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SUMMARY

This paper describes a numerical and experimental investigation aimed at providing data

to allow discharges and free surface drawdowns to be predicted for partially screened wells in unconfined

sand and gravel aquifers.

The effects of non-Darcy flow near the well have been taken into account, A
brief description of the numerical method and experimental verification is presented,
are given in terms of the relevant dimensionless parameters.
pumped and the maximum lowering of the water table at the well are discussed.

Typical results
The maximum discharge which can he
Tabulated results are

provided to allow these values to be predicted for a range of practical problems.,

1 INTRODUCTION

Partial screening and non-Darcy flow may cause
the discharge from and drawdown near a well in an
vniconfined aguifer to differ significantly from the
vrlues predicted by the Dupuit equation which ass-
umes radial Darcy flow at all points. The com-
plex flow conditions which occur in the vicinity of
partially screened wells, particularly when non-
Darcy flow exists, have prevented the development
of a general analytical solution to the problem.
However, numerical techniques applied with the
aid of a digital computer may be used to predict
flow behaviour for particular well and aquifer
geometries and aquifer material characteristics,
Computation costs are considerable and for pract-
ical purposes the use of a set of dimensionless de-
sign charts for commonly met conditions becomes
preferable to the direct application of available
computer programs to individual problems.

This study was undertaken to investigate the flow
behaviour and provide a set of design graphs for
the case of partially screened, fully penetrating
wells in which the water level is not allowed to fall
below the top of the screen. This is considered to
be the ideal condition under which wells in uncon-
fined aquifers should be operated since to screen
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above the water level in the well exposes screen to
the atmosphere with attendant corrosion and en-
crustation problems. The case considered and
notation used are defined in Figure 1,

2 FLOW EQUATION

It has long been recognised that there is an upper
limit to the validity of the well known and common-
ly used expression

V. =Kl (1

derived by Darcy in relating flow velocity V, hyd-
raulic gradient I and hydraulic conductivity K.
Ideally, the upper limit of validity of Darcy's law
and the entire velocity-hydraulic gradient behav-
iour would be given in the form of a friction factor
Reynold's number relationship. No such general
relationship which will reliably predict velocities
and gradients is available for aquifer materials
even though considerable research effort has been
expended by a multitude of workers. Thus, the
Forchheimer equation

I

aV + sz (2)

which directly relates V and I was adopted for use
in the analysis when non-Darcy flow was consider-
ed significant.

The Forchheimer expression has been subjected to
theoretical (Stark and Volker, 1967) and experi-
mental (Sunada,1965) validation and found to fit per-
meameter data with adequate accuracy (Cox, 1976)
over the range of velocities encountered in flow to-
wards wells., Use of a single pair of values of the
constants a and b was found to give a fit to perm-
eameter data with percentage deviations not ex-
ceeding 9 per cent. An alternative to fitting a
single pair of constants is to divide the flow region
into separate Darcy and non-Darcy zones (Huya-
korn, 1973). This procedure gives a somewhat
better fit to the data but complicates the prepara-
tion of dimensionless graphs by introducing an add-
itional variable, a critical velocity, required to diff-
erentiate between Darcy and non-Darcy flow. In
view of uncertainties of knowledge of aquifer geo-
metry and homogeneity it is considered that the use



of a single pair of constants is appropriate.
3 NUMERICAL METHOD

Only an outline of the numerical solution method is
presented. Full details of the derivation of the
field equation, variational formulation, equation
solution procedures, finite element meshes and
studies of convergence and accuracy have been
given by Cox (1976).

Tensor subscript notation is used to simplify the
writing of the equations.

For three dimensional non-Darcy groundwater
flow in a homogeneous isotropic aquifer, the
Forchheimer equation may be written as
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where h = piezometric head
vi = the components of velocity in the
¥j cartesian co-ordinate system
IVl = magnitude of velocity vector

The continuity equation is

= oW = “0h
2Xi ey (4)
where Sg = specific storage of the aquifer
t = time

Combination of equations (3) and (4) yields the
field equation
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Equation (5) was solved for steady flow with the
appropriate boundary conditions by the method of
finite elements. The complexities caused by the
non-linearities introduced by non-Darcy flow be-
haviour and the a priori unknown free water surface
were handled by separate over-relaxation iterative
procedures, For flows in which at no point does
the velocity become high enough for deviations fram
Darcy's law to become significant, a simplified
field equation based on the flow equation

2h
S = AV (B)

may be used over the whole flow field.

Solutions were obtained for a range of well geom-
etries and aquifer characteristics considered rel-
evant to water gupply and de-watering problems.
The range was selected after an examination of
records of wells constructed in New South Wales
and Queensland.

4 EXPERIMENTAL VERIFICATION

The numerical solution procedure was verified by
comparing results with those obtained from experi-
ments in an electrolytic analogue tank and a large
sand tank model.

For fully Darcy flow the electrolytic tank was used
to predict the head distribution, including the pos-
ition of the free surface. Comparisons were
found to be very satisfactory.

Non-Darcy flow solutions were compared with re-
sults obtained from a large tank containing a quad-
rant of a 4, 9m radius aquifer, 1.5m thick, made
up of coarse sand (d50 = 3.7 mm). Water was
drawn from the aquifer through a well located at
the apex of the quadrant. Figure 2 shows a comp-
arison of the experimental and numerical solutions
for a typical case.
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5 RESULTS

Dimensional analysis of the problem in terms of
the variables defined in Figure 1 yields the follow-
ing relationships:

Well discharge

2Q _ ro bho 1s hwy b
h 2 Gl(ho,rw, hO' hO, 3.2) (7)
Water level at the well
hf
hg
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b
ho’rwl ho’ho,ﬂ—z‘) (8)
The results of the investigation are set out in
terms of the dimensionless ratios of equations (7)

and (8).

For cases of wholly Darcy flow Table 1 gives val-
ues of aQ/ho? (= Q/Khg2) and hf/hg for a range of
the other relevant ratios. Note that for wholly
Darcy flow b/a2 is irrelevant and that for the case
treated, water level in the well at the top of the
screen hy = lg.

Values of aQ,’hO2 and hg/hg over a range of b/a2

of practical significance for which the effect of
non- Darcy flow near the well may be significant



TABLE I

DARCY FLOW TO A PARTIALLY SCREENED
WELL IN AN UNCONFINED AQUIFER,

TABLE 11

NON-DARCY FLOW TO A PARTIALLY SCREENED
WELL IN AN UNCONFINED AQUIFER rgy/hg = 2
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The general characteristics of the non- Darcy sol-
utions may be observed from Figure 3 on which
are plotted the data of Table 2 for ho/ry = 100,

It will be noted that a maximum value of a@/hg2
and minimum value of hf/hp occur. Since these
values are of interest to well designers they were
determined for other values of hg/rw and plotted
in Figure 4. This figure also includes a plot
showing the critical screening ratio (lg/hg)crit
for various b/a2 values. This is the value of
1g/ho for which maximum discharge and free sur-
face drawdown occur. Within the range

2 ro/ho €16 and 50 <hg/ry, <200 the (1g/ho) epit
values read from the single curve shown will give
the maximum discharge @ and lowest free surface
position hf within 2 per cent.

The following important features of the flow be-
haviour were observed in all cases:

(i) the flow was radially horizontal below a
height 15/2 above the aquifer base;

(ii) partial screening effects were negligible
and the flow was radially horizontal beyond
r = 1.5 hg:

(iii) non-Darcy flow effects were negligible be-
yond r = 2 h, even for the extreme value
of b/a2 = 100,
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Thus for r >2 hgy the flow may be degcribed by
the Dupuit Equation

ho? - h2 = QIn(=2) / K (9)

6 EXTENSION OF NON-DARCY FLOW
RESULTS TO VALUES OF rp/hg GREATER
THAN 2

The computation time required to obtain the non-
Darcy solutions for rgy/hg, = 2 was so great that
for other values of ry/hg solutions were obtained
for only a few combinations of b/a2, hy/ry, and
lg/hy. These were then used to check the valid-
ity of extending the results for r,/hy = 2 to great-
er values of rg by applying the Dupuit equation
beyond r =2 hg,.

When extending a given solution to a larger value
of ro, no control can be exercised over the re-
sultant values of the ratios involving h,. Inter-
polation is necessary to obtain graphs similar to
Figure 3 for other ro/hp values. The graphs for
the range of values 2<ry/hgp < 16 have been pre-
pared and will be made available by the authors
in report form.
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Figure 3  Typical well performance
curves

7 CONCLUSION

In the past, lack of data has prevented engineers
and hydrogeologists engaged in well design from
making comprehensive examinations of the effects
of well and aquifer variables on well performance
in other than gimple cases. It is considered that
the results of this investigation will be useful in
selecting optimal designs for partially screened
wells in unconfined aquifers.

8  REFERENCES
COX, R.J. A study of near-well groundwater flow

and the implications in well design. Univ. of New
South Wales, Ph.D. Thesis, 19786,

HUYAKORN, P. Finite element golutions of two-
regime flow towards wells., Univ. of New South
Wales, Ph. D, Thesis, 1973.

07 T T i T

06y
e = g wer |

04 __,,_——-—'-"- =

0-3 ) 1 1 ] |

05 T T T T

———=Darcy Flow (K=%)

08 min. | | 1 1
03 02 10! 1 10 02
b/g2

o/ hy= 2 Boi=rhy,

Figure 4 Maximum discharge and
drawdown

STARK, K.P., VOLKER, R.E., Non-linear flow
through porous materials. Some theoretical as-
pects. Univ, College of Townsville, Dept. of
Engineering, Bull. No.1, 1967.

SUNADA, D,EK. Turbulent flow through porous
media. Univ. of California, Berkeley, Water
Regources Centre, Contribution No. 103, 1965.

83



