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SuMmMarY. — In steady state condition, non-linear laminar flow of
fluid into an eccentrically placed well is considered. Its influence on the
discharge and the dependence on related physical quantities is investigated.
It is observed that as the well approaches towards the contour of intake, the
discharge increases, which is an obvious result consistent with that obtained
by Polubarinova-Kochina in case of laminar flow. As a particular case,
result for concentric well has also been deduced.

Riassunro. — Viene preso in considerazione un flusso di fluido lami-
nare non-lineare — in condizioni di stato stazionario — dentro un pozzo
disposto ecccentricamente. 8i & inoltre studiata sia la sua influenza sul getto
che la dipendenza dalle relative quantita fisiche. E stato osservato che, come
ci si avvicina al contorno dello sboceco, il flusso aumenta, il ehe ¢ un risultato
ovvio, in acecordo con quanto ottenuto dai ricercatori Polubarinova e Kochina,
nel caso di un flusso laminare. Il risultato relativo ad un pozzo concentrico
non & quindi ehe un caso particolare del problema affrontato in questa nota.

1. — INTRODUCTION

The intricacy in the nature of porous media does not always justify
the natural tflow of fluid through it to be purely laminar. Ilowever,
it appears more justifiable to consider the flow through porous media
to be cither non-linear laminar or turbulent (!). Consequently Jain
and Upadhyay (2), Elenbaas and Katz (3), Engelund (*) obtained specific
solutions of some non-linear laminar and turbulent flow problems.

In the present paper, we consider the non-linear laminar steady
state flow of fluid into an eccentrically places well fully penetrating
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the porous aquifer. Tt is found that the flow pattern is characterised
by two different zones, in which discharge exhibits opposite character
as regards its dependence on grain size of the medium, viscosity of the
fluid and radius of the well. Further, it is observed that as the well
approaches the contour of intake, the discharge increases abruptly as
compared to that into a concentrically placed well, which is obvious
from physical considerations.

The results for a concentric well have been deduced and compared
with those obtained by Upadhyay (3).

2. — EQUATIONS OF FLUID FLOW IN POROUS MEDIUM

The Darey’s law governing the laminar flow of fluid in porous
media is

dh . .
where v, & and — denote the seepage velocity, seepage coefficient

o
and hydraulic gradient respectively; flow being in the opposite direction
of increasing h.

In case of an eccentrically placed circular well fullly penetrating
the cylindrical stratum (radius R) of unit thickness, the pressure p at
any point with complex coordinate z is obtained in the form (¢)

_ Qu R (z—2) R
P = ke % (he—wzy TC 2]

where ), ko and u represent flow rate, permeability of the medium
and viscosity of the fluid respectively; 21 denotes the centre of well
and 2 is the corresponding inverse point. The constant C is to be
determined by boundary conditions.

Besides relations [1] and [2], the law for non-linear laminar flow is(¢)

— = av + bvy, [3]

where a and b are constants. According to Engelund (%)
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2000 u
a = diz ) [4]1
35

¢ and d being density of the fluid and grain size of the medium.

3. — FORMULATION OF THE PROBLEM

In steady state condition, we consider the flow of fluid into an
uncased circular cylindrical well of radius 7. eccentrically established
at a distance R; from the centre of the contour of intake. It is assumed
that the well is completely penetrating the porous aquifer of thickness
T. The aquifer is considered to be homogeneous and isotropic bounded
by horizontal impervious layers. The pressure at the contour of wel
and at the contour of intake are prescribed as p. and p. respectively.
Let r be the radial distance measured from the axis of intake.

As the effect of non-linear laminar or turbulent flow is observed
to be appreciable event if such flow is restricted to a comparatively
narrow zone (*), we consider the flow to be non-linear laminar within
a narrow cylindrical zone of radius r; surrounding the well and laminar
beyond this zone. Let the pressure at the transition boundary is p.
[Fig. 1].

Fig. 1

In the present situation, we have

(1) = (21) = Ea
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Therefore, expression for pressure distribution in the laminar zone
(ef. [2]) takes the form

_ Qu . R (r—R,)
p = ———— log TR R,

+ C (5]

The problem is to examine the influence of non-linear laminar
flow on discharge of fluid and its dependence on the related physical
quantities.

4, — SOLUTION

As in the vicinity of well the lines of equal pressure are closed to
circles, therefore, we assume the contour of well as one of the isobars
close to the circle of radius 7, (°). Along the boundary of transition,
which is close to the contour of well, pressure p. may be obtained from
[6] by using the boundary conditions

p =9p at r = R,

p =9p at r =R +r, (@r<E <«<R). [6]
Hence
27?7#1 log Rf—rllzlz (7]
Since p = pgh, pressure distribution in the non-linear laminar
zone is obtainable from [3] as
— —— = av -+ bov? [8]

og dr

In general, discharge @ from any cylindrical surface of radius 4
and height 7' is

Q = 2 il [9]

Consequently, in this situation

r = R —+ }., Tw < A < ey [10]
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it follows from [8], [9] and [10] that

Pe Rl—}-?'g
_ aQ bor
f 7 =eg f (2m' [11]
I)u Rl"j‘?‘:
(I»Q Ri+r. \ | bQ2

Le.p. = p. g [12]

24T P\ Ry s \Ridrw  Ridre

At the boundary of transition from laminar to non-linear laminar
flow, the relation between critical Reynold’s number & = 0.07 and
critical velocity v is given by (%)

O .8 [13]

]
where A as given by [1] and [3] yield the same value. Accordingly
de b
% —avd + - v,

or, = 1.07 a.

k
Since &k = ——, it follows that
7
% = 1.07 agyg [14]
Using [14] in [7] and then comparing with [12], we get

peope Q0 BT gr1eg I

og O2aT ® Rl—i—'rw R2—R,®
bQ= 1
15
+ 47!211?‘ \ R1—+—)' ]l)l +7't [ ]
Combining equations [4]: [4], and [13] with [15], we obtain
od3 (Pe—>pPw) e Ritre 1.07 loo Ry,
——/ﬁrw 8000 log Ritre OTlog o b ] +
0.0 o) [16]

(R + "w) (Rl +-7e)
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If we assume purely laminar flow in the entire flow regio nthen
the flow rate ()i«m may be obtained from [5] by using the corresponding
boundary conditions at the well and the counter of intake. Hence

(t) 27[/LT (pc — P w)
ftam — gg 10 R?'—Rlz [17]
a Ry

Therefore, from [13] and [17], we obtain the ratio

( .
9 gs60 It

Q: rw | @d® (pe — Puw)

Introducing dimensionless quantity X and ratio Y such that

3 —

P e ) [19],
YT w
Q

Oten [19].

and combining [18] with [16], we obtain an implicit relation

Xy ' Ry Xy R
07 Jog (=2 1
L0TX [ log (T8 graoy 108 (; + 1)+
i XY
—1.07 log 3560 Z —+
XY
XY 8560 Z 20
1.07 Z + 0.07 (201

8560 Z (R + 1\ /R1 XY
Tw )\7’10 ' 8560 Z

R — Ry

R 71w

where Z = log

It may be inferred from [19]; that the value of X which is possible
from physical considerations is X >0, hence equation [20] becomes
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R,
log (~ + 1) +

1w ' 8560 Z 7
Xy
— 1.07 log -
07T log gsgoz T
Xy
0.07T XY 8560 7
1.07 Z 9
"2t es602 R: . AT [21]
Yo T 8560 Z

5. — PARTICULAR CASE

If R, = 0 that is, when the well is established concentrically with
respect to the contour of intake, equation [21] reduces to

R XY
1.07 log = Y | 0.07 1 -+
8560 log
Y
— 0.07 ! 7 7 22
0.07 log ! 8560 log (_R 1.07 log 0.07 [22]

which corresponds to the non-linear laminar flow of fluid into a fully
penetrating concentric well discussed by Upadhyay (°).

6. — DiscussION

From [19],, it is evident that X depends on the density of the fluid,
grain size of the medium, pressure difference of the system, viscosity
of the fluid and well radius. Since d and g occur in higher powers in
expression for X, they highly affect the discharge. DMoreover, from
physical considerations it is obvious that X and Y are both positive.
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Now, to get the definite idea of the result [21], we take

: = 3 . 108 that is the radius of contour of intake is 3000 times
7'(!)

the radius of the well. Considering — = 102, the numerical values

7 w
of ¥ are obtained corresponding to different values of X >0 and
have been graphically plotted in the form of curve — I [Fig. 2].

It is seen from curva-I that as X increases, initially ¥ increases
till it attains a maximum value 2.16 corresponding to X = 1.2691-107,
afterwards it descresases asymptotically. Thus in the former region
0 <X <1.2691.107, the discharge increases as X increases, that is,
when the density of the fluid, grain size of the medium and pressure
difference of the system increases, viscosity of the fluid and the well
radius decreases. In the later region .Y >1.2691 - 107 the influence of
non-linear laminar flow is reversed.

Thus, it may be concluded that in case of non-linear laminar flow,
the flow pattern is characterised by two different zones in which,
discharge exhibits opposite character.
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7. — COMPARISION

To examine as to how the position of the well affects the dischagre

into it, we consider the cases — = 0 and = 10. These cases

rw Tw

have been graphically respresented by dotted curve and curve-IT
respectively in Fig. 2. Hence, it is inferred that as the well approaches
the contour of intake the discharge increases abruptly as compared to
that into a well concentrically established with respect to the contour
of intake. From physical consideration, the result is quite obvious and
consistent with that obtained by Poluberinova-Kochina (¢) in case of
laminar flow.
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