circle. Pbr 	=0.1 the 
discharge drops from 86% in the case of two 
we1ls9  to 55%tvft  five wells end to 33% for 
ten wells where r is the radius of the battery 
circle. (Table 4.82, Ftg.4.82). As compared to a 
drawdown of 20 ft at the face of the wells the 
drawdown. at the centre of the battery circle 
is 8.78 ft for two wells, 24.15 ft for six wells 
and l3.7 	ten wells Jr f 	wells and 
75% of the enclosed sD ne has more or loss 
uniform drawdown. (Table 4.83,Fig.4.83). be.. 
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Cc) Performance of wells located one are side of a line 
drive. Ftg.5.20 gages a camparieon of the performance of different 
arrangements parallel to a line drive. All comparisons have 
been made with respect to performance of a single well in 
identical conditions. Significant points of actual cases under 
study are given belows 

(t) Two wells placed at right angles to the line 
drive - the average discharge is of order of 
85% for when the ratio d2*d 	ranges 	0.8 
to 1.n0~ ._(Table 4.9i Fig. :91) . d.c = c4 	e--.,,-_ 

& A '.tl u • C1 L = 	"}AA -'4 	,g 	u W ?7,V— L Lt 

(it) Two wells parallel to a itne drive. The discharge ,1. 
for a ratio ofa—___"- is 92%(Table 4.101). 

-' o . I-r", Qt Z A u t . a = s ~-u -A .t.* 	--- 

(iii) Three wells parallel to a line drive, The discharge 
for a ratio of . 	19 Is 87% (Tab]* 4.111). 

d 

(iv) Infinite array of wells parallel to a line 
drive -single array-► the discharge for a ratio of 
i = 1, is 71% (Table 4.121) and Fig.4.121). For 
a a 500 ft and d * 1000 f t, the potential drops by 
87.5% from 20 ft, at the line drive to 6.30% 
beyond the array of veils. The hydraulic gradient 
is uniform from line drive to a distance of f 
from the well. The potential becomes almost 
constant after a distance of 	beyond the Well( 

Table 4.123 and Fig,.4.323). 

(v) Infinite array of wells parallel to a line drive-
double array -square etting. Average discharge 
is of the order of 40% for a = dl, a 42'dl,(Table 
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4.131). Shielding effect of the first array 
of wells becomes constant at 65% to 70% for 

di 	4.5 and d2-dl = a. For a a SW ft. and 
a dl a d2-dl a 1000 ft, the potential register 

a drop of 90$ from 20 ft at the line drive to 
LOS ft. beyond the second array of wells. 

(vi) Infinite array of Veils parallel to a line 
drive., double array-staggered setting there is 

sfi 	Via" 
no influence of 	 shielding effect 
for values of  d21.4]. 7 0.5. br lower values 

a 
upto 0.1 the influnssi is nominal, 

(a) Planning a group of wells for irrigation. Main 
considerations are economy in installation and operation. 
The wells are generally spread out to cover large areas. 
Maximum allowable drawdovn can be fixed from practical and 

economic considerations. If the recharge boundaries are defined, 
the treatment given in chapter IV can be utilised to determine 

alternative spacings and corresponding discharge for study of 

financial implications. 

It the recharge boundary is not defined the value of R +pan 

be fixed from data available from pumping tests. 

If additional wells are proprsed to be installed In an 

area which is already 	zl bey wells, the influence of additional 

wells an discharges of existing wells and drawdovn to 1hs area 
can be worked out. 
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(e) Deainage of water logged areas the problem is s imi i r 

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 w orked out for most economical pumping. 

(c) planning wells for water supply- The problem is to 
have maximum water within a reasonable distance. 11s parallel 
to sources of recharge e.g., river, 4anaig  lake or reservoirs 
are suitable for water supply*  Discharge for different spacings 
of wells in a line or other patterns as required by topography 
can be worke9'out for study of financial implications , 

(d) Dewatering operationsz- The problem involves lowering 
the watertable to a desired 	in a restricted area. if the area is 
closed battery of wells can be used in one or more circles to 
lover the waterteka. Treatment of pare 4.8 can be used for 
working out different spacing and discharges for study. of 
financial implications. 

If the area is opens  i..e,, large as compared to the width 
a single or double array of wells can be used, Well point 
system utilises this principle. 

(e) Pressure relief wells down stream of eartl*n dams. 
T ►e length of earthen dams is generally large. The hpresums relief 
wells can therefore be treated as an infinite array of welly. 
The desired down stream potential ,from practical considerations 
at or a little below the river bed leVel„Usually discharge is not 
significant. As Auoh spacing which will give a uniform Lowering 
of potential under and downstream of the dam can be worked out. 
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Actual spacing will again depend on the level of collecting drain 
down stream of relie f wolla, 

(f) Similarly,, the present study em be utilised in 
preliminary studies connected with other practical problems. 
Although the treatment given in Chapter IV is restricted to 
steady state flow in confined aquifer it can also be adopted 
for problems in unconfined aquifer with change of constants, 
(Pef.Para 2,36). 
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