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SYHCPSIS

Results of analytical and experimental in-
vestigations on the evolution of the transient
free surfaces inside a homogeneous and isotropic
permeable medium overlying an inclined imparmeable
bed, resulting from infiltration and a uniform
rise of water level 1n an adjoining surface source
have been presented in this parer. The case of an
initial horizontal and inclined water tables have
been considered,

Analytical work involves the solution of the
basic non-linear partial differential equation
using a method of linearisation, The linearised
equatlon 1s solved for the given initial and
boundary conditions by Laplace transforms, The
resulting solution has been used to compute the
theoretical free surfaces on a digital computer,
Experimental studies have been carried owt on a
viscous flow model, The effect of the initisl
water table height and the bed slope on the accu-
racy of the linearised solution and on bank
storaze nas been discussed,

A major Iield of investigztion in gro

of transient free gurface flows which is an

T

tions in any surface source such as stream or reservolr, natur or arti.

fieial recharge from the sur:

c¢ or withdrawal by dratnaze from the medium.
The analysis of problewms of unsteady ground water flow in a stream-ajquifer
system assumes significant importance in view of the nesd to wnde

stand the
response of the aguifer to such fluctuations, The prediction of the tran-
siznt free surfaces as a function of time would particularly be useful in
evaluating precisely the ground water comvonent in the total flow, In view
ol the importance of the probdlem, innumerable investigations have been
carried out (1,2,3,4,5) in the past on various asvects of the wroblem,

emploring different techniques to obtain solutions ko rroblems with different
bowndary and initial conditions, Hewsver, it aprears that the effect of the
slope of the imr

vious bed both on the accuracy of the lin

zarlsed solution
and on the banx storage has rict besn consi

e 2arilsr inveshizatiom,

The presant study 1s conczrned with anal-

k)
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gations of unsteady ground water flow resulting from a tmniform rise of
water level in ome of the surface sources (Fig.1), The réegion between the
two surface sources is, in sdditlon, subjected to uniform infiltration from
the surface and the impervious bed rock below the medium is inclined.

The cases of initial horizontal and inclined water tables have bea
considered. The aim of the investigation is to verlfy the validity of the
propoged linearised solution by comparing the theoretical results with these
from studies on a viscous flow model, with particular reference to the effect
of the slope of the impervious bed and that of the initial water table
height on the accuracy of the mathematical model and on the non-dimensional
bank storage.

2, ANALYTICAL INVESTIGATICNS
2,1 Basic BEquation : Based on Dupuit's assumptions of small slope for
the. free surface and of near horizontal flow (neglecting the vertical compo-
nent of the veloeity) the basic equation for umsteady free surface flows may
be written as (1)

M K . PH + Ki oH Wo v}
e GEROR - e

Where B {x,t) is the ordinate of the free surface,
X and m are the coefficient of permeability and porosity respectively
i is the slope of the impervious bed
¥o 1s the rate of infiltration-discharge per wnit area in plan
Bqn.l is a non-linear partial differential equation which is difficult to
solve for the given boundary and initial conditions. The Egn.l 1s therefore
linearised by Teplacing the varisble (E % ix) by a constant ho= {Hy+Hm) /2
where Ho and Hm represent the initisl and maximum water depths, Thus one has

: (5]
2= LN o 2
B B2 2, > 2)

This is the modified Boussinesq Bquation for unsteady flow with a free sur-
face when the underlying bed rock has a slight slope,

2.2 Initlal and Boundary Conditions 3 Refering to Fig.l, the initial and
boundary conditions can be formulated as follows. In the general case when
the initlal free surface is not horizontal, the same is assumed to be a
stralght 1ine, with a slope § = (Hp=E4)/L (for L»H,-E,) where H, and H, are
the inltial water depths in the upstream and downstream reservoirg respect-
ively zbove 2 norizontal datum,

3)

Hy (Constant),

water table is defired by the condition

2 S.H, Nagarala and
P.K. Markhedkar
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2.3 Solution 3 The solution of the basic linearised Eqn,2 subject to the
boundary conditions glven by Bqn.3 is obtained through the use of lLaplace
transforme,
Introducing the new variable T= % t and with l'b—- =22

Eqn.2 reduces to

2H 2 Yz
== PH L oM, w %)
3T 2zt EE3 33

Multiplying each of the terms of Eqn.k by

(e PTde) and integrating
between 1imits O and o5, one obtains the Laplace transform of Egn.4 as
RN =
T T OEAAM @ by _w(z0) &)
< —

dz PKh

Where B = W(mB) = [T w(am) e 4
A

The solution of Bgn.5 using the transforms of the boundary conditions
given by Bqn.3 is

s Simh (L-2) /N4 p
Reoal L/W-]e

4+ Qe () 8o ) Seh x /33cF
G K pt Simh LV oue b
+[(

£y (e _zM)}
Where Ci = [ZM’%‘;\’*"}/P

kp*h

By evaluating the inverse Laplace transforms of the terms of Eqn.6, one
obtains the final solution for the free surface as
- Az .
1) = (23 - Lo 3 T S ALx)
Tty = (2)) ﬁ‘\»u()e [ b o
- (e Ry ¢
o
- aw? i n Sin(1E*) { i-e

}
(A wrt)t }
(2r-%) [ Smhaz

Simh AL

3 eA( L-z)

{ S
(™) {1- e
+ and Z (0" 1 EmCE)

(s 1) ]
+ (Na-]l)#( )T - 23it )]
Where a, = an/kh and @ = (Hm-Hy,)/ T
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The theoretical free surfaces were computed by programming Eqn.7 on a
digital comruter.
3, EXFERIMENTAL IHVESTIGATIONS

3.1 Deseription of the set up: The experimental studies have been
rrizd out on a viscous flow analog model which utilises the analogy
en ground water movement and laminar flow of a viscous fluld between
lesely spaced parallel plates. The set up consists of two glass
5 18Cx60x1.25 cm placed 3,17 mn adart. Two reservoirs 20.3x19x60cm
t the two ends simulate tre two surface sources., Threaded over-

to maintain the desired constant fluld level in the

and reserveoir assembly is fixed on a cast iron base

at one end and nuts moving over threaded rods
nt any desired slope can be given
r 01l comprises of & sump, gear pump,
feeds the oil %o the rsservoirs and
introduced into the model from the

ion tank, This tank could be
1itraticn rate.

areters of the problem may be

functional relationshi

s {Em -H/ R L Y
el Ty gy }

@ Taty of rise kept constant at 0.333 ems/See
{constant for all the runs)

by

nt 12 cm rise, A
were considered viz, 1 in 60, 1 in 40 and
T the initial depth Hy viz. 3,4,6 and
t series with } = C, For the secomd
and zero slore were studied, The
t 3 ems while the upstream depth H,
The equivalent coefficient of per-
sr=cing and oil used worked out to be 49,5
¥ert nearly constant by using a heat
corded at intervals of 9 secs,(corres-
1.0) by

a 35mm Yodak Retinette Camera.
BIBTE5I0NE

theo,

tical free surfaces
= consta

ant 2t 3 ems, for khe three

bet-~

TOthel the ppeed of

SR
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the three slopes., It may therefore te concluded that the t of varia-
tion of bed slope on the accuraey of the linzarised solution is only
marginal.

The experimental and theorefical
given bed slope (i=1/60) for different
are presented in Fig.2 in adcd
It may be noted that for a g
the theoretical and thz exrerimsnital results ie w
pective of the value of H¢.
(%), it was found that there
incrsase in Hg and as such 1t wa
of the linearised solution as He/(EmeHg)> 1.
e of validity suggested for horizcr
bed slope. In

i Lo

vern slopz the maznitud

crepancy 2x
high as 1, more
would be nseded

solution in case of sl

The exrerimental and the

initial water table have
bad (i=0) correspording ©

ing

4{c) correspohds to a pa
(or j§=1/60, 1/3C, /2

exLE

C

iental and thzo

and the agresment ig

obsery for all tha
therefore that uns
the accuracy cof ir

attributed to (1) ¢

The nature cf variaticn of nonedimensional ba (&8¢ T v=ineres
ment in bank storage ané ve = initial volunc] as a
slove is presented in Figs. 5 (a) (3= g

It may be szen that av/v. decreases 3

reduction ine

ses with time,

Results of the thaoretical

the inzdzquacy of tX

eover case of imnervious bed sug

use of the lineari ion misht lead to com
on the unsymretrical case with a non-horizental init

sl

side

cate t

from Dupbit!s assunptions

“u
rin
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considerable errors in the theoretical solution, The studles demonstrate
the 1imitation of the proposed mathematical model and reiterate the
versatality and usefulness of the viscous flow model,
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GROUFD WATER PLOW CBEYING NON~DARCY LAWS

R. N, Chowdhury
Wollongong University College, University of New South Wales,
Wollongong, N.S.W., 2500, Australis

STNOPSIS

There are many real situations in the field of ground water flow
whers & linear relationship betwsen velooity end hydreulic gradient
is not valid. In this paper numerical procedures are outlined whioh
enable the apalymis of sieady-etate probleme for any arbitrary law
governing the flow. Comparisons made for a problem for which a
closed-form solution ie available show that fairly aocurate results
are obiained. Purther,ground anisotropy can also be taken into
oongideration simultaneously with non-linear flow behaviour.

1. INTRODUCTION

Isotropy of ground and the validity of Darcy's law ere important assumptions made in the
solution of msny complex problems involving the flow of ground water. Anisotropy cam, in
general, be taken into considerstion provided the flow of water obeys the linear law.
Eowever, there is considersble evidence in the literature indicating departures from Darcy's
law (1,2,3,4,5). In coarse-grained materials this behaviour has often been attributed to
turbulence although (6) and Risenkampf (7) have indicated that such deviations
may ooour even for laminar flow. For very fine—grained soils, it hes been suggested (5,8)
that non-linear behaviour could be due to the mechanism of adsorbed layers and other
molecular forces. PolubarinovaKoohina (§) has indicated that a threshold gradient may also
exist eand this must be exceeded before flow can ocour.

Non-linear relationshipe heve practical significance in problems involving flow through
Tookfill dems and fissured rock and also for flow in areas eubject %o disturbance caused by
drilling, boring of holes ete. (9). Influence on problems of consolidation end settlement
is particulerly important when flow through very fine-grained materials is considered (4,5).

4 review of different mathematical relationships for non-Darcy flow through isotropio
ground has boen made by Chowdhury (10). No general solutions for aay of these are available.
An elaborste method proposed by Khristianovich (11) for & particular olsas of problen was
successfully used by Sokoloveky (12) for the solution of two specific cases governed by a8
non-linear flow law. These closed-form solutions were found by the writer to be valusble
for comparison of solutions obtained by methods given in this paper

2. BASIS OF NUMERICAL SOLUTIONS

The proposed techniques are based on the caloulus of variations whioh aime at finding
those functions in & prescribed olass ocalled admissible funotions for whioh & funetional
has extreme values. Zienkiewicz and Cheung (13) derived the funotional that has to be
minimised in order that the governing differential equation (the Laplace Equation) for
linear seepage through isotropic ground is obeyed in the same region. An extension was
developed to take ground anisotropy into consideration but departures from Darcy's law were

not considered.

1 R N. Chowdhury
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3. TECHNIQUE FOR ANALYSIS
OF NON-DARCY FLOW
The differential equation for steady flow of an incompressible fluid through an incom—
presaible porous medium may be derived by the ion of with the
partioular Yaw of flow. In & isotropic medium the direction of the hydraulio gradient J
ooincides with the direction of flow (or velocity v) at eny point. Comsidering two dimen—
sional flow, the following relationships oan, therefore, be written for the corresponding
components:

ve=viI /3, vy=vI /3 eee e (1)
The equation of oontimuity mey be written in the form:
2 3 )
&<vx)+a(vy =0 e eee(2)
The flow law considered by Sokoloveky is:
2\t
Ja k{1~ ) - (3)
/(-5
in which k and m are mmary constents with the dimensions of velooity. Thersfore, the
airs 4 for Plow is:
=0 e e (4)
o ( (mzkz/ma)z ) T ( uwﬁ/ )

It oan now be shown (10) that the corresponding functional I (h) that must be minimised
in accordence with the principles of variational calculus is:

I(n) :ffkf <l+k2J2/m2>% ax dy e o (9)
R

where integration is over region R with given boundary conditions. The process of minime
isation yielde the molution in terms of total head h over the region and is sccomplished by
using the finite—element techmique. The reglon (e.g. that in Fig. 1) is subdivided into &
nuaber of triengular elements (Fig. 2); within each element a linear variation of h is
assumed. The process of minimisation of the functional is carried out for each element with
respect to the total head at ite three nodal points. Assemblage over all the elements yields
a set of n simulteneous non-linear equations where n is the total number of nodal points.
These are solved using a simple iterative technique.

4. ALTERNATIVE PROCEDURE

The functionals to be minimised can be formulated for some well=-known flow laws and have
been given elsewhers (10). It has been demonstrated, however, that functionals can not be
formulated for all types of flow law that have been suggestad in the literature. Obviously,
there is need for an alternative procedure.

An homogeneous region in which flow obeys & non~linear law is regarded as & non—
homogenecus assemblage of elements in which the linear flow law is obeyed. Each element
must have 8 co—effic.ent of permeability depending upon the hydraulic gradient in accordance
with the given non-linear law. Comsider arbitrary relationships between velocity and

3 R. N. Chowdhury
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(a) SUBDIVISION OF A HOMOGENEOUS REGION INTO
FINITE ELEMENTS —NON LINEAR FLOW LAW-J=@(v)

(b) ASSEMBLAGE OF ELEMENTS WI(TH DIFFERENT
PERMEABILITIES - LINEAR FLOW LAW —
kn=V¥n/(BWin=Vy/0p

FIG.3. SUGGESTED MODEL FOR ISQTROPIC NON-LINEAR FLOW
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hydrsulic gradient in the form:

JT=fiv) or v=5%J) e os s (6)
The oorresponding velooity / hydraulio gradient ratios may be as the variabl
Go-efficients of permesbility (see Fig. 3)
) =v/ (), @) =5/ e o o Cl)

4 given problem is solved assuming the region to be homogensous and the flow to obey the
linear flow law. The values of k (v) or k, (J) are then ocalculated for each element sad
the resulting non-homogeneous assemblage of finite elements is solved again.

The procedure is repested and the iterations stopped when the maximum difference of head
values in gucoessive solutions is below & tolersble value at each of the nodes.

Se COMPARISON OF RESULTS
FOR FLOW THROUGH A DAM

The problem solved by Sokoloveky concerns seepage through section OAB of height H shown
in Fig. 1. The dam section rests on an impermeable base and water is level with the crest

on the upstream side. In his solution, i (10), the trical section
OAB' has to be considered first end the configuration OAB is deterwined after involved
@sthenatical manipulation. The closed form solution is then obtained within this new
region OAB.

The sabdivision of OAB into elements is shown in Fig. 2. The solution was obtained for
unit hydrsulic head (H « 1) across the dam for comparison with Sckolavsky's solution. The

waximun difference of head at any node after successive iterations was:

Iteration 1 2 3 4 5 6
Method 1 0.0388 0.0104 0.0035 0.0014 0.0007 0.0005
Method 2 0,0387 0.0104 0.0037 0.0014 0.0007 0.0005 .

The quantity of seepage was computed and found to be sbout & per cent higher than the value
cbtained Dy Sokoloveky. This order of error is expected for the size of mesh used (14)
perticularly when one of the extreme flow lines is @ point and the line joining nodes A and C
(Fig. 2) has to be used instead.

Head values along the impermeable base are compared in Fig. 4. The four curves are for
three non-linear solutions and one Darcy flow solution. For the same problem and mesh,
solutions were obtained for different values of m. The variation of discharge with m is
shown in Pig, 5 (a). Head values at & point on the base are plotted in Fig. 5 (b)s &
compariscn of head values along the bese for two values of m is made in Fig. 6.

6. CONCLUSIONS AND EXTENSION FOR ANTSOTROPY

Reliable solutions to problems of ground water flow governed by non-linear flow laws may
be obtained using the methods outlined in this peper. As regards anisotropy of ground, there
is no mention in the literature of relevant flow laws. Generalised Darcy's law (15) is also

for linear seepace. Elsewhere (10) the writer has proposed a valid form of non-linear

relationship which takes ground anisotropy into id ion provided the constants

are known, The alternative solution method given herein is found to be applicable.

6 R. N. Chowdhury
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THEORY AND APPLICATION OF THE SKIN EFFECT CONCEPT TO
GROUND WATER WELLS

Yaron M. Sternberg
Department of Civil Engineering
University of Maryland
College Park, Maryland, U.S.A,
SYNOPSIS
The concept of skin effect and its significance in

ground water hydrofogy is discussed. Two mathematical

models to evaluate the skin effect are formulated and

subsequently solved. The solutions for the drawdown at

the pumped well of the two models show excellent agree-

ment. The second model is preferred because its solytion

is simpler-to use. A trial and error technique is

recommended for the determination of transmissibility

and the radius of the zone where skin effect is present,

INTRODUCTION
Field analyses have shown that a zone often exists in the vicinity of a well bore

whose permeability is substantially lower than that of the rest of the formation. HURST
(1) termed the increased head loss or pressure drop that results from the lower permeabil-
ity the skin effect. The skin effect is often evident from a comparison of cbserved and
theoretical drawdown curves. Tn many cases actual drawdown curves at the pumped well lie
below the theoretical ones and thus suggest that the additional drawdown may be the result
of a zone whose permeability or storape coefficient is less than that of the rost of the

formation.

NumeTous papers in the petroleum literature have been concerned with the skin effect
concept. VAN EVERDINGEN (2) proposed a method for determining the skin effect from re-
covery or pressure build-up data of the pumped well. RUSSELL (3) presented techniques that
extended the range of applicability of pressure build-up analysis for detemmining the skin
effect. Because water wells normally exhibit very rapid build-up or recovery curve once
the well is shut off, the skin effect can not be readily determined from water well re-
covery data. JONES (4) demonstrated that the skin effect is a result of a decrease in
permeability in the vicinity of the well bore, and that the magnitude of this less can be
evaluated from known flow equations provided thar the permeability of the “damaged" zone

is known.

The purpose of this paper is to present two unsteady state flow equations to a well
where the skin effect is present and to demomstrate how the value of the skin effect can

be evaluated from a pumping test data. The letter symbols adapted for use in this psper

1 Yaron M. Sternberg
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are defined where they first appear and are arranged alphabetically in the Appendix.

2. THE MATHEMATICAL MODEL I

The model proposed herein assumes that a well is located at a center of 2 finite
radial confined aquifer and pumping a constant discharge. This finite radial aquifer is
surrounded by another confined aquifer of infinite areal extent. Initially, when the
well started to produce, the aquifer characteristics of the innmer and outer regioms are
considered the same. But, after some time, the permeability of the inner zone decreases
due to the migration of fines, encrustation and other phenomena. Consequently, after the
well has been in operation for some time, the aquifer characteristics of the two regions
are different but uniform, i.e., each region is considered as a homogeneous, isotropic

aquifer. The boundary value problem to be solved is:

13 355
i e &)
T or 3t
si(r,0) = 0 2)
sabet) = 0 3)
3s, 3s,
= Tp—
ar ir=R " or =R )
SR ) = s, (R,2) 5y
Q 8y |
= = — (6)
Ar, T, r B

Where $; (r,t) is the drawdown at any time from the start of pumping at a distance r

from the well, and i=

;2 indicates the inner and outer regions, respectively; w=T/S
where T is the transmissibility and S5 is the storage coefficient: Q 1is the constant
discharge, T, 1s the radius of the well and R is the radius of the inner region

where skin effect is present.

2 Yaron M. Sternberg
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The above boundary valtie problem can be solved using Laplace transformation and

approximate inverse transformation.

The Laplace transformation of equations (1) - (6) is

a%3;
P
0 + - —_— =9 €3]
dr w;
5, @, p) =0 (8)
%, | &,
T; | 2 9
ar iT=R 4 |r=R
5 (Rp) =5, (Rp) (o)
-Q _ 45 (1)
e, T p dr |r=r

w

Applying the boundary conditioms, i.e., equations (8) - (11) to equation (7) results in

the transformed drawdown equation for each of the two circular regions;

_ . €y T8 4 K (8%
s, (r,p) = - C e e 5 r&R (12
MR 5 1 ]
_ . C; Iole®) + K (an) S
s2 (r,p) = - C T — R (13
! €3 LG - Ky 7
where:
S |
;ML py*
¢ = BK ) Ko(gh) - Ko(a®) Ky (8T)

8.1,(a") Ko(B) + Io@™) (8"

I,(x), T,(x) = zero and first order modified Bessel function of the first
ind  respectively

K (x), K,(x) = zero and First order modified Bessel function of the second
kind respectively

& Yaron M. Sternberg



Fquations (12) and {13} do not have a simple inverse transformation. An approximate
inversion for Laplace transforms was developed by SHAPERY (S) and applied by STERNBERG (6)
yielded excellent agreement between the exact and the approximate soluticns for a number

of radial flow problems.
The approximation is based on the observation that in cases where
d (pf(p)) / d(log p}
where

£0p) = £(1) exp (-pr)dt

DI

is 2 slowly varying function of log p, £(t) can be approximated by

f(tiz pf(p) 14)

Apolying the approximation given by equation (14) to equations (12) and (13) yields

oo €y IolE) + Kol8) | |

s, (r,e) = - B Lol i

d L Lo S x| 4 TSR (s
€y TR0 T

sp(ret) = - Lo ; TR (16)
Cy 100 - ’
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where

Cz = 8K (a) Ko(B) - Kp(x) Ki(B)

8.1, () Ky(8) + (@) K (B)

o
y

E

<5
N
g
€

Tt may be noted that when =R, a=8, and B=0, equations (15) and (16) are equal as
required by equation (5). Equation (15) relates the drawdown at any r4R to the
aquifer characteristics of the two regions and time. The drawdown at the well, i.c. at

r=r, is given by

s (r,t) = - Q1 G (YD) + Ko(Y)
ATy G Tily) - K, ()

an

a T
1 2

outer region can be determined from data obtained at an observation well located

and is a fonction of Q,T,, § S, R and time. The aquifer chracteristics of the
sufficiently far from the pumped well. HURST (7) demonstrated that in cases where the
aquifer characteristics in the vicinity of the well are markedly different from those
in the rest of the aquifer, the former do not affect the drawdown characteristics im an

observation well not located near the inner zone. Thus, values of Tz and can be

obtained by various techniques such as those developed by THEIS (8) and others.

During the first few minutes of o pumping test the drawdown in the well is very
rapid and collection of data at that time is difficult. Even if drawdown data can be
secured from the pumped well, graphical techniques such as type curves cannot he used to
evaluate the three unknowns of equation (17), i.e., Sy, T; and R. In order to over-
come the difficulty involved in determining the above three unknowns another medel was

formulated to approximate the model of equation (17).

s Yaron ¥. Sternherg
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3. THE MATHEMATICAL MODEL I1
The equation for the drawdown distribution due to a fully penetrating well operating

in a confined aquifer is:

s (r,t) = Q 2:25T, t (18)

1y
4nT, ™, S,

In practice one often cbserves that the actual drawdown at the well is larger than
that predicted by equation (18) because of the skin effect. A better agreement between
equation (18) and the observed drawdown may be obtained by modifying equation (18) to

include the additional head loss resulting from the skin effect, i.e.,

s(ry,t) = Q : 2-25 T, t 2 s
® M e o]
4T, s, * (19)

where Se is the added drawdown or the skin effect.

In a study on pressure distribution in o¥l reserviors BROWNSCOMBE and COLLINS (9)
demonstrated that in the vicinity of the well there was no apparent difference in the
pressure distribution between compressible and incompressible fluids under steady state
Flow conditions, and because of the small volume of fluid in the vicinity of the well
bore, the non-steady state solution can be approximated by the steady state solution.
HAWKINS (10) suggested that the value of Se may be evaluated from known steady state
flow equations. Under steady state conditions, the additional head loss, As , due to

the skin effect is

e 9 B By

ait, e AT, (20)

and the total drawdown in the pumped well is

s(r,,t) = 2.25 Tot R
el 3! ]2 n — en
41T, w8, -

where
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4. DISCUSSION
Equations {17) and (21) both describe the drawdown in a well where skin effect is
present. Numerical evaluation of the two equations for a wide range of data is given in
Table I. The results show that equation (21), although based on a simplified mathematical
model, is an excellent approximation to equation (17). The storage coefficient of the
inner zome, Sy, does not appear in equation (21) but the results indicate that this

tern has little influence on the drawdown in the pumped well.

Because equation (21) is simpler to use than equation (17), its use is preferred
when computing the additional drawdosn due to skin effect. Equation (21) contains two
terms, mamely, 2.25 Tot/rt 52 and §,. The first term can be evaluated from data
collected at an observation well located in the outer zone. The second term contains
the two unknowns, R and T} and their values can be evaluated most efficiently by a
trial and error procedure. Values of drawdown as a function of time obtained at the
pumped well can be compared to the theoretical values given by equation (21) with Sg=0.
If the observed drawdown values are greater than the ones obtained from equation (21)
with Se=0, one may conclude that Se > 0 and that the skin effect is present. Once
the value of S, has been obrained, the values of R and T; can be estimated by trial

and error noting that the term R/, appears in logarithmic form

Thus, the condition of a well can be determined by comparing actual drawdown at the
pumped well to the calculated values using the aquifer characteristics determined from an
observation well data. Positive values of S, indicate a damaged zone near the well bore

while negative values indicate higher hydraulic conductivity zame which may be a result

of acidizing, fracturing or gravel pack. Results of acidizing or other trestment to re-
duce the skin effect can be quickly checked by calculating the value of S, before and
after treatment. The method is applicable only to wells affected by losses due to laminar

flow (both the normal losses and those in the "damaged" zone) and does not account for

turbulent losses that may be present in large capacity wells

H Yaron M. Sternberg
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TAELE T

Comparison between Equation (17) and (21) for various values of T,

T,, S1, S; and R.

t=0.1days, 7, =0.25 ft
1, S T e s,x10% | s,x10" | R, £ A ron . (17 L
min min
0.1 1.0 1.0 1.0 0.5 5.769 5.742
0.1 5.0 1.0 1.0 j: ) 4.006 4.001
0.1 500.0 1.0 1.0 0.5 3.473 3.473
0.5 100 1.0 1.0 0.5 0.727 0.727
0.5 1.0 1.0 1.0 1.0 3,344 3.316
0.1 5.0 1.0 L0 1.0 7.399 7.397
0.1 10.0 1.0 5.0 1.0 7.141 7.141
0.5 5.0 1.0 10.0 1.0 1.743 1.737
0.5 1.0 5.0 L.l 1.0 b ¢ 3.316
0.5 5.0 10.0 1.0 1.0 1.854 1.852
0.5 1.0 1.0 5.0 1.0 2.948 2.913
0.5 10 1.0 10.0 1.0 1.582 L5758
1.0 10.0 5.0 1.0 1.0 0.946 0.948
0.1 5.0 |10.0 1.0 1.0 7.361 7.
0.1 1,0 1.0 1.0 2,0 975 11,980
0.5 10.0 1.0 1.0 240 2,296 2,295
0.5 5.0 1.0 10 2.0 10.576 10.679
1.0 10.0 10 1.0 2.0 1.253 1,255
0.1 10.0 5.0 1.0 3.0 12.364 12.620
1.0 5.0 5.0 10.0 5.0 1.487 1.483
0.1 5.0 10.0 10.0 3.0 12.641 12.746
1.0 10 10.0 10.0 F% ] L.37E 1.380
FiQ 1.0 10.0 1.0 3.0 2.544 2632
Yaron !
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APPENDIX NOTATION

8- K (o) Ko(B) - Kola) Kyi(B)

Cy =
8. T,(a) K (B) * Ko(a) K1 (B)
% (%), 1,(x) = Zero and first order modified Bessel functions of the first Kind
©
respectively
Ko(x), Ky(x) = Zero and first order modified Bessel function of the second kind
respectively
Q = Discharge
R = Radius of the inner zone where skin effect is present
r = Radial distance from the well

Radius of the well

<(r,t) = Drawdown at any time from the start at a distance r from the well
S = storage coefficient
Se = Drawdown due to skin sffect

T = Transmissibility

Y W rw/zwl
& = /21w,
v = r?/2tw,
8

10 Yaron M. Sternberg
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PARTIALLY PENETRATING WELL IN A CONPINED AQUIFER

P.G.Sastry
Professor of Civil Engineering, Fegionel Engineering College
Warzngal, India

And

P.Przkasan
Assistant Hydrologist, Ground Water Department
Hyderabad, India

SYNOPSIS

A criticel review of the existing methods to
analyce the flow toward a partially penetrating
well in a confined aquifer is made and their 1i-
mitetions, assunmptions implied end applicebility
are discussed. The method of electrical analogy
is employed to analyse the flow towards a parti-
2lly penetrating well in a confined aouifer.

The effect of partisl venetration on drawdown
and discharge ic demonstrated, meking use of the
test results. The influence of the verious para-
meters on the phenomenon is anelysed.

1, IFPROIUCTION

A partially penetrating well is one whose length of woter entry portion
is less than the thickness of the aquifer. Flow to such a well is three-
dimensional, some times with radial symmetry. Partizlly penetrating wells
are often constricted for the following reasons:

1. Weter requirement being less than the yield of fully penetrzting wells.

2. Fconomic considerctions: increase in the cost of drilling with depth,
and increcse in yield being not proportional to the incresse in penetra~
tion.

3. Technicol Considerstions: cavacity of the drilling machine on hand, epe-
cial problems encountered in well construction which prevent further
progress.

A greater resistance to flow is encountered in the czse of pertizlly
penetreting vells owing to the incresse in the average length of a flow line
and hence an additional amount of drawdown is created in comparison with
fully pemetrating wells for the scme discharge. However, it was observed
that the effect of pertial penetration ie negligible on the flow pattem
beyond a distance of about 1.5 to 2 times the thickness of the aguifer.
The additional drawdown created in a partially penetrating well is of great
interest from the point of view of acuifer test analysis on partially pene-
trating wells. Also, one would normelly like to know the incresse in yield
per unit additional depti of penetration in order to caxry out an economic
analysis.

The scope of the present work is limited to the enalysis of partially
penetrating wells in confined agquifers under steady state conditions. The

1 P.G.Sastry and P.Prakasam
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precblem is analysed using a conductive 1iquid anslog model and the experi-
mental resulls are compared with those from the existing theoretical and
geni-empirical expressions. The various theories so far available on the
subject ere reviewed, The assumptions lmplied, the parameters influencing
the phenomenon, the applicability and limitations of the various theories
are discussed. The following assumptions are genmerally made in analysing
the prodlem:
1. The aguifer is composed of homogeneous and isotropic material.
2., The zquifer is horizontal and of uniform thickness.
3. Trere is no contribution to flow from the confining strata.
4. Steady-staote conditions are established over a reasonably large area

around tane wells.
5. The well penetrates only a part of the aquifer from the top.

2. CRITICAL REVIEW OF THE BXISTING METHODS

TorchheimeT (2) was probably the first investigator who cohsidered the
effect of partial penetrstion in an aquifer. (Czses of flow through plane
and hemigpherical bottomed wells having weter tight walls were also analysed
by him. His analysis of the problem was semi-empiricel and the discharge
ratio for a partially penetrating well is given by

R,/Q = Jb Y=mF 1)
where Gp and Qr are the discharges from partially penetreting and fully

penetrating wells respectively and p is the penetration factor defined as
the ratic of the well veretrztion depth, 1, to the aguifer thickness, M(Figd)

AQUIFER

7 7
FIG.1. DEFINITION SKETCH

The discherge ratic is plotted as = function of penetration fraction in Fig.2.
de Glec's edvation (7) for the discharge ratio, of a partially penetrating

2 P.G.Sastry and P.Prokasam
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FIG.2. DISCHARGE RATIO FOR A
PARTIALLY PENETRATING WELL

well ig of the form

Q L (R/n.)

= = T} R (2)

Q v () o W)
where R is the redius of influence, 1y is well radius znd 1n is natural
logarithm. The above equation is stated to be valid for 1.3 1{ M and
1/2vw }5. Muskat (5) treated the probdlem cf flauid flow towards partially
penetrating wells in confined aguifers as analogous to the flow of electri-
city in large cylindrical disks and evaluated the potential distribitions and
flow Tates for various conditions. This stands o be the first exact theoze-

tical analysis of the problem. An aporoximete formula developed by Maskat (6)
for discharge rztio is of the form

8 _ tn ('&) (3)
Qs m

2
where A is a function of p. Eg.3 is evaluated and presented graphicslly in
Figs. 3 and 4 for different values of PyR/Tw, and M/R. Ec.3 is basged on ¢

assumption that the flux is uriform 21l along the axis of the well whirh is

3 P.G.3astry and ¥.Praskagam
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not true. Even in its approximeted form, the equation is a bit cumbersome
to handle and it was observed from computations that the results of the equa=
tion for p < 0.3 are not consistent with those for the rest of the range and
hence the equation can be recommended only for penetrations of more than
30 per cent.

Based on Huskat's analysis of the problem and experiments, Kozeny (3)
presented a still simplified approximate formula for the discharge ratio

Q T
TP,; » b W NEIEE ) %

Ea.4 does not satisfy the Theim's equation for large values of r and hence
ig not perfect in its form.

wen Hsiung Li et al.(8) evolved a simple empirical formula for the draw-
down in a partially penetrsting well and for the discharge ratio, based on
the data obtained from a series of tests on an electric analog model. The
ratis of the drawdown hp in a partially penetrating well to the drawdown hf
in a fully penetrsting well in the same aquifer, for the same discharge is

given by

by o 4w l«x( M) [(3"- ] (5

hy ("/r G

Q [

/
and Q—' 2 o wm) L )
t lb ( )
5\“ Yw)

The value of n can be taken as 0.75. These equztions are not applicable for

penetrations less than O.1.

Kirkham (1) developed his theory for flow into partially penetrating wells
considering the case of top penetration and advanced soclutions for flow rate
and potential distribution. Though his anelysis is an elegant exercise in
advanced mathematics,itis too sophisticzted for ordinary use unless it is
extremely approximated. Jacob (6) recommended a method of computing the
additional drawdown in a partially penetrating well which is based on the
expresaions developed by Muskat. He also presented nomogrsms which give the
relationship between the drawdown correction, penetrztion fraction and ano-
ther parameter =x/M.

3. EXPERIMENTAL IKVESTICATION AND ANALYSIS

In the present study a conductive liouid analog is used to simulate a
partially penetrating well field. A sector model is choser since the flow to
a partially penetrating well is axisymmetric. A tenk 50 cmw long and 20 cm
wide is constructed with perspex sheets and the base of the tank is graduated.
The potential boundary and the well are simulzted by using copper electrodes

4 P.C.Sastry and P.Prakasam
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(1.6 mm thick) CD and BE respectively. The insulating faces BC and AD repre-
gent the impermeable confining beds (Fig.5). A stebilized voltege is derived
from an audio frecuency generator and a freduency of 1000 cps. is chosen.
Ordinery tap water is used to serve as the conducting mediwa. A potential
of 3 V is spplied at tie potential boundary electrode and the well electrode
is earthed. The potentisl at various points in the field is measured by
meens of an insulated prebe connected to a vacuum tube voltmeter. Finally
the resistance of the model is determined. The problem is analysed experi-~
mentally for 0, 20, 40, 60, 80 and 100 per cent penetrations of the model.
The equipotential lines are plotted for various penetrations. It is observed
that the effects of partial penetration are not felt beyohd a distance of
about 1.5 times the aouifer thickness. From the resistance of the model for
each penetration, the current in the circuit is computed, which is analogous
to tze flow rate in the prototype. Hence tae ratios of current for various
penetrations to that for full penetration should represent the discharge
ratios for various penetrsztions of tie well. Variation of the discharge
ratio for various penetration fractions is shown in Fig.2. The variation
closely =agrees with Forchheimer's efuation. To determine the size of the
well electrode and the conductivity of the liquid used, the following result
for fully penelrating wells is used.

Kih L oemv L & Wl ™

Q T ® Yu

where K is thé hydraulie conductivity, @ is the specific conductivity of the

medium, V is the potential difference, I ig the c;girent, Q ic the discharge
end b is the hydraulic head between any point andfat the well. The values
of @ end ry were found to be 1.28 x 1078 mhos/em. and 1.17 cm respectively.

Meking use of the test results, 2 plot is made of the parameter Xih/Q
for different valae: of /i and for different penetrations (Fig.6). The
curves obtzained are -zrallel to the line for full penetration except in the
region of r/ii ¢ (1 - p}, thus supporting Wen Hsiung Li's (8) conclusion that
the additional drsv created as an effect of partial penetration is essen-
in the region where r/M is less than (1 - p). Ancther
is plot is that tie lines for penetration fractions

tially consiz

interesting

of 0.8 and 1.0 alarst uoincide, supporting the general idea that penetrations

of more than #€.% ean for all practical purposes be considered equiva~

ration.

nt value of r = M.(Fig.7). 7The Tesult is a straight
~0.59, which ig in close agreewent with the values
iung Li.

line with =
errived by e

The ecuations r:viewed in the earlier sectiom can be expressed in terms
of functiorz o7 the parameters in their non-dimensionel form as under:

6 P.C.Sastry and P.Prakasar
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1. Forchheimer: QP/Q; = *(P) t
- p,t %)
2. de Glee: QP/Q; = f(h' ol Yu ‘™
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3. Muskat: Qp/Q* = {(P, T, g _E)
. [}
4. Kozeny: QP/Q* . .‘_ (p‘ Tf;)
5. Wen Hsiung Liz QP/Q‘ = § (p' r_:} ,%)

In iis most general form the discharge rstio can be expressed as:
Y T (- S Tt
‘w W W R

It is worthwhil® to discuss the extent to which each of the above
parameters influence the discharge and the drawdown.
1. Penetretion Praction , p :

Otzer conditions beinz the same, penetfation fraction has a significant
effect on the discharge and additional drawdown in a partially penetrating
well. In general, an increase in penetration does not give rise to a propo-
rtional iscrease in yield, this being especially true beyond a penetration
of half the aguifer tihickness, zs evident from the plots (Pig.2,3 and 4).

5o one has to decide cerefully the optimum depth of the well or optimum
length of well screen from ecencmic point of view.
2. Fatio of Radius of Influence to well radius, R/rw:

A close study of the vlots in Fig.4 reveals that the discharge ratio
increases with incrcese in the retio R/rw. In other words, the relative
discharge is more in case of extensive aquifers, well radius being the same.
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3. Retio of aquifer thickness to radius of influence, M/R:

It can be observed from Tig.3 tiat paraneter /K

relationship with the discharge rstio, h the eifect iz
significant. This is from the gi

intense in case of thick aguifers

hence s lesser vslue of dis:

4. Well Slim-ness, 1/tw :

The well slimness appears to
ratio, as can be seen from de Glee's equetion. For the szle penetr
fraction, the discharge ratio bears an ir

ve z signifiecant effect on % diser

Tse tionshin with v

ness. In otherwords, the sffect of partizl peneirstion is less v
in wélls of larger size,
5. Ratio of aguifer thickness to radius of the well, Ii/my:

The influe: sted
and ifen Hsiung Li's analisis of the problem. A substantisl drer in the dis-
charge ratic can be observed for the same nenetration

2 of this parameter can well be arpre

ness is large compared to the well radius.

4. CONCLUSIONS

The results of the tests conducted are in sapport of Fen Hsiuns Live

and tuskat's investizations. The paremeters p, E/vy and 13/rw have sien

cant influerce on tie discharze 2ng &

wdown in a2 partizlly penet
The influence of each of these paremeters is graphice

discussed. The zdditionzl drawdown is essentially

except in z region very close *o e well, which is
tration. Tor penetrations of more than
penetration is so insignificant tast it n for all practi

vreated ecuivalent to full pemetration, 3Beyoud a v

percent

aguifer thicimess, the increzse in yield is not significant.

choose the well denth or screen le
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STUDIES ON 4 WELL PENETRATING A TWO-AQUIFER SYSTHEM

Abdul Xhader,M.H., Elango; K.,
Veerenkutty,M.KE. and Satyanandam,G.
Hydreulic Engineering Lgboratory
Indian Institute of Technology

Madras

SYNOPSIS

4 theoretical formulation for the analysis
of a well,penetrating a two-aquifer system with
en unconfined aquifer at the top and a confined
aquifer at the bottom is indicated. The steady
state performance characteristics of suckh a
system have been studied on a sand model. An
interference coefficient of discharge is defined
and the values of the same are determined from
experimental data for different driving head
conditions im the two aquifers. Thegse vsluasg
sre found to vary from 10 to 25 percent, indicat-
ing that the interference effects in a two aquifer
system is significant.

1. INTRODUCTION

In ground water extraction it is quite common that the supply is
derived from a multiaguifer system. It may often comsist of one uncon~
fined aquifer on top and one or more confined aquifers separated by imper-
meable layers at the bottom. The connection between the equifers in many
cases is only through the well. The well penetrates the overlying uncon-~
fined aquifer completely snd in the confined aquifer the penetration may be
eitber full or partial. The yield in such cases is usually considered as
the sum of the individual contributiens frem each ef the aquifers under the
respective driving head conditions, the interactiorn between the aguifers
being assumed megligibdle.

2, THEORETICAL FORMULATION

A theoretical analysis for & two aquifer system beth of them confined
has been given by Papadopolus (1). But a multi-layered system involving an
unconfined squifer bas mot been analysed. The preseace of a free surface
ip the uncenfined aquifer and the likely formation of a surface of seepage
at the weii face render this problem difficult to analyse, despite the fact
that the solution for flow into a well from & single aquifer either confined
or unconfined is well known (2,3)s An anelyticel model for a two squifer
system with an unconfined aquifer at the top as shown in Figure 1 is
presented herein.

1 ABDUL KHADER
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Consider that the aquifers are of infipite areal extent with the ini-
tisl heads being different in them. At time & = 0, the two aquifers are
considered to be connected through the well, without pumping the well. Let
the well be kept unpumped for a peried t . During this period imternal
flow taXes place due to the difference in head, After time to let the well
be pumped at & constant rate QT. The diameter of the well is assumed to be
small so thet storage in the well can be neglected and the problen made
tractable. If the aquifers are assumed to be homogeneous and isotrepie,
the head distributions arcund the well may be described by the following
boundary value problem, using the notation given below: (the subscripts u
and ¢ Tefer to the unconfined ard confined aquifers respectively.)

8, (Ty2,%), s, (zyt) = drawdowrs at aay radius r and btime ¢

: ) Hc = heads at infinity
K“. Kc = permeabilities
8.5 « Specific storages

o

contributions to total discharge

£

PE )
é

]

T, = well radius

=) = specific yield for unconfined aguifer

For the unconfined aquifer the differential equation for drawdown
s, {r,z,t) is

Fou 1 24 Fhu _ Su 38w
e twan T3z22 T k.ot S

The solutior should satisfy the conditions

€ sy (a,m>2+(ah& > (aﬁu ak the free-- ~(20-)

Koot o/ T\3z / T\Bz ) surface
) D4u zo o Z=0 . o (2h)
oz
iy %, =0 af t=0 (29
(i) Ay =0 abt  »= o0 Lo (2d)
s ZWK\L(HLL*’?’F/\’%%#}”” = Qu, as ~»0 - - (20)
n
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For the case of the confined aquifer, the differential equation for
the drewdowa sc(xv,t) is

It 1 ke _ Sc DA
Tk i el ol @

The solution should satisfy the conditions,

() A =0 at t-o0

(4o

) 2 =0 at = oo 1S

amd (141 2T K Qyn_gég =2 Q¢ s >0 - (40
n

The common conditions to be satisfied by both the solutions for the
case of the aquifers performing simulteneously arve

©) a&—a-ac:o for O<tgt,

- {5a)
= Q_T for t > to

and () (Hy=2uw) = (Ho= 4¢) at sz sy,
ne{j?ectm§ The xeepa@e sunface

The specific storage su in the case of unconfined aquifer is very
small relative to the specific yield &€ and therefore the contribution to
the flow from aquifer compression msy be neglected except during the very
early periods of flow (3).

With this essumption, the right hand side of
EQ.1 may be treated as zero.

If the gradients are small the squares viz.,

i~ 302
uw)
Q%;x‘) and —Fdz——*> in Eq.2a can be neglected, and EQ.1 and Eq.2a
may be written as

2 2.
Js 1 0su Ou
_“anl;_ 3 n T e T 9

end %/Ew + % %?—w = O at z2=Hy . (7

ABDUL EHADER
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The solutions of the differential equations Eq.6 and Eq.3 can be attem
pted using the Laplace transform and the Hankel trensform. The exact
nature of the solution is under investigation. Due to the omission of the
seegnge surface in the unconfined aquifer, a slight deviation in the vici-
nity of the well is likely; but the error may not be significant as shown
by Hantush (4).

3+ EXPERIMENTAL STUDIES

The present study on a sand model is an attempt to arrive at a factor
for the effect of interaction for various corditions of individual driving
heads and differential heads for the two aguifer formation as showm in
Pigure 1. This factor is designated as the interference coefficient of
discharge as is defined as = 4— Qr } i w1 (8)

i) " Qe £ Gw
in which Q‘I‘ = Potal discharge from the twin aquifers when both are comtri-
buting simultauecusly through the well, qc and Q‘u = indeperndent individual
discharges from confined and unconfined aquifers for various driving heads,
with each aguifer discharge being collected when the other aguifer is
sealed.

The aim of the present study is to experimentally determine the values
of the irterference coefficient of discharge for specific driving heads
conditions for eack of the aquifers for three differsnt penetration ratios
for the coafined aguifer, with the ratio of the diameter of the well to the
thickness of the confined aquifer being large.

571 Ixperimental facility and procedure
~

Thé é@eriments were copducted on a sand model the details of which
are sho‘w: in figures 2a and 2b. The model was prepared in a flume
440 ¢ x 60 cas connected to two separste reservoir systems on either side.
Perforated overilow pipes with sliding collars were provided to maintain
desired levels in the tanks. Point gauges were used for measurement. Wire
gauge screens were provided at the junctions to prevent eatry of sand into
the tanks. One of the lobger sides of the flume is of glass and the other
one is of masonry. Sieved sand was filled in layers for both the aquifers.
4n aluminium sheet 1.5 mm thick was used to simulate the impermeable leyer
separating the two aguifers.

Well was simulated using a half cylinder of steel 70 cms high and 5 cms
in diemeter -with c¢ircular perforations of 4 mm diameter in rows of 8 mm

4 : ABDUL KEADER
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spacing for the full height. This waes placed butting the side of the glass
Plate. A syphon arrangement was used for simulating pumping from the well.
4 pet cock fixed on the delivery side was controlling the rate of flow from
the well.

A confined aquifer of 17.5 cm thickness and unconfined aquifer of
50 cm thickness were prepared with the aluminium sheet in between.Piezo-
meters with specially prepared ends were placed at selected points on
either side of the well at the bottom level of the aguifers. These plezo-
meter tubes were connected to menometers on the sides of the model.

In order to atudy the individusl performance of confined aquifer and
unconfined aquifer separately under specific drivimng heads, water in the
concerned tank was maintained at the desired level. The portion of well
over the unconfined aquifer region was completely sealed during the study
of the confined aquifer performance, In order to avoid the eifect of
presgsure uplift on the aluminium plate the upper aquifer was also kept
saburated. Model was allowed to run for some time to make sure that the
sand was completely saturated. After completing the readings for the con-
fined aquifer for different penctration ratios, the portion of the well for
this aquifer was sealed snd the well was screened only for wnconfined
aquifer and the observation made.

All the experiments on the combined performance were concerned with
the stwady state conditions and the total discharges were measured for
various water level conditioms in the two aquifers for which individual
discharges were already meagsured in the previous phase. Here, the well was
penetrating the unconfined aquifer completely and the confined aquifer
either fully or partially, with the values of penetration ratio as 1.0,
0.7 and 0.5.

3.2 Results

The range of experimental parameters is shown in Figure 3. Discharges
as obtained from experiments are used to compute the interference coeffi-
cients (Table 1). The discharge-drawdown graphs for various conditions of
water levels in the aquifers are also plotted (Fig. 4 and 5).

The plots appear nearly linear indiceting that for small drawdowns,
the relationship is approximately linear for the unconfined aquifer also.
Figure 4 shows the discharge drawdown graphs under differential hesds of
5 cms and 17 cms for different penetration ratios in a confined aquifer.
For the same driving head the discharge is found to be increasing with

5 ABDUL KHADER
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increasing penetrating ratics. With equal water levels for both the
aguifers, the effect of inberference is found to increase with increase in
the driving head and decrease in the penetration ratios. The average value
of tre interference coefficient of discherge is seen to be 0.19. In the
case of different water levels for the two aquifers the interference is
increasing with the differentiel head. The average value is around 0.23.
Thus the effect of interference inm this case is predominantly higher for
smaller discharges.

TARLE 1
STAL OF COMPUTED VALUES JINTERFERENG,
COBFFICTENT OF DISCHARGE
. -

L)

E 7, '“L: 1=

NN
/o = 1.0 /o = 0.7 1/b = 0.5
45,5 4545 Q.07 87 0.18
51.5 51.5 0.04 0.24 0.25
56.0 Q14 0.22 0.28
63.5 0.18 0.22 0.22
1.5 26,5 0.11 0.25 0.26
56,0 46.5 0.12 0.26 0.28
20,0 46,5 0,24 - -
583.5 48,5 Q.24 0.29 0.29
56.0 515 0.19 - -
855 515 .21 - -

4, CONCLUSIONS

cherge Ironm a comdined aguifer system is less than the sum of
cherges from the aguifers for corresponding heads.

for botz tre aguifers are equal the sffect of inter-
increase in 4riving head and decrease in pene-

Wit

ne ag 3 are different, the interferesnce

differential head.
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wu the theoreticsl analysis an expression for discharge may be obtain-

ed in terms of drawdown and initial heads in the two aquifers.
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A
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% 1]
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FiG.4L - A TYPICAL VARIATION OF TOTAL DISCHARGE WITH

DRAWDOWN - EQUAL DRIVING HEADS.
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FI1G.5-A TYPICAL VARIATION OF TOTAL DISCHARGE WITH
DRAWDOWN - UNEQUAL DRIVING HEADS.
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SYNOPSIS

Based on the principle of superposition and the
method of imAges, @ mathematlcal technigue 1s deve-
loped to obtain the transient drawdown in the viel-
nity of well zroups located near a barrier boundary,
A straight line array of Wells penetrating a phreatic
aequifer is considered. Each well in ths array is
assumed to dlscharge at the same rate. Solutloms
are obtained by using 2 digital computer to evaluate
the exponential integral. In order to gensralise The
results, concepts of drawdown ratio and coefficient
of interference &re introduced. A parametric study
is undertaken to show the effect of ¢iffarent varia-
bles which include number of wells, well spacing,
barrier distance and pumping time. It is shown that
thase analytical procedurss provide useful tools for
the engineer who is charged wiih the responsibility
of designing and analysing well flelds for ground
water extractione

1., INTRODUCTION

Exlsting maethods for computing the drewdown pattern in the vicinity of
well groups do not generally consider the transient nature of flov of ground
water. If the pumping time is relatively short or the well spacing is very
large, the drewvdown in an individual well 1s waffected by surrouniing wells;
however, this seldom occurs in practice, and well interference is comnonly
encountered. Further, majority of avallable methods assume seeplge from a
circular source with a boundary of constant potential. Frequenily Walls are
located near faults, burled rock valleys or dikes that cut the aquifer, thus
preventing ground water flow across such barriers.

The present study develops 2 mathematical tecknijue keeplng the above
aspects in view. A procedure 1s obtained to compute the time - dependent
dravdovn in systems of multiple wells which are located along a straight
line, nedr a2 barrier boundary.

& Rao & Murby



2. BASIS OF SORUTION

The principle of superposition is employed to calculate the effact of
peighbouring vells in a given arrey. Although the governing differential
equation for fiow towards & fully penetrating well in a homogensous, uncon.
fined, infinite aquifsr 1s nonlinear, it can be replaced by the linearisad
form z

! T U vy _gav L

kh( 2= + =
2 r? r oar at

in which, U 1s the drewdown function after time t at a redial distance r in
an aquifer of average thickness h. The hydraulic conductivity and specific
yleld are k and §, respactively. The drawdewn function may be written as
2 2,

U:__]z-(Ho-h) o (2)
whore, H; 1s the height of initial water level above impermeable base, and
b 1s the height of water level after time t. It must be noted that the
linearissd form of Bq. 1 assumes @ constant h in the solution dmain. An
approximate valus for h 1is normally not known a priori, but & value of-
0«7 B, can be used as a first approximation (1).

Since Bq. 1 1s linedr in the dependent variable, U, a linear combina-
tion of its solutioms is also a solution and the total drawdown at any point
in the zome of Infiuence is equal to the summation of drewdowns caused at
that point by each individial well.

The method of images is used to trensform & finite aquifer to one of
infinite extent. This is illustrated in Fig. 1(a), vherein imaginary dis-
charging wells are placed across the imparmeable boundary. A ground water
divide would exist at the boundary and the condition of no flow @cross the
boundary is thus fulfilled. The Tesult2nt cones of depression are shown in
Flgse 1(b) a2nd (c). Ths drevdown 8t any given point in the finite aquifer
1s affected by real as well &s imaginary well arrays.

3. THRORETICAL DEVELOPMENT

As shown in Fig. 1(a), & linear arrey of (2n + 1) wells is considered.
Bach well of radius x, end spacing 1 discharges at rate Q. The distance of
the array from the barrier is d. The imagirary array consists of wells which
are symmetrically placed with respect to wells in the real array. The origin
of the compound system 1s.taken a8t the central well of the imaginary array
and the coordinate axes X and Y are directed perpendicular and parellel to tie
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ling of wells. Based on the principle of superposition, the drawdown func-
tion at any arbitrary point after time t may be expressed as (2)

Q = ot o r 2
= e _ _ _ _ -.(3)
U=k [JZM B+ ,-Z:-n E,C Zaf )J ¢

In the above equation, a = kk-lls and Ei is the well-known exponential inte-
gral function (3), given by o

®

“B(-u) = J a_xii.'i).. du eveneis (8)

(s u
The redial distance Tgy in Eq. 3 1s the distance between an arbitrary point
( %,y ) and the centre of jth imaginary wellj Try 1s the distance between
the point and Jth real well. Based on the geometry of arrays, &s shown in
Pig. 1(a), the following equations may be writtems .

2 2
rfd =x +(y-5) assssee (8)

2
I‘rZJ =(x-2d)2%(y-jl) essasse (€)

In this well system the largest drawdovn occurs in the central well and
the smallest In the outermost well; hence all scbsequent discussion will
pertain to either of thess two wells, which constitute the limiting cases.

At the faca of the central real well,
=2+ 1, andy =0, Therefore, for the effect of maga Wells, Bq.3 gives

X
S 2d+ 1, (JU
U( =4§|-T ZE—EI{_(—‘,T)} E; { 4u{' }} o ==
Substituting z;_nmnnmsm;,s < = r... /(4‘”) y K= d/( at,
== dr,/Gat), p=(*/(4at),

Eq-?takas the fom. £ (—ﬁji) (8
Um0 L8 g, £ )6

Jj=-n
The exponentisl integrel may be expanded in a convergent infinite
serles as n n
G1) u .. (9
_E.(-4) =-0.5772 w2 o e (9)
!

sy n.ntl
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and may be approximated (1) by
- Bi( -u ) = 1n(9.562) evaseses (10)
a

for values of u less than 0.01; 1n ic the natural logarithm.  With tuus
approximation Eq.8 may be written as

U= Q [ln 0.562 | 0562 |, 0-562 2,:(5_,1)] )
i AT =< 5 =<,

F(pny= 7 -E (-85 it
J=t

Similarly, the affect of real am‘ay is given by

5111
U ATk Z [ 4d?’ - E.‘ (’ 2ok )] (1)

jz-n

which may be written as

Q 0.562 ,n) ()
U _m[[n e + 2F(6 ]

Sumning up BqSe 11 and 14, the dravdown function for the centrel well is
glven by

U e R [l o2y 22 238 L g E(Bn)] 0
¢ 4Tk s oty =3

Proceeding in ths same manner, the drawdown function for the exterior
well R in Fig. 1{a) is written as

0562 | 0:552 , | 2:582 4 2F (?,zn)} 18

Q
Ver o TS T
Where an 3
- -B]J e (iT)
F(@)zn) = z EI ( g )
J=!

To stuldy the effects of Well interaction, a cosfficlent of inter-
ference (2) defined as the ratlo of Q (the discharge of & single Well with-
out interference at time t With a given drawdown function) and Qg (the dis-
charge of & well in the array at the seme time and with the ssme drawdown
function) will be employed. For & single well ths drewdown function is
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2
gliven by 2 r
o Le gl )] o
Us = a7k i\ Zat i 2at
Appraximating the expanential integrel function as before,
bl
Q - 4 )
s 0.562 In 0:562 , |n 0:562
2ln 2222 — =
From Bq. 15,
aTku

..v (20)

= 0562 , |n 2:562  |n 2562 4 47 (@.0)
I 2ln = + 1 =, T < (

Q

Thus, rl y the coefficient of interforence for the central well may be writtm
<

as
Q 4.F(09,n)
N=—2=1+ w (21)
¢ Q 2n 2562 4 In 0592 4 n %ﬁ
=< o< 2

An expression for the coefficient of interference of the outermost
Well may be derived in 8 similar mamer.

4. PARAMETRIC STUDY

In order to evaluate the response of variocus well systems, & para=
metric study 1s undertaken in terms of variables such as well spacing,
pumping time, barrler distance and number of wells in the line array. All
the computations are carried out for wells of 75 mm radius, fully panstrat-
ing 8 30 m - thick phreatic aquifer with hydreulic conductivity of 5 m per
day, specific yield being 10 per cent. Each well 1is assumed to pump &t a
yate of 100 cubic metres per day . The aquifer characteristics reasonably
represent the average values in poorly pemedble formations. Different well
systems studied herein consist of 5, 7, 9, 11 and 13 wells, wniformly spaced
at 20, 30, 40, 50 and 60 m, at a distance of 30, 60, 90, 120 and 150 m from
the barrier. A dimensionless parameter, designated as drewdown ratlio, &nd
defined as ths ratio of drawdown to the saturated thickness of aquifer, is
chosen to exhibit the variation in dréwdown. The drawdown ratlo and co-
afficient of interferance are computed for pumping times of 0.1, 1, 10 and
100 days.

The expaonential integrel function involved in the computations was
adapted for & digital computer solution by a comtination of calculation and
control tests. The infinite seriss form, as expressed in £q.9, was

g Re0 & Murby
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truncated after reaching am error factar of 1077. After writing ani debugg-
ing the computer progrémme, the drewdown calculatioms for 500 cases needed
appraximately two hours of compilation 8nd execution time on an DN 1620
computer.

5. RESULTS

The effect of well spacing and number of Wells on drewdown ratlo is
shown in Fig.2. For a given spacing, the drawdown increases With an increas
in the number of wells and this effect 1s more pronounced at smaller spac-
ings. Beyond a certain well spacing, the dréwdown is essentially independent
of nmmber of wells. Fig. 3 relates ths drawdown ratio to pumping time for
various well spacings. A%t small values of time, drawdown may be considered
to ba independent of spacing, since the respective cones of depression of
individual wells in the array do not interfere with one another. Contlnued
pumping, however, leads to a repid increase in drawdown.

The influence of barrier distance on drawdown retio is shown in Fig. 4
in terms of Well spacing. From a knowledge of agqulfer characteristics sueh
as hydreulic conductivity, specific yleld, aquifer thickness, and by using
Fig. 4, the minimm depth of water level to be m2intained iu @ given area can
be estimated for an assumed spacing of wells. Fig. 3 helps in determining
the transient response of ths system.

The co-sfficient of interference for the central well is plotied in
Figs. 5 and 6 as a function of varlous parameters considered in thls study.
Since the co-efficient of interference is @ measure of discharge in 3 single
well without Interference, compared to that of a well in a group, 1t
approaches unity, as the well spacing increases; that 1s, the wells do not
interfere from 2 practical point of view. Based on other calculatlons not
presentad hare, 1t was found that the coefficient of interference for the
central well is higher than that for the cutermost well.

6., SIMMARY

A methodology has been developed to compute the time-ldependent drawdown
in well groups located near a barrier boundary and penetrating & phreatic
aquifer. The mathematical technique is very broad and can be readily exten-
ded to other types of aquifers and boundary conditions. Choosing represen-
tative geohydrological conmstants, functional curves are o'b;,ained to inter-
relate diffsrent combinations of variables. The greéphical relationships
pressnted hare provide convenilent tools to avold subjective estimates in

6 Rao & Murty
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determining the spacing, number of Wells, period of pumping amd dravwdown in
multiple well arrays. It is concluded that these procedures &re useful in
analysing or designing well fields for extraction of ground water.
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AVERAGE HEAD APPROACH TQ PARTIALLY PENETRATING
GROUPS WITH APPLICATION TO GROUND WATER PROBLE&LL

S.N.P. Sharma
Q+I.P. Research Scholar
Department of Civil Engineering
IIT-Kharagpur~2, W.B., India

SYNOPEIS

The paper presents a brief review of the methodologies
in use for the analysis of partially penetrating well
groups. The eoncegt of average head introduced by ths
author for the solution of partially penetrating multiple-
well systems 1s explained. Bimplified average head expre-
ssions are furnished for steady and unsteady flow conditions
in snisotropic and isotropic aquifers overlain by leaky and
non-leaky confining layers. Approximate averege head expre-
saion for partially penetrating gravity well mnder steady
state condition is n{so suggested.

Hantush's examples of fully penetrating well groups
in non-leaky isotropis aquifer under unsteady state condi-
tions are extended for the partially penetrating well
gro:g:iin leaky anisotropic aguifer under unsteady state
eon ons.

Babbit and Caldwell's examples of fully penstrating
gravity well groups within circular recharge bound. are
extended for partially penetrating cases. The author's
analytical results for partially penetrating well groups
in artesian aquifer are extended for use in the case of
pmlsllmenatrg.ﬁng gravity well groups. Charny's’equi-
valent fully penetrating well approach' for artesian
aguifer is extended to the water table aquifer.

The utility of the derived results for the bydraulie
design of well-point systems is 113ustrated.
1. INTRODUCTION

It 18 well known that partially penstrating wells are employed in sevarsl
ground water problems. The problems of partially pemetrating well groups ia
artesian squifer have been studied by Segal(l), Charny(2), Middle Broaks and
Jervis(3), Mansur and Kaufman(4) and Bharma(5,6). The available litsrature
on partially penetrating gravity well groups is practically nil within the
¥mowledge of the writer but for the lone exception of the paper by Cbapman(7)
in which an attempt has been made to initiats investigation in this line by
equivalent ditch approach. 4 critical brief review of the methodologiss used
by the above workers for the analysis of partiaslly pemetrating artesian well
groups is given belov.

Segal applied potential theory approach to obtain rigorous solutions for
two specific problems with {nfinite sets of equally spaced partially pene-
trating wells in a semi-infinite strip, in which the boundary valus problem
reduces to a single well problem in a parallelepiped. His general result 1is
too much involved and converges conditionally as noted by Segal. For (finite
numbers of wells, for sxample even for & two well system, Segal has not given

any solution.
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Charny's method of replacing each partially penetrating well by an equi-
valent fully pemetrating fictitious well, may be called ' equivalent fully
penetrating well approach'. The method 1s useful only for large well spacings.
Further, this method enables determination df discharge only.

Middle Brooks and Jervis employed experimental method of solving a prob-
lem by electrolytic tank model. But his results should be considered of res-
tricted applicability dus to inherent limitations of experimental techniques
and electrical analog methods. .

Mansur and Keufman applied 'equivalent ditch approach' for the solution
of the problem analysed by Middle Brooks and Jervis. Although they improved
the application of the 'equivalent ditch approach! by accounting for the
effect of point abstractions due to wells, their final results were presented
in terms of empirical constants whose values were to be obtained from results
of elactrical analog experiments. The 'equivalent ditch approach! serves as
an useful tool but Mansur and Kaufman's work could not take full advantage
of the method due to the presence of empirical constants in their final
results.

The author has employed 'average head approach' to analyse problems
Felated to partially penetrating well groups in artesian aquifer. The concept
of average head briefly stated transforms the problems which by nature are
three-dimensional into virtually two-dimensional problems, by eliminating
the vertical co-ordinate z, from the analysis. It should be noted that this
method while rendering the analytical solution simplified, does not sacri-
fice the desired degree of accuracy. Once the problem is reduced to a two-
dimensiunaf!}tehis permits the application of the principle of superposition
for analysing the interference effects and the method of images to satisfy
boundary conditions.

For the water table aduifer, none of the analytical methods employed for
the solution of the problems of partially penstrating artesian well groups
have been extended as yet. Chapman studied the ,robem of flow to a partially
penetrating ditch under gravity-flow conditions by electrical analog model.
He gave expressions in terms of emplrical conctants to be evaluated by his
electrical analog results. Chapman's experimental method was that of ‘equi~
valent ditch approach’ in its original form in which correction for point
abstraction was not introduced. Hence his expression for the head should be
consldered applicable to points located quite far off from the ditch centre
line.

The present study aims at the objectives stated in the synopsis. The
validity of this average uead approach for partially penetrating artesian
well-groups has already been verified (5,6). For partially penstrating
gravity well-groups, the method ylelds results in conformity with equivalent
ditch approach(13).

2 S. N. P. Sharma
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2. THE AVERAGE HEAD CONCEPT AND EXPRESSIONS
2.1 The Average Head Concept

It is now an established fact that though the head distribution around
the fully penetrating gravity well is three-dimensional, Dupuit Forcheimer's
assumption of uniform head distribution along the vertical direction yields
exact expressions for the discharze(8,10). Muskat(11,12) has shown by rigo-
rous analysis that in the case of fully penetrating artesian well, the total
flow through the aquifer remains the same if the nonuniform head distribution
over the well surface and external boundary are replaced by uniform head
distribution of average head value obtained by averaging the non-uniform head
in azimuth. He further used average head along the vertical direction for
discharge computation to a fully penetrating gravity well, a fully penetra-
ting artesian-gravity well, and a partially penetrating gravity well.

Solution of ground water problems by considering the average head { or
average piezometric pressure) over the internal and external boundaries and
by considering variation of such average head in radial direction only, may
be called as ‘average head approach'. In this method, the actual head distri-
bution in vertical direction is not needed, rather it is sufficient to know
the average head in the vertical direction over the boundaries.

In the case of a partially penetrating well too, the head distribution
around a well is three-dimensional (axi-symmetric), but the water levels in
s pumping well and in an observation well reflect the average heads in the
aquifer profile that is occupled by the screened portion. Hence the 'average
head approach! will be applied for the solutions of problems related to
partially penetrating wellse
2.2 Average Head Expressions

Under steady state flow in a homogeneous lsotropic and non-leaky aquifer,
the expressions for average head in a partially penetrating artesian well
and an observation well having the same penetration as the pumping well are
given by following expressions(5,6). Unless otherwise specified well and
observation well are assumel to be screened fully between upper confining
bed and bottom of the well.

For small values of radial distance r, of tha order of the radius of the

well Tys

=-3 4B _ ¢ (5) |+ ct - (1)
nr) = - §(m 42 - 1 &)
and for large values of r, mot too close to the well centre,
h(r) = -q [11: 5;_9 + s (b, ?)] + Ct ..{2)
where

h(r) = average head over the depth of the penetration, b,of the well
(punping well, observation well),
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g = _?_ s C' - being an arbitrary constant to take care of datum plane,

Q represents the flux associsted with the well, B = thickness of the mui-n‘
aquifer, b = depth of penstration, b = b/B, the penetration ratio, and ¥ mx/B,
where r reprasents the radisl distance from the well in polar co-ordinate
potstion, X represents conductivity of the aquifer, .

T'(0.875 ) (0,125 ) (2
) .
T(1-0.875 B) 1(3~0.125 B)
a corrective function iau' the well surface,

|
t(b)?

0 85,7 = =2 L LK, (an®) stu¥ush), vei(4)
i 7?2 .5.2 =1 p2 ©

a corrective function at any radial distance, r. When the observation well
just taps the artesian aquifer, the corrective fumction

8(5, T) simplifigs to 8' (F, T) where

5'(b, ) = ke 2 LK) Bantark) e e(8)
Kb =11

[” denctes Gazme function, X, represents the zere order modified Bessel

function of the secord kind, n is a positive integer varying from 1 toe.

For wnsteady flow to a partially penetrating vell in a lesky, anisotropic
artesian aquifer, the following sxpression(8,13) is used both for small and
lerge values of radiel distances.

ned = 0 - § WO/ o £ (0, B, 7 ) )
R 1 - -
whers £(Up, b, r k) = % Zl-—z W(0,, DAr Xk )81n2(nKb) see(7)
Ny win

¥(U, 1) = well function for leaky aduifer.

) N ~ 2
9 r¥4v, 8, Vr= &, B8, B2 = ky B/(X'/B') 8= iﬁfﬁ".ﬂﬁ?ﬁif‘“"‘ of

k = J{ky/k.); k', B! being conductivity and thickbess of semipervious con-
fining layers, k, and k, represent conductivities in radial and z direction
respsctively of main aquifer, and t is the time varikble. For isotropic non-
leaky squifer, average head expression for partially penetrating pumping well
and observation well screened from the base of the artesian aquifer upto a
Reight 'b' above the base, may be written as (13,14)

B(r) = ¢ ~ 7:, W, b, T) ves{8)

where W(Uy, ;, b represents well function for non-lesky isotropic artesian
aquiter partially penetrated by wells. For partially penetrating gravity well
in an isotropic aquifer under steddy state condition folloving general expre-
s8sion{13) for average head may be used.

mr=c+q{mr-8(,7)] cerf9)
vhere ¢ = W/2RkH, T = t/B, T = r/H, b, = depth of water level in the well
wbove well bottom. H = saturated thickness of water table aquifer.
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The value of function 8(b, T) for r = Ty in Bq.(9) sbould be evaluated by
Eq.(4a) given below instead of using Eq.(4), which will be used for values of
r, not too close to the well centre.

8(b, 7,) = 55, B) » Uh) Jnkb o
W

where E 18 a function of penetrating ratie b and eccentricity of well screen.
The values of X are given by Huisman(1S).

K= R/H, where R represents radius of influence(where the drawdown is
assumed to be zero).

3. ANALYTICAL SOLUTIONS

3.1 Starting vith Ed.(6) and using the principle of superposition, the
following general expression for the drawdown, Byjy inside jtb well in a
growp of 'n' partially penetrating artesian wells may be readily written.

q ’
Sup = B - by = g+ r,;luﬂ -!21 [u,.ij + t"iJ] e (10)

where ' prime indicates omission of the term i = j in the summation, n,,J
represents average head inside the jth well, YH' representing static piezo-
metric head may be considered as average head at infinitely large radial
distance, ry represents well radius, T3y represents distance bstwesn 3&5 :nd
Jth vell. W, and £, denote values of function W(Up, 1/Bp) and £(Upb,T k)
for r = x respectively. For a 'n' well-system, b equations may be written by

sotting J = 1 to » in Bq.(10) and simultaneous solutien of ‘n' such equations
gives discharge in each well. Hantushfs(8) exampes of fully penetrating well

groups in non-leaky isotropic artesian aquifer under unsteady state conditiom
are extended for the partially penetrating well groups in leaky anisotropie
aquifer under unsteady state condition.

For two wells 'dy' apart, froe symmetry, W1 = §3 and only one equatiea
need be written, Setiing by = p,'2 = hy, one readily obtains

0. -
Q=4 .,L.A_M_M__. .ea{12)
172 y" + Wyt rl’v“da]

Whete k= ky .
For three vells forming an equilateral triangle of side dg
4rk B ( H- b))

.ea(12)
=Qg=
2 3 {wl'v + gtda + ’r‘ + ”da]

Q=¥

Discharge of each of four wells forming a square of side d, will be given by
- AXKR (H ~ by) (13
W= 82282 %2 T Vg ¢ T B T ]
For a line of three equally spaced wells distamce ‘d’ apart
arks (@- by [, - e 1 -1, ]
[0t Wou 20, + £, ¢ £54 = 200 £ WatVgt) x
x Wy - Wyt T - fd)]

vee(18)

4= N3 =
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q, o _PB (B - by) (dpy - Woq - B * Try * foa - Bro) et
2

(M, 2¥aq ~2Hg +2x, + £o4- 27a) (Urys £, W 2N T0) (Wry W £ 14)]
when the aquifer is non-leaky, isotropic and bomogenecus, correspondigg
Tesults may be obtained from BEgs.(11) to (15) by replacing well function term

W(Up, 1/B.) by W(T,, T, B) and setting 'f' function term to zero and writing

Wy as value of the funotion W(Up, Ty B) forr=x

3.2 Staring with Bq.(9) in conjunction with %4.(4a) ana using the principle
of superposition, the following general expression for the drawdown in case
of partially penetrating gravity well groups within circular recharge boun-
dary may be written.

Sy = - by =y 00 g’“ [u—,’:—j +8(5, Tup) - 865, D) oae(16)
where G*, denoting penetration factor for a gravity well is related to dis-
charge of a single gravity well by the relation

@ =xk (82 - B3/ o w?)
and may be sxpressed b! any of the following expressions

Gep = 1n (B/7,) + (1—{-) 1n (Bb/r,) e (182
E- by 3by R/ 7
605 = 10 (W) / (g + 7 ( ——— 1 +ee(28D)

where G, rep/x(evsee]ﬁltsh%?nneg!raa‘i%gs}a%%cr%ss %c}?’ tmd aprgtn:sti::zt/ = ‘;:t/ih:,-
For %4.(18a), penetration ratio b= t/B, as defined earlier is to be used.
G*p and G*g refer to values of penstration factor G* after deGles(16) and
the anthor(13). The impervious base forms the datum for H and hye

For a two-well system, dp apart, setting hy,y = hy, = hy one Teadlly
obtains from (16)

4= ygp=re (a2 52]/ [ess m A 8B,82) - (5, R ] vee(19)
2
The author's expression(13) for discharge in case of partially penetrating

two well system in artesian aguifer is gziven below.
2rkB 8- by cee(20)

-3 -
[o+1n di; + 505,22 - s(5, 817

91 = %y =

4 comparison of Bq.{17) with Eq.(20) suggests that discharge in the case of
partially penstrating gravity well groups may be obtained by corresponding
formulae of partially penetrating artesian well-groups with the replacement o
parameters (2B (H - hy)\, B, and G of the case of artesian problems with
EHZ - hvzl , H, and G* respectively in terms of water table parameters.
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This procedure permits the use of all analytical results obtained by the
author (5, 6) for partially penetrating well groups in artesian aquifer for
various well arrangements (not covered by Babbit and Caldwell) to correspond-
ing problems in water table aquifer.

3.3 With the radius of fictitious well equal ts/véigux;ted thickness,2H,
Charny's (2) ‘equivalent fully penetrating well approach is extended for
water table aquifer(13). The final results are given below.

The head, h(,é on the surface of fictitious well is given by’
2 [82+ G by

b, .
0T T =
and discharge to a partially penetrating well in a group is given by
- 2 2
bt RE(E® -
g B - o Fy DHEC ) -(z2)
1+ G« 1+ G* T

where G* = Ei’ ; for a given well arrangement Gg is related to the discharge

of a fully penetrating well of radius@, having water head hy, inside the
well by the relsticm

o REGEE- B or(23)
v R

The values of Gt for different well arrangements presented by Charny(2) may
be used for the gravity cases by a simple replacement of aquifer thickness B
in case of artesian well by saturated thickness H in the case of vater table
well,

Q' denotes discharge of a fully penetrating well of radiusH, bui with the
water surface head, hy.

4. 4PPLICATIONS

The equstions developed in the present study could be applicable for
many fleld problems of drainage or water supply. Their applicetions for
several cases like gnaiytical determination of empirical constants in squl-
valent ditch epproach, design of relief-well systems, effect ol partial pene-
tration on shielding, have already been reported(6). Their usefulness iz
fixing the spacing of partially penefrating wells or well-point sysiems eTe
iilustrated belov.

2 ip o well-

Due to sh and limited lemgih of perforsted sereen provid
point or scresned lengbk of less tham satursted thlcimes: ¢ of ordinaiy
the Zlow 0 & well-polnd 3 ] o @ pA-
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When wells are placed in a single line array in the presence of a line
soucue, the artesian flow equations(6) modified for gravity aduifer with the
replacement of parameters suggested in this study may be written as follows:

Discharge to a well in the array is glven by

2_, 2
Q= T %k B - 27 .. (24)
Sinh ) Z - - V122 4+ 442
[ L) s - _—
oy e L (s - 56, el
where G*' = G* with R = 2d.
For a»H, Eqa.(24) simplifies to
0. DK (8% - 02 ] v (28a)
E}" + 1n 2.+ 284
ard s

The maximum residual head h; downstrean of the vell array is given b
D = —égz-—
12g *Ad%})

2, 2) (oot % %
SR (12%0,2) [ov'+1ngdy +2 T {s(By0a) YR ELE-RL I =

- —
Gt'eln gly v 25+ 2 iZ;-1§scb,wa)-s(b,“z“—2;“—4}

For well spacing a <H, the maximum value of 1 = minimum of 1/5 or H/a in
cumzation term of Bqs.(24) and (25) are found to be sufficient.

For a7B, Bd.(25) simplifies %o

, B2 p,2) [G*'4 1n g
h2- b2 - @2 0,2 7 ) .-(25)
' a 2ARd
CREE Al

vhere hy' represents depth of water just outside the well and 4 represents
distance of the well array from the line source.

For a well point, radius of the tube forming well-point and the length of
perforation are usually of standard dimensions. Hence, Ty and t are known.
For an assumed layout, the distance of the well array from the line source,

4 is fixed. The top of the well screen may be assumed at the level of desired
ground vater tables For an assumed well spacing, Bq.(24) or Eq.(24a) may be
used to compute the discharge of the well which is required in fixing the
capacity of the pumping unit. Bq.(25) or Eq.(25a) may be used to determine
maximum residual head which should agree with the desired ground water table.
To obtain least value of maximum residual head (i.e. maxinum drawdown at the
centre of gravity of the area to be dewatered), the drawdown, h_in the well
should be kept at the bottom of the well. For such condition,seepage helghf
may be taken as half of the filter length of the well-polnt. Thus b‘,'(=h~.ﬂ-§u)
35 fixed up. The impervious base forms datum for each of H, hy, h,' and bp
measursnents,

i S. N. P. Sharma



mas

8. CONCLUSION

The cencept of average head renders very useful mathematical sisplifica-
tien in ebtaining analytical selution fer the partially penetrating multiple-
well system in artesian and water table aquifers without sacrificing the
desired degree of accuracy. The existing practice of adopting same pemetra-
tien factor for artesian and water table aquifer is limited in its applicabi-
lity for small drawdowns only. With the use of appropriate penetration factor
for gravity aquifer and repl it of pa 31 ted in this study, all
existing artesian flov formulae for partially penetrating artesian well-groups
become applicable to partially pemetrating gravity well groups without any
restriction in magnitude of drawdown and depth of penetration (i.e. 0&hy<E
and 0<t, < B).
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STEADY SPPERICAL FLO# TO A NOMNPENETRATING WELL
A LEAKY ARTESTAN AQUIFER
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SYNOPS IS
An extensively thick artesian aguifer with
lecwer confining layer completely impermeable and
an upper confining layer partly permeable capable
of permitting some leakage due to head difference
has been considered. In such an aquifer, hydraulics
of a well with sldes impermeable and spherical
bottom resting on the boundary of the upper semi-
confining layer and the confined aquer for two
possible methods of leakages have been analysed.
Laplace equation in spherical coordinates
incorporating a term for leakage has been ubilized
in the analysis to arrive at . rela*ionshmsdes
eribing the flow systems for each of the two {ypes
of leakages.
1. INTRODUCTION
Construction of wells in an aquifer under heavy artesian pressure
requires specialized equipment, know-how and skill, Successful wells have
veen constructed by direct rotary drilling in such aguifers where strainer
assembly has been lowered in the full depth of the water bearing aquifer.
Whenever percussion drilling has been employed, dirficulty ras been experie-
nced in successfully lowering the assembly. 1In construciion of a well by
this process, when after lowering the well assexbly, the ouier casing pipe is
lifted, it is generally observed that the annular space between the outer
casing and the well gets clogzed by the onrushing aquifer mabterial and both
tre outer casing and the assembly are 1ifted together reswlting in an
unsucecessful welle & practical and econonic alfernative commenly employed
for such a case is the use of the liner itself for drilling and leaving it at
the interface of the confining layer and the confined aguifer. This Pesults
in a well with impervious sides and an open bottom. The type of flow in
such a well closely resembles a spherical flow-system. If the upper confining
layer is not completely impermeable some leakage wowld occur in the confined
aquifer. The hydraulies of a well with impermeable casing and spherical

bottom resting on the top of an unconfined layer was studied by For-chheimer(l)

1 Harendra S. Chauhen



m.7e

and is available in different texts dealing with flow through porous media
such as by Muskat (2), Aravin and Numerov (3), etc. Studies on cavity wells
which are other forms having sinilar flow systems have alsoc been carried out
by Sanghi (4) and Misra, Anjaneyulu and Lal (5) and Chauhan (6.).

The above studies refer to spherical flow Systems in vhich the layers
confining the artesian aquifer are completely impermeable., According to
DeWliest (7) extensive studies on the hydrologieal characteristies of artesian
aquifers have indicated that leakage contributed sipgnificantly to the yield
of artesian aquifers overlain with semipervious layers. Pioneering studies
were done on hydraulics of wells constructed in leaky aquifers by Dutch
Scientists De-Glee (8) and Steegewentz (9). In U.S.A. an extensive analytical
theory of leaky aquifers was developed individually and jointly by Jacob and
Fantush through a series of papers too numerous to mention here. Salient
aspects of the theory have been consolidated by Hantush (10). Other notable
work on leaky aquifers was done by the Russlan scientist Mjatiev (11). No
analytical or experimental work seems to have been done for a steady spheri-
cal flow system in a leaky aquifer. The purpose of this study 1s to analyse
theoretically the hydraulics of a well with impermeable sides and a hemis~
vherical bottom resting at the top of an artesian aquifer with the lower
confining layer being impermeable and the upper confining layer being partly
permeable permitting some leakage.

2+ DEFINTTION OF THE PROBLEM

The flow systems to be investigated are described in Figures 1 and 2.
In the first system ( Figure 1) the permeable bottom of the well is assumed
to be spherical in shape, of radius To+ The aquifer in which this sink is
located is assumed to be of extensive thickness, Under such conditions the
equipotential surfaces will be concentric hemispheres.

Before pumping is started the head 'h' in the main aquifer is uniform
and equal to Hy the helght of water table. After pumping for sometime a
steady state 1s reached. The plezomettic head in the main aquifer develops

a cone of depression with its radius of inverted base as the radius of

2 Farendra S. Chauvhan
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influence R indicated by dotted lines Tpe ponded water in the unconfined
aquifer 1s maintained at a height H., A difference in the head develops and
water seeps from unconfined aquifer to confined aquifer. After seeping
vertically through this semiconfining layer of thickness b' and conductivity
K' water enters the confined aquifer and Ls subjected to spherical flow
conditlons. The flow system is assumed t0 be governed by Laplace equation.
For the present study, it is convenient to use 1t In spherical coordinate
system as given below:

1 2oh 1 1 Ex
K|= 2. = 2 2h 2hi=0 (1)
[rz & ) * Tome S (stne3) * o Ere

where, h 15 the piezometric head, X is the wdraulic conductivity and T, 9, 8
represent the coordinate system of the flow region with origin at 0.

Tor the flow conditions assumed to have the isoplestic surface as
concentric hemispheres, h becomes independent of 6 and & reducing Equation 1
toz

3 mat @) =0 @

Equation 2 has to be modified 10 include a term representing leakage. In

a rigid theoretical analysis, this factor should represent the mass of fluid
generated per unit volume per unit time within the flow region. In case of
heat generation this has to be heat generated per unit volume per unit time
in the spherical element under consideration. In the present case, however,
211 the replenistment is recelved at the interface of the two aquifers. The

leskage veloeity is given by the expression i
K oh -
ot (- E )

The isoptestic surface without much distortion ecan have the maximum
radius equal to thickness b. Considering the flov region to be a hemisphere
of radius b and the receiving area to be a circle of radius b the necessary
expression for leakage can be obtzained as :

2 o R CREY
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If however, for obtaining the leakage facior, the flow region is
taken as cylindrical, this factor is given by (K'/v b ) (h -K ) which has
omly a minor difference from the previous expression, Including the term for
leakage in the aquifer, the flow system is assumed to be governed by the
differential equation:

3K -
Y- FErm (bW o= 0 @

gl

( x2

"{ I
Ela

Instead of considering leakage in this way, it is also possible to
consider another flow system ( Fig. 2) with replenishment P having the
units of velocity occurring in an area of circle of influence because of
constant head difference created in unconfined aquifer from a possible
ra2infall or other inflow. The effect of piezometrice drawdown may not be
considered separately and net effect of head difference because of sudden
rise in water table may be reflected in a constant replenishment in the
flow reglon. This inflow cowld be converted as net accretion per wit
volumme ir Tre flow region vy considering the volume of a hemisphere of
rediue of influence B. The accretion may be added to Equation 2 giving

another differential euation:

R

IS

i .2 a 3 -
£ o ﬁt)*'gﬁ 0 (@

Thus two dlfferential Equations 3 and 4 are proposed to approximate
the effect of leakages in the confined aquifer one assuming the difference
of nead decause of drawdown and the other because of sudden rise of water
table in the weonfined agulfer because of ralnfall or other inflow. Ttre

problems thus consist of selutions of Bquations 2 ard 4 for the boundary

(8
()

(&3]

2
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3. SOLULIONS & TFE PROSLEMS

Putting gy = €0, amd gy = o
and 4 respectively and applying the transformation

Z=rh
they can be rewritten as
2
az gzz = cz Hr
ar?
1 &2 -
and 5 5 *C o

Equations 8 and 9 are ordinary nonhomogeneous
constant coefficients the solutions of which can be

conditions 5 and 6 as :

in the EBquations 3

@)

9

equations with

found utilizing

_ Ty (E-hg) 8inh C(R-r ) | ro< r«R
K 'E " §imh C(r-TgY T hg<h<x«‘. (10)
c (& -r2 )

and h =H

R T T,
These relationships describe possible phreati

radial distanceswithin the flow region considered.

2 _.2
*C(Rs-r)*' H -hy + ﬁ_n;(
pE

-

¢ surfaces at different

application of condition 7 to Eguations 10 and 11 yield

Q= 27K 2, -ty [1 + €z, Cot b olrer,)]

s 5
_ 2MEr, (F-h ) OKec (R -ry ) 27K ., .3
R s e R I
T, R R

Considering K tobe nuch larger than Tos Equations 12 and 13

can be aprroximately written as :

Q = 2TWKrg(¥=~h ) (1L+CryCot hCR)

- . . NKE C re 2
and Q-ZK}\rO(}-hD)-r_.._E...(R-

(14)

3r) (15)
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4. DISCUSSION

Bquations 12 and 13 can be separated into two parts; one representing
normal discharge without leakage as Qy and the other representing
discrarge contribution due to lexage as Q. So total.discharges can be

written as :
Q= Qy *9, = *Qy CToCothCR (16)
and Q= q,p’_‘f%‘g(f- 3rd) an

Percentage contribution due To leakage over normal discharge for

Bouation 16 may be written as :

3 2
#:cro;ochcn (18)

Let one o ihe solutions, Bquation 14, be applied to a set of
assumed conditions within the range of values generally available in the
rield. Let = V.2 gallons / day/square foot, K = 150 gallons / day/
scuare foot, D = 40 feet, b = 10 feet, H-b = 15 feet, R = 400 feet and

T, = 1 feet. For such a flow system total discrarge is obtained as
14152 zallons per hour, out of which 52 gallons per hour or 0.37 percent

is contributed from leakage. Similarly the other solution can alsc be used

for finding leakage contribution,

The validity of mathematicl solution of a physical problem is
dependent on the assumptions applied for its solution. Conditions of
spherical flow are valld only if the aquifer has an extensive thickness.
In nature such aquifers are seldom available. With small thickness of
acuifer the equipotential surfaces beyond a radius equal to the thickness
of aguifer tend to become coaxial eylinders. Radius of influence which is
difficult to estimate and is dependent on the extensive thickness of
artesian aquifer plays an important role in this relationship. Similarly,
construction of a spherical bottomed artesian well is an impractical
proposition. The caviiy formed by removal of sand does in some form

represent a hemispherical sink. The leaktagzes have been considered according

¢ Harendra S. Chauhan
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to particular expressions in the differential equations characterising the
flow systems. Results obtained are dependent on the validity of these
expressions. lNone the less the study outlines an approach of separating

the contribution of leakages in the flow systems under consideration.

5. COICLUS IOIS

Steady flow systems consisting of a nonpenetrating well tapping an
extensively thick leaky artesian aguifes has been considered. The flow
has been assumed to be characterised by Laplace equation in spherical
coordinates incorporating possible terms for leakage. The solutions
deseribing the phreatic surfaces as a function of radial distance have
been found within the flow rezion bound by well diameter and an assumed
vadius of influence. Considering the well bottom as a hemispherical sink
relationships of discharge-drawdown have been developed. From threse
relationshins it is possible to separate the effect of lealiages from those

of the normal flows.
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SYNOPSIS

The procedure adopted for the development
of cavity in a cavity well is described. Ihe
forces acting on sand particles in the aquifer
are analysed and equilibrium conditions are
formulated. The relationship between the
critical drawdown needed for the initiation of
movement of sand particles and the aguifer
parameters is established.

1. INTRODUCTION

Cavity wells are a special type of tubewells without the conventionsl
strainers and are constructed in confined aquifers having a hard clay or
rock stratum as the upper confining layer. The well boring is taken
t$hrough the upper clay stratum just upto the surface of the aguifer. Some
quantity of sand is taken out with a sand bailer and thus a small initial
cavity is created below the well pipe. Pumping ls then started and the
drawdown 1s graduelly incremsed till a stage is reached when sand comes
out along with discharge and the initial cavity is enlarged. Ilishra,
et.al. {1,2,3) studied the problem of flow inte a cavity well analytieally
and sxperimentally and proposed equations for predicting the size of cavity
and discharge. Sanghi (4) made a theoretical analysis of the flow into a
cavity well based on the assumption that the surface of cavity was a part
of sphere. He also studied the performance of a number of cavity wells
in the field. ©The drawdown required for the initiation of movement of
aquifer particles has not been gtudied earlier, The mechanics of develop-
ment of cavity are presented in this paper.

2. MOVEMENT OF SAND PARTICLZS IN AQUIFER

Let the surface of the imitial cavity be hemispherical witin the centre
at 0 and radiuas ry (Fig. 1). Wnen the well is pumped at a particular
drawdown, a pressure gradient exists between a point El at the radius of
influence, T, and another point Bl at the upper periphery of the initial
cavity. An eleuentary volume a b c @ a b c d with average sides rde
dr and r.sin 6.4y is considered in spherical coordinates 8,yand r
(Pig. 2). The flow through the elementary volume is cons1der9d to be purely
gpherical. The pressures on faces a b ¢ d and dod d are P +AP and
P respectively. The fluid force on the surface a b ¢ d is F) given by

B =(r+8) a0 (r+8F) sine. oy (Peop)

. B. Anjaneyulu
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und the force on the surface d 8 ¢ d is P, given by
By= (-8 aineudy, tr - 0. 2
The net force on the elementary volume & b c d J b' d d‘ is P given by
Pe= El - ?2
2
« 20.sinb.ay (27.4r.? + 2, AP + 35 AP + r.or. £P)
RNeglecting the product of infinitesimal t2rms the net force on the
elementary volume reduces to

F = a0.5in0,d ., £ AP

= 4. P
where,
A = r.de, r.sing.dy

= average area perpendicular to the direction of flow.

If the elerentary volume considered 1s at Ay (Fig. 1) and the particles
are at the verge of movement, the npward force, F is equal to the submer—
ged weight of the particles. CTherefore

A2ua= (1-n) ( £ = Ple. & &r a1
where,

AP = presgure difference over length dr,
& = avarage area perpendicular to the direction of flow,
n = porosity of aguifer,
Ps = dengity of solide in the aguifer,
§ = density of water, and
g = acceleration due to gravity.

1f the elementary volume considerzd is at Bl {Fiz, 1) and the particles
are on the verge of movexzent, the net force, P is egual to the frictional
resistance developed due to the submerged weight of the particles, There-
fore

AP, A= tang. (1-n) { ) - Ple. A ar (@)
whners § is the sngle of internal friction of the aquifer materisl. Since
the value of £ ig usually less than 45°, the particles at point Bl are
made unstable with a lessar force compared ta those at point A.

3. RELATIONSHIP BEZWEEN PRESSURE DROP AND VELOCITY

In the cese of pipe flow, the pressure drop AP over a length al is

2 B. Andanevnin
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given by Hagen-Poiseuille law (5) in the form

K . g u_o AL
6P =~ f e (3)

where,
B = abgolute viscosity,
u, = mean velocity of flow in a pipe,
m = hydraulic mean radius, and
K_ = a coefficient

The value of coefficient KQ is 2 for circular passages and if the openings
are not circular in shape, as in a porous medium, the frictional resis-
tance per unit length will be larger for a given area of cross section due
to the increased perimeter and therefore the value of KD will be larger
than 2. The actual velocity, u, through the passages in a porous
is given by um/n, where w, is the average or Darcy’s velocity. lhe
hydraulic mean radius, m for the passages is given by n/Sd, where 85 is

2dium

the wetted surface of all the particles in an unit volume of maierial.

Substituting the values of u and m equation (3) reduces to the form
AR = K. 58 b u AR e (®)

The surface area, Sy of all the particles in an unit volume is gziven by

6A(1 )
4
s
where 9\ is a shape factor. Substituting the value of 34, eguation (4)

54 =

reduces to the form

36 K. 58 (1-n)® poug. AL
AP = 2 s e (5)

Replacing the length dr in eouation (1) by L, the velocity necessary to
cause instability of particles at Al’ designated as critical velocity,
is obtained by substituting the value ofaP from equation (5) in

zgaation (1) and is of the form
g (fp-F)naf
uml = W“— ...(8)

Similarly, the critical velocity, Un for particles at Bl is obtained from

equations (2) and (5) in the form
w = -ftang. g fou?P) w® ak o
oy 3 ko P 1-n)-p
4, FLOW THROUGH A CAVITY WELL

The solution of Laplace’s eguation for purely spherical flow (6) is of
the form

3 B. Anjaneyulu
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P = P
il anen PR i R R
T Ty

where,

¢ = Potential at a distance r frem the centre of the phere.
9, = Potential at the radius of influence, r,, end
9y = Potential at the surface of cavity with radius, r,.

The velocity Vo at a distance, r from the centre of the cavity is given by
v, =-22

r 3T
The velocity Y at the surface of a cavity with redius T, is given by

vc=_[_LIL_Z —9 ] 'r_l' vee(8)

Ignering the negative sign in equation (8) and assuming that the velocity
igs the sane at a1l tke peints on the surface of cavity, the particles at
point By {Fig. 1) become unstadle when v, 1s equal to “m in equation (7).

Therefore
2
(mon oy M oA
g F 2 e D
el ER 36 Ky o2 (l-n)

The potenzialas Py and , can te respectively replaced by k. h and k.h ’
where k is the hyﬂtaullc canduc‘c-:v:ty, and equation (9) reduces to the

form
tanf. g. f( Z-1)w a4t g,
(Be = Bg) = —57 K. o (1-n) W E [g‘ r_e]rf-‘ (10

Substituting the term critical drawdown, Sh in place of (he—hw) and the
term intrisic permeability, K; in place of kp/ fg, equation (10) reducesto

the form tanp (fa~1)n° d; (-r—l - }_1_ ) rcz
. F__- °
s, = 5 X f ) 5 cea(11)

The abeve equation clear ly skows that there is a critical drawdown
corresponding to %he size of the initial cavity and that the aquifer
particles cernot be disturbed unless the drawdown in the well is equal to
the crit

czl drawdown.

Zzperiments were conducted on a sand model of well in confined aguifer.
he drawdowns at whiehr the movement of particles started for different
3

and sizes of azguifer materials were determined. It was
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observed that the critical drawdewn remained constant for all the thick—
nesses in a particular material. This fact is in conformity with equatien
(11) which does net contain any term fer the thickness of aguifer. Zhe
data of the computed and the ebserved velues of critical drawdowns for
different aquifer materisls are presented in table 1.

The ebserved value of critical drewdewn is some.what larger than the
computed value in all the cases which may be attributed to the bridging
effect between the particles in the aguifer. Hewever, the minimus draw-
down needed for the development of & cavity can be estimated frez equation
(¥ by knowing the properties ¢f the agquifer materizl.

5. SUMMARY

Cavity wells are a special type of tubewells constructed in confined
aguifers., The well boring is carried just upto the surface of the water
bearing stratum and some amount of sand is taken out with z sand bhailer
and thus an initial cavity is created. This cavity is further enlarged
by pumping water at a high rate. The movement eof sand particles begins
only when the drawdown is equal to the critical drawdown which is depen—
dent upon the properties of the aquifer material and the radius ef the in-
itial cavity but independent of the thickness ef aquifer.
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Table 1:

Computed and obvserved valuss of critical drawdowns for different

Toro- Tangent Computed Observad value
sity of angle § value of of critical
critical drawdown
drawdown
T
n an § 5, sy
en cm
1. 0.640 2.262 0.385 0.800 5.78 7.0
2. 0.305 0.422 0.361 0.760 5.29 6.0
3. 0.790 4.185 0.397 0.790 5.41 8.0
4o 0,420 c.521 0.333 0.762 6.28 7.0
5. C.414 0.630 0.362 0.765 6.54 6.5
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A MATHEMATICAL APPROACH TO SOME ASPECTS OF GROUND WATER
FLOW IN HARD ROCK AREBAS

D.G. Limaye
Director, Ground Water Institute, Poona-30, India,

8.D. Limaye
Consultant, The Geophysical Explorers, Poona-2, India.

Field conditions in hard rock areas often
deviate too far from those assumed for deve-
loping standard mathematicel equations dealing
with ground water flow towards well in nen-hard
rock areas. Large drawdowns, limited dimensions
of aquifers, small permeabilities, large
seagonal variations in yield of wells, non-radial
flow etc., are some of the specialities of
hard rock areas of Centril and Southern India,
which call for a separate study of ground water
flow towards dug wells or open wells.

The authors of this paper (13 have
previously attempted explanation of some
phenomena observed in field. This paper gives
a basic approach towards formulation of 2
separate mathematical ireatment for dug wells
in hard rock areas on the basis of parallel
flow lines.

1. INTRODUCTI ON

1.1 Mathematical treatment of ground water flow, which started from
Darcy's Law, has been so far applied for field conditions where water
flows radially towards pumping wells with small drawdown through a thick,
isotropic, semi-infinite aquifer. Such field conditiens are met with some
reservations in alluvial or sandétone regions while in hard rock areas they
often vary considerzbly from the ideal ones mentioned above, Hard rock
areas, being relatively very much less productive, systematic regional
development of their ground waler resources remained unatiended so far.
Recent trends of utilizing whatever small resources of ground water in hard
rocks by digging open wells for development of irrigated agriculture
however necessitate a reccnsideration of the mathematical formulae in
relations to the observed field conditions.

D.G.limaye & S.D.Limaye



1.2 This paper is a basic attempt towards mathematical treatment of
ground water flow in hard rock areas, based on the field conditions
commonly met with in hard rock areas of Central and Southern India. These
areas are mainly covered by Basalts, Granites, Gneisses, shales, Slates,
Schists and Quartzites etc.

2. AQUIFERS OF HARD ROCK AREAS.
2.1 Ground water in hard rock areas can be classified as water sbove
hard rock and water within hard rock.

2.2 Water above the hard rock occurs in the soft porous mentle
overlying the hard rock. This mentle may be of weathered rock (murrom),
alluvium, laterite and kankar lime, individually or in combination. The
thickness of soft mantle varies fromafew inches to about  bhundred feet

or so. In fact, a controversy may arise if areas with a thicker mantle

are classified as hard rock areas, The usual thickness of this mantle in
Central and Southern India is from 10 feet to 40 feet and dug wells or open
wells serve to tap water resources in this mantle. In few cases where the
mantle is thicker, open wells are dug upto 80 te 90 feet depth to penetrate
the whole thickness of the mantle and a few feet in the hard rock below.
The diameter of the open well is between 10 feet to 30 feet. It is also a
common practice to dig square or rectangular wells. The average yield of
a dug well is from 1,000 to 1,500 eu.ft per day { about 6,000 - 9,000 g.p.d )
which is used to irrigate smzll plots of individual farms.

22 Water within hard rock occurs in the fissures, fractures, cooling
ecracks, joints, cleavages, juactions between lava flows, weathered dykes,
fault planes and solution openings in the otherwise sound and impermeable
rock. The fissures, fractures etc., mentioned above, when saturated with
water, may be termed as 'Water Bearing Planes' within the hard rock (2),
Such 'Water Bearing Planes' are in many cases found to occur with close
spzcing end extensive length along a certain direction in relatiom to
geological and topographical conditions. The permeability is therefore
zore in this direction than that in others.

2.4 The porous mantle mentioned above many times extends with greater
thickness in one direction while in the perpendicular direction it gets
pincked out and hard rock gets exposed. Most of the water divides have
azrd rock exposed on their tops and weathering is pronounced along the
valleye of streams. Thickness of weathered rock is therefore more
towards the vzlley and floor of the hard rock is inclined in the same
direction. Tre alluvial deposits and Kankar lime also have more thickness
in stream bavineg (Fig 1). Hetwork of fractures or fissures in hard rock is
dense towards the vzlley centre. All these factors favour occurrence of

2 D.G.Limaye & §.D.Limaye
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ground water along the valley. Water table is just localized in the
central portionm of valley and the water divide being totally dry, the
water tables in two adjacent valleys are not connected.

Fig, 1 Fig. 2
Cross Section of a Valley Banded rocks with high dip
{in plan)

( ]!

; ﬁ'ﬂ /

= Zone of concentration of water bearing planes.

2.5 In addition to their comcentration in valley centres, water
bearing planes maey also show clustering along fault zones, axis of
folding and along strike direction in banded rocks dipping at hign angle
(Fig.2). Mot only that the permeability is more along Such zones of
concentration of water bearing planes, but the occurrence of useful
quentity of water is also many times restricted to these zonmes only.

3. FLOW OF GROUND WATER IN HARD ROCKS.

3.1 In the case of valleys with porous mantle pinching out sidewards
as shown in Fig 1, if an open well is dug in the valley, most of the flow
towards the well will be along the axis of the valley i.e. along the
direction in which the porous mentle extends, The sides will comtribute
very smell supply. It is not therefore correct to assume a radial flow
pattern in such cases.

3.2 In the case of & zone of concentration of water bearing planes as
shown in figure No. 2, a well dug within the zone will derive most of its
supply from water which flows along the strike of the planes, The flow
in the direction perpendicular to the strike will be small due to less
permeability. Here also the assumption of radiel flow may not be
Jjustified.

3.3 It will thus be clear that in the case of porous mantle in a
valley, the geometrically elongated shape of the mantle and in the case of
fissured rock, the directional behaviour of permeability along the zone of
concentration of water bearing planes, necessitate a consideration for
parallel flow of water towards a dug well.

3 D.G.Limaye & S.D.Limaye
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3.4 Another feature which is commonly found in hard rock areas, is
that the saturated thickness of the mantle or of the zone of concentration
of water bearing planes is small while the drawdown is comparatively large.
The valuea of permeability of Kankar lime, weathered rock etc., are also
small cempared to the sand and gravel of the non-hard rock areas. Even

if the permeability sleng a single water bearing plane m&y appear to be
more, the effective permeability of a cluster of planes depends on the
number of planes intersected per square foot across the zone of concen—
tratien.

3.5 Seasonal variation of yield of water from dug wells in hard rock
areas, is of utmost importance while planning & suitable cropping patternm.
Dug wells which sustain 10 hours pumping per day with a 5 H.P., pump set,
upto December (i.e. upto 2 to 3 months afier monsoon rains are over) may
sustain only 3-4 hours pumping per day in March, and 1-2 hours pumping
per day in May. The limited thickness, extent and permeability of
aquifers and limited recharge, cause considerable seasornal fluctuations

in the yield of wells.

3.6 Wnile considering pumping from dug wells, it should be noted that
the rate of pumping is usually higher than the rate at whichthe water flows
to the dug well. The quantity pumped out therefore contazins a large
proportion of the water pumped from the storage in the dug well, Water
level in the dug well does not indicate the water level in the aquifer

in its close vicinity, unless pumping is done at a small rate.

4. PARATIEL FLOW OF WATER TOWARDS AN INFILTRATION

WELL OR GAILERY,

4.1 Figure 3 shows a longitudinal section referring to flow of water
along a siretck of porous mantle or & zone of concentration of water
bearing planes towards en infiltration gallery dug across it. The gallery
penetrates all the saturated thickness and has its bottom on the unfract-
ured hard rock below, The width of the gallery is not important in

caleuleting the yield of water.

is the pumping rate in Cft, per day from the gallery under

-
o

o
)
o

steady state condition and L is the lengthk of the gallery,

)

G=2qL orq:%x ]

wrere g is the diccharge in Cft, per day per unit lemgth along one face

of tne gallery.

4 D.G.Limaye & S.D.Limaye
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Fig. 3
Q q.L
------- WATER
TARLE
D
T7 A 77 T T T 7 7 l/ T
x=0 X=R  HARD ROCK

Fig.3 : Plow towards a gallery dug across 2 valley or a zone of
concentration of water bearing planes.

In figure 3, (D - H) is the drawdown, K is the permeability and R is the
distance of influence. If at a distance x from the face of the gallery the
saturated thickness of the aquifer is h, for unit width of the gallery,
[}

q - m {8 s (2)
While integrating dr x, the vertical component of the flow is neglected and
horizontal flow lines have been assumed for calculation of q with the
result that Dupuit's assumption is valid.

2
SJoax 4 C= %—é where C is the constant of the integrationm.
when x =0, h=H
T < S s e (3)

q:l@?e-P ) or Q= nggz-;ﬁ,.. (4)

For large draw down H is much smaller than D. Therefore, 52 may be
neglected compared to DZ. Therefore,

2
- B
Q=35 .. (5)
4.2 It may be noted that q the discharge per unit length depends upon

the permeability K which is constant, saturated thickness D and the
distance of influence R.

4.5 Immediately after monsoons the stream is flowing, D has its maximum
value and the value of R indicating dewatered zome does not increase because
the recharge from flowing stresm is readily available. Large quantity can
be pumped from the gallery in this season by increasing arawdown. In
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ceurse of time the stream dries and as dry period appreaches, the
dewatered zone of the aquifer extends further from the gallery that is
the value of R increases and the yield decreases. By eand of summer, R
spreads maximum from the gallery and water table also depletes to ita
summer level so that D is reduced. Beeause of this,Q is at its minimum.

4.4 In hard rock areas the value of D being moderate, large yields are
only possible when R is small and/or the value of X is high. In the common
cases R plays an important role in yield of water. For the same D amd K,
small value of B means large yields and large value of R meens small
yields,

4.5 For example, if the value of L is 100 ft., X is 60 ft. per day,

D is 12 ft., H is 3 ft. and R is 50 ft., the discharge Q will be 16,200 Cft.
per day or &bout one lakh gallons per day. This is @ typical summer yield
of such galleries, which are commonly used for Town water supply or Lift
Irrigation schemes, For getting this yield average value of R is about 50
feet which means that the water table in the stream bed has a full
saturated thickness D at and beyond 50 feet from the gallery. It is
possible to get more yield by increasing the length of the gallery.

5. PLON TOWARDS DUG WELLS.

51 Under the conditions mentioned in section 3.1 to 3.3 above, an open
well or dug well in hard rock area will receive its supply from water
flowing along one or two mutuvally perpendicular difections. If the natural
ground water flow takes place along x-axis which may coincide with
topographical depression, zone of concentration of water bearing planes or
such hydrogeoclogical factors, the flow towards 2 well along % and y
directions will be,

Q:Qx*oy

2
= 2L (X, D)

(6)

where Kx and Ky are permeabilities and Bx and R are distances of
influences along x and y axes. L is the side of a square well or is 1.41
times the radius of a circular well. D is the saturated thicknesz of the

aquifer in the water bearing zone.

5ed The spread of porous mantle along y axis is small and in the case
of hard rocks the fissures xlong y axis way have less permeability, with
the result that Qy is less than OX Qx being the major part of the
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supply, & well of good yield has more Qx which means that Rx the distance
of influence is small and closer spacing of wells along x-axis is possible.
Equipotential line arcand such a well has been indicated in figure 4.

Fig. 4 Fig. 5
Schematic diagrem of equipotential Position of water tsble at a natural
line around a dug well. spring in different seasonms.

- RAINY
—m - = WINTER
x TTTTEUmMmMER
Pt HARD
sprING[ T N o~ N R = ’L/RU?K
5.3 It is & fact commonly observed in field that dug wells are closely

spaced along x-axis i.e. water bearing zone and still prove themselves to
be economically viable for the farmers. Viells spaced away from the zone
along y-axis are found to yield smaller supply even if the spacing is large.

5.4 While financing large scale well-digging projects in hard rock

areas, it is therefore essential to determine the water availability of

a sub-basin and the number of new wells with average yield that cen be dug
ang to locate such wells in the water bearing zones of the suo-basin, with

& closer spacing along the zones rather than insist on a grid type scattering
of new weils with an arbitrarily fixed spacing.

545 It Qy is neglected and only the fiow along x-2xis is considered
Q=0;x = 2Lg. Yor steady state condition according to eguation No. 3

ax=F (¥ - #)
2
coalm o) = B -nd) (n
2
where g is the discharge per unit length, hl ang h2 are water columns in

observation wells located along x-axis at distances X1 and X2 resprotively.
Permeability K along x-axis can thus be determined.

6. P, OW TO¥ARDS NATURAL SPRINGS & A QUAST
STATIC STAGE

6.1 In hard rock areas many natural springs are found on the sides of
hills or high level flat lands and steeply cut stream valleys. (Fig. 5)
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These springe issue from the junction of soft mantle or fissured rock with
hard rock below. Steeply cut lateritic plateaux have springs along the
junction of hard rock and laterite. .

6.2 Figure 5 shows a section of a st2eply cut plateau. Immediately
after monsoons the discherge from spring is large as D is at its maximum
and R is small becsuse the drainage from the water reserves of the platean
has just started. Gradually by summer season D attains a lower value and R
becomes larger because the effect of drainage spreads inwards. During
summer many of the springs are reduced to mere tricklings or wet patches.

6.3 For a-typical case, if it is assumed that the discharge q per unit
width in summer is just ome C.ft. per day, the value of D is 10 feet and
X is 10 ft. per day for laterite or weathered rock, neglecting compared
0 D2, we get according to equation No. 5, R the distance of influence

as 500 feet, meaning that at a distance of 500 feet or more,the effect of

drawdovn due to spring is not observed.

6.4 If the discharge of one cubic foot per day per unit width in summer
2s assumed above is just sufficient to support evaporation from wet surface
at the mouth of the spring and the transpiration by the vegetution nearby,
the actual flow of spring would stop and people may say that the spring and
so the porous mantle has dried up. It is however important to note that at
a distance of about 500 feet away froem the spring the effeet of drawdown
is not noticeable. This can be called a 'gquasi-static' stage of ground
water flow in which a small gradient of water table in an aquifer of less
permeability is not able to drive 2 live spring in summer at the exposed
end of the aguifer. Although 2 very small flow may take place according

to Darcy's Law, for practical purposes it appears as if the waier table is
resting with a mmall gradient corresponding to an angle of response due

o friction. The aquifer fully saturated after monsoon is thus only partly
emptied till next monsoon even if it is exposed on one side. New wells

are many times located at about a furlongs distance or more from the
exposed end,for getting water supply.

6.3 Similar consideration will apply to the effluent seepage in the
form of springs isaling from the bank cuttings of a river having alluvial
banks of large spread and hard rock exposed in the river bed.

7. CONCLUSIOM
Tl While considering the flow of water towards dug wells or open wells
in hard rock areas, the limited extent of aquifer, directional behaviour

8 D.G.Limeye & S.D.Limaye



of permeability along the zone of

presence of ret work of joints in

separate mathematicel development

4 basic equation of such flow has

application to infiltration wells

indicated. It is also shown that
in certain zones.

1.2 4 1imit ot dessication of
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concentration of wuter bearing planes,
two directions ete,, necessitate a

on the basis of parallel flow lines.
been developed in this paper and its
or galleries and dug wells has been
closer spacing of dug wells is possible

an aquifer which gives rise to a matural

spring at its exposed end is found by applying the equation to the yield
of the spring when it almost dries im summer. A quasi-static stage of
ground water flow has been indicated.
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HYDRAULICS OF SHALLOW WELLS IN HARD ROCKS

Narimantas T.Zzhdankus
Hydraulics Division
Kaunas Polytechnic Institute
Kaunas, Lithaunian SSR, USSR

SYNOPSIS

Steady, unsteady, confined and unconfined radial
ground water flow equatiens are compared and unified
by one general equation in this paper. Validity of
the equation is enlarged by applying it for hard rock
aquifer having variable hydraulic conductivity with
fhe depth. The eguation is employed further for the
development of method of hard rock wore and dug well
pumping and recovery test data analysis.

The method for bore well data analysis is based
on Jacob's principle substituting drawdown by draw-
down function and taking into account water tabdle
drop at the entrance into the well.

Dug well pumping and recovery test data can be
used for the determinatioen of aquifer conductivity
as function of ground water inflow which varies
during the test because of significant storage ca-
pacity of the well, Specific yield for the calcu-
lations is assumed and radius of influence 13 ex-
pressed as functien of time,

Proposed equations are applicable also for hyd-
raulic computation of shallew water table wells in
hard recks.

1. INTRODUCTIOR

Character of ground water flow into a shallow %ell in hard rock is
much different from that of flow into a well penetrating unconsolidateé for-
mations or deep herd rock aquifer. Variation of hydraulic conductivity with
depth is the main reason for this difference. Flow io & dug well in hard
Tock is different from bore well because of storage capacity of dug well.

Because of the special featuree of ground water flow usual methods
are not applicable for hydraulic computation of welle in shallow hard rock
aquifer. Abaence of reliable or even approximate methodas for the computations
leads to major errors determining hydrogeological parameters from well pump-

ing and recovery test data and designing of wells. It results in underdeve-
lopment or overdevelopment of ground water resources.

An sttempt is made in this peper to develop methods for analysis and
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designing of bore and dug wells in shallow hard reck aquifer based on pump~
ing and recovery test data.

2, GENERAL
Using simplified expression of integral exponential function, Theis un-
steady confined radisl flow equation car be written in the form
Q 2,25 %
s = in =7 Q]
where 8 18 draw-down at the distance r from the well, Q is discharge pumped
from the well, T is transmissitivity, t is time, S 1s storativity.

Transmigsitivity of confined aquifer characterises capacity ef aquifer

10 transfer ground water flow through the aquifer and is expressed as
T s KD (2)
where K is hydraulic conductivity and b ie thicimess of aguifer,

Capacity of aquifer to propagate changes of piezometric head is chara-
cterised by coefficient of diffusitivity (UNESCO, 5) denoted by a and expres-
sed as

r
as g (3)
Introducing diffusitivity concept equation ? can be written as

_ .9 2.25at
s =g ln —32— (4}
If radius of the depression cone is denoted by R, drawdown s at the di-
stance r = R from the well will equal zero. It follows from this conditien
and equation 4 that

w230t .o )
and
R=1.5{a% (6)

Term R, commonly called as condi tional radius of influence differs from radius
of influence at steady flow conditions by it s dependance on time t.

Introducing expression of conditional radius of influence R into equa-
tion it obtains from

Q R
8 = 5y ln; n

Equation 7 can be easily rearranged into the formula
2.735.T
¥ - Ter, (8

2 ¥.T.Zhdankus
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used for deaigning of artesian and water table wells at steady flow conditions
whers 8, is drawdown in aquifer at well wall, B is redius of influence and Te
is radiue of well as shown in Pigure 1.

Fig.! Scheme of ground water flew
into shallow well in hard rock

For unconfined aquifer tranemissitivity T is expressed as

T = KB, (9)
where Ha is average thickness of saturation expressed as
8
e g a0

where E 18 thickness of saturation ot static conditiens.

Equation 8 suits for both confined and unconfined flow cenditiens.
Therefore equation 7 may be applied for unconfined flow conditions, if stera-
tivity S in expression of diffusitivity o fer confined aquifer is substituted
Wy specific yleld of unconfined aquifer lry (Bindeman, Klimentov, 1), that is

.<:
T a
G = g— = “;_ (11)
Right side of equation 7,when applied to the case of unconfined flew,
will contain drawdown, which 1s included into sxpression ef transmisaitivity
2 and conditional radius ef influence B, (equatiens, 10,9,11 and §), Equation

3 H.T.Zhdankue



111.108

7 oan be rearranged inte more cenvenient and universal form

R 12
“’2\x1"r (12)

where U is so-called drawdown functien, expressed for artesian well as
U= s (13)
and for water table well as

U = s (14)

Relationship between drawdown funciien U and legarithm of time in equa~
tion 12 is nearly linear, therefere the equation is cenvenieni farthe analy-
8ie of pumping and recovery test data and for hydraulie computation of inter-
acting wells.

Bquation 12 is applicadle for steady and unsteady, confined and uncon-
tined flow conditions., Por unsteady flew conditions radius of influence R i
4etermined from squation 6.

Drawdown in aquifer s, is different from that in water table well l.'
28 1% 41s smown in Pigure 1, Relationship weiwcen ithe two parameters can be
wIpressed by Ehrenberger's (2) fermula R
(82)
" . )
sh o= 8 -8 3 —5i— {15)
where :h is water level drop at the entrance into water table well or the
height of se-called seepage face.

3. HETEROGENEOUS UNCONFINED AQUIFER
Hydraulic conductivity of shallew kard rock aquifer varies with depth
reaching maximum (K ) at the top and minimum (K!)(practically sere) at the
rettom of aquifer.

In the case when conductivity is related with depth wy linmear relation-
silp and K; = 8, lecal conductivity X at any level can be expreased as

E-1, B (16

Aseuming that crose section of ground water flow to a well has the
form of vertical cylinder of redius r and height h, average conduotivity eof
entire crosa section can be written as

b
=% 28 an

and dlscharge of ground water flowing through the cross section

P h_ dh
QA)%I-mrrhx'ﬁE (18)

4 X.T.Zhdankus
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Solution of equatien 18 is equivalent to equation 12, Drawdown function U fer
this case is expressed as

vea [1-242080] (19)

Conductivity K in equation 12 must be substituted by 0.5 xo.

When conductivity is related with depth by linear law and varies with-
in limits from K, at static water table level to K; at the bottom of aquifer,

expression of drawdown function is modified as
)8 Kt
= 22,182 -4
T 35{1 YLTETS @~ 0 T, ) (20}

and conductivity K in equation 12 wust be substituted by % (K° + K:).

Bquation 15 was detived for water table well in aquifer having homoge-
neous conductivity. The depth of ground water flow approaching water twle
well raddces and water percelates through lower part of aquifer. Hydraulic
conductivity of lower part of shallow hard rock aquifer is smaller and hence
depressien curve ir hard reck is steeper at the well compared with that in
agquifer with homogeneous conductivity., Thus it cen be inferred that the en-
trance drep sh should be larger than that ebteined from eguatien 15.

Direct measurement of drawdown will always give completely relisble
magnitudes of drawdown for hydraulic computations using equations 12 and 9
or 20. The measurements can ke performed in observational bore heles or in
well of large diamoter itself as drawdown of seepage face top line from ini-
t1al level.

4. ANALYSIS OF BORE WELL PUMPING TEST DATA

Bore wells penetrate fissured zone of rock nearly completely and dis-
tance from static water level in the well to the bottom of the well approxi-
mately equals %o the thickness of saturation H (Figure 1),

Anelysis of punping test data of the well can be performed using Jacob's
principle. Analyeis of water table well pumping test data differs from that
of artesian well by using drawdown function U instead of drawdewn 8 for cen=
struction of graph U = £ (1nt). Besides this, entrance drop phenomenen must
be taken into account if water level in the well during pumping test is mea-
sured.

Functien U = £ (Int) has graphical expression very close to siraight
line the gradient of which is

Al o 1)
BEY T}'Bw_x @i
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from where

‘_‘Jr_%.n.! (22)

It follews from equatiens 12 and ¢ that at the point of line t = ¢,

2:238% .4 (23

r
Prom equations 23 and 11 specific yield

ky. r

Time ta is determined from graphical analysis of pumping test data.

and U =0

2.25 K8, t
&8 (24)

Anslyeis of bore well pumping test data is performed in the fellowing
steps.

(a) Using equation 15 - 8, and equations 19 er 20 - U are computed.
(®) Drawdown function U is plotted against lnt and straight line is
drawn through the plotted points.

Increment of drawiown function U,cerresponding to any definite in-
crement of logarithm of time, im read from the plet.

(d) Conductivity K is determined from equatien 22.

{e) Time t, corresponding U = 0 is determined graphically or analyti-
cally extrapalating the line U = £ (1nt).

Specific yield k’ igs determined from equation 24.

[

(£

5. ANATYSIS OF BORE WELL RECOVERY DATA

Jacob's method cen also de used for analysis of recovery data. As in
Yhe case of analysis of pumping test data, entrance drop sa must be substrac—
ted from drawdown a; meesured in the well and drawdown function U must be used
for graphical analysis of recovery test date.

Ground water flow in recovery stage is characterised by equatiion
t+ ¢

4$rx1‘ —t (25)

where t, is duration of pumping test and t is recovery time measured from the
end of pumping test, Drawdown function U is plotted against ln v t! and
t

straight line is drawn,

U=

t+ %
1t 18 obvious that the functien U = £ (1n _i_!') follows a straight
line which has the slove of

‘?AE"?. " TVE (26)

6 N.T.Zhdankus
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rem where t 4+ %

g Ut (en

Specific yield ky cau be deternined using equation 24 derived for
pumping test date analysis.

Anslysis of hore well recovery test duta is pverformed in the followlung
steps?
(s) Using equstbon 15 - 8, &nd eguation 19 or 20 - U are computed.

() Drawdown function U is plotted against 1n * g and & straight

_ 1line is dramm,
(e) Increment of drawdown function U corresponding to any definite

increment of 1n t+ % 4 resd from the chart.

(d4) Conductivity K ie computed from equation 27.

(e) Time t, corresponding U = Do 38 dsten‘lj_ued graphically or ana-
lytlcally extrapolating 1ine T = £ {in _..2 Yo

(f) Specific yleld is computed from equation 24.

Hydraulic conductivity end spepific yield determined on the basis of
pumping and recovery test data represent some average value of the parameters
corresponding Yo approximately local conductivity st the level of middle point
of saturated aquifer's layer.

6. GROUND WATER PLOW INTO DUG WELL

Ground water fiow into dug well in hard reck is much different comps-
red with that of small diameter bore well. Because of significent volume of
water stored in the well and usually low well productivity, discharge of
ground flow entering the well qi is slways much smaller than discharge pumped
out from the well. Ground water flow discharge Qi increases with drawdown
and reaches meximum vaelue at the end of pumping period. However even at the
end of pumping test Qi ia far less than Q.

Recovery stage is also entirely different from that of boxe well, If
inflow discharge QL for recovery period of bore well can de considered equal
to zero, the discharge for recovery period of dug well of large diameter is
of significant valug defined by parsmeters of well end squifer.

FPormation of depression cone in aquifer eround dug well is mmch 3lowe:
due to necessity to remcve water accumulated in the well before pumping. It
3o sbown by Bindemann {}) that parsmeters of unsteady ground water flow into
& well of smell dilemeter after a short period of pumping become equivalent 1

those of steady flow having the same geomeiricel parsmeters (P.,so,h\

7 N.7.Zhdankus
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Similarity of steady and unsteady flow parameters of dug well should
be even more pronounced because of reasons indicated abeve.

Equations 12, 6 and 15 can be applied fer hydraulic calculation of
dug well, However it is neceasary to take into account that formation of
depression cone commences from initial diameter equal to the diameter of well,
Dug well diameter is significant and cannot be neglected like in the case of
wore well.

Presence of initial diemeter ef depression cone cen be evaluated in-
troducing tisme correction % necessary for formation of cone of depressien
kaving radius R = Te Correction ti must be added to the time t in equation
6 used for calculation of conditional radius of influence R. Correction %
is determined from the same equation 6 applied for the case

r, = 1500t (28)
from where r2
- W

Y = 7 (29

Conditiongl radius of influence for dug well is determined as
R=1.5)a(t+ 1) (30)

Secause of the special features of ground water flow to & dug well
the metnod developed above do mot suit for analysis of data of pumping and
Tecovery test performed in dug well of large diameter, Conductivity in thia
cage is expressed from equation 12 as
Q
R
Keyiginl (31)
v
where discharge of ground water infiltrating into the well Qi is determined

from condition
2 '

Try 48,
L (32)

ae Wri ss;
Q = Q- —— (33)

where Q im discharge pumped out from the well during pumping test, r, is ra-
dius of the Well,ABé is decline of water level in the well during interval
of time 2%.

For recovery period discharge of ground weter infiltrating into the

well is expressed as 2
5 v
Trgis)

4 = it (34)

8 ¥.T.Zhdankus
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wherem(" is increment of water level in the well during intervsl of timeat,

Conditionel radius of influence R in equation 31 is determined from
eguation 30. Specific yield 16 assumed according to the type of rcck and
degree of weathering., There is no doubt that the assumption introduces some
error into celculations of K, however there is no possibility to determine the
parameter directly from pumping or recovery test data.

Although the thickness of aquifer saturation H is different from depth
of penetration by dug well, it is possible to assume that dug well penctrates
shallow aquifer completely. Such assumption is possible becsuse transmissi-
tivity of lower part of aquifer situated below the bottom of the well is much

less compared with transmissitivity of the part of aquifer penetrated by the
well.

Teking into account that dug well usually penetrates only upper part
of rock, variation of hydraulic conductivity with depth in upper part of aqui-
fer can be neglected assuming K = const., Drawdown function for such case is
determined from equation 14 and 10.

Periodical pumping of water from the well results in forzstion of deep
cone of depression around the well. Conditionel radius of influence E in
equation 31 applied for such well becomes indefinite and as such it has 1o be
assumed only. This and other assumptions reduce accuracy of proposed method
and makes it approximate.

7. ANALYSIS OF DUG WELL PUMPING AND RECOVERY
TEST DATA

Analysis of dug well pumping and recovery test data is performed in
the following steps?

(a) Drawdown(for pumping stage) or recovery (for recovery stage)
of water level in the well &Bo' during intervals between measure-
ments it are computed.

(v

Infiltration discharges Ql are determined for each interval from
equations33 and 34.

(c) Average values of B, ave caleulated for each interval. Drawdown
8, for the purpose must be possessed. It is measured during pump
ing and recovery test as decline of seepage face top line from ini-
tial level,

(d) Average magnitude of drawdown function U corresponding drawdowns
Eo are czlculated as
- - SB
T=5 (4 -5) (35)

9 N.T,Zhdankus
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where H1 is depth of penetration.

(e} Time from the beginning of pumping test to the middle of each
interval between measurement T is computed.

{£) Conductivity K and radius of influence R are determined for each

interval by trial method from equation 31, 30, 11 end 10, Equa~-
tion 31 for the convenience of selection of right value of K is

used in another form

{36}

wss mentioned accoraing o toe Syue
3% lowmatlon.
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AN APPROACH POR THE OPTIMUM UTILIZATION OF YIELD
FRUY OPEN WELLS IN HARD ROCKS ARBAS.

Saleem Romant
Central Grownd Water Board
Jaipur. India,

SYNOPSIS

Hard rocks Include igenous, metamorvhic and .
highly compactec seGimentary rocks in which the
intergranulsr porosity is very low. Ground-
water from these rocks is extracted mainly

by openwells tapiping the weathered mantle or
the joints, fissures, vesicular horizons and
solution cavities, The yield of openwells

is gemerally very low anc the wells get ary
after only a few hours of pumping. I this
Paper an attempt has been made to present a
new method for optimum utilization of yields
from openwells in hardrock areas. The proposed
mathematical equations have been verified by
field application Guring yileld test of two
openwells ana the results were found to be
encouraging.

1. TWTRODLCTION

A major portion of India is covered by igneous, metamorphic and
higly compacted sedimentary rocks. The intergranular porosity 1s little or
absent in these rocks. Groundwater in areas covered by hard rocks occur
either in the intergranular pore spaces of the weathered mantle or in the
joints, fissures, fault zomes, vesicular horizons ané solution cavities.The
water is extracted in these arcas mainly through open wells. The yield of
wells is very low. Except the openwells located on fault zones or tapping
vesiceuwiar horizons, subsurfsce channels and cavities, the majority of wells
get dry after 2 to 3 hours of pumping. To augnent the water plelding capa-
ity of openwells two methodscan be followec i.e.{l) Improvement ir the
construction of wells such as koring, enlargement of Gismeter or comstruction
of infiltration galleries, (2) optimum utilization of yield from existinc
wells.

In the present paper an attempt hss been made to give a new method
for optimur utilization of yield from openwells in hard rock areas, without
resorting tc any improvement in the construction of well.

2. PROPOSEL METHOL
Framn field observations it is observed that the recuperation rate
after emptying an openwell 1is faster in the beginning and gradually decrea~
ses with time. The first 50 percent recuperation t-kes much less time than
the next 50 percent. Keeping this fact ir view, an openwell can be utilizeé

1 Saleem Romani.
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to the maximum, if after once emptying, it is operated repeatedly as soon
as 50 percent recuperaticn takes place. T this way a well can give the
maximum yield. To £ind out the number of times an openwell can be operated
after once emptying, the following procedure of conducting yield test may
be followed:

After recording the undisturbed static water level the well showld
be pumped at a constant discharge of water (Q). The exact time (t1) for
emptying the open well should be found out. Recuperation readings after
stopping of pump should be noted at suitable intervals for sufficient time.
A simple graph can now be plotted between time since pumping stopped (t ),
and resiGual drawdown (s'). The plotted curve will be an asymptote showing
faster rete of recuperstion in the begining and gradual decrease with time.
The 59 percent recupexatiop point can be obtained from the plotted curve.
Let it be denoted by tz. If the duration of a working day be taken as 12
hours or 720 minutes, giving sufficient time for complete recuperation of
well during the night, the following equation can be put forward:

€y +nl t2 * £1/2) = 720 cme—mmmmmmmemmmee= (1)

where t; is time in minutes to empty an undisturbea well,
tz is time in minutes taken for 50 percent recuperation,

and 'n'is the number of times the well can be operated after
once emptyinde

Equation (1) can be simplified into the foliowing working equation.
n = 2(720=8))  —mem—mmmrm e mm—me e ~— (2}

t1 + 2t2

Thus ¥nowing the values of tj and t2 from yiejd test of an open-

well, the value of 'n' can be found out.

The maximum water yielding capacity of well can be expressed by
the following equation.

Y = 0ty + n0Ey @)
=z
or Y =0tp{n + 2 m—m-= —mm—me—e—ce———— e em (4),
—

Where ¥ is the maximum water yielding capacity of the well in
cubic metres/day.
4 is the average discharge of weter during pump=-ing in cubic

metres/minute
t1 = time taken in minutes to empty an wundisturbed well.

2 Saleem fomani.
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3. APPLICABILITY OF THE METHOD

The proposed method is applicable in openwells which get dry
after a few hours of pump-ing and the recuperation is through the entire
desaturated zone. If the well taps only a few localised joints or solution
cavities the rate of recuperation will show a linear relation with time
and hence the method cannot be applied. The method is well suited for
openwells tapping weathered zones, valley £il1s with thin saturated zones,
and highly jointed and fissured rocks with a fairly wniform permeability.

To verify the applicability of the method yield tests were condu-
cted on openwells at Naswadi (229031373044%,46F/12) and Bhagwanpura
{22°06¢373941¢, 46F/12) in Baroda district, Gujarat, tepping valley £ill
ard weathered basalt. The data of the yield tests were plotted (Figure-1)and
the values of the time for 50 percent recuperation(t3) were found out. The
results obtained, after application of the proposec method, are given in
Teble-1.

From a perusasl of Table~l it is evident that the openwell at
Naswadi yielding at present 81.6 cubic meters of water per day can be
operated 5 times a day after once emptying to yield 178.5 cubic metres of
water per day. Similiarly, the openwell at Bhagwanpura can be operated
3 times after once emptying and the total water yielding capacity of well
can be Increased from 92.25 cubic meters per day to 161,44 cublc metres per
day. From the values of time taken for emptying an undisturbed well (t1)
and the time for 50 percent recuperation (t2),a time table for working of
puwap can alsc be prepared. A time table for pump operation for the two
tested openwells is given in Figure-1l.

4. CONCLUSIQNS

The proposed method can be profitably applied in hard rock areas
where openwells, tapping weathered zones, valley fills and uniformly
aistributed joints and fissures, get dry after a few hours of pumping.
The spplicability of the method has been established wy yield tests om two
open wells.
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TUBE WELLS, OPEN WELLS, AND OPTIMUM
GROUND WATER RESOURCE DEVELOPMENT

¥illiam H. Walker
Hydrologist, Illinols State Water Survey
Urbana, Illinois, U.S.A.

_SYNCPSIS

Many tube wells drilled for irrigation use fail
prematurely because of poor well design, improper
sized and placed gravel-pack material, and ineffective
slotted-pipe screens. Well and gravel-pack design
criteria and an lmproved slotted-pipe screen describved
in this paper offer promise of drastically reducing
such fallures. Properly designed tube wells equipped
with this type of screen should have more than double
the safe-yield and service-life capability of most
irrigation tube wells now in use,

In some countries large-diameter, low-capacity open
wells always have been used to obtain irrigation water.
Now, small-diameter, high-capacity tube wells are
being constructed in the same aguifers. As extensive
tube-well @evelopment occurs, the water table will
drop, drying up many shallow open wells. In such
instances, those who can afford the deeper, more
expensive tube wells could gain almost exclusive use
of the agquifer.

Optimum development of surficlal aquifers using
both tube and open wells may have to be rigidly con-
trolled to assure every farmer a fair share of avail-
able water. Such controls should be based on the
potential safe yleld capability of aguifers. A
graphical procedure used in Illinols to obtain an
estimate of this value for planning and initial
development purposes is presented in this paper.

1. INTRODUCTION
In many parts of the world, expedited development of available ground
water resocurces for food production now is underway. As this develop
takes place, many problems assoclated with well production, aguifer yleld
evaluation, and ground water resource management will arise. From perso

at

observations made during recent ground water consulting asslignments in
and Northern India, 1t appears that serious well-fallure and aquifer
development problems may already be occurring 1n lar
aquifers in that country. Also, from technilcal reports and perso

pcrtions of majlor

communication with ground water hydrelogists from other parts of the

similar problems seem to be prevalent almost everywhers.

Improper well design, the use of ineffectivz slotted plpe scra:ins, and a

lack of accurate aguifer recharge informaticn create especially s:riol
problems from an optimum aquifer development standpoint. For thi
the discussion presented in this paper deals primarily with these

It is hoped that the included material
useful in minimizing such problems in other countries as they have
be in Iliinois.

1 Willlem H. Wallier
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2. DESIGN CRITERTA FOR SCREENED WELLS

Major ground water developments generally are associated with unconsoli-
dated glacial outwash or alluvial sand and gravel aquifers. In such deposits
maximum production and peak efficiency considerations diectate that a screen
be used to hold back the water-bearing material yet permit water to freely
enter the well with minimum head loss.

Screened wells typleally are classified as elther natural packed or
artificially packed wells. In the natural pack type, a screen slot size is
selected which will allow a definite proportion of the finer part of the
aquifer adjacent to the screen to pass into the well for removal during
development. The remaining envelope of coarser aguifer material around the
screen serves as a retalner for surrounding fine-grained deposits. In the
artifieial pack type, an envelope of materlals having a coarser uniform grain
size than the aquifer is mechanically placed around the screen to serve as a
filter for the finer formation particles.

I1linots State Water Survey design criteria for either type as described
by SMITH (1) and WALTON (2) are based on the effective size, uniformity
coelficient, and other grain-size distribution considerations determined from
2 mechanical analysis of the aquifer material. The sieve size that retains
30 percent of the aquifer material is termed the effective size. The
uniformity coefficient 1s the ratio of the sieve size that will retain 40
percent of the aguifer material to the effective size. A natural pack well
normally can be Justified if the effective grain size of the aquifer is
greater than 0,01 inch and the uniformity coefficient is above 3.0. An
artificlal pack usually proves to be desirable 1f either the effective size
or uniformity coefficlent 1s much below these values. In some aquifers an
artificlal pack must be employed to stabilize well-graded aquifers containing
a large percentage of fine material or to permlt the use of a larger screen-
slot size.

For natural packed wells, homogeneous deposits overlain by materials which
w11l not easily cave generally are screened with a slot size that will retain
from 0 to 50 percent of the aquifer material. Retention of 60 to 70 percent
of the aquifer nmaterials is specified 1f cavey materials overlie the aquifer.
Heterogeneous water-bearing materlal overlain by firm, noncavey beds is
developed using a screen which retains from 30 to 40 percent of the aquifer
waterial. Wells finished in such materials capped by cavey deposits are
designed to retain 50 to 60 percent of the aquifer material. In cases where
it 1s suspected that adequate well development procedures will not be followed,
a screen that will retain about 70 percent of the water-bearing formation may
be suggested regardless of the type of aquifer or overlying materials present .

If an artificial pack 1s used, it is important to select a pack material
grain size that will effectively retain fine materials from the aquifer. A

2 Willlam M. Walker
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uniform gravel-pack size that 1s from 3 to 5 times the 50-percent size of the
aguifer material, a screen size that will retain at least 90 percent of the
pack material, and a pack thickness of from 6 to 9 inches is generally used
in Illinois. Experience has shown that 1f these criteria are followed,
problems associated with segregation and bridging during artificial pack
placement, and plugging or send pumping during and following development are
minimized.

In cases where only large screen slot opening sizes are available and the
aquifer is composed primarily of fine-grained deposits, a mixture of two or
three uniform pack-material sizes may be required. Providing the pack—aquif‘er
ratic and screen slot-opening size restrictions previously discussed permit a
two-size mixture, the coarser-paterial component selected constitutes about 65
percent of the total pack material volume, In cases where 3 uniform sizes
must be mixed, a 50-30-20 percentage combination of coarse to fine sizes
usually is employed. Graded pack material is placed using a tremie pipe
always kept filled with the pack material to minimize grain-size segregation
during placement.

The screen-selection criteria used by the Water Survey are based upon
optimum screen entrance velocities considering aquifer permeability and screen
area effectively open to the water-bearing material, For natural packed wells
the proper screen length and/or optimum discharge rate are determined from the
equation:

L, = T AT 1)
Where:
L_ = length of screen, in ft
Q = optimum discharge, in gpm
A = effective open area per foot of screen, in sq ft
V= optimum entrance velocity, in fpm

In this equation, the effective screen open area (AE) used is one-half the
actual area provided during fabrication. The remaining open area is assumed
to be blocked by the aquifer material. Using an appropriate aquifer coef-
ficient of permeability, an optimum entrance velocity (VCJ value is selected
from the following tabulation.

Coefficient of Optimum screen

permeabllity entrance velocities
{gpd/eq ft) (fpm)
>6000 12
6000 1
5000 10
4000 9
3000 '8
2500 7
2000 3
1500 5
1000 4
500 3
< 500 2

3 William H. Walker
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V_ values included were determined from studies of actual case histories
of well failures due to the partial clogging of well walls and screens by
over pumping.

For an artificial pack well, the same procedure is used to select an
appropriate screen length and safe pumping rate except that the average of
the permeabilities of the aquifer and the pack is used to determine the
optimum screen entrance veloclty.

Well diameter selection is usually dictated by pump dimension requirements.
Where possible, a casing at least 2 inches larger than the nominal pump-bowl
dlameter is specified to minimize pump-placement and water-level measurement
problems. The following pumping rate - well diameter combinations are
typicelly used in Illinols:

Diameter
of well
(in.)

3. SLOTTED-PIPE SCREENS

orld, many irrigation wells are constructed using a

ster of 12 inches, an B-inch diameter casing, and a 6-inch
A large percentage of these wells are artifi-
h thickness of gravel. Commercially made slotted
2vailable in only cne-eighth, one-fourth, and three-
Beczuse ¢f this an artificlal pack material large
ed by these wide slot sizes generally is much too large to

grained segments of many unconsolidated aguifers. In such

sive sand production and short well-service life usually results.
relatively small hole diameter and large
1z sizes 1s that a graded rather than a uniform grain-size

cacs hzs to be used in the wells. Because tremie-pipe placement of this

vetween the hole and casing at land surface

and permitted to settle around the f-inch slotted pipe screen within the
1 and subseguent stratification of sizes may

materizl Tazlls through the water during
This ir turn readily permits pockets of coarser pack material to

2quifer znd screen, thereby providing avenues for fine sand
to move through the pack material into the well.

tne safe pumping rate of slotted-pipe
artly less than that of wells equipped

n Willlam H. Walker
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effective open area characteristic of typilcal slotted-plpe screen designs.
Practically all 6-inch diameter slotted pipe screens now used provide open
areas ranging from less than 3 to about 14 percent with the majority falling
between about 6 and 11 percent.

In 1970, the author, working with two Indlan engineers at Jabalpur in
Central India, devised an improved slotted-pipe welil screen design which
affords from 20 to 40 percent of actual open area depending upon the slot
width and spacing provided. Use of this screen design should practically
eliminate problems of well design, construction, and yield limitation normally
assoclated with the old type of slotted-pipe screens. The original work was
done with Mr. Dayaram D. Rathod and Mr. Anil G. Khadakkar. Initial fabri~
cation of a screen section incorporating the new design features was done in
1970 in the Pioneer Earthmasters shops at Jabalpur under the supervision of
Mr. Rathod. A picture of this screen is shown in Figure 1.

Figure 1. Original Model of Improved Slotted-pipe Screen Design

At the reguest of ir. Rathod, refinements of the original design were made
of

by Dr. James E. Stallmeyer, Professor of Civil Enginecring, Universit
Illinois, at Urvana, Illinols. xcept for slignt differences in the width of

columnar and horizontal structural segments in the pive skeleton framework,

and a horizontal rather than a vertical orientation of the slet pattern,

S Wiliiam Walker
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original design illustrated in Figure 1 4s identical to the optimized one
which resulted from Dr. Stallmeyer's refinements.

In the finalized design, columnar and tensile strength is provided by a
series of § vertical columns, each three-eighths of an inch wide, equally
spaced around the circumference of the pipe used as screen material, Hori-
rontal stresses resulting from the weight of the aquifer against the screened
section, plus possible differences of head inside and outside the well screen,
are met by a serles of hoop sections of the pipe formed during fabrication.
The horizcntal hoop segments of the pipe skeleton can be arranged in any
spacing pattern dictated by comstruction or other controlling considerations.
:{ , from a 1l-strength int, one inch of horizontal band
width per foot of screen length must be provided. Thus, in any 1-foot length
of screen, hoop strength can be obtained by leaving a l-inch band of pipe per
foot; two one-half inch bands spaced 6 inches center to center; three one-
third inch bands spaced 4 inches center to center; or four one-fourth inch
bands on & 3-inch center to center spacing. Providing that horizontal slots
are cut, & one-inch wide horizontal hoop per foot of sereen length should
suffice; if vertical slcts are cut, a one-half inch wide hoop every 6 inches
of pipe length was recommended by Dr. Stallmeyer. Alsc, he suggested that a
horizontal rather than a vertical slot arrangement be used. This was deemed
gdvisable for two reasons. One was that vertical slot cutting might create
considereble problems with saw blade wobble, thereby resulting in poor quality
control of slot width. The other was that sawing long vertical slots in the
pipe might cause adverse heat~strength effects in the thin metal strips left
between slots.

In Dr. Stallmeyer's design refinements, laboratory test data for a leading
wire-wrapped, continuous-slot screen were used to establish minimum structural
1imits for the slotted-pipe screen design. This was done to insure that the
new design would provide minimum structural limits higher than those of a
screen noted for 1ts high percent of open area and structural strength
stability under actual field installation and operation conditions. According
to Dr. Stallmeyer, a safety factor of 1.67 is realized by the six three-
eighths inch vertical columns and an effective one inch per one foot hori-
zontal band configuration. Alsc, an additional factor of safety would be
rezlized from the added structural strength provided by the slotless portion
within each screen window.

The open area actually attainable using this slotted-pipe screen design
1z primarily dependent upon the degree of quality control employed during
construction and the number and width of slots fabricated within each screen
window. With proper quality contrel it is possible to realize 40 percent
open area 1f the slot opening and Intervening metal strip widths are the same;
27 percent 1f the metal-strip spacers are twice the slot-opening size; and 20
percent if the metal-strip space between slots are 3 times the slot-opening
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size. Considering these open areas in light of those currently available
(from 3 to 14 percent), it appears from equation 1 (see page 3) that truly
remarkable increases in safe yield and service life expectancy of tube wells
could be realized by using this improved slotted-pipe screen design.

4. AQUIFER LONG-TERM SAFE YIELD EVALUATION

The long-term safe yield of an aquifer is defined as the rate at which
water can be continuously pumped without eventually lowering water levels
below the bottom of shallow open wells or below the top of screens in tube
wells. This rate 1s primarily dependent upon the amount of precipltation
recharged to the ground water reservoir each year.

Recent ground water recharge and runoff studies made by the Water Survey
(3,4,5,6,7,8,9) indieate that the long-term precipitation recharge rate to
unconsolidated aquifers in Illinois 1s controlled primarily by the thickness
of dense, low-permeability clay or glacial till deposits (aquitards) over-
lying the aquifer in any given area. A graphlcal expression of the ground
water recharge-aquitard relationship developed from data collected during
these studies is shown in Figure 2. Prom this graph and the accompanying
precipitation distribution map it is possible to obtain meaningful approxi-
mations of the yearly recharge rate to most of the sand and gravel agquifers
within the State.

In other countries, where different geohydrologic or climatic conditicns
prevall, the graph in Figure 2 may not be as dependable as it has proved to
be in Illinois. EHowever, it is presented here in hopes that it will at least
provide approximate recharge values sultable for initial planning and devel-
opment purposes. Then, at & later stage, when dependable geohydrologic data
needed to accurately define all controlling parameters are avalilable, refine-
ments of the original recharge assumptions still can be made in time to
prevent serious overdevelopment of available groundwater resources.

5. THE ROLE OF OPEN WELLS IN OPTIMUM DEVELOPMENT

One of the major dangers in the world today is overdevelopment of ground
water resources. It could happen anywhere, but I have seen cases in Asia
where extensive construction of tube wells may create hardships for many
farmers instead of benefiting them (10). Ground water lies close to the
surface in this area and for years millions of farmers have irrigated small-
acreage land holdings using large-diameter, low-capacity open wells which
penetrate only the upper few feet of the aquifer. Now, small-diameter, high-
yielding tube wells are being sunk deeper into these aquifers. They are much
more expensive than dug wells and generally out of reach of the small-acreage
farmers. As extensive tube-well development takes place, the water table
will drop, drying up many of the dug wells just when these farmers need the
water most for irrigation. Those who can afford deeper wells might possibly
gain almost excluslve use Of the ground water. The questlon arises whether

7 William H. Walker
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THICKNESS OF OVERLYING AQUITARD, IN FEET
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Overdevelopment of such ground water reservoirs should not be permitted at
5 time. Such a drastic measure should be resorted to only if more food

needs to be grown to avert major famine.

10.
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The equations thet govern the flow of water through fractured
rock depena very closely on the scale of the fracturing with
respect to the phencmencn being considered.  For example,
one geological situation could be vieved from a point of a
continuun (say, the predicti - of piezometric surfsce over
& region) snd the same system wo:}d behave very differently
if one vere to exsmine & local phenomenon (i.e., the per-
formance of a single well). On 2 small scale, it is very
inportant that the flov-pressure lews are re-examined with
& view to a better understanding of the flow regime. Lab-
oratory and field tests heve been carried out and the Fe-
sults are incorporated in en amelysis. The analytical
approach changes es a result of looking st a discontimuws.
Flov is confined to the frectures snd the matrix is com-
sidered 1o be impermesble. Owing to the anisotropic, nom-
homogenious end discontinuous nature of the problen with
irregular fracture patterns, classicel enalytical methods
have to give wey to Numerical methods. The role of the
Finite Element Method is discussed and an application of
the method is made to a field problen.

Introduction Ferly work on the role of ground water, assuming an isotropic homogenious
media led Karl Terzaghi (1958) to comment that, "the most unpredictable factor determining
slope stability is the hydrostatic pressure in the water floving ot of & reservoir or &
leaking pressure tunnel through the joints towards a slope, etc."  However, in the past ten
years, tremendous strides have been made in this field to justify confidence in analysia o
problems shere the fluid flow is confined to discrete fractures in hard rock. Since then, &
vest amount of work has been carried out and a detailed account can be found in the
Proceedings of & Symposium on Rock Mechanics held in Stuttgart (1972).

The percolation of vater in fractured rock is primarily governed by the hydraulic
characteristics of fractures and the imosed boundary conditions. Further, these charscter—
istics are continuously changing as e result of changing hydraulic and stress fields. The
detailed hydraulic characteristics of fractures are alsa significant in determining the

quantity of fluid that can be removed from a rock mass.
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A large amount of study on the flow of water through fractures has been based on
the application of classical hydrodynamics applied to incompressible fluids. In these
studies, it has been Iurther assumed that the flow is laminar within the fractures such that

the flow rete per unit width of fracture can be expressed as:
=K. i awem (B

where i is the effective hydravlic gradient within the fracture
K. is proportionslity. constant for the fracture under a given
* geometricel condition and for a given fluid.
If it can be sssumed that the fracture is & parallel plate of constant aperture e, the exact
solution For steady incompressible viscous flow between two plates is given by Lamb (1879):
e .
e=15 -1 e f2)
where n is the kinematic viscosity of the fluid.

is beyond the scope of this paper to comsider the different types of frac-

ale Effect

ture systems in terms of their genesis, contimiity and importance to fluid flow. However, it

is necessary to examine the role of scale in fracturing in attempting to anslyse fluid flow

through fractured systems. Rets and Chernyashov {1967) suggest a simple system based on the

ize of 7low conduits:

{e) 3rd Order Heterogeneity: Form difference, size difference, pore
distribution, presence of microjoints, ete.

{p) 2nd Order Heterogeneity: Heterogeneity of structure and composition of
the rocks within the limits of one bench rhythm,
interstratification of the rocks of different
composition, mecrojointing, small tectonic
dislocation.

(- 1st Order Heterogeneity: Heterogemeity of the rock messif, msgma intru—
sion, degree of lithification, tectonie faults,

zones of hydrothermal action, ete.

f.ure 1 shows how the above concept affects the approach osne has to take in

problem,
_ 0}
3
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Another simple way of looking at the scale effect is to consider the flow of weter from a

borehole into a set of fractures Maini (1971). As the depth of the hcle in

creases,
Figure 2, the flow rate per unit length reaches en asymptotic value. In a homcyeniodsly

porous media, this value would always remain constant.

ISCONTINUUM | CONTINUUM
____k._
FLOWRATE
LEN

IGTH OF
HOLE
FIGURE 2

NUMBER OF FRACTURES

1t has been demonstrated by Maini (1971) und Louis (1972) that the above factor is a serious

problem in the field if due care is not taken in choosing the correct scale for a test with

sins, the Lest test would be o ob~

the final anelysis in mind. Ideally in ground vater b:

serve the piezometric surface under known boundary conditions over a pericd of time %o pre-
dict the aquifer characteristics using a mathematiczl model (PBredenoeft mnd Pinder, 1970).

Such methods do exist but still have to be proved in hard rocks.

Hydreuli istics of Fractures Studies on simulated fractures have gemerally bsen

modelled on the classical pipe flow experiments of Nikuradse 11930} and others under approx
mate parallel flow conditions. A notable extension is tnat of Louis (1967} who carried out

experiments on parallel slates made from conerete with a wide range of surfacss and rougn=

nesses. These results are generally correleted using a Reymolds Humber-Friction tor
approach. Hatural fractures vary widely as far as planarity and surface geometry sre con-
cerned.  Bedding plane fractures in fine-grained sedimentary rocks msy be relatively smooth
and permllel; whereas, in granites, rough and meandring tension fractures sre more common.
The flow through a fracture is generally three-dimensional, as is clearly shown by laboratory
tests by Maini (1971) on transparent replices of rock fracture surfaces. DRecause of the
highly irreguler surfece geometry of natural fractures, when two surfaces are in contaect,
dead vater sreas will tend to form where the opening is smell. Often, these dead vater
areas tend to divide the fracture into Giscrete channels such thut the flov is effectively
concentrated within s limited area of the fracture. This effect is commonly observed in

the Tield when boreholes penstrating essentinlly the same fracture produce vastly different

ies of water.
Little data is available on tests carried out on real fractures in the levoratory.

quanti’

Figure 3 is the Tesult of a detailed series of tests carried out in the leboratory by
Jouanne {1972) which shows the relationship between the flow rate and the applied hydreulic
It is very important to motice {a) the QP relation-
Tais implies that any

fieid under different normal loads.
ship is ponlinear, and (b) it is highly dependent, on the normel lord.
change of stress oo & rock mass as & result of, sey, twsping or excavation or losding, plays
an important role in controlling the flow regime. This factor will Le further demonsivated

in another section.
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o134

200 oy
ioop 9=
()

Q
FLOW Va
md 80 o,y )
8. 401 " ronce nen, npBARS

30

FIGURE 3 { JOUANNA)
20}

200

160

0f

Leg
¢ g0 FIGURE 4 INTERSECTION
LOSS {MAINI 1971)

40

o

200 400 600 800 (000
REYNOLDS NUMBER AT 15°C

Very orven fracturs sets occur in different orientations and, therefore, intersect
esch other. In order %o find out if these intersections have any serious effect on the
pressure distribution im e rock mass, laboratory tests nave been carried out by Maini (1971)

and Wilson and Withersuoon (1970). Figure U shows the results of such a test and it can be

seen that under high gradients these losses could play an important role in controlling the
flow regime.
Detailed

‘tests on two- and three-dimensional models have been carried out by
Meini (1971) and re.

compared with numerical solutions. The results of these studies

show thet only et high Reynolds Kumber do the intersection effects become important.

2

Humerical Solutions to Proplems. of Ground Water Flgw

Geperal Considerstions In order to determine the steady-state distribution of

waen fluids move through a deformable mass of fractured rock, it is necessary to
consider the coupled action of flow forces, body forces and boundary loads.

The pressure
distrivution must, of course, be compatible with the state of stress within the total system,
Tre discussion that follows is restricted to the two-dimensional steady-state case, but the

approsch cen be extended to three dimensions.

One obstacle in developing three-dimensional
programes

s tl

24

et of computer storage, which at present seriously restricts the number of
eleaentz in a model.  With the present rapid growth in the size of computers, it would
Zppear that this resirietion is steadily lessening.
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s sag & converg-

The method used in this study employs tws Finite Element technigl

ing iteration process. The procedure is summarized in the form of a flow shart in Figure

One must Tirst describe the geometry of the fraciure

4 system. This requires carrying out

HEAD
DEFORMED |
ROCK ]
MASS 1 I
SP= STRESS PROGRAMME
FP= FLOW PROGRAMME DEFORMED
MASS TT

FIGURE 5 FLOW CHART FOR ITERATION PROCESS

crientztion, spacing =nd distribution

sufficient field work so that the fracturs sets, i.2.,

One must also have 2 measure of the mechanic:

of apertures, can be defined in space. pro-
porties of both the intact rock end the rock fractures.

s to be deseribed is o * to problems of

The stress—flow method of anal
iopes, underground

subsurface injection. The method can also be appl

ovenings, etc. where problems on the effects of deformeble fracture flow must be investigatad

The first step in the procedure is to determine the effect of the structure t is plasned
s of this frectured rock

for the rock mass under construction. By meking o
mass, it is possible to determine now the introduction of & perburbation causes the size dis
tribution of apertures to be modified. With a known seometry for the fractures, it is then
is from vhich one has the first spproximation for pressure

possible to meke a flow analy:

(PI) st every point within the fracture systex (Figure 3).
The second step is to repeat the stress analysis using beth the effects of the

4 pressure, P, This may result in 2

initial structure and the first approximation for Il
second modification of the apertures. By making another flow analysis, ome then obtains =

second approximation for pressure (PH). If the difference bstween pressures Py and Pop i
unacceptable, the process is repeated using the loadings due to the plenmed siructure and
his iterative technique is continued umtil the

second epproximation for fluid pressure.
vwhere less then some 2rbi-

differences between two successive values for pressure are eve
When this 1imit is resched, the fluid pressure distribution is compa=

trary chosen limit.
20d the effects of seepage

tible with the state of stress within the deformable rock tody,

throughout the Tractured rock nass can be quantitatively sveluated.
The rate of convergence to en acceptable solution for this iterative process has
‘been found to be quite repid, at least for the initial preblems studied, Figure & shows the

cen successive calculations of pressurs in one particutar situation of

maxinum difference betw

a single injection well in an orthogonally jointed rock mess. —Tne maximum difference it
only 0.6% of the net availsble pressure by the end of the twelfth iteration.

;
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FIGURE 6. Convergence characteristics for test problem.

Procedurs for Stress—Flaw Analysis: As has been erphasized above, a realistic

proach to “he stress-flow arelysis of fractured rock must teke into account the two im-

7 (e) frecture deformsbility, and (b) the coupling between flow pressure and

rock siress. In using the perturbetional Finite Element technique, the first factor is

teken into eccount directly and the second factor must be satisfied by en iterative proce-

dure thet assures compatibility betveen rock stress and fluid pressure.

vigur of the fractured rock mass is governed by the iwo squations:

() o} - {8} =0
where (¥,) is tte. flov conductivity matrix

{=}

{a] is the flux vector
0 {8} -{r} =0

where (£) is the totel stiffaess metrix

head vector for the netwerk

(8} s the notal point displacement vector
(F} is the nodal force vector

These equaticns may be written more explicitly as:
5 -
. (5] (8} - (@
3= 0

0 {8} -{x(r}} =0 F (p) #0 e (1)
P=0

g

the net effective head at any point in the system has beer replaced

re P The new term [£,(5)] is used to indicate that the flow cun-

oot on the fracture deformations. The second relationship ()

the o the Finite Tlement structural anslysic, in saich {F(F1]

odal force vector is deperdent, in part, on flow pressure.

(2) and (4] are coupled implicitly by{P} ana (3} .
;

used to irdic

It i ion

Furtherzore, i {ip) varies con-linearly with fracture deformatinu,

=N
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iie., (K,) ds a function of 83, s & result, the tuo cquations cannot be solved simul-
taneously, and therefore an iterative scheme was developed.

The iteration procedure starts with an initial guess for pressure distrivution.
Tt is seen fram (A) that F(P) # O when P = O, and this suggested that a convenient starting
point is to set P = 0, which is equivalent to having no flow forces initially in the system.
By solving (4) with this assumption, we obtain the first approximation fur{é} which gives
the deformetions in the rock mass due to the effects only of the engineering structurs.
These deformations can then be used to modify the conductivity matriz (K,) snd {3) cen ve
solved to obtain the first approximation for {P}A

In the second iteration, F(P) is first modified to include thess new values of {P} %
and the above bwo-step iteration is repested to obtain the second approximation for { ?].
Tais sequential process is continued vetil successive values of P at any node are less than
some arbitrary limit. This assures a compatibility between fluid pressure and rock stress.

In applying the above method of stress-flow enslysis, the following informetion is
needed: (1) geometry of the fracture system, (2) initial distribution of apertures, (3)
physical boundaries of rock mass from the standpoint of both flow end stress, (h) mechanical
properties of intact rock as well as fractures, and (5) boundary conditions from the stand-
point of both flow and stress anmalysis. Knowing the geometry of the fractured rock mess end
the locations of boundery loads, two networks of elements must be prepared that are zompa-

tible. One network is used for the flow analysis and the other is used for stress analysis.

In the former, fracture segments are represented by line elements with two ncdal points. T
the latter, fractures as well es rock blocks sre represented by two-dimensional elements with
four nodal points. The method of setting up these networks and preparing the dat= imput to
the computer progremme that has been developed is described by Noorishad et el. {1971). The
computer output provides details of stress, displacement, sad fluid pressure at 211 nodal
points of the network as well as flow rates at the bounderies.

The following will describe a few results that have been obtained by this coupled

method of stress—flow analysis.

Results with Mutually Perpendicular Systems of Vertical Fractures Several numerical modsls

have been analysed to determine the effect of fiuid injection in a fractured rock mass.
These cases examine the influence of joint orientation, permeability of the system, residual
stresses and material properties of the rock mass. Before attempting to analyse the effects

of injecting fluid into complex arrsngements of f

actures, we have Tirst carried out pre-
liminary studies on relatively simple models.  Such studies will be useful in develeping a
better understanding of how to apply this computer approach to the complex systems that are
being planned for further investigation.

The first problem considered was that of injection of a fluid into a vertical and
orthogonal set of fractures. In this model, the initial joint aperture of each fracture was
s set equal to that of

2
@

given & uniform value of 0.001 feet and the joint normal st

the intact rocks, viz 10 p.s.f. The rock matrix was assumed to have a Youngs Modulus of

10a p.s.f. and a Poisson's ratic of 0.25, The angle of friction in the joints was sst at
20° and the tangential stiffness was 105 p.s.f. Figure T shows the water pressure distri-

bution away from the injection point for both the rigid and deformable analysis.

7 taini / Noorisnad
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FIGURE 7. Comparison 01‘ pressurs dkmbmiem for rigid
ond deformable fracture system.
A simiation of injection intc a set of fractures inclined to the confining

boundaries is illustrated (Figure 8). Figure O shows the result of )nJectxcn into_the

Exsn e

- -
FIGURE 8. Model of square fracture criented FIGURE 9. Fractured rock mass shmrinn dighribution of
at 45° to confining boundaries. compressive siresses in rock elements with
fracture system oriented ot 45° fo cenfining
boundaries.

ctured system ir terms of deforma

ions and stress vectors within the rock mass. It is

es5ting Lo cote how the fractures nearest the injection point open up and stress com—

centrations dev

2D 2t the corners of the confining boundary.

evident that anzlytical tools nave Deen Geveloped which can make use of

aboratory data that is fer in excess of what is ordinarily availadle.
be placed or collection of detailed structural data, i.e.,

frequency
ientation of fractures and the presence of large-scele fractures, such as faults.

It is

r<her detailed exemiration of flow

hrough fractures must be carried out in the laboratory
Theoretical studies are now under way at the University of
techniques capable of eolving transient and un—

ed rocks.
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PROCEDURES AND EQUIPMERT POR
PUMPING AXD FPREE~FIONING TESTS OF WATER WELLS

Charles R. lawrence
Sendor Hydrogeologist, Geologleal Survey of Victoria,
Mines Department, Melbourme, Austrslia.

SYROPSIS

Testing of water weils still provides the
best method of determiming the hydreulic
coefficients of aquifers and their confining
beds, and determining the efficiency and capac-
ity of production wells.

To ensure that data obtained from tests is
accurate and interpretable by known analytical
methods it is important that acceptable pro-
cedures be followed and that water levels and
discharge are aceurately measured. This paper
briefly reviews the procedures for pumping and
rlow teats, the imstallation and operation of
various types of pumps, and equipment for
measuring discharge and water levels,

Yo INTRODICTION

The testing of yields of water wells should play a erucial role in the
development of individusl wells and in forecasting potential development

of Tegional groundwater resources.

Provided testing is carried out according 1o acceptable procedures
measurements are odbtained from which it is possible to:

(a) Celeulate the hydraulic coefficients of the aquifer and the com-~
fining beds - inputs for models and analoge for simulation of regional
response of aquifers to various petterns of groundwater withdrawal.

(b) Determine the characteristies of production wellsj to decide the
acceptable yield to be pumped and the size and type of pump to be chosen.

This paper is concermed with obtaining accurate interpretable data,
rather than its analysis.

Too often effort and time is wasted on pumping tests giving little or
aubious date. To overcome this problem there is a strong need for manuals
or handbooks which can be understood by drillers, field assistants,
weter-system operators, and pump menufacturers.
Some such menusls hmve already been puclished {1, 2, 3, 4, 5, 6, 7).
2, PROCEDURES FOR TESTING OF WATER WELLS

The principle of an aquifer test is rather simple. From a well water
is pumped for a certain time and et e certain rate. The effect of this
pumping on the water level is measured in the pumped welland in observation
wells in the vicinity. The hydraulic characteristics of the aquifer are
then found by substituting the drawdown measured in these observation wells,

1 C.R. Lawrence
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their distance from the pumped well, and the well discharge in an appropriate
formula.

When observation wells are lacking, it is still possible to perforn tests
from which to give & value of safe sustained yield of the production well,
its efficiency and alsc an estimate of transmissivity. A eingle observation
well often permits calculation of transmissivity and the storage coefficient.
The advantage of two or more observation wells placed at different distances
from the discharging well is that the drawdowns measured in these observ-
ation wells can be analyzed by studying both the time-drawdown and the
distence-drawdown relationships.

In selecting thc position of observation wells it is important thet they
be sufficiently close to tke control to give a significant drawdown, Genmer-
ally observation wells will lie in the range 2 to 400 metres from the
control well., The following tabulation indicates qualitatively the influence
of variables on the positioning of observation wells, though it is preferrable
to position observation wells from drawdomrs calculated from estimates of
tranemissivity storage coefficient and leakage.

Aquifer  Fydraulic Thickness Discharge

type conductivity

Observation wells unconfined low thin low
close to control i
well ;
T |
i =rvation we confined high thick high :
i distant from H
| conirol wel. i i i

For el] sts 1t ic desirable thai:
d

{8} 411 relevar: details be recorded on & form headed similarly to that

sho¥n below. zrd that this dats and the analysis be ¥ept on file for

Pumping test data
Crigipal water level

L ortrol well metres

to ¥ « lMessured by:

pump stopped

Tige since { Deptn to
j water level
i




a

(&)

(e}

{n

distance from control well to each observation well {I S percent),
elevation of measurirg point (¥ 0.003 m), depth of well and screened
intexvals (I 1 percent),

The control well penctrate the entire thicimess of the aquifer %o be
tested and sereen at lesst 8C percent of the thickness of the sauifer.
The control well be sited: away from pumping wells, which are likely to
interfere with the test; where discharge can be readily disposed of
without returning to the aquifer; away from the boundary of the
aguifer.

Observatior wells should be tested for efficiency by adding a known
volume of water and observing whether the imitial rise of water resdily
“issipates.

The well be developed 80 that change in its efficiency is unlikely to
aceur during the vest.

Tne water level be observed for at least several days prior to the
test to note the antecedent trend nmeeded ta correct drawdown values.
Gne or several brief preliminary tests be made to derive sufficient
information about the iime-drawdown relationship To choose a discharge
rate which is sufficiently high to induce an apprecisble dramdown,

Sut sufficiently low for the water level not fo drop dowm to the depth
of the pump.

These prelimipary pumping runs should be performed st ieast osne day
prior to the full pumping test to allos complete recovery of the water
level.
Por the actusl test it is important that water-level {or discharge)
measurements be taken for at least those intervaels indiceted es follows:
o, % 1, 1%, 2, 3, 4, 5, B, 8, 10, 13, 15, 20, 25, 30, 40, 50, 60, 75,
90, 105, 120, 150, 180, 210, 240, 270, 300 minutes and then hourly.
Irmediately pumping stops, the recovering water level (or discharge)
should be measured on the same schedule as thet for the pumping period.
157 PROCEDURES
2,11 CONSTANT DISCHARGE PUMPING TEST AND RECOVERY.

Designed with observation wells, the constant discharge pumping
test is the mosT com:op test. The pumping rate is maintained
2t a constant level despite its tendency to drop slightly during the
test as the pumping 1if% incresses, It is therefore necessary during
the test to Tepeatedly check and if necessary adjust the pumping Tate
by opening the discharge valve or by spseding up the motor.

2.12 DISCHARGE-R

SCHARGE TZ3T

The discharge-recharge test is a variation of the constant discharge
sest; but npo pump is used. This test can only be applied where a
natural hydraulic potential gradient exists hetween two superposed

ajurfers.
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An intra-well device was designed in 1971 by Rina (9), which
when installed in a epecially constructed well can be used to maintain
a copstant discharge from the squifer of higher hydraulic potential
to that of lower hydraulic potential.

This method has the disadvantage of being difficult to instrument,
and there is difficulty in maintaining constant discharge.

2.13 STEP-DRAWDOWN (MULTIELE STAGE) TEST

This test (10, 11) ie the most important type of pumping test wheTe
there are no obgervation wells. The well is pumped at 3 or 4 different
rates for equal periods (e.g. 1 hour). Each pumping rate is greater
than the one preceding it. Memsurement of the water levels is ‘taken
for each step at time intervals given above.

It is possible to calculate well-loss and transmissivity, esnd
predictions of drawdown for various discharge rates or duration of
pumping.

2.14 FREB-FLOWING AND RECOVERY TEST

This test, sometimes referred to as the constant drawdown test,
can be performed on naturally flowing wells tapping a confimed aquifer.
Observetion wells are not essentisl. The free-flowing well is "shut in®
until the head becomes virtually static, then the valve is opened and
the declining dlscharge, rather tban the drawdown, is weasureds

The transwmissivity and the storage coefficient are determined
graphically from this data by equations developed by Jacob and Lohman
{12). After the test the well s “shut in' and the recovery im head
is to erable king of transmissivity.

2.15 BATLING TESTS

Balllng tests are carried out with percussion rigs as aquifers are
encountersd; botn to obtain water samples for chemieal analysis end
give an indication as to whether a detailed pumping teet is warranted.
Osunlly only & gualitative assessment can be made of the dats obtained
from a bailing test, becauce at this stage the well has not been
sereened and cnly a small proportion of the total thickness of the
aguifer may be open to the well.

For thet situation where the entire thickness of the aquifer ie
open to the wwell and the transmissivity is too low %0 warrant a pump-—
ing test it la posaible to perform a bailing test and to calculate an
approxizate value for he transmissivity from measuremente of the rate
of rescovery (13).

4 C.R. Lawrence



3, POMPING EQUIPMENT
A variety of pumps are used in water wells. The main types are the
single-stage centrifugal pump, milti-stage centrifugal pump, submersible
pump, shallow and deep-well jet pumps, air puamp and reciprocating pump.
Comparison of pumps can be seen in Table 3.1.

4. DISCHARGE MEASURELENT

Discharge can be measured by a variety of methods,
4.1 CALIBRATED DRUM AND STOP-WATCH

The flow can be calculated by timing the filling of a drum of kuown
volume. This method is simple, but has the disadvantage of being
impractical and inaccurate for large flow rates. It may be convenient
to instell a swinging discharge pipe Tather than moving the drum for
each measurement,
4.2 WEIRS

There are a variety of types, sizes, end shapee of weirs for which
there are empirically derived formulae from which %o determine the
alscharge from the measured crest over the weir. Two types of weir are
considered here.

4.21 90° V-EOTCH WEIR

Por discharges gemerally encountered in aquifer tests the 90O
V-notch weir is the most versatile, being suitable for flows of 10
to 120 litres/sec

The weir should be composed of non-corrodible metal, be less than
1/16th inch thick with a sharp upstream edge and set verticelly. The
height of the bottom of the V-notch above the bottom of the channel
on the upstream side should be not less than 30 cm for heads up to
23 cm or not less than 46 cm for higher heads. On the downstream
side this distence should not be less than 10 cm for heads up to
23 cm.

The head, h cms, should be measured up-siream from the Wweir
plate, at a point equal to 4 times the maximum head. The
discharge Q litres/sec can then be calculated from the equation:

Q= 2,304 n 240,
4,22 RECTANGULAR WEIR WITh DOUBLE~END CONTRACTIONS

The rectangular weir can measure the discharge in an open chamel. For
the rectangular weir with double-end contractions the length
of the weir shorter than the width of the charmel.

The weir should be vertical, 1/16th inch thick, the upstreem sdge
horizontal and sharply cambered at 45° to the downstream side, The
charmel should be free of obstructions, at least three times wider
than the length of the weir, 1 cms, and the distance from crest to
bottom of the chanmel shoutd be at least three times the head over
the weir. The head, h cms, over the weir should be measured upstream
from the welr plate at a distance approximately six times the maximum

5 C.R. lawrence
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TABLE 3.1 PUFPS

Usual Usual
Type taximum  FaXimm o aponiages Disadvantages Commen
ield se
(litres/sec) (metres})
Single-stage 100s [ Simple, fast in- | Small lift Irrigation and
centrifugel stallation town
Kulti-stage 100 100s Capable of large |Need straight Irrigation and
centrifugal yields and lifts, |and vertical town
(shaft driven) main type of pump | well to min—
used for testing |imise vibration
Electric 50 1008 For deep wells Need source of Domestic, irrig-
submersible costs consider- electricity, ation, town
ably less than overheading at
for milti-stage low speeds,
centrifugal yields less than
centrifugal
Jet - 3 7 Low discharge Domestic and
snallow well and small 1ift |stock
Jet - # 40 Low discharge Tomestic and
deep well and small 1ift |stock
Reciprocating 8 100s Simple, easy Iow discharge, |Domestic and
installation mostly driven stock
by wind and
nence camot
regulate flow
Air lift 50 50 Simple easy Water level Well develop-
installation cernot be ment
measured unless
Pave eductor
pipe, need eir
compressor,
difficult to
control dis-
charge

2. Tawrence
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head over the weir,

The discharge, Q litres/sec, can be calculated from the equaticn:

Q = 3.06 (1-0.1n)1*%,
4.23 ORIPICE WETER

The orifice meter is a simple, compact, easily readable and installed
method of meesuring flows from pumping wells. It ccnsists of en orifice
plate clamped to the end of the discharge pipe to build up head in a
plezometer tube tapping the discharge pipe at a known distance (2 feet
i.e, 60,96 cm) back from the orifice plate. The orifice plate is of
sufficiently small dameter to neatly seal the dischsrge pipe and be
held in position by a standard pipe cap. The orifice itself must be
centrally placed, circular, sharp-edged, and of sufficiently small
diameter to cause a head in the plezometer tube which is at least 3
times greater than the diameter of the orifice. The piezometer tube
should be transparent, of small diameter and attached to a nipple
located in & straight and horizontel discharge pipe &t the horizontal
centre axis.

The head, h cms, in the piezometric tube is measured above & point
level with the centre of the orifice. Then by knowing the diameter
of the discharge pipe and the diameter of the orifice the flow rate,
Q litres/sec, can be calculated from the equation: Q = FAV2gh

Where g cm/sec 2 5o the acceleration due to gravity, A em® is the
area of the orifice, and K is the coefficient of discharge (1).

4.24 PROPELLER FIOW METER

A horizontal propeller-type flow meter can be incorporsted in the
discharge pipe. As water flows through the working chamber of the
meter it rotates the propeller; this movement is transmitted
mechanically to & counter which indicates the discharge.

1t is important in the use of propeller-type flow meters that:

(a) The gate valve should be located in the discharge pipe down from
the meter.

(b) If sand is present in the pumped water the meter should be flushed
out with clear water after each test.

(c) Tne meter be frequently recalibrated.

5. WATER-LEVEL MEASUREMENT
In a pumping test the depth of the water level in affected wells must be

measured accurately before, during and after the test.

A variety of water level indicators and recorders are suitable for use

in water wells (1, 14, 15). They are remote (surface) or downhole, and may
be mechanicel, electronmic or electro-mechanicel.

A number of the more common methods of water level measurement ere men-

tioned below, and comparison is made in Tadle 5.1.

5.1 CHALKED TAPE
The chalked tape method is one of the simplest to measure the depth

T C.R. lawrence



TABLE 5,1 WATER-LEVEL MEASUREMENT
#
Type 3 g Adventage Disadvantage
g g3
& | a¢e
Chalked tape x Precise, simple Slow since must remove
from well to read.
Pox-whistle Simple, adequate ihen other noise it
precision, rugged is difficult to hear
Float = Precise, suiteble Need straight and vert-
for permanent ical well, metal floats
installation corrode, floats some-
times stick, care to
avoid slipping over
pulley
Pneuratic x x Fast, simple, Need to keep fittings
precise airtignt, for recorder
need Bourdon-fubes of
different ranges, sur—
charge in deep wells
Electric = Rugged, simple, Some times shorting of
precise cireuit - meinly
between probe and well
casing, care to avoid
slipping where messur-
ing wheel used.
Pressure x x High-speed Yeeds frequent atten-
Transducer response tion, costly, not
robust,
Yercury Suitable for free— Kot suitable where
flowing well head below ground
surface
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to water. A steel tape weighted at the lower section and coated
with carpenters chalk is lowered into the weter. The depth to the water
is then equal to the reading on the tape at the measuring point minus
the depth to the clearly indicated point of immersion on the tape.
5.2 FOX~WHISTLE SOUNDER
The fox-whistle sounder is made from an ordinary fox-whistle soldered
across the end of & short length of metal tube of identical diameter.
The sounder is lowered down the well and when it strikes the water
the air in the sounder is compressed and escapes through the fox-whistle
emitting a whistle audible to the operator who then notes the depth to
the water level on the tape.

5.3 FIOAT-TYPE INDICATOR AND RECORDER

Both the float-type water-level indicator and recorder include a
float sufficiently small to travel down a well. For the indicator the
float is cormected to & thread which moves over a measuring wheel
thereby indicating the depth, whereas for the recorder the thread passes
over & pulley in the Tecorder and the float is balanced by & counterweight.
Any movement of water is transmitted via this system to & stylus which
traces the fluctuations of water ievel on a chert moving at comstant
speed. Gears are used to alter the depth or time scale.

5.4 PNEUNATIC INDICATOR AND RECORDE!

The pneumatic water level indicator is simple. It consists of &

0.5 cm semi-flexible plastic tube, a source of pressurized air and a
pressure gauge. The tube is strapped to the pump columm at regular
intervals and immersed in the water at a known depth below ground level.
Air is forced down the tube until there is mo further incresse in
pressure on the gauge, indicating that water kas been completely driven
from the airline. By multiplying this pressure (in kilograms per square
centimetre) by the conversion factor 10.0, tne heed of water (in metres)
above the bottom of the airline is determined. This process is repeated
throughout the pumping test.

The pneuratic-type water-level recorder records the water level
continuously. This is made possible by & rotometer and air purge system
which Tegulates an even flow of air through the airline regardless of
back-pressure changes through water-level fluctuations to a Bourdon-type
‘tube under changes of pressure activates & pen which traces the head of
water on a moving chart.

5.5 BLECTRIC PROBE

tater level can be detected elecirically by fluid conductivity, self-
potential, capacitance and inductance. The two common types depend on
fluid conductivity; they are the single-electrode type in which only one

w0

C.R. Lawrence



IO . 150

electrode makes contact with the water mnd the circuit is completed
through ground, and the two-electTode type in which the circuit is
completed by two electrodes making comtact with water. Both types
include a spool and earriage on which are installed the electrical com=
poments, Current is supplied to the eireuit by a battery through a
variable resistance which can be adjusted for the desired deflection
depending on the salinity of the water.
5.6 PRESSURE TRANSIUCER

A pressure transducer converts pressure changes to electrical changes;
either by comverting the output from the tramsducer to & proportional
voltage or current, or into a proportional frequency. Several types
are marufactured commercially specifically for the messurement of
water-level fluctuations in wells.
5.7 MERCUEY GAUGE

A mercury geuge can be used to measure the artesian pressure of &
flowing well., It comsist simply of & trensparent and graduated U-tube
partly filled with mereury. This tube is commected to the otherwise
sealed top of the well. To calculate the head in metres of water above
the messuring point, the difference in the arms of the U-tube in
centimeters of mercury, is multiplied by 0.13596.
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POTENTIAL AND FLOW FIELDS FOR MULTIPLE GROUND WATER
WELLS IN A CONFINED AQUIFER ~/

*
Don Kirkham and R. R. van der Ploeg
Department of Agronomy, Iowa State University
Ames, Iowa, U.S.4.

SYNOPSIS

An analytical method is used to determine the well
discharge, streamlines and equipotentials for wells lo-
cated in confined aquifers of arbitrary shape. The well
discharge is found from the potential function, which is
derived from Laplace’s equation and the boundary condi~
tions. A modified Gram-Schmidt method is used to help
satisfy the boundary conditions. The lateral boundaries
of the aquifer can include nonconducting segments. Data
from the Ames Aquifer, Ames, lowa, provide a check on
the method. sCalculation of steady state drawdown curves
of tube wells in semiconfined aquifers is reported.

Theory of seepage flow to kanats (underground water tunmel
systems) is noted. The methods of analyses reported in
this paper enable calculations of well discharge and
other hydraulic quantities when aquifer characteristics
are known. Such hydraulic information is basic for effec-
tive development of irrigation water, especially in coun-
tries where increased agricultural production is essential.
1. INTRODUCTION

This paper summarizes some recent work done at Iowa State University,
U.S.A., on the development of groundwater from confined aquifers. Some un-
published and some published results will be cited.

The simplest problem of confined flow to a well is that for a well lo-
cated in the center of a circular aquifer This problem is considered in
most elementary textbooks on groundwater hydrology and it can be readily
solved by analytical methods (1). More advanced textbooks (2, 3) contain
analytical solutions for aquifers where a single well is located other than
at the center. Polubarinova-Kochina (4) provides an analytical solution
for horizontal flow to a wrll at the center of an elliptically shaped con-
fined aquifer. These solutions have important theoretical significance
and are practical insofar as the theoretical geometries approximate actual
geometries.

The principle reason that real pumped aquifers have been resistant to
mathematical anmalysis is that a single solution to Laplace's equation must

be found that will satisfy all the boundary conditions imposed by the natur-

ylournal Paper J- Of the Towa Agriculture and Home Economics Experi-
ment Station, Ames, Towa. 50010. Projeet 1888.
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~/R. R. van der Ploeg is now at the Imstitute of Soil Sciences and Forest
Nutrition, Gdttingen University, West Germany.

| Kirkham & R.R. van der Ploeg



1. 154

al aquifer. Powers et al. (5) developed a modified Gram-Schmidt process to
satisfy the boundary conditions of such problems as exactly as the boundary
conditions are known, and this process, which is described in detail in
Kirkham and Powers (6) has been applied to a mumber of groundwater flow
problems (5, 7, 8, 9, 10, 11, 12) in research at Iowa State University.
2. SINGLE WELL SYSTEMS

Fig. 1(a) shows the cross-sectional view of a confined aquifer taken of

elliptical shape and chosen for its simplicity in developing our method.

PUMPING
WELL

|
1
Kl
>
N
N
!
!

P, CONFINING LAYER
(14

/
A AQUIFER : S :
777 : 7 7 777
IMPERMEABLE LAYER (7))
Y
o
b

Fig. 1. Geomerrical representation of the flow region: Part

a, cross cectional view; part b, plan view.

~
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Physically our problem can correspond to a hypothetical ellipse-shaped
island with a confined aquifer of the same shape fed by the water surround-
ing the island. The problex gen also correspond to a pumped well in a
confined aquifer which has an ellipse-shaped equipotential somewhere in the
field that surrounds the well,

Fig. 1(b) shows the plan view of the aquifer and well. The level of
hydraulic head is assumed to be constant at the perimeter of the ellipse.
This level is at height A¢ above the level of the water in the well. The
major and minor axes of the ellipse are a and b, the coordinates of the
well center with respect to the ellipse center are (¢, d); r and 0 are
polar coordinates with R the value or t at the ellipse boundary; L (not
shown) is the radius of the well; h is the aquifer thickness.

Fig. 2 shows the flow net for a confined elliptical aquifer when the
well is located on the major axis. In this case the dimensions are a = 1,
b=0.5 ¢c=0.5 d=0, and the radius r, of the well is given by T, =

. 0.02.  The length units are arbitrary.

E—

¥=,50

Fig. 2. Flow net for a confined elliptical aquifer with the well locat-
ed on the major axis of the ellipse, where z = 1, b=0.5,
¢ = 0.5 and T, = 0.02.

3 Kitkham & R.R. van der Ploeg



HI.156

We have computed well discharges for a mumber of geometries where &, b,
¢, d, and Ty differ. Table 1 gives values of the dimensionless discharge,
Q/Khag, for a number of cases corresponding to Fig. 2. Here K, dimensions
L/T, denotes the hydraulic conductivity of the flow medium and Q denotes
the actual well discharge (LO/T).

Table 1. Q/Ke d¢values for a confined elliptical aquifer, with the well
located on the major axis of the ellipse.

b/a =1.0 B/a = 0.5 B/a = 0.2 b/a=0.1
r/a c/a Q/Rhy,
1/100 1/2 1.455 1.607 2.039 2,585
3/4 1.663 1,790 2.249 2.889
7/8 1.985 2.096 2,561 3,33
1/400 1/2 1.102 1.186 1,406 1,648
3/4 1.216 1,283 1,503 1.768
7/8 1.381 1,433 1.638 1.93
1/4000 1/2 0.785 0.827 0.928 1.028
3/4 0.841 0.873 0.969 1,073
7/8 0.917 0.940 1,026 1,132
1/40,000 1/2 0.609 0.644 0.693 0.747
3/4 0.643 0.661 0.715 0.771
7/8 0.687 0.699 0.744 0.801

Fig. 3 illustrates a flow net when the well is at an arbitrary location
within the elliptical aquifer. Actual geometry is indicated on the figure.
Values of the normalized stream functions and equipotentials are shown.

Having learned how to mathematically calculate the well discharge and
the flow nets (12), for a single well in an ellipse-shaped aquifer, we
attacked the problem for a single well in an irregularly shaped aquifer.
Fig. 4 shows the flow net, In this net we see from the way the stream-
lines and equipotentlals intersect at right angles (orthogonality)
that the theory has provided correct results. This figure was computed for
a constant hydraulic head over an irregularly-shaped boundary. Our method
enables the computation of the flow field when the hydraulic head may have
values that change from point to point over the external boundary. The
external boundary may be chosen arbitrarily. For the procadure of the com-
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WELL RADIUS
Ly £0.0025
a=l0
b=0.5

Fig. 3. Flow net for a confined elliptical aquifer, with the well not
located in the center of the ellipse nor on an axis, with
a=1,b=05 c=d=0.25and r, = 0.0025.

putation, see van der Ploeg (13), and Selim and Kirkham (10, 11).
3. MULTIPLE WELL SYSTEMS

Muskat (2) gives equation for computing flow for systems of wells in a
confired aquifer of circular shape. In our method we can compute the flow
for multiple wells in an irregularly shaped aquifer. Fig. 5 is an example
for two wells. The flow fields become more complex for more wells, but
they can be computed

4, WELL SYSTEMS WHERE PARTS OF THE OUTER BOUNDARY

OF THE AQUIFER ARE NONCONDUCTIVE
To develop our method for predicting well discharge and computing flow
nets when part of the external boundary of the flow system is nonconductive,
we worked first with circular outer boundaries and Fig. 6 shows the flow
net when one-fourth of the boundary is impervious, and Fig. 7, when one-
half is impervious.

5 Kirkham & R.R. van der Ploeg
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WELL RADIUS =0.0025
yl DISTANCE FROM WELL
CENTER TO POINT P
= 1.0

Fig. 4. Flow net for an irregularly shaped confined aquifer.
The distance of the well center to the point P is taken
as 1, the vell radius r_ = 0.0025 times this unit
distance.

A comment may be made for the well discharge for Figs. 6 and 7 and for
a circular aquifer with no portion of the boundary impervious, We let Q(0),
Q(Ll/4), and Q(1/2) be the well discharges when none of the boundary, 1/4,
and 1/2 of the boundary is impervious. Then for a well radius of 0,0025
units and external boundary radius of 1 unit, we find the following pro-
portionality:
Q(0):Q(1/4):Q(1/2) as 1,049 : 1.020 : 0.938

Without presenting other calculated flow nets for further idealized
aquifers where part of the external boundary is impervious we go directly
to a field situation.
5. A FIELD TEST
Fig. 8 shows a flow net for the Ames Aquifer, Ames, Iowa, U.S.A.,
when one of the wells (No. 9) alone was pumped during an experimental pumping
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Fig. 5. Flow net for an irregularly shaped confined horizontal aquifer
pumped by two wells of unequal strength and unequal radius.
Distance between the wells is 0.3 length units. The left well
is of radius 0.0025 and the right of radius 0.0l. Discharge
of the left well is one-half that of the right well.

‘test. The flow net was experimentally calculated from the measured equi-
potential values along the boundaries and from knowledge (14) of a barrier
portion of the aquifer at the upstream end. Squaw Creek and the Skunk
River partially surround the area as shown, The highest hydraulic heads

are 880 feet (268.22 meters) above sea level at the upper end of the aquifer
and about 870 feet (265.18 meters) above sea level at the lower end of the
aquifer. The drawdown level of the water in the pumped well was at a height
865.3 feet (263.44 meters) above sea level which represented a 9.2 foot
(2.80 meters) drawdown from a non-pumped condition at the well. The flow
net was theoretically calculated with the barrier being taken into account.
The well radius including gravel pack was 2.5 feet (.762 meter) and the
pumping rate was 1280 gallons per minute (.08367 cubic meters per second).

7 Kirkham & R.R. van der Ploeg
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WELL RADIUS
=0.0025

EXTERNAL
RADIUS =1.0

6. Flow net for a confined eircular aquifer, of which
one-fourth of the outer boundary is impervious.

Fig.

Using a measured average transmissibility of 200,000 gal/day/ft (.02876 m3/
see/m) (16,15), we calculated the discharge of the well at the 9.2 foot
(2.80 meter) level of drawdown to be 1163 gallons per minute (.07339 cubic
meters per second). The difference between this calculated value and the
measured value of 1280 gallons per minute (.08367 cubic meters per second)
was about 10 percent.

Further pumping test data are being analyzed for this aquifer and, in
particular, for more than one well being pumped. We would hope that our
computational methods might be field tested in India and in other parts of
the world.

6. WELLS IN SEMICONFINED AQUIFERS

Although our title refers to confined aquifers, we wish to mention some
addirional work on semiconfined aquifers. Wells in semjiconfined aquifers
often penetrate through water-bearing strata of different hydraulic con-
ductiviries. These wells are used to draw down the water tables for
drainage purposes and at the same time, the wells can provide water for
irrigation when the water is not too saline. Khan et al. (16) and Khan and
Kirkham (17) have calculated the vater table shape and flow nets for a
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WELL RADIYS =0.0025
EXTERNAL RADIUS =1.000

BARRIER

Fig. 7. Flow net for a confined circular aquifer, of which
one-half of the outer boundary is impervious,

number of average steady state recharge conditions and for two and three
layer aquifers. The study was made with the many tube wells of the India-
Pakistan region in mind. This work has been published and details are
available in the above cited references,
7. KANATS

A student of the senior author has noted that some of our recent
drainage theory applies to the seepage of water through sloping hillsides
to kanats. Kanats (18) connect the bottoms of shafts found over the high
central valleys of Iran. They conduct water from the mountains to the
valleys for irrigation. Kanats are dug by hand over long periods of time
and can reach a maximum depth of about 500 feet (152.40 meters). Tolman
(18) cites that a kanat at Mazandaran is 10,500 feet (3200.4 meters) long
and 42 feet (12.80 meters) below the surface, Vertical shafts, about 60
to the mile (37 to the kilometer),-connect the tunnels with water-bearing
strata below the valley floors. Some of the water flows directly through
these shafts to the subterranean tunnels, some of the water seeps directly
to the subterranean tunnels through the porous medium, which is generally
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conglomerates cemented by silts and calcareous material, It is the latter
seepage water to which our recently developed theory might apply, and flow
to a subterranean tunnel is shown fn Fig. 9, The figure is taken from
Powell (19) and could apply to a subterranean kanat system having a tunnel
of semicircular shape with the tunnel bottom on an impermeable layer. The
semicircular shape and impermeable layer are used for convenience of cal-
culations. When the tunnel is of circular shape and 1s not near an imperm-
eable barrier, the problem is more difficult but we know how to solve it.
8. CONCLUSION

For homogeneous horizontal confined aquifers we have presented sample
£low nets and well discharges calculated by use of a recent analytical
method. The method applies to both single and multiple wells.

With this method, knowledge of the hydraulic head at arbitrary points
around the well enables a computation of the flow net and well discharge.
The calculations can also be carried out when some of the aquifer boundary
is nonconducting. However, then the shape and extent of the nonconducting
part of the boundary must be known. For any aquifer, the transmissibility
must be known to make calculations. The recent work presented differs
from earlier work in that irregularly shaped boundaries with irregular
hydraulic head distributions can be dealt with analytically,

Acknowledgment, Work supported in part by U.S. Department of Interior
Office of Water Resources Grant B-019-IA.
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SPACING OF WATER-WELLS IN DECCAN TRAPS
B. G. Deshpande
Professor of Geology, Unlversity of Poona,

Poona, India.
SYNOPSIS

Groundwater investigations in a hard rock
area are beset with many uncertalnties.
Much of the present exploration is based
on broad principles. Deccan Trap being an
impervious rock the chances of seepage 0f
water in the sub-surface are mntrolled
by the fissures, joints, iater-trappean
soft rock 1f present, Weathered portion
of the trap rock, gap between two successive
flows, etc. These features are 1too broad
and often d not help effectively in
selecting sltes for individual wells.

Since lately, and particularly during the

last few years of drought, there has been

a spurt in the activity of sinking wells

and drilling tube wells 1n the country.

If all these ¥ells were to be properly logged
and tested and the data studied, much 1ight
wlll be thrown on the behaviouwr of groundwater
in this rock. But such data is mot yet
available.

Government agencies have provided large
financial credit fzecilitles for digaing new
wells and for re-vitalising old wells.

The stlpulations recguire that the yleld
expected from each well will be 150 cutic
metres per day (in December) for ne¥ weils
and 120 cubic metres per day {in Decewber)
for revitalised wells., Also, no new wells
should be mzde within 300 m. of the existing
wells. The recharge of raln water to
groundwater is teken at nlne per-cent. These
guide lines are intended to ensure a full
development and al so a feasibllity of
economic rewrn from the agricultural
produce to repay the loan in the stipulsted
time. No speclflc data is available to
determine a rationsl spacing be tween wells.
Some experiments Were carried out on pumping
of wells and observing the effects on adjeln
~ing wells. These indicate that in two wells
50 me tres zpart, there 1s m 1nterference.
It is, therefore, suggested that the safe
spacing of wells may be about 150 metres
(500 ft.)
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1. INTRODUCTION

The general principles of the behaviowr of raimweter
on the surface and in the sub-surface are kno¥Wn, Deccan Trep
when fresh and unaltered has mo porogity and hence is
impermegble to weter, The chances of percolation, storege,
underground movement ete. of water are primarily controlled
by fractures and jJoints in the trep, lnter-treppesn soft
yock materisl or geps or weathered portion of the trap flows,
voth on the surface and in the sub-gurface.

These principles are s btroad that they do mot help
effectively in selecting sites for imividual wells. Where
exactly are these fissures ? What is their size and how
they are oriented ? Are there any festures, which pass from
flow to flow in depth ¢ How can we dlagnose these from the
surface ¢

The distiaction vetween hard rock and s ft rock 1is
indeed very spectacular in the field of geohydrology. Porosity
is a btasie character of s0ft rocks while the lack of it is
thet of hard rocks, exceptions epart,

Geophysical methods do come in hamy especially the
selsmic¢ and the electirical but, Mere agaln, the effectivetess
for slting imividuel wells 1s very limited, cuite gpart
from the additlonal expenditure such methods call for. During
the last drought these methods Were almost conmspicuous by
their sbsence. Only = fe¥ agencies Were able ‘o employ them
in a very fe¥, almost exceptional cases.

In a country-®ise enslysis in India it is roticed that
hard rock areas heve mt been studied W the extent possible
and desirable. The study group of the Planning Commission
Governzent of Iadia (1) in their report (1971), have nigh-lighted
trls fact on the basis of their observation that not more than
17 per cent of the hard rock aress had been studied systemati cally.
The situatlon hzs m t materdally chamged since,
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Consequently We have to remain content With the old ideas
which have been prevailing and guiding our exploration in
these rocks.

During the last 10 years there has been a spurt in
exploration for groundwater. Most of the states in Indias
have started separate wings for groundwater, The drilling
operations for Water have been lntensified countrywise.

Cur potentlal of drilling tube-wells has increased manifold
of what 1t Was a decade back. Even s there is not much
sugmentation of water, commensurate with drilling effort.

The hard rock arees still remain substantlally at the mercy
of rains.

Tre spurt durinz the last few years in digging wells
and toring tube wells has MmOw piled w volumlmus date.
If tre results obtained from these could be studied carefully
much scientlfic data Will te available to improve upon our
age-cld tenets. Tt will be possitle, for instance, to carelate
petrclogical charscters Of hard rocks and their Suscep tivility
t weatherlng, estetlish relation between toposraphy and the
extent of weathering, etc. Seismic methods which have so far
been only indicative in 2 broad mecsure can be used € verify
the results of trese wells and tute-wells, to perfect, or at
least improve wpon, our acility to predict sources of groundweater
more rellably.

These wells and ture-wells can re surtjected to detailed
Pum-tests to ascertaln the rate of percslation or recha

)
specific yield of formation, total guentity of water aveilatle
in any localised area, the aquifer performance etc, Ia the
atsence oI this statistical data ard its interrretarion tre
exploration trend will continue to be tased upon acoroximatisn,
rather than upon precision derived from such a study.

3 2, C. Deshnarrde



IO - 168

2., WHL SPACING

The present knowledge of the behaviowr of the Deccan
Trap with regard to groundwater is thus inadequate. The
genhydrological 1iterature in India contalns very few studies
dealing with the results of elaborate pumping tests to
determine the aquifer characters, total resource of water ,
the safe rate of withdrawel from wells etc.

The question of drinking water in a drought-prone area
1s quite serious in as much as water must be obtained at any
st, Normal considerations of economics do not spply to this
activity. Against this the wells or tube-wells for irrigation
needs wmust be economically viable and be able to repay the
investment on thelr cnstruction.

Speclal funds have been made available through -
Governmental agencles, as loans to aultlvators for development
of groundwater by sinking new Wells or by revitaliel ng
existing ones. The guidlines fr these loans are generelly
as follows :-

1) The minimum discherge (December) expected from the
wells dug will be 150 cubic metres per day
(approximstely 16 acre feet per year) in the case of
new wells and 120 cubic metres per day in the case of
revitalised wells.

11) The new wells to te dug should mot be less than
300 m. (1000 ft.) away from the exlsting wells.
The recharge of rain water to the groundwster is
here presumed to te nine per-cent.,

The recharge of nire per cent is indeed an arbitrary
flgure. Das (2) has evaluated this at 10 per cent, It is
obvious that the recharge to groundWater will depend upon
several factors such as the total rain-fall, intensity of the
rain-fali, numter of rainy days, ambient temperatures,
topogrephic gradient, susceptibility of rock to weathering, etc.
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The ampunt of recharge will naturally vary from place to place
and to some extent from year to year. In course of time, When
more data is available, it would be possible to evaluate this
factor more accurately for any given area. T1ll such time,
1tfnecessa.ry to assume a reasonable flgure for being made
applicable to the vast area of the Deccan Trep (512000 sq.km.)
For this the figure of nine per cent is as good a guess as any
other.

Regardl ng the requirement of the discharge of 150 cuble
metres per day the flgure 1s arrived at from the possibllities
of the fimncial returns from the agricultural products raised
by the well, While by economics this may be a reasonable
proposition, the flgure appears 10 be on a higher side for the
genersl potentiality of the deccan Trap aquifers. HoWever,
this remains to be seen. The resul ts of these Wells, vis-g-vig,
the crops reised by the beneficlary of the loan, Will pmve,
in course of time, whether or mt the flgure is jusiified. Both
these facters do not materially affect the plans or their
execution for siting wells for farmers who Wigh to obtain the
readlly avallable loans.

The third factor, nsmely, the spaclng of wells -
ot less than 300 m. (1000 ft.) ewey-needs some congiderastion
fromhg)ee m%wgenlngica\ point of vieWw, Tnis stipulation sppears
[amved at on the baslis of a general principle that the imput
of water in the forms tion and its oufput through wells, should
bte equal. This means that whatever the amount of Water recharged
o the underground source, the same may be Withirawn from thet
area. The stipulation of spacing is probebly derived from
the considerations of recharge to the basin, water requirement
for the average crepplng pattern, cropplng intensity and the
average area irrigated ty the well,

The water requirement of the average crop is a factor
that will vary from place to place in the reglon, the cropping
intenslty will depend largely upcn the avallability of groundwater.
As more and more groundwater will become available the intensity
Of crops Will increase leading to & possibility of over
development, unless controlled at the ppper time. The averzage

(53
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area irrigated by a well ¥ill also wary according to the
avallabllity of water in the different parts of the year and
according to the mture of the crop, availabllity of fertilizers,
pesticldes etc, It is conceivedle that even if the annual

dreft of the Wwell is less than 150 cubic metre per day there

may be adequate returss from the agriculwral produce from that
¥ell to repay the loan., This agein Will depemd won the nature
and max et value of the crop raised. The cash crop msy Dde

able to repay the loan even if the well ylelded less than

150 cubic metres per day.

The principle of the imput and output of Water to be
equal, also needs examination on geological grounds. In Decean
Trap the grouniwater is usually on the move along the
nydraulic gradtent unless stopped or held up by the rocks for
want of fissures for its passage. A total absence of such
fissures is observed only in rare cases. Consequently even 1f
We assume the recharge to be nine per cent, over the whole area
of a valley, the groundwater, moving progressively in the
direction of the surface flow of streams or rivers, 1s eariching
the topographically lower parts. Thus the rainfell remaining

the game all over the area, the enrichment of groundwater is
accentuated towards the lower parts of a valley c¢r basin.

If we consider 2 river bvasin 1n, say, three parts, the
upper third A, the middle third B and the lower third C, and
assume the rainfall t0 be same over the Whole besin amd therefore
the rate of recharge &l © the same, the part A will be -
progressively ylelding its groundwater to part B, the latter
telng topographically lower. The Part 8, in its turn, will yieid
1ts groundwater t part C. If the groundwater in part C is mot
affluxed oy any underground barrier, like a fissure-free flow,
thls water will also contimue to flo® to the lower parts,
possibly 1nw the next lovwer valley or emerge as springs., Thus
at any given time the dlstribution of the ground water in any
valley will be uneven in its different parts. This btei ngicthe
principle of imput equal 10 output Will nct ld good. It is a
comron otservation that longitudinally in a valley less water

18 gvatlatle for withdrawal from the upper parts am maxdmun
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from the lower parts. The accumulation of groundwater is oot
equal in relation t» the recharge.

In a flat valley the situation will be different in that
the groundwater will tend to stacrate in 0 atter or level
portions, Further, this dlstribution will also be erratic
if the sub-surface trap flows vary in thelr hydro-dynemic
properties.

If, therefore, We intend W tap all the groundwater
(contributed by the annual recharge), the intensity of wells
will have ® be the lowest in the upper reaches and higrest
in the lower reaches of the valley. The problem in developmenat
of groundwater is that, as the exploration advances and more
Wwells are sunk, the topographicaliy lower parts may have mre
Water thaa can be galnfully utllised by the arable lanmd in the
vicinity while the topographically higher parts will remain
umdeveloped or under-developed. Apart from such an eventwml
disparity, between the avallable groundwater and the available
land above, the formula of uniform spaclng of 200 m will mot
hold true. The area will admit more points of penetration (wells)
for meximum withdrewel, if the rate of Withirawal of 150 cubic
metres per day is to be maintained.

The assessment of groundWater in the Deccan Trap 1s
indeed a difficult task. It is certainly not amenable to
mathemetical calailations wWith our preseat scanty data. However,
in the light of the above considerations, 1t is desirable to
approach this protlem from another angle as well.

Since the groundwater in the Deccan Trap is not uniformy
distributed in the sub-surface and simce it is mt always
possible to kW exactly where it is, 1t 1s desirarle to presume
in the earlier stages of development, that it is more or less
unlforomly distributed in the subsurface until it is proved
otherwise by actual experience of dug wells or tube wells.

It requires efforts to determine which parts are water-bearing
and which are mt.

If it is intended to exploit all the available groundwater
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(replenished annuslly) then we may put tWo adjacent wells in
such 2 manner thet they ®@ not interfere in the production of
each other for maximum withdrawal.

Many observers have noticed thet in most aress of
Deccan Traps tWo wells separated by varylng distances of 150 m.
100 m. or even 50 m do mt interfere ®ith each others production.
Presumably there is a barrier between the two wellg and that
they dra¥ from different branches of sub-surface flows or water
bodies. However, such sporadic observation caanot, by
themselves, justify formulation of a policy fr such en important
issue es gpacing of Wells for large scale development.

Some data has been collected in the past ore or two
yeers. Ina typical area Where well density is fairly high,
that 1s, the distances between the Wells 1s less than 200 m.
pumping tests were carried out by the AFPRO Groundwater
Imvestization Team, Meharashtra, The effects of puming were
obtserved in terms of depression of Water table or water surface,
ir adjoining wells,

The results irdicate that no interference is observed

bet¥een two Wells which are only 50 m apart. Out of 14 wells
Fich Were within 50 m,, orly ive (36%) showed interference.
Out of 31 Wells ¥1tnin 100 m, 11 wells (atout 35%) were affected;
out of 57 wells Within 150 m.,only 14 wells (24%) were affected;
out of 74 Wells Within 200 m,,only 17 wells (23%) were affected.
Zeyond 200 metres there ¥as nc interference.

It my be mentiored here that the area of the experiment
1s 1n Anmednzzar district which has an average of 450 to 500 mm,
of aanual relnfall amd ic classed as a chronically drought
affected area. The groundwater resources are comparatively poor,
in relatlon to other arees of the Deccan. The results al so
brinz out a signlficant point of departure between 100 to 150 m.

distance, Here the percentage of interference is reduced from
25 o 24,
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These results can be interpreted otherwise to show that
out of 14 wells within a dlstance of 50 m. nine wells (64%) were
ot affected. Similarly out of 31 wWells within a distance of
100 m. 20 wells (65%) were mt affected. Out of 57 wells within
a digtance of 150 m. 43 well (75%) were mot affected. Ia the
next group within 200 m. out of 74 wells, 57 Wells (77 %) were
mt affected, It is slgnificant that Within the range of 150 m,
75 per cent of wells were not affected While within the next
renge of 100 m, 65 per cent of the Wwells Were unaffected.
Therefore, it would be safe to presume that in this area there
will be mo material interference between wells 100 m gpart.

In their normal operations, it 1s expected that adjacent
wells Will be under pumping simultaneoudsly for a significant
part of a dsy. Therefore the adjacent wells, 1f seperated bty a
distance of 200 m, that is twice the dlstance of laterference,
there will be mo significant adverse effects upon production of
both the wells. It would bte safe to site new well at z dlstance
of 200 m. from the existing wells. The intereference in these
cases will be only marginsl, sbout half way between them, if the
peak period of withdrawal colinclde.

The need 0 reduce this stipulation of 200 m. is significant
from yet another vital aspect, namely changes taking place in
our agricul tural pattern. The lamd ceiling lntroduced recently
has fractionated the arable land between more owners than before,
Every new owner wishes t have a Wwell within his newly acquired
land. 1In many cases such fractionation does ot admit of
putting & new Well, more than 300 m. away, Consequently,
there 1s a possibility that some portions of the land, which
was cultivated under the previous owner, will mot be cultivated
under reW ownership for want of source of water. If this
distance is reduced to 150 m, (500 feet) there will be a relief
in this direction and the object of stepplng up of agricul tural
production will be accomplished, It may be added here that
Adyalxkar and Mani (3) have assumed valves of 300 to 500 feet
Within which there is m interference in wells in trappean
acquifers.
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3. AUGMENTATION OF RECHARGE.

It is significant that simulteneously steps ere being
taken to increase the recharge by contour bunding, nala bunding,
percolation ta.m;s, dams, weirs, etc. By these means local
groundwater sources are augmented (4) and more recharge to
groundwater can be expected in wurse of time. Such areas will
admit of closer pettern of wells as recharge to groundwater

increases.

The purpose of this paper is to stimulate distussion
oa the problem of spacing of wells in the Deccan Trap.
Admittedly pum tests described above leave much ® be desired.
Zut in the absence of any other criteria even such tests can
afford a much needed guldance, The problem is vast aml of
multiple dimeasions. Solutions Will emerge as more and more
scientific data become available and are subjected to scrutiny,
T111 then the criterion of interference should hold good.
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ANALYSIS OF FRESH-SALT WATER INTERFACE IN AQUIFER
DURING SALT WATER DRAINING
Satoru Sugic
Lecturer of Civil Engineering
Kyushu Industrial University, Fukuoka, Japan
and
Toshihiko Ueda
Professor of Hydraulic Civil Engineering .
Kyushu University, Fukuoka, Japan
SYNOPSIS

Controlling the depth of the fresh and salt water inter-
face in the aquifer is very important in case of the fresh
water reservoir on coastal aquifer,

The paper deals with the mathematical theory of lowering
the interface by means of continuous pumping up salt water
from a series of the circular conduits burried at egual depth
and space. This steady and two-dimensional seepage flow toward
the conduits is analyzed by the theory of complex potential,
The theoretical solutions of the interface are checked with an
experiment by means of Hele-Shaw model using viscous fluids.
The relationship among the hest.iht of the interface, discharge

rate and other boundary conditlons are obtained in dimension~
less form by the electronic computer.

1. INTRODUCTION

The depth of the fresh and salt water interface in the aquifer is
strictly connected with the difference of water level between the reservoir
and the sea. Even if the fresh water level becomes lower than the sea
level, the situation, where the interface does not exist in the ground and
salt water directly penetrates into the fresh water reservoir, must be
avoided i.. order to conserve fresh water. So the various counterplang
have been considered and theoretically investigated by many research
workers. Here, we examine one method in which a series of circular conduits
burried at equal depth and space drain salt water in the aquifer without
sucking in fresh water. In consequence of draining salt water, the inter-
face will be fixed in the ground,

This steady and two-dimensional seepage flow toward the conduits is
analyzed by using the potential theory. Our analysis is characterized by
the treatment of the sink. Formally the seepage flow toward the conduits
have been analyzed on the assumption that the position of the sink is the
center of the conduits. The exact solution, therefore, is derived from
considering the difference of these positions.

2. BOUNDARY CONDITIONS

We'll consider the flow of salt water in a homogeneous isotropoc porous
medium as shown in Fig,l. An interface between salt water and stationary
fresh water is assumed as an abrupt interface that completely separates
the regions occupied by each fluids. In case that the sea level is lower
than the fresh water level, the interface is located at deep place even if
the pumping from conduits is absent. Therefore the boundary conditions in
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this analysis is treated in case that the sea level is higher than the fresh
water level. Since the equal spaced conduits are located at equal depth and
the line FD and ED are the vertical stream one, the region DFEAD can be

treated as a typical section for the analysis. .
The velccity potential in the salt water region and the boundary condition

on the interface are
R S (1)
Ps= b= 949 (Hr+d~4) , ( on the interface )"~~~ (2)
where € and §s are the specific weights of salt water and fresh water re-
spectively,
Substituting Eq.2 into Eq.l, the velocity potential of salt water on the

interface are expressed as

By = RU—E)(Hr rd)+ ke 4
€= (§~%%)/ s
Therefore, by using the Zhukovsky function B=W+iR€Z , the curved interface
in the physical plane (z plane) can be mapped as a side EF of the polygon in
€ plane as shown in Fig.2.
3. MAPPING THE COMPLEX PLANE W, z AND 6
Separating the Zhukovsky function into its real and imaginary parts
By = & -key }
€, = P+ REX

}( 3)

Ir drawing the polygon in Fig.2, the variation of 6 on the line EA is an

201/24= Riepoy)/esdr1-€} ceeeme (5

l_ @ N
2 | ; fresh water level

¥ b A —

exercise.

seq level

Fig.l Physical plare (z ;lase)

2 SATORU SUGIO



In the vicinity of a stagnation point E,
the‘ hydrostatic pressure distribution
(ie., (¥p/24)/§s4=-1} can be approxi-
mately valid and Eqg.5 becomes BB:/DL"(O.
In the vicinity of the sink A, however,
23/24 (=ki{Dp/2Yy /93411 ) exceeds
fe and Eq.5 becomes 26//24>0.
So the existence of a singular point C
that denotes BByﬁ'3=O must be consider-
ed between the points E and A.

Fig.2 6 plane

Now the inside of the polygon DFECAD .
is mapped onto the upper half of the t F E [4 A —D
plane by using the Schwarz-Christoffel 4 0 ®
transformation, and similarly the t plane Fig.3 t plane

is mapped onto a quater of the € plane.

2
t-m N ;
e=M§jt+_1 T oF 4t (Fig.2+Fig.3) (6)

1= - an®g ' (Fig.3+Fig.4) (7))

Integrating these equations, next equation is
obtained.

9=27«M[§~g’ﬁi‘(’nd-fm;/n)]+c ------ (8)
where &= n1/(n%-nl)

Here, the complex potential of the flow toward two

point sinks, that are symmetric each other with

respect to the € axis as shown in Pig.4, can be
expressed

&-kre

We i) st e 9 Fig.4 % plane
Table 1 Boundary conditions

Point 3 ¥ x y X Y

Ay KHy, a/2 0 r [) IS b

AL kHp 0 0 -x [ -@.rﬂp

J kHp 0 0 -I 0 -@mx

E k(l-€) (Hr+d)+keHg q/2 0 He 0 0

F k{l-e] (Hy+d)+keHe  q/2  B/2  Hp ® o

EVF k{l-€) (Hy+d) +key q/2 X ¥y 0 :
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where a=awh'n » g is the magnitude of the sink and is equivalent to the
discharge rate of salt water from one conduit.

Separating Eqs. 8 and 9 into its real and imaginary parts by substituting
=g +in, s M=M;+iMg and u= }1\“[‘2 into these equations, and evaluating
these constant values from the boundary conditions at the point E, next
equations are obtained.

M=&§/zn | M=0 , C=RO-£)HT+d) e (10)
Bi= ReHe +RO-EXHr+4) - (F/am) fant, M2=%/2
Rewriting their real and imaginary part of Eqs. 8 and 9,
2
3-Rey- 3 £ h{(%%—%erpﬁwmmwm (1)
++ﬁii=i-wz—2\"rz—1-+f&§ AN P}
-E Qnﬁmgwﬂ\lqm)g ailg + aindliopr /it + Rete +fec—e)(HT+a)
13
e & (g mhop oo et whombe ] -0
_ Gam2E ___Ganh2
where X= 802 % + ool 21 ) Y‘ 602 « ok 2

The velocity potential obtained from Eq. 13 will become greater than that
of the sea ($=%Ho) 2at a certain depth. Then, we'll let I denote the depth
from x-axis to the place that have a value of &=RHo and assume that the
velocity potential in Eq.13 have a value of RHo in 4Y<-1 in the same
manner as the analysis on the seepage flow toward wells.

4. DETERMINATION OF DISCHARGE RATE AND DEPTH OF INTERFACE

The typical boundary conditions are shown in Table-1. Substituting the
boundary conditions at points Ay, Ay, F and J into Eqs. 11, 12 and 13,
equations for the discharge rate and the highest and the lowest position of
the interface are obtained.

ReB )
R e (15)

%= & -1 nfnet —(n*-m?)
feHe= er-zz,i-f,.\ M&(&*P)-MLMF)/V\Z ] -RO-E(Hr+d) oo (16 )

ReHy= Eg(-hl(u w2/ n? | +ReHe (17 )
where
s CaTIEE N I
ot ndet

%'MM(Z—Q)-M(N'&)/WZ]: fele - ReHe - RU-0) (o 7 d)
2ut= amhix + MZP

- [FT ok p

13
m ‘ n*fn’_va = fHarREr - 26p- RO-eXHr+d)
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n- et kot
Zn

ne R4 Tawka

’ = feHa~ Reer- ,—Eeu - RGO+ d)

Again, substituting the boundary condition of the interface into Egs. 11, 12
and 13, the shape of the interface is expressed

{265« ol 20t Tl }

7 W+ Dt -0 ) (18)

4° e 'F’”g(ﬂ“"g/n)z*r 1]+ re

%=

%
ZRRE

5. HELE-SHAW MODEL TEST

The theoretical solutions are checked with the experimental results
obtained by the Hele-Shaw model test. An illustration of the spparatus is
shown in Fig.5. Viscous fluids used in this model test are a motor oil
( §=0.980 /o’ J=2.103 Wec at 20°C) and a solution of carboxymethyl cellu-
lose { ¢=1.004 %/, V=02b% cm’/mac at 20°C) in-stead of fresh water and
salt water respectively.

The experimental results of the interface are shown in Fig.6 with the
numerical results. This experimental work required high accuracy in the
measurement of the water level, especially the sea level and the hydraulic
head in the conduit as described in section 6.

Considering this fact and the scale of this apparatus, it seems to be
quite all right to consider that the difference between the experimental
results and the theoretical one are caused by the error in the measurement
of the water level. Therefore, it can be considered that the theoretical
results agree well with the experimental results.

ol —yid
) 0 02 064 06 08 P2
v
Hold 1242 Hy/d=1.260
R 08 Hyld 20099 Hr/d=0040
flow g Hald=1.006 H,/d=0969

°_o

2

{ solution 08
cellulose

A— A 0& = L]

0.15 ! T3 Hy/d=1383

- unit 02 Hy/d=Q037

§ tength Hy/d<0827

= rem ~

1 I 0+ Experimental result
ol 15 : Numerical result

: [

a e & S —
0J5+—J:l:&’ r/d=010 , B/ds25 , 1/de45

A-A section

Fig.5 Hele-Shaw model Fig.6 Experimental result
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6. NUMERICAL RESULTS

Some of the calculated results
are shown in Figs. 7, 8 and 9.
Fig.7 shows that the calculated
results in case of Ho/d={2 +Hr
/d=0and Ho/d={.4, Hr/d=0 are
approximately the same with that
in case of Ho/d~1.4 , Ht/d=02
and Ho/d=1.b , Hr/d=D2 respective-
ly. Prom these results, we hope
that the general tendencies of
this flow will be clarified by
the results in case of Hr/d=0 .
Then Pigs. 8 and 9 are obtained
under the condition of Hi/d=0 .

In addition, the values
Hafd= 0975 and 1.17 in these
figures are derived from
Ha/d = (=€) (Hr/d+ 1) .

10
d

(Hg-ty)ld

=16

] o7 08 0

Numerical result of
1/d ~ Hp/d

Fig.7

Again, we'll discuss a few points from the result of Fig.7 under the
condition of 1/d=¢nst . The highest position of the interface (Hf) is
inclined to lower rapidly as the hydraulic head in the conduits (Ha)

reduces and to become higher rapidly as the difference of the water level

between the sea and

the resarvoir in~
creases. In this

fiqure, dot-dash~ 30
lines show minimum d
values of Hy in

each boundary con-
ditions. Therefore,

the left zone of

these lines indi=~

cates the theoreti-

cal solutions with

& o

sucking fresh water

@ O« Hd=0975

into the conduits.
Fig.8 shows the

change of (HF}pmin

®e 00 o0
» >

according to the

=13
=12
51

Hrid=0

— 20
—— 228
aeeem 230

iifference of the 1
boundary conditions.

From this result it

is obvicus that

[ 07 08 09 10
—— (Mg} D

Numerical result of I/d ~ (He/d)min
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(HE) min is inclined to become higher as both the space and the radius of
conduit become larger under the conditions of Hp/d=const . Therefore,
the conduits with smaller radius and narrower space are favorable to con-
trol the depth of the interface.

Pig.9 shows the discharge rate of salt water from the conduits. In this
figure, the upper end of each lines indicates the states of (Hp/d)pin=1 .
The circular signs denote the values of Ha/d in case that Hp is minimum.
Then these signs excepting this case shift up in each lines. From this
figure, it is clear that the discharge rate is inclined to increase as the
hydraulic head in conduits reduces and the distance between the conduit
and the place of &= ®Ho shortens.

7. CONCLUSION

The lan of p ting salt water into the fresh water reservoir
by means of pumping salt water by a series of circtlar conduits has been
investigated mathematically under the condition of without sucking fresh
water into the conduits,

The following properties have become evident after studying the numerd-
cal results. The possibility of this counterplan is confirmed even if the
sea level is higher than the fresh water level. The depth of the fresh and
salt water interface im the aquifer is inclined to become higher rapidiy
as both the hydraulic head in the conduits and the difference of the water

o
016
kd
af rid
005
o 01
.
.
008]
004
0

Fig.9 Numerical result of I/d ~ %/Rd
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level between the sea and the reservoir decrease, and also to become
higher as both the space and the radius of the conduit increase in

size in the condition of H,/d = const . The'discharge rate is inclined

to increase as the hydraulic head in conduits reduce. Then, the conduits

with smaller radius and narrower space are favorable to control the depth
of the interface.
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STHOPSIS

Salt~water intrusion due to pumping
of fresh-water is of general interest in the
coastal area ground water development. The
problems are generally complicated and only a
few cases are amenable to exact solution, The
important works done in this area are indicated
in this paper. The present paper investigates
a two dimensional flow condition arising due to
pumping of fresh-water from two drains spaced
at a certain interval in an aquifer bounded by
salt-water at its lower surface and an impervicus
boundary at its top. The two drains are located
at the impervious boundary and are treated as
line sinks of equal strength, The analysis is
carried out by using the inversion of hodograph
and Schwarz-Christoffel transformgtion. Results
showing the influence of the spacing of the
drains and the fresh.water pumping rate on the
upconing of salt-water are presented.
1. INTRODUCTION
The salt-water intrusion problem into fresh .water in coastal
aquifers during the exploitation of natural resources is always en in-
advertment result, This problem has therefore demanded for quite soms

time extensive investigation and control effort.

The flow of salt and fresh water in porous medie ig a particular
case of seepage ¢f two fluids flow. Extensive work on seepage of ¥wo
fluids flow has been carried out by many schools of engineering like
Chemical and Petroleum Engineering, It is beyond the scope of this paper
to present them. Only the work donme pertaining o ground water technology
is mentioned below.

The salt-water intrusion problem in ground water technolegy can ba
broadly classified into two classes, The first category conslsts of the
salt-water intrusion dus to pumping of water by comstructing well, drain or
diteh with appropriate sheet piling, The salt-water in these processes try
to enter the system and thereby compels t0 restrict the pumping rate.
Solutions to this category of problems are given by BRUINGTON(5),BEZAR end
DAGAN(2), MUSEAT(7).In the 2 category fresh water discharges into sea, from
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the near by reserveir or due to recharging of fresh .water. Here the saltw
water intrusion developing in the process controls the quantity of seepage
discharged into sea and other flow characteristics like exit gradient and
uplift pressure, These iypes of problem have been aselysed by BEAR and
DAGAN{4) and HEFRY(6).

The flow of salt and fresh water in porous media is invariably an
unconfined flow system, the interface of salt and fresh water being unkmown.
Tiese types of problem are therefore generally solved either by hodograph
method or by using Zhukoveky's function (SAKIYAMA and TOSHIHIKO(9)). The
former method has been used widely solving the problems of category 1 and 2
mentioned sarlier. The development and solutions to various problems of
salt and fresh water flow connected with ground water technology can be
Sound in the books of BEAR(4), BEAR, ZASLAVSKY and IRMAY(3), MUSEAT(7) and
POLUBARINGVA-KOCHINA(8).

The two dimensiopsl flow situation arising due to pumping of fresh-
water by a single line sinks in finite and semi infinite thick aguifer
“ounded by staticnary salt-water at the lower surface and an impervious
goundary at the top has been snalysed by BEAR and DAGAN(2), whe have used
nodograph and Schwarz-Christoffel transformation technique to arrive at the
solution., They have analysed both cases l.e. case in which the critical
state occcurs and the case in which the critical state does not oceur.

JUKERMAN and SEEN(1) have analysed the case of several line drains
in an aquifer whose upper boundary is an equipotential line by using
Zhuks rzkys function,

The present study investigates the case of two line sinks bounded
by an impervious boundary at the top and by the stationary salt-water at
the boitom surface.

2, ANATYSIS

Pig. 1(a) demonstrates the flow domain. It is assumed that upconing
tak:s place mid way between the two line sinks and the pumping raie is such
tha* the point of infle ion in the interface h~s vanished. With these
assumptions the hodogreph for half of the flow domain is shown in Fig. 1(b).
w1l known that the imnobile salt and fresh water interface willi
y= inta a cirecle in the hodograph plane as shown in the figure,

% ie

spe inverse o7 the hodojraph.

he inverse hodozraph vlane to the zuxili-

1 E /2 T "
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_(y1/2
- e : [J_.__t) ¥ ain 1(t)1/2] + i (2)
n'2 (1-t)
in which,
X (1p2 0k
7] 3
“Pa andf, = densities of salt and fresh water respectively;
k = co-efficient of permeadility of the porous medium and
¥ = constant to be evaluated.
As t passes around a semi circle of radius tending to <« the corresponding
change in %—-' at = is equal to ?- Making wee of this condition and
substituting t = rel’, dat =rel® ide  and integrating

"
Lawm f {ze 19)1/2 re id0 . mix (3)
¥ 3
o (ze™® -1)3
rew
There ! i
.eTe. Ol‘em= 1‘ (*)

The complex potential w, where w = § + LY, for balf of the flow domain
is shown in Pig. 1(e), in which ¥ is the stream function and § is the
velocity potential function defined as

¢=-t(-§— +y)+cC (53
w

In the above expression

C = a constant;
P = pressure j
y = co-ordinate
and ¥, = unit weight of fresh water.

The mapping of the complex potential plane w to the upper half of the t
plane is given by

4

$ - Ol
As + passes around a semicircle of small radius at point B, the
ing change in w is equal to - ig. Substitution of t-b =
(6)and integration lead to

A="2 (i
The relationshlp between z and t dplanss ls found as follow
Forog tg 1

esrrespond-

dz _ dz dw
k) aw
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.2 q [_(t)vz +sm“(t)1/2] A
1) V2 % Ly L
1 = 1
+ & -%- 5 (8)
Replacing ghe— by - ¢ D AR, inwhich.knﬂ-h;—.a.ud
=0
integrating
t -
R e [- t Ant“*%-"(m)’/z"}at
o Ex° («1) n=o
t -1 1/2
+ / '-zjﬁ'z /2 S__‘_Llnb - : at
o Xx“(<1)
vy
+ i g
I 2 % + g (9)
At t=1, z2=0,
Therefore,
-2 T A B (o 32, 1/2)
0 ha ¢
bExS (=1) o=e
1
+ 2 g~ ()12
o Ex (-1)VE b-t
i
T §le®-)
+ % % log b + 3y (10)

in which, B{n + 3/2, 1/2) is complete beta function,

- %

-1 1
¥he integration } 84 t 4% 16 to be evaluated numerically.
?

Fr 14t & b, & isgiven by

(1)

LateErating Wy oD
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iz . ~2(% 1/2 2(b 1/2 et V20 1/2
x| B - o el

t - t1/2(t-1)1/2
10 B )V 2] (i2)
b = b1/2(5-1)1/2

The relationship between z and t is given by

® 1/2 1/2
2= M [20Y2 4 20)/2 4 gee Bt G0
{ -5 [(t-‘|)1/2 =12 &= t1/2(t_1)1/2

- log b_i.l’l/ﬂﬁf_/z] at + 2 (13)
b - h1/2(b-1)1/2

it tw=1, 2«0,

Therefore,

1 1/2 1/2 1/2 1/2
0 = A -2(t) 2(») log X E-(6=1)
{ vy [ w70 T 72 T T )2

1/2 1/2
-1 b+ b/ (be1)
og N ] at + Iy {14)

The intezrals sppearing in equation (#) are todecrried out mmerically
after substituting t = 1 + T°. At t = b, the value of the function
under integral sign can be obtained by applying IaHospital rule. From
equations 10 and 14 the two unkmowns b and Zp can be obtained for
known values of ZB’ q and K.

The expression for the interface is obtained as follows:

For —= <t O

4z -u[ z_:%-g-};i + log {-12-1:- (tg—t)vz}- log 1/2]4 3

(15)
7= Yo [-Z_(Q.gs_ + log {1/2 - (tZ«t)”/z}
% Lo
- log 1/2] at - § Alog (get) 4 5 (153

Por any value of t ¢ O, the real part of squation (i8) gives the
co-ordinate and the imaginary part the corresponding y co-ordinzte
the interface.
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3, RESULT AND DISCUSSION

The influences of the spacing of drsins and pumping rate on ZD
were analysed in the present study,

Because of the implicit nature of equation 14, a certain value
is assigned to the parameter b and Zy is obtained for kmown value of K
and q. Por the assumed value of K, q and b, the corresponding ZD is
found out from equestion 10, While computing the results only the positive
values 0f the sguare roots appearing in equation 10 and 14 are considered.

The varietion of "R with "‘_”é is shown in Figure 2, As

q q

seen from the figure, the variation is linear for all practical purposes.
Figurs 2 indicates thet Zp = O ot finite value of ~KZp.For example,for —KZy
q T

K -K
2,2, éﬂ: 0.056. Thug at 7:.’3’-—‘ 0.18, the salt-water will reach the

impervious boundary and the flow domain will be divided into two parts.
salt-water 2% this stage would not have eamtered into the drains, and
te Of fresn water can be still increased. However, this
erent flow domain for which different analysis is
'K_Z'E_:» 0.18 as given by the present

aralysis can be considered to give the s%fe value of pumping rate,
The locztion of the interface (not presented here) can be obbained

from sguztien 16.

4. CONCIUSIONS

Usinz hodogrzph and Schwarz-Christoffel transformation an

nted for the prodvlem of two dimensional flow into %wo
The variation of the upconing, spacing and
Ky v “Kp . he

anelysis is

castal aguifer
& has been studied as a variation of

drairs in

q a
for which 7y = 0, is found to be 0,18 and this

condition of meximum pumping rate for which the assumed

721l1d.

Pumping from a shallow wateraguifer
eenth Congrese of the International Assoc.
. Vol, 4, pp.67-75, 1969,

2. Sore exact solution of interface problems

oh wmethod, J. Geophysical Res,, Vol. 69, lo.2,

6 MISHRA,MADHAV,SUBRAMANYA



3.

4o

Vs

BEAR, J.,D. ZASLAVSEKY, and S. IRMAY, Physical Principlee of Water
Percolation and Seepage, Published by UNESCO, 1368,

BBAR, J., Dynamics of Fluids in Porous Medie, American Elgevier
Publishing Company, Inc., New York, 1372.

BRUINGTON, A.E., Salt-water intrusion into Aquifers, Water Resourdes
Bulletin, Vol. 8, no.t, pp. 150-160, Peb., 1972,

HENRY, H.R., Salt-water intrusion into freshwater aguifers, Journal
of Geophysicel Res., Vol. 64, No, 11, pp. 1911-1319, 1959,

MUSKAT, M., The Flow of Homogencous Fluids Through Porous Media,
McGraw-Eill Book Compmny, New York, 1937.

POTLUBARINOVA-KOCHINA, P.YA., Theory of Ground Water Movement,
translated from the Russian by J.M. Rogger DeWiest, Princeton Univ-
ersity Press, New Jersy, 1962.

SAKIYAMA, M., and TOSHIHIEO UEDA, A study on the seepage flow out
o? a fresh mater canal in the ground saturated with sea water,
Thirteentn Congress of the International Assos. for Hydreaulic Resear-
ch, Proc. Vol. 4, pp. 35-102, 1969.

7 MISERA, MADHAV,SUBRAMANYA



.16

ONIdIVN TVWHOLINOD L0 SJd3LS 19l

INVId 3 (P}

.MZdjm mp/zp (2)

,\_\; G g
) INVId M () R - .
Nwm 2 L ANy w
: - - 3 0
. - a £
. . | '
s _— Vv ’
ey
ANV I Zp/MP ()
‘ . . TR
. & . . a 5
R ) »
1 - : . SO DR . -
8 n |

MISHRA, MADFAV, SUBRAMANYA



NtT

U7 NO SNIVHQ
40 ONIOVAS THL 40 FONINIAN 20l

b

Sz
04 8 9 9 - 0
| T T T 0

SUBRANANYS,

MADHAY,

MISHRR,






Wy

CHARACTERISTICS OF SALT-FRESH WATER INTsFACE
DUE TO HYDKAULIC STRUCTURES

V.C, Kulandaiswamy Dean of P.G, Studies
R. Saxthivadivel Prof. of Hyd, Engg.
S. Seetharaman Lectr. in Hyd.Bngg.
K. Venugopal® Graduate Studeat

College of Engineering,Madras,India
SYNOPSIS

The characteristice of salt-fresh water
interfece under a hydraulic structure are dis-
cussed, Analytical solutions for the salt-
fresh water interface have been developed for
the case of steady flow of fresh water about
a sheet pile with and without penetration into
the ground. The theoretical solution for the
interface for flow about a pile without pene-
tration has been verified experimentally in a
Hele-Shaw apparatus and good agreement is
noticed, Equations obtained for the sheet
plle penetrating into the ground have been
solved numerically using a digital computer
ané the characteristics of the interface for
different depths of penetration and head cau-
sing flow have been investigated.

INTRODUCTION

In recent years, competition for ecomomically exploiting water
resources has brought about an awareness that one of the principal problems
confronting hydrologists is to quantitatively appraise the available ground
water resources. In ever increasing numbers, engineers are being called
upon to estimate how much ground water is available for development and
what will be the consequences of its exploitation. The excessive pumping
of ground water from an aquifer over and above its safe yield may lower
the ground water table progressively leading to serious consequences such
as sea water intrusion in the coastal aguifers. There are many meihods
available for prevention and control of sea water intrusion, One such
is to artificially recharge the aquifer by ponding fresh water behind a
hydraulic structure and allowing it to infiltrate into underground reser-
voirs,

Ponding of fresh water behind a hydraulic strueture will alter the
interface of salt and fresh water. The present investigation is concerned
with a study of the characteristics of salt and fresh water interface under-
neath a hydraulic structure. Hydraulic structure referred herein pertains
to a single sheet pile with or without penetration into the ground. It is
assumed that before constructing the hydraulic structure, the salt and
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fresh water interface is in a horisontal plane extending to ianfinity. The
<bjectives of this investigation ave:

i) %o develop cal for salt-fresh water interface
for steady flow about & pile witk aud without penetration into
the ground and to study its characteristice.

i1) To verify the theoretical soluti in a Helesh 39 8
2, THEORETICAL SOLUTION

2.1 Formolation of the Problem

The analytical development of the problem is based on the aBSUmp~
tion of stesdy flow around the pile and stationary interface between salt
and fresh water, Comsider the case where a stratum of salt water A'D'Dian
{vide Pig.1.(a)) lies at some depth under a hydraulic structure. The salt
water overlies a stratwm of impervious rock. Yhe whole stratum ADD''4A''4
is assumed to de homogenmeous and isotropic, It is also assumed that after
ke constructlon of the hydrazlic structure, the salt water ia squeesed so
that the lefd part of the lire A'D? sinks and the right part rises. The
problese under investigaticn is to predict the interface under steady state
flew conditions. VWe consider doth salt and fresh water as Incompressible
aaving densities Py and Fl regpectively where #37P1 + Ve assume that

tre permesbiiily coefficients of the two reglons are k2 and kl respectively.

Tet % : %y ¥, be the polentisl mnd veloeities in the x and y directions
iz reglon I mpd % + % : ¥, be ihe corresponding guantities in region II
{vi2e Big.2.2.}. It can be ehown (3} that in the case of steady flow, the
Z1vid in vegfen II mast reaein at Test and thah the interface must satisfy
e condizion 9 - py = constent whers p = { fg - 1) &, a condition exsctly

nalosous To that prevailing . 7
BRRLLK ¢ tZat prev z at a Tkrestic Enz%ace.

€ siructure conadsting of a aingle sheet
o & Zepin 5, on upstreaz side, and E, ¢n the down-

s%resn slie. The &lfference in water surfase elévations betwgen the two
Eides is denoted as E.{vide Fiz.lua )o 4Along the boundaries of the reser—
Yeire i3 and D the Felesity potential has constant values, ¥e put,
L ‘l E /2 on 43 and 2y = ):1 E /2 on €D The depths of fresh water at
T =~& =238 x=+= are h' and R'! Tegpectively, Along the interface,
¥~y = conztant which can be writtex in the form 3=9imcy for x = - ,

<bt =ity B2 ¢ 2ud fir X = 4w, - BIT =& B/2r+ c. From thie,

e w - ﬁ;_hi’) + 7Tor steady flow in a finite regian one has to satisfy
the ccodition of equal area occupled initially and finally by the salt
w¥ater. In this perticalar ease, these areas are finite and hence the
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above condition is replaced as: h' ;-h" = by where b is the inttial

depth of freshwater. Then ¢ = -hy,

3= + g8
b UL (1
B''=h - ki (2)
% ZF

Depending on the depth of fresh and salt water, their denslties and the
depth of ponding the interface may take four possible forms as shown in
Fig.1.(b).

2.2 Analysis of Flow About & Pile Without Penetratiocn into the Ground’

Using hodograph and conformal transformations, the original Z-plane
1s transformed successively into the'§-plane ae shown in Figs.2(a) to 2(e).
Assuaing ¢ = ~ k,5/2 along 4B, ¢, = X,B/2 along BC, endy= O along A'DCY,
the complex potential is represented in Pig.2(f). Connecting Pigs. 2(e)

and 2(f)byzctransformation, we have,
L 4z + By = hysinTE 3)
‘1[ G-1F () Bh 5o+
Substituting the boundary conditions: Swl W= ké.n
$e-1l W= ‘k%B
We obtain: ¥= x_%_n sinty (4)

The Z~plame in Fig.2(a) is first transformed into the hodograph
plane in Fig.2(b)., From the hodograph plane the complex comjugate plans
is sketched as in Fig.2{c). By inverse transformation, we obtain the
t-plane as in Fig,2(d) where trg® 1/u. Using $-C transformation, the

t-plane is transformed into the ¥-~plane as in Fig.2{e), The mapping fundim
connecting the t~plane and ‘Y-pleme is:

£-a T——rgrp—lfi-“m +3 =0 ﬁé;;’; - (5)
Using tae boundary condl;ions:
aong Ave gt <d I, ds/dw = 1/k
atong BARE | Y] >4 Real ds/aw= O
_Aanm ¥ das/aw= 0
¢, =1/pa and Dy = i/k
:_: - - ;-_s t—l%] +i/p (8)
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Now dg_.de Ak as gl
a%  aw 71? wpa (1_?) H o ke J‘T’“‘
Integrating,we get, N
. ki r1l-a oy - Sixa) pn(14%) 41 K1E p1aTSeDp Q)
- e M
Using#sl, ~h'' =[k13/2a;£| (1-a)
$e-1, -n' s[kqB/2e4] (14a)
'a’ 15 determined as: -NyB/2uhy
Substituting for'a im ean.(7), we bave

Z = :13 { '2“]’1* le 2n (1- \S)+2"h1 kall £n(14%) et 22 kl“ 5107343, (8)
™

At the point D,¥= ¥y, hence eqn.(B) can be written as:

-iby = gﬁ [_—l—‘-}fﬁ £a(1+$D) - .Ekth_u (1-33)]
o

1 % staly 4 (Dy, -im) (9)

From eqn.(9),equating imaginaries, we get $p =0; equating reals it is

seen that DZRe =0. Hence eqn.(g) can now be written as:

KH 2y -kqH 2uhy + R
Z= 2iu { Phicla 1" (n(149) - phllc; = o (1'3)]+i 51“1‘5‘“‘1 (10)

Hence the coordinates of the interface are obtained asi(~l < <1)

_ ) 1+% . kH /_z
o= "_Ln(?% ) Tp—h 1-% (1)

kKhE
Yo= 2L sin~ly o
0F SoEmTE (12)
2.3 Analysis of Flow About a Pile Wita Penetration into the Ground:

The transformation planes are shown in Figs.3(a) to 3(f). Applying
$-C transformation to Figs. 3(e) and 3(f), we obtain:

W= Azsn-l[fxmm_-‘ﬁl,__zmy_ w13
2(a=%) (at+l)(p41)
Substituting the appropriate boundary conditions, we get,
W= i sn‘l $a+1)/(fl-‘g) rZT atf)
X | 2(a-%) J(aq)(ﬁ*l) T %EI (4)

Where K is the complete elliptic integral of the first kind with
dul we [ 280+
modulue k= jp&ls 51) and K' 1s the complete elliptic integral of
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the first kind with complementary modulus. Again using the S-C transfor=
mation to Figs.3(d) and 3(e) and applyling the sppropriate boundary condi~
tions, we get,

g 1,“{(_13_%] A (15)
Differentiating equn.(13),
$- M __aww e

£Ha (1)  (a-5)(p+%)

Using eqns.(15) and (16) and upon integration we get:

2= kf 20014 (a-pe2) (Le§)42L! V(u-g)(a+?)}

Kpa WT (1+8)
, Qe {ar"‘-(u-p-a)(1-9)+zz'V(a-g) :5)}

(1-9)

i a8 e)(a- 2(aed) Qar)
BT  2-9) (a+1)(ﬁ41)}
Where X' = |((a+l)(p-1), Y' =[(a-1)(p+1)

hEr [ 1lza 3
—— 18
vy a - (8)

As $+1, n'' =

ky Hx
as8e-1, nt = AHE ita +
s8e-1, Fren 3 (2] (19)
From eqns, (18) and (19),
Ky Hr

- 0
Eu(n'Xt+n' 'Yy (20)

Substituting for'a’ in eqn.(17),

z = iyi.n 24"+ (a-Bv2) (1-8)+2X" V(a=¥)(p+%)
(1+8)

sty 21"-(a~s-2)(1-$ 21" {(as¥) (349)
x

R Ll = TR

Now zt%$=a, 2 = 0 and equat_ng imaginaries,

Kk H Kp(n'X*+h' 'Y )=k Hn RS (20}
Wyt K H B

At'8= —p, 220 anc equatin; i

KiH | Ka(n&0 Bt 1)+ 5y “
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Combining eqns.(22) and (23), we have

mtXt+R VY )+ kpHx Eu(R'X'+h!'Y')-IgHs
Xa( o + ks ﬂu!' 3"_5 " (20)
At8=co, 2 = -id, and equating im: maginaries
n, (ar)(e-2)}_ B, [ "1] (25)
i= gt |: Tapez) ] & (1-5-2) b1

4t $=%p, Z =-ib; . Substituting in eqn.(21)

2= By 2X+ {a-p+2)(145p) +2X" \ (a-$p) (B+5p)
= (1+%p)

n 2r - (a-p-2) (1-¥p)+2Y' J )(B*S

+
G- %
_ KE -1 (a¢1)(1—‘8n) fz(uﬂi)
e 5% [‘i =3 (a+1) (B41)

-1n'"+ Real Cp (26)

h"

Egquating the imaginaries, we get
A4
$p= fosa (27)

Bgquating the reals, we get

Real Cp = B! go 22 +(a-p+2) (1+%p) +2X" J(u—sn)(awn)
x

(1+%)
2 _(gega2) (1< + (am
- 2 (a-p-2) (1-8p) 21" (a-3p) (p+5p) (28)
(1-%p)
Hence the coordinates for the interface are given by: { -1< ' <1)
X :El n 2X'24(a-8+2)(1+8) +2X! {(az +
(1+%)
. h"zn 21% ~(e-3-2) (1-8) 427+ Y (a-2) (8+8) + Real Cp (29)
(1-%5)
r
L oCaf g -1 {asl)(3°8) Bt
o T Sa 1[ ’0 2(a-) /(ad.)(ﬁfl)} (0}

To compute Xy , Yo , for -1 < ¥ < 1, values of a and § are to be
obtained from egus.(24) and (25).

3. EXPERIMENTAL INVESTIGATIOHES

3.1 Equipment

The experimental investigatione were carried out in a Heleshaw
Apparatus to verify the analytical sclutions for the salt-fresh water inter
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face derived in the earlier section. The Heleshaw Apparatus consists mably
of two perspex sheets which cen be adjusted to provide a spacing upto a
maximum of 12mm, Inlet-outlet arrsngements, overhead tank and a gear pump.
Photo 1 ehows a view of the Helechaw Apparatus. A detailed description of
the equipment is furnished in (4).

3.2 Procedure

Keeping the gap between the parallel plates adjusted to 4mm, a pile
was provided using rubber of sizescécm x O.5¢m, Yo & depth of 22cm, from the
top at a distance 10cm away from the centre of the Heleshaw Apparatus.
Salt water was simuleted by diluted glycerine with a specific gravity of
1.22 at 32"\2 and fresh water was simulated by lubricating oil 30 with a
specific gravity 0.895 at 32°C, Suitable arrangements were made to keep
constant levels on the upstreem end downstream sides of the pile. Salt
water deptk was varied from 2.45 - 14.1 cm. Head causing flow was varied
from 2- 4.7 ems In each of the runs, steady state was maintained and the
coordinates were measured from the graph sheet provided on the perspex
sheet. A typical interface obtained is shown in photo 1.

4. DISCUSSION OF RESULTS
i) Comparison of Theoretical and Experimentel Results:

A typical plot of the experimentally determined profile of the
iaterface and the corresponding theoretical curve computed from eqns.(11)
and (12) shown in Fig.4, indicate good agreement thus proving the validity
of the theoretical solution., Only two of the four theoretical shapes(vide
Fig.1(b) were verified experimentally as the other two required a large
range of head to simulate it in the Heleshaw Apparatus which was not possi-
ble with the existing set up.

t1) Comparison of Theoretical Solutions for zero Penetration Depth:

The case of a pile with zero penetration depth considered in section
(2) is a limiting case of the problem considered in section (3). To verify
the theoretical solutioa derived in section (3) e plot of the interface
using equations {11) and (12) and numerical solutione of eqas.(29)and (30)
for zero penetration depth was prepared as shown in Fig.5. It is noticed
that the two curves agree closely thus proving the correctness of the analy-
tical solution, The same problem has aleo been investigated by Polubarinow
~ Kochina (3). The following are the equations for the interface:

. oet
5= Al Qn[%\l ‘5)},\ %}lnl*‘g

e by (31)
. kHE N
Yo = g sinl¥ -m (32)

A plot of these equations also presented in Figz.S. show that the
interface does not pass through the origin and hence is not symmetrical
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about the origin aa is assumed in the analytical formulation.

111) Bffect of Depth of Penetration and Head Causing Flow on the

Shape of the Interfaces

The effect of depth of pemetration and head causing flow on the
shape of the interface shown in Figs.(6) and (7) indicate that the head
causing flow has a greater influence than that of depth of penmetration of
the pile. The characteristics of these curves will facilitate location of
vater wells on the downstream side of the pile to conserve fresh water flow
and also to effectively prevent sea water intrusion.

5. CONCLUSICNS

1) Theoretical solutions for salt-fresh water imterface are
obtained for steady flow of fresh water abvout e pile with and without
penetration. It has been shown that the solutions for zero penetration
depth ie a limiting case of the solutions for finite depth of penetration
of the pile.

ii) Experimentally determined salt-fresh water interface in a
Helesbaw Apparatus show good agreement with the theoretical solutions.

111) Head causing flow has a marked effect on the salt-fresh water
interface than that of depth of penetration of pile.
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(i) (iv)
FIG.1(b) TYPES OF INTERFACE

PHOTO . | EXPERIMENTAL SETUP
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SKIMMING OF FRESH WATER AFLOAT UPON SALT WATSR

B, M., SAHNL

Assistant Professor, Dept. of Physics, Pant University
of Agriculture and Technology, Pantnagar 263145,
India

Synopsiss

In many coastal as well as some inland aquie
fers fresh water is underlain by sahne water.
In such areas when fresh water is “skimmed"
using a partially penetrating well, the reduced
head towards the well cazuses an upconing of the
fresh water-saline water interface bencath the
well. In order to predict the maximum unconta =
minated fresh water discharge, it is necessary
to know the hydrodvnamics of the upconing of
brine in response to pumping, Theoretical ana-
lysis as well as laboratory model studies were
made to smdy tm.s pnenomenon. A 1at'\emat1cal

4 wells

tical utility of the results in decidin
optimum fresh water production from skimming
wells is discugsed,

1. Introduction

Ground water is needed for irrigation and other purpeses in many vl=ces
where the supply of surface water is inadequate. In many coastal and several
inland afeasr, including some of the world's most imporiant agricultural lznds,
fresh water in the aguifer is underlain by saline water, Fresh water and szlt
water are separated by a zone of dispersion with density decreasing with eleva-
tion, It is not economical to instal wells for pumping Iresh water from aqui=-
fers in which the fresh water zone has only a very small thickness. Thz concern
of this study, therefore, has been those aquifers in which the dispers sed layer
is only a small fraction of the total thickness of the fresh water zone. in
for all practical purpo=

such cases the intermediate “layver” can be considered,
therefore, referred to as zn "interface” in

ses, as a boundary surface and is, )
the well should be s0 ins-

this study. When it is desired to pump fresh waler,
talled as to "skim" the fresh water from above the saline water with a minimum
of mixing, either within the well or within the aquifer itself. When such a
skimming well is pumped, the reduced head towards the well causes an upconing
of the interface under the well.
The objective of this study
non of coning below a fresh water skimming wi
model to predict the extent of coning and the maximum uncontaminated
ions.

was to understand the physics of the ophenome=
ell and to develop a matnematical
fresh wa-

ter production that can be obtained under given aquifer condit
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2.  Thecretical Background
A skimming well partially penetrating the fresh waler zone ie shown in

Pig. 1. It is assumea that the well has been pumped until it reaches a steady
state. The interface mounds beneath the well to a height such that it will be
in hydrodynamic equilibrium. The brine will then be statie and the fiow will
take place only in the fresh water zone, The location and shape of the inter=
face at any voint is a function only of the fresh water velocity along ihe in=
terface at that voint,

-
A

dn

1 =970 | Woter lable prior to pumping
& T \ \Wmer table during pumping
[ Netg L
Hu i 3 FRESH WATER
Hy

3%
o_n'o
/}merloce during stesdy pumping

Original pesition of the interface

Figure 1, 3alt water coning below a fresh water well.

ori,

zinal position of the interface prior ic pumping as datum

it can be chown that tne elevation of the apex of the cone is given by

_ F; ¢ 0 N
o = 579[¢e' (Fdvio] t

the fresh wzter potential at the interface, In order %o opatain
i

where ¢¢ i
the potent:

o

al distriw n znalytically, one heeds to solve the flow squation

{2

with the btoundary condi

2

‘:'“VMﬁ e free buvince

the Inderfoce

A

¢
]
J

whare Sfyn dens

derivaiive with respect %o distance alone ine normal

v

Ure B, boocannd
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drawn to the surface. Thus, in order to calculate the posifion of the interface
by an exact analytic method, equation (2) must be solved for the potentialdis-
tribution using the boundary conditions (3). However, these boundary conditione
s in turn depend on the position of the interface. Therefore, it doss not seem
possidble to obtain an exact analytic solution to the problem. It is useful %o
analyze the two approximate analytic approaches employed by Muskat (1) and
Wang (2) to solve the coning problem.

In Muskat's approach the effect of mounding of interface on potential
distribution is neglected. This is equivalent to assuming that the lower boun=
dary of the aquifer was an impermeable bed instead of an interface. The poten=
tial distribution is then computed using his formula for a well partially pe=-
netrating a confined aquifer saturated with only one fluid, Further, as the
A'well discharge is increased, the drawdown is increased and therefore, a greai=
er cone height is expected, Muskat predicted that the cone should become uns-
table long before it reached the bottom of the well,

Wang's approach assumes that the maximunm safe yield, is for a drawdown
corresponding to which the apex of the brine-cone just rezches the bottom of
the well. The critical drawdown was obtained by using the Chyben-Herzberg ree
lation corresponding to a cone height equal %o the height of the well botfom
above the original position of the interface, The discharge corresponding %o
this critical drawdown was computed by using a simpler version of iuskat's
formula,

3. Model Studies of Coning Problem

Both physical as well as mathematical models were employed in this study.
It was assumed in developing these models that the aguifer is rondeformable;
isotropic and homogeneous; fluids are incompressible; steady state and isother
mal conditions prevail; thickness of the dispersion zone is negligiole com~
pared to fresh water thickness; flow occurs only in the fresh water zone, A%
is radially symmetrical and obeys Darcy's law,

3.1 Physical mcdele

The physical model used in this study was designed (1) to understand the
physics of coning problems, (2) to check the validity of the existing theoré-
4ical models, and (3) to check-the validity of the numerical model, It was,
therefore, not necessary %o simulate an sctual field situation in the model.It
was sufficient to apply thé existing theories to a few hypothetical protoiypes
and compare the results with thosé obtained by studying identical situations
experimentally with the help of a physical medel.

A 15° pie-shape model was designed, Spherical glass beads were used to
represent the aquifer material and tap water and Soltrol 'C' were used to si=~
mulate salt water and fresh water respectively. The design of the model, rea~
sons for choice of material and fluids, experimental set up and procedure are
described in detail in a technical report by Sahni (3).
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3.2 Mathematical model.

Considering a differential element of fluid in the frame of reference of
cylindrical coordinate system (r, @, 2z), the mass balance consideration for the
element combined with Darcy's law gives the following flow ecuation

%(K}—AY%).AY+ %ECKZAZ%%)‘AZ =0 &

where Ky and K, are the conductivities in r and z direttions, Ap and A, the
average area of cross section considered normal to the flow in these direc-
tions and H is the hydraulic head.

In order o solve equation (4) with given boundary conditions by a finite
difference methed it is necessary to write the flow equation in a discretized
form, The entire flow region in a vertical plane is divided into a convenient
grid system. For each of the blocks a flow equation is written in the discre-
tized form. Thus the original problem of solving the complex second order non-
linear equation is reduced to cne of solving a set of simultaneous linear alge~
braic equations. 4 typical central block of the grid system used is shown in
figure 2 together with its four adjoining grid blocks. Indices 1 and j denote,

Figure 2. A typical central grid block.

respectively, the number of row and column in which a particular grid element
lies.With reference to this grid system writing the flow equation.in finite
difference form and rearranging the terms, yields

. i D i st EH =
AHé)]7l+BH"}H+ CHHJ +DH(+:,;+ Hj 0 (5)
where A, By C, and D are the flow coefficients for the grid block (i,j) for the
flow across the boundaries between adjacent block as shown in figure 2, and

E= —(A+B+C+D) )

Starting from Darcy's equation in differential form and considering the
radial flow between the grid blocks 3 and 0,that between the block 0 and 1, it
can be shown that

A = er(kAz)‘-,j_L’/(ﬂ[n,j Tiial (7)
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Likewise, considering the vertical flow between grid blocks 2 and 0 and that
between blocks 0 and 4 it can be shown that

Cm 27 Kiy s (Vi) 875+ 8205) o)

and

2
D=2rm Kui,; (Yz,;.; = “C;-;)/Azcﬂ,j +4Z:5) (10}
Coefficient E then is automatically defined by equation (6), Thus every term
of the flow equation is now defined in the finite difference form,

A computer programme for finite difference scheme using iterative proce-
dure has been written in Fortran IV language. The programme is written such as
to include the flow above the water table. The procedure is outlined below.
(a) To start with a case is considered where there is no flow so that thefree
surface and the interface are flat initially. Each grid is assigned a conduc=
tivity value egual to saturated conductivity, Flow coefficients are calculated
for all active grid blocks and are stored in the matrix "T", This matrix is
then solved for head distributicn, From these head values the first approxi=-
mate location of the interface and free surface are computed for each grid co-
lumn and the discharze value obtained. This completes the first cycle.

(b) Next, 211 the grids lying below the position of the interface in the
first iteration are made “hydraulically dead” by setting conductivity egual to
zero in these grids. Using the most recently calculated pressure vziues, a new
conductivity value for each grid above the interface is computed from formula
given by Brooks and Corey (4). With these conductivity values new flow coeffi-
cients are calculzted for the wusable grids and stored in matrix T. All the
subsequent steps in the first iteration are repeated in second cycle.

{c) This iteration process is repeated until the solution converges. The dif-
ference between discharge computed in two successive iterations called DIFQ
was used as the criterion for convergence, The iteration was stopped if DIFQ
£EPS, a number so chosen that the discharge computation did not change by
more than 0,005%.

For given aquifer conditions and well geometry, a 'critical discharge’,
that is, the maximum uncontaminated fresh water production can be predicted by
studying the effect of various drawdowns by suitably changing the input data.
For any assumed drawdown greater than the critical drawdown, the solution
blows up. The later situation physically implies that the cone has become uns=
table and the well starts producing brine., The discharge computed for a simula
ted situation corresponding to critical drawdown is then the maximum fresh wa=
ter that can be obtained without entrainment of brine under given aquifer con-
ditions and well geometry.

Dr. B, M, Sahni



v-36

The validity of this model was checked by compering the results obtained
therefrom with the experimental results, The comparisons showed very good
agreement with regard to location of free surface and interface for eritical
conditions, Also, the critical discharge computed was only about 7% in error
as compared o experimental values.

4, Results and Discussion
4,1 Verification of existing analytic solutions.

In order to check the validity of the two existing analytic solutions,
results of the analysis of four different cases made by using these solutions
are presented here, These cases were also studied experimertally with the help
of the physical model, Figure 3 shows a comparison of the critical discharge
obtained by the three methods. The comparison brings cut the following pointsi

{a) Wang's theory always overestimates the critical discharge. This departure
from the experimental results is more conspicuous at smaller values of of than
at larger values. This can be explained as follows. In a case of shallow-well

penetration, the cone beneath the well is relatively steep. The vertical flow

i

Q lec/sec)

f L L
04 05 06 or o8 09 10

Well Penetration a

o2
b

Figure 3, Comparison of theoretical critical discharge
with the experimental results.

nents, especially in the immediate vicinity of the well, cannot be neg-
lzcted in this czse and the Ghyben-Herzberg approximation is no longer valid,

resistance to flow due to much stronger convergence to-ward the well af-
fecis the potential field in the flow region, The experiments have shown be-
vyond doubt that the cone does become unstatle before it can rise to the bottom

6 Dr. B, M. Sahni
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of the well, Therefore, one would expect that the value of the critical drawe
down used in Wang's analysis should always be greater than the actual critical

drawdown which in turn results in an overestimation of critical discharge by
Wang's formula.

(b) As explained earlier, in Nuskat's approach the perturbation in the poten-
tial field due the rise of the interface is not taken into account. Further,
{hese formulae also assume a uniform flux density at all points on the surface
of a well partially penetrating-into the aguifer. This is not true in the ri-
gorous sense, However, Muskat's analysis does consider the important physical
phenomenon of the instability of the rising cone beneath the well. This ex~
plains why the critical discharge calculated by tnis method is in much better
agreement with the experimental results than are the results obtained from
Wang's formula as illustrated by figure 3.

Thus, both methods of analysis of the coning problem, namely those given
by Wang and Muskat, are only approximate ones and both have their own limita-
tions, Nevertheless, the results show that Muskat's analysis is more realistic
then Wang's analysise

4,2 Application of the mathematical model.

In order to derive a more meaningful inference from the results of compu-
ter simulation, all the important variables are transformed into dimensionless
parameters and the results are expressed in the form of inter~relationships
among these parameters, The following dimensionless groups are selected:

1. wellepenetration

K= G (11)
2, well-slimness
¥
9= —,_';—:—- (12)
34 effective radius of influence
H Ye
L= ﬁ‘: (13)
4, drawdown at the well
b = FPr(He-Hw) /o8P He )
5. dimensionless discharge
. 2
= fa/afHe K (15)

The inter-relationships of these dimensionless variables are presented in
figures # and 5. The following inferences are drawn from the data shown in
these figurest:

(a) For a given fresh-water thickness, the maximum permissible drawdown
increases rapidly, especially for greater fresh-water thickness, as
the well penetration decreases. + very small penetrations, the cris
tical drawdown approaches infinity,

(b) For a given { the dimensionless critical discharge rapidly increases
as well penetration decreases, especially at the very shallow pene-
trations.

Dr. B, M. Sahni
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50

(c) The @ versus X curves show maxima in the neighborhood of 10% to 20%

penetration and at these points the curves tend to become flat, For
;the same cases Wang's analysis shows nmaxima at well penetrations of
about 33% to 41%. Also, in the latter case the curves have inflexion
at the maxima and pass through the origin. The results of the present
study physically imply that for given aquifer and well conditions,
there exists a well penetration such that. the critical conditions can
not occur at shallower penetrations than this value.
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Figure 4, Variation of critical drawdown with well
penetration.
Gtner conditizns being equal, the critical conditions occur at great-
er productisn rates for smaller I:. It is, therefore, possible to get
more oroduction of fresh water without getting salt water in the

1is when a vattery of larger number of wells is used,

Conclusions

The phenomsnon of salt-waier coning below a fresh-water skimming well was

studied both theoretically and experimentally. The experimental part cf the

8 Dr, B. M. Sahni
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Pigure 5. Dimensionless critical discharge versus
well penetration.
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study gave a bettér insight into the physics of the phenomenon and helped
check the validity of the existing snalytic solutions and of the mathematical
model developed in this study. The following conclusions are drawn from the
results of this work:

(2) Regardless of the well geomeiry and the aguifer and fluid properties,
the highest stable cone can never rise as high as the bottom of the
well-screen, The phenomenon of instability of the rising cone is
confirmed beyond doubt with the help of both the laboratory model as
well as computer simulation,

{b) Both Wang's theory as well as Muskat's theory‘ are based on assump-
tions some of which are questionable. However, Muskat's analysis is
more realistic than Wang’s in the sense that the former does consi-
der the phenomenon of instability.

(¢c) The mathematical model presented in this study takes into considera~
tion the non-linearity of the boundary conditions. The results of
This model showed beiter agreement than Muskat's analysis with the
experimental results. The mathematical model presented in this study,
therziore, has practical utility in studying the performance of fresh
water skimming wells. Further, this model is sufficiently general in
naturs and can easily be medified to make it appiicable to many

£ield problems,

ested that while applyirg the results presented in this paper
to a Field situation, their limitationspointed out earlier should be tezken
n%o account, The results are intended to indicate the conditions under which
2 stzbls cone can exist and the critical conditions beyond which the cone be=
onmes unstable, It hzs been shown that the maximum uncontaminated fresh water
roduction occurs 2s the critical conditions are approached. However, it is

©

g

not intended to suggest that this alone should be the cbjective in using
mring wells to pump fresh water, Sometimes it may be more economical and
ciiczl to pump al lower rates, While making a decision with regard to the

rate of pumping varicus factors such as water quality in the aguifer, the
%oleravle limits of saliniTy, amount of rscharge available in the area, and
econcmics of the operation must also be taken into account,

Further study is required to analyze several aspects of phenomenon of
coning. The utility of nomograms presented in this paper can be increased by
studying a wider range of possible situations with the help of the mathemati~
¢zl model developed in this study. It would be worthwhile to study the effect
of dispersion on the maximum fresh water production predicted in this work.
Finaily, the mathematical model should be further generalized ty considering
eity and anisotropy with regard to to the hydraulic

the effects of heteroge
troperties of the aguifer,

10 Dr. B. M. Sahni
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FLOW CHART (cont'd)

Yes

MNomenclature

f

fresh water density

Aff = density contrast between fresh water and salt water

¢f = frech water potential

&, = potential in the well

¢2 = potentizl at a distance greater than the radius of influence
(re)

PW = depth of penetration of the well

1T = iteration number in process

MAXIT= mazimum number of iterations desired

12 Dr. B. M. Zahni



Iv-43

STUDY OF GROUND WATER MOUNDS UNDER SPHEADING AREAS
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SYRCPSIS

The technique of artificial recharge which
1s widely used as a means of ground water con-
servation assumes slgnificant role in the general
field of ground water mansgement. A common
practice for artificial recharge is by spreading
during which ground water mounds are formed. A
rational approach towards the solution of the
problem of ground water recharge calls for an
evaluation of the formation, disslpation and
equilibrium position of the mounds below spread=
ing areas. The present study deals with the study
of ground water mounds under transient and steady
conditions both for rising and dissipating mounds,
Analytical work involves the solution of the basic
Boussinesq's equation for unsteady flow after
linearisation for the given boundary conditlons.
Theoretical results for a wide range of parameters
have been obtained by computations on a digital
computer. Experimental studies have been carried
out on a Sand Model and a Viscous Flow Model to
determine the rising and stable mound configura-
tions. Results highlight the limitations of the
linearised solutions and of the sand model and
the versatality of the visceus flow model in hand-
ling transient free surface flows.

1. IRTRODUCTION

A major field of investigation in ground water relates to the artificial
recharge which has long been recognised as a means of conserving the water
resources of a region with improved quality as an incidentzl aim, The source
of recharge may be storm run off, river water, water used for cooling, indu-
strial waste water. Attempts have been made to recharge groumd water artifi-
cially through surface spreading by means of basins, furrows or flooded areas.
In the course of spreading typical profiles, termed as mounds, are formed,

The mounds may be two or three dimensional depending on the shape of the
spreading ground. Qualitative evaluation of the formstion, equilibrium
prosition and the dissipation of mounds 1s a prerequisite to a ratiocnal
approach towards the scluticn of the problem of ground water mounds. The
need for an understanding of the mechanism of ground water mounds under
spreading areas cannot thersfore be over emphasised.

In view of its lmmense practical utility, the study of ground water
mounds has been the subject of several investigations in the past, Boussinesq
(1,2) gave the classical presentation of unsteady two dimensional flow with
a free surface, The resulting equation was non-linear and diffiocult te

Dr,J.T., Panikar, and
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solve, Attempts have since been made to obtain solutions for different
boundary conditions (3,4,5) with a view to evolving optimum designs and
relative benefits. The present study deals with the mechanism of mound
formation with particular reference to the determination of the configura-
ticn of the mound under steady and transient conditions both for the rising
and dissipating mounds, time to attain equilibrium conditions and allied
eriteria. The study is in addition oriented towards the verification oyihe
mathematical model through a comparison of the theoretical results with
those of the experimental investigation carried cut on a sand model and
viscous flow model.
2, ANALYTICAL INVESTIGATIONS

It is well known that the application of the principle of conservation
of mass through Dupult's assumptions leads to the following equation for
unsteady free surface flow:

Feowfupr @)oo

where, k and m are the permeadility and porosity of the medium,
ib the slope of the impervious bed
y the ordinate of the free surface = f (x,t)

Neglecting the higher order terms like i,2% and [¢-"5
and replacing the variable y in the third term by a constant 'a,', being the
depth of the initial free surface, the equation reduces to

5
%2_ = K, O e e gey

The initial bowndary conditioms for the case of rising mound are

1) y(x,t) = 0, for t = C and for all values of x
11y y(x,t) = ¢, for x = !‘d for all values of t,0diq @
111)  y(x,t) = f (x) for t =@
= @/kap = 1) (I - x)
which is a linear approxim;tionﬁor the stable mound as indicated in the
definition sketeh (Fig.l1).

With kapr _ 20-1):
B =g am B=iad =

)

the general solution of Eqn.2 for the conditions defired by Bqn.3 is (5)

= (55 ) (ta=x) —8(L, -y

@

772
< 1 2n=1) -ps
STt Tre Pl e
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vhere q = rate of spreading
L,= distance to lateral control

Extensive computations of Eqn.4 have been carried out on a digital
computer CDC-360C to determine the configurations of the rising mound for
various values of q, Lqs 8o and k.

3. BXPERIMETAL INVESTIGATICH
Bxperimental studles have been carried out on a sand model and viscous

flow model.

a) Sand Model: The set up consists of a water tight box 135 x 3C x 45 cn
with glass plate in front. One end was completely closed by a plank and
at the other end a 1C0 AST mesh in wooden frame at 120 cms from the left
end was placed, to simulate the lateral control, A wooden rlan% 30 x 15 ems
served as an adjustable weir at the lateral contrcl end and to simulate the
initia) water table. Sand passing through I35 1i0,25 and retained on ISS
No.40 with an average grain diameter of 0.5 mm was £illed in the chamber to
represent the medium. Twenty five plezometric connsctions were provided
along 5 rows at five elevations. OutfloWw measurerents as a function of
time were obtained by the record of rise of water level in a tank with
time with the help of an automatic recorder., The spreading ground was
simidated by a channel 30 x 5 cms and Y4 cms Geep havine clearly spaced
holes for uniform distribution of water, This vas fed by a constant head
tank.

b) Viscous Flow Model : The analogy between ground water flov ané laminar
flow of a viscous fluld between two clearly spaced paral’el nlates is parti.
cularly useful in the study of preblems of free surface flows through
porous media, The model mounted on a wooden stand (Fig.2, Plate 1) compri-
ses of two glass plates 120 x 60 x 0.62 cms placed at 2mm apart through
spacers and —clamps on all the sides. Spreading ground was simulated by two
glass plates 1C x 7 x 0.6 cm clamped at the top left corner of the glass
plates.

The spreading ground was supplied by a constant head tank with in turn
was fed by a 20 litre storage tank, Necessary overflov arrangements and a
T-arrangement to collect and measure the recharge rate were provided, 4
variable depth lateral control and collecting tank were provided at the
right end, The fluid employed Tor the investigation was clean lubrication
o1l 'veedol? whose viscosity-temperature characteristics were established
by redwood viscometer,

Experimental investigations were carrled out on both models for diffe-
rent values of the varlous parametars of the problem, The free surfaces were
recorded by means of a 35-mm camera at desired intervals, The coordinates
of the stable mound were recorded and the outflows as a function of time
were measured during rising and dissipation,

Dr,J,T, Panix il
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4, RESUIYB AND DISCUSSIONS

Computations of the transient free surfaces of rising mound by Eqn.h
have been made for different values of the parameters q,ao,Ld and k, A
typleal plot of the theoretical configurations of the rising mound 1s pre-
sented in Fig.3. It may be observed that the rise of mound is rapld in the
initial stages and the rise is slow after a while. This may be attributed
to the fact that water goes into storage initially resulting in small out-
flow which increases with time as the medium gets more and more saturated.

Fig.% shows a plot of the configuration of the stable mound for diffe-~
rent flow rates. Shown by dotted limes on this figure are those obtalned
by sand model. It may be seen that. the theoretical and experimental results
fall closely. The difference in the configuration predicted by theory and
sand model may be due tc the assumptions inherent in the theoreticsl analy-
sieénd to the possible errors in permeability measurements, While sand
model is useful in predicting the rising mound configuration, in spite of
its questionable accuracy because of the capillary rise, it cannot be con-
veniently usedﬁ'or studies on the dissipation of mounds.

4 typical plot of the configuration of the rising mound by viscous
flow model is presented in Fig.5 and by photographic records in Plate 2,
From a comparlison of the experimental and theoretical free surfaces for
different values of the parameters, 1t was observed (6) that the general
character of the mounds from both the methods is the same but the two
results are not in close agreement., This deviation may be attributed to
the fact that in linearising the basic equation the variable 'y' is replaced
by the constant ap, The errors inherent in this technique will generally
be small i1f the rise of mound Tpax 1S small compared to the value of inltial
water tsble depth, But in the present investigation the rise is nearly the
same order as ap or higher and hence the discrepancy, Further studies would
be necessary to fix up a limit for the ratio Y_mg to obtain acceptable

20
results with the linearised solution,

#n insight into the development of the stable mound can be obtained
by means of the time-outflow graph presented in Fig.6. One of the curves
for g = 190 ce/min ecrresponds to the experiment for which the transient
free surfaces are presented im Fig,5. It may de observed that the time to
attain steady state for thls case is 12 mins beyond which the outflow
Temalns constant and equal to the inflow, This tallles with the time
racorded ia Fig,5 for the stable mound., 4 point of interest is to note that
the time for the establistment of a stable mound appears to be independent
of g for a given Ld as can be seen in Pig.6 and also of 8¢ as per observa-
tions recorded in Ref,é. However, further work for a wider range of para-
meters would be necescary bsfore this aspect 1s conclusively proved,

i Dr.J.T. Panikar, snd
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5. CORCLUSIONS

Although the general character of the mowund predicted by theoretical
and viscous f£low model results are the same, the discrepancy between the
two may be due to the assumptions inherent in the formulation of the basie
nonlinear equation and in the linearisation of the same, Further studies
would be necessary to suggest the limit of the ratio of rise to initial
water table depth within which the linearised solution would be valid.
Viseous flow models are superior to sand models in as much as the former
can be used to study both the rising and dissipating mound and the later
has limitation in respect of the development of a caplllary rise which makes
the identification of the free surface difficult.
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THE MAIN TRENDS OF HYDROGEOLOGICAL SPUDIES IN
ARTIFICIAL RECHARGE OF GROUND WATER RESOURCES
(based on the practice of the USSR)

¥.I,Plotnikov
Moscow State University, USSB

SYNOPSIS

The problem of artificial recharge of fresh
ground water resources in the present period of
intensive development of the productive forces in
meny countries of the world including the USSR is
very important and aquires actual significance.

In practice the artificial recharge of fresh
ground water resources in the USSR is conducted
in two main directions: a) artificial recharge of
exploitation ground water resources immediately
in the area under the influence of working large
water intakes, and b) accumulation of the surface
flow in patural storage reservoirs of new areas
followed by building of captation constructions
for the exploitation of artificial ground-water
resources,

The hydrogeological investigations in the
first trend represent a part of the exploitation
stage of ground water exploration and are carried
out on the sites of working water intakes for the
purpose of preventing the ground water depletion
or in connectlon with the additional water demand.

4As the practice of the USSR shows these
investigations are rather effective in an economi-
caltreapect and defined by a number of natural
factors.

The hydrogeological investigations in the
second trend, in fact, have %o be carried out in
new poorly-studied regions. Therefore it is neces-
sary to do much work which should answer, in {ts
scope, the requirements of the adopted in the
USSR exploration by stages of ground water.

At present, the problem of artificial recharge of fresh ground-water
resources is very important and urgent in developed and developing count-
This problem is also of importance to the Soviet Union.
Fresh ground water is used for irrigation almost at the same scale
in the USSR,

The largest areas with irrigation by ground water are the

1 N.I.Plotaikov

Steppe Krimea, the Chu Valley in Kirgiziya, the Ararat Valley in Armenia,
and the Kura-Araks lowland in hzerbaidjhan.
In Central Asia republics, the ground water of the so-called Kara-Su
(spring flow in the peripheral parts of alluvial fans of the piedmont
zone) is used for irrigation.
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The prediction estimate of perspective utilization of fresh ground-
water vesources for the whole country end individual republics, fulfilled
in the USSR, has shown that lack of ground water will be felt in a number
of large regions and republice in 1980-2000 (N.I.Plotnikov, 1973).

Therefore the problem of public water supply in these regions will
be solved by integrated use of surface and ground water and by artificial
recharge ¢f ground water.

The problem of artificial regemeration of fresh ground water in the
upper part of the earth's crust consists of three closely interconnected
large sections:

(1) the geclogical and hydrogeological substantiation (including the
characterization of the recharge source)j

(2) the technigues of regeneration, physical-chemical and biological
principles; and

(3) technological means.

In the given report, only some aspects of the first section of the
problem are discussed as the other two must be described separately.

In the USSR, the artificial regeneration of ground water resources
is being carried out in two main directions: (a) recharge of exploitation
ground water resources within the area of influence of large water in-
takes, and (b) artificial storage of surface water in natural underground
reserveirs and further construction of water intakes for withdrawing the
artificially created ground water resources.

In producing water-intake areas, ground water is recharged either
for preventing ground water resources from depletion in the productive
aguifer or for increase of the productivity of the water intake due to
additional demands for water.

4s the practice of the USSR shows, artificial recharge of exploita-
tion ground water resources in producing water~intake areas is economi-
cally efficient and governed by the following principal factors:

(a) geological and hydrogeological conditionsg

(b) existence of a high-quality recharge source in the vicinity
of the water intakej

(c) the lithological composition, thickness ana seepage properties
of the rocks of the zone of aerationg

(&) the regime of the development of water supplys
(e) additional demanc for waters

(f) the technical condition of the water intake and possibility
of increasing withdrawalj and

2 N.I.Plotnikov
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(g) economic calculations determining the profitability of artificial
recharge.

The hydrodynamic regime of the ground water flow (unconfined or
confined) in the water-intake area plays an important role in selection
of artificial recharge methods. At present, the world practice has
enough methods for artificial recharge wnder unconfined flow conditions
and some of them may be used ~ spreading basins or ditches, flooding, and
recharge wells (Usenko, 1972y Favorin, 1967, Plotnikov, 1973)..

The experience of artificlal recharge under confined conditions is
small so far and practically a single method has been developed, it is the
recharge well method {Grigoryev, 1964).

Thus prineipal factors and conditions of artificial recharge of
exploitation ground-water resources are clearly defined for producing
water~intake areas.

The hydrogeological investigations for substantiation of artificial
recharge of exploitation ground water resources in producing water-intake
areas are carried out at the final stage of investigations - the develop~
ment exploration of ground water (Plotnikov, 1971).

The geologo~economic and hydFogeolegical conditions and the direction
of hydrogeological investigations are somewhat different in areas waere
ground water resources are gemerated by surface-wzter storage in natural
underground reservoirs, Such areas are poorly studied in bydrogeological
respect and have no producing water intakes, and nere for substantiation
of artificial storage it is necessary:

(a) to estimate the general structural, hydrogeological and
hydrological conditions of the area under investigation and separate it
into promising swaller areast

(b) to register water users and demands for waters

(¢) to conduct necessary hydrogeological investigations of a new
favourable area for surfsce-water storage, including exploration for
location of a water intakes

(d) to select and study a storage source and the method of surface-
water delivery undergrowndj and

(e) to estimate the profitability of expendipure on artificial
ground-water storage; compare the estimate with other alternatives of
water supply for the given project.

Ais 1s seen from the above, the storage problem is more complicated
and calls for a large pody of nydrogeological investigations which ere
cimilar to the stages of exploration for ground water accepted in the USSR
- search, preliminery, detailed and development exploration. So, the
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artificial creation of fresh ground water in the Karakumy desert by
storing surface runoff in spring involved a large complex of geological
prospecting and test hydrogeological operations (Glagunov and Rogovskaya,
19683 Kunin and Leshchinsky, 1960).

Let us consider the hydrogeological investigations in both principle
directions of artificial regeneration of ground water dietinguished above.

A most rational complex of hydrogeological and hydrological investi-

gations for substantiation of the artificial regeneration of the exploi-
tation resources of unconfined ground water in producing water-intake

areas that should be a part of the development exploration is presented
in Table 1.

Table 1

A list of principal types of hydrogeological and hydrological investiga-
tions in producing water-intake areas for the purpose of artificial rege-
neration of unconfined ground water resources

Ilgem Principal types of investigations Purpose

by s

1 Generalization and analyéis of For drawing up a plan of
nydrogeological and hyirological development exploration
data of the exploration and regime for ground water in
of exploitation ground water reso- connection with artifi-
urces for the producing water-intake cial recharge
area

2 Gualitative and guantitative study For working out recommen-
of <the source of artificial recharge dations for preparation
of explcitation resources {special of the development of
hyérological studies) the source and techni-

ques of artificial
recharge

2 Letailed studies of the seepage For selecting the loca-
properties of the rocks of the zone tion of structures and
of aeration and compilation of a method of infiltration
transmissibility map for the water- recharge
intake area

4 Tetailed hydrogeological and For substantiaticn of

engineering geological investigations
directly in the areas of plarned

structures in connection with artifi-
cial recharge of exploitation rescurces

4

deslgning engineering
structures

N.I.Plotnikov



10

Drilling test-production recharge
wells and water-absorption tests

Drilling control and additional
observation wells and installation
of other observation points (hydro-
metric poets, etc.) in the water—
intake area

Test-production operations for
artificial recharge of exploitation
ground water resources as applied
to the conditions of the recommended
scheme and preliminary hydrodynamic
computations

Office processing of the materials,
compiling a report including the
geologo-hydrogeological substantia~
tion of artificial recharge

The hydrogeological supervision by
the author of realizing the artifi-
cial recharge project in the water-—
intake area

Organization and conduct of
stationary observations of the

ground water regime in a water-intake

area

Por artificial recharge
with injection wells

For the organization

of stationary observa-
tions of the ground water
regime

FPor testing the selected
scheme of artificial
recharge and recommenda—
tions for artificial
recharge technigques

For working out a plan
for artificial reckarge

For securing strict
fulfilment of hydrogeolo-
gical recommendziicns in
artificial recharge

For studying the regime
and conditions of prolon—

ged development of
water and further g«
lization of the e
ce obtained

round

The main hydrogeological, hydrological and engineering-geolcgizal
investigations, enumerated in Tadle 1, are generally carried cub using
common techniques and their content is well xnown from the experience.
The most important investigations are:

(1) studying the seepage, physico~chemical and biclogical properties
of the rocks of the zone of aeration in the area of the water-intzke
influencej

(2) thorough hydrological and sanitary-bacteriological preparation

of surface water prior to spreading; and

(3) studying the conditions of clogging the screen and rocks of the

zone of asration in spreading areas and zlso their self-cleaning capatility

N.I.Plotnikov
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The results of these investigations are usually used in selection
of the techniques and artificial recharge regime.

In the waber-intake areas, tapping the confined aguifers, artificial
recharge may be effected by a single method -the recharge wells - where
surface water is injected.

The experience of the oil industry of the USSR in water injection in
the course of oil field development may be used in artificial recharge.
The methode of water preparation for injection and hydrodynamic computa-
tions for irterfering wells with the pattern injection - withdrawal have
been successfully developed.

For substantiation of this pattern in a water-intake area it is
sesential to carry out the following operations: (a) drilling and eguip-
aent of injection wellss (b) preparation and the method of delivery of
the recharge source; (c) observation well drillings and (d) injection
tests.

4s the oil-industry experience shows the effective artificial
regeneration of exploitation resources of confined ground water may be
effected if the following main tasks are solved: (&) selection of an
optimal (for given conditions) design of screen for injection wellsy
(b) thorough preparation of the recharge source; and (c) working out the
zhysico-chemical end biological principles of injection.

The oil~industry data show that for a number of reasons, in the
course of development, injection wells become less productive.

Therefore conduct special tests is advisable at some projects.
IThe compatibility of the ground water and the recharge water is also
portant.

The complex of investigations for surface water storage in natural
vaderground reservoirs (the second direction of artificial recharge) is
sresented in Table 2.

€ N.I.Plotnikov



Table 2

Main types of hydrogeological investigations for

~water storage in natural underground reservoirs
~tion

.6t

substantiation of surface
and water-intake construc

Tten Types of investigations

e Purpose

1 Estimation
Generalization and analysis of For general estimation
hydrogeological materials of of prospects and substan—
subdivision of the area under tiation of setting up of
study in keeping with storage search operations in
conditions and promising areass keeping with the demands
preliminary characterization of for water
the recharge source (in office)

2 Search

(1) Combined geologo~hydrogeolo-
glcal and geophysical survey in
promising areas for storage and
withdrawal of ground water (the
scale of the survey is determined
for each region depending on the
availability of data)

{2) Drilling hydrogeological search-
mapping end test-contour wells

(3) Complex of geophysical logging
investigations of hydrogeological
wells

(4) Preliminary study of the scepage
properties of rocks in promising
areas for storage and withdrawal

(5) Preliminary study of the water
to be stored

(6) Cffice processing of the materials,
preliminary qualitative and geologo~
economical estimation of operations
for artificial recharge, comparison
with other alternatives of water supply

For selecting areas and
distribution of drilling
volumes
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Preliminary exploration (main stage
of work) of the selected area for
storage and construction of water
intake

{1) Detailed (instrumental) combined
geologo~hydreogeological and geophysi~-
cal survey of the areas of planned
structures (underground reservoir

arc er ictake)

} Qualitative and quantitative
; of the storage source for
icial rechnarge

(3) Selective drilling of test

€

on wells, tesi-production
for withdrawal) and cbser-—
wells

{4) Gecphysical logzing in hydro-
geclogical wells

(5)
serations
injecticn

s-irjection, purping and
%

using the pat

drawal

(€)

investigaticns in the areas of

ineeri - geological

structures plenned

ve estimation of arti-

in zeeping with the pattern injection -

withdrawal.

ice processing of the materials

created ground water resources

411 the complex of inves-
tigations is carried out
for substantiation of
setting up subsequent explo
-ratory work, selection of
the methods and technigues
of artificial recharge,
compiling a technological
and economical report

For substantiation of
distribution of drilling
volumes

For selecting the method
of preparation of the
storage source

For studying geological
and hydrogeological
conditions

For studying the seepage
properties of rocks and
estimating artificially
created ground water
reserves

N.I.Plotnikov



Detailed expleoration of areas for
injection 2nd water intake

(1) Completion cof drilling develop-
ment wells for recharge and with-
drawal in keeping with the approved
plan

(2) Drilling a network of observa-
tion wells

(3) Test and development operations
(on a preauction scale) for injec-
tion and tentative development

(4) A complex of statiomary observa~
tions of the ground water regize
and the recharge source in the
process of long-term development

V.63

411 the complex of the
investigations is carried
cut for substantiation of
the detailed exploration of
the area and geclogo-ccono~
mical evaluation of the
storage project (practically
for substantiation of design
~ing and constructicn)

The stage of detailed
exploration is advisable %o
combine with the time of
construction of all planned
structures, and thorough
hydrogeelogical supervision
should be effected

For subseguent generaliza-

“geri-

tion of developmeat,
erce and improving explora-

tion methods

As the above shows, the hydrogeological investigations for axtificial
ground water storage are rather complicated. The lack of experience calls
for fulfillment of & large body of stage operations to nold one of the
most important prineiples of ground water exploration - the principle of
successive approximations of the project undex investigation (Plotnikov,

1973).

For the same reason, a number of peints of the list presented cazll
for refinement and ave given as recommendations. o, the complex of
operations for the stage of detailed exploration for areas of injection
or spreading and water—intake construction is recomnended to combine with
the stage of construction and test development,
rational and allows to reduce the total periocd of exploration of the
project and preparation of it for long-teram development.

Such a combination is

9 N.I.Plotnikov
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In this connection, it is necessary to emphasize tbat the prelimi-
nary exploration of the storage project should be the main stage of the
whole complex of investigations. The investigation results of this
stage should essentially form the basis of planning and substantiating
allocations for construction.

The studies Hr substantiating artificial recharge of exploitation
ground water are a new direction in modern hydrogeclogical investigations
znd the relevant experience is small in the Soviet Union. Therefore the
given recommendations for artificial recharge should be specified and
refined depending on the complexity and availability of hydrogeological
data for the area under investigation.

The technigues of certain types of hydrogeelogical investigations
have been worked out poorly so far, particularly in artificial storage,
in areas where there are no water intakes (the methods of studying the
seepage properties of the rocks of the zone of aeration, injection
methods, and prediction of clogging the bottom sediments of spreading
structures).

Therefore it is advisable to carry out further theoxetical and
experimental investigations for working out and improving the methods
of hydrogeological studies for substantiation of artificial recharge of

ground water.
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