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Summary

Following the theoretical and numerical methods described in
Section B, two finite element programs were written in Fortran v
language to solve the general problem of two regime axisymmetric
confined flow toward a single well. Both programs were used to
analyse steady state behaviour of flow through a typical confined
aquifer,

The basic procedures for program usage and the performance
of various types of well design in extracting water from the aquifer
are described in this section. Permeability data obtained for un-
consolidated materials, and graphs showing the effects of well design
factors, hydraulic properties of aquifer material and radius of influence
are presented. Hydraulic considerations and procedures in well design
are also discussed.
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1. Introduction

1.1 General

Following the theoretical and numerical methods described in
Section B of this report, two finite element programs were written in
Fortran IV computer language to solve the general problem of two
regime axi- symmetric confined flow toward a single well.

The first program employs one-dimensional elements to treat
the simplest case of radial flow toward a fully screened well completely
penetrating a single confined aquifer. The second is a more general
program which employs triangular elements to handle two-dimensional
flow. ‘ '

The two programs were used to analyse steady state flow through
a thin aquifer of simgle hydrogeological setting as shown in Fig. (1-1).
The example chos eni~of similar dimensions and materials to the aquifer
tested by the Queensland Irrigationand Water Supply Commission at
Murgon {(Ref.8). The aquifer is approximately 13 ft. thick and com-
posed of unconsolidated sand and gravel. The overlying and underlying
beds consist of clay bound sand and multi-coloured clay which may be
assumed to be impermeable. The water table is 45 ft. above the bottom
boundary of the aquifer. The available drawdown to the top boundary is
32 ft., which should be sufficient to induce non-Darcy flow having signif-
icant effects on the discharge and the head distribution near the well.

The flow behaviour was examined for various selected well designs
shown in Fig. (1-2), which include fully and partially screened and gravel
packed wells. The effects of several factors on the well discharge and
specific capacity were evaluated. These factors include well diameter,
degree of penetration, properties of the aquifer material and radius of
influence. '

1.2 Basic approach to the Problem

In solving the flow problem by using the computer programs, it is
necessary to construct a digital flow model incorporating simplifying
assumptions, and simulate the various flow cases which are to be
analysed. A sketch of the constructed steady flow model is shown in
Fig. (1-3). The following assumptions were made:

(i) The aquifer is of constant thickness, overlain and underlain

by horizontal impermeable beds and intercepted at a radius of influence
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by a large body of water, the level of which is unaffected by pumping.
(ii) The aquifer is homogeneous and isotropic.

(iii) The well is pumped at a constant water level above the top of
the aquifer.

(iv) The flow is steady and hydraulic 1'osses through the screen
and inside the well are negligible.

With the introduction of these assumptions, 4the programs were
applied. The drawdown distribution and the total discharge were cal-
culated for selected values of prescribed well drawdown.
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2. Analysis of Flow by Finite Element Programs

2.1 General
The detailed description of the two computer programs is not
presented. A schematic flow chart showing the major operations in the
main program is shown in Table 0.
The general two-dimensional program was written in such a way
that the complication resulting from the following factors could be

readily handled.

(i) Partial penetration, partial screening or the use of multiple
screens.

(ii) Gravel packed wells.

(iii) Multi-layered aquifers.

(iv) Anisotropy and non-homogeneity of aquifer.

To employ the two programs, the user only needs to familiarise
himself with the preparation of input data, processing of output and validity
check and interpretation of the computed results.

2.2 Input Data

2.2.1 Reading and Printing of Data

The bulk of input data consists of the following:~

(i) General data, which are data essential for complete definition
of the flow problem.

(ii) Mesh data, which consist of coordinates of nodal points and
elements with their defining node numbers,

The above data are printed as soon as they have been read in. ‘
Thus, the results of analysis are always preceded by the input data, which
makes checking easier in case some errors have been introduced in the
data preparation. Also, these data will generally be useful for future
reference. Another salient feature in the programs is-the self-checking
system for the number of cards that have been read in, to avoid the error
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Table 0: Flow Chart of Main Program

START

|

Reading and printing of input data

Generation of element nodes and nodal
coordinates -

4

,L/ Non-linear head, iterationloopl = 1,N
S _ -

3

Formation of element matrices, assufning wholly Darcy

flow for I = 1, and using most current head values for
1>1

Assemblage of element matrices to form
gross matrices

Introduction of prescribed nodal heads and fluxes and
solution of equations

Vv
m

est accu-

racy of iter-
ation

. Printing of most current-head values

b

4

Calculation and printing of drawdowns, element and
nodal velocities, well discharge and specific capacity

STOP

)
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of having an incorrect number of data cards in a particular set. As
any such error will cause the computer to stop, only little execution
time will be wasted, and the position where the error has occurred can
be pin-pointed exactly. '

2.2.2 General Data

The general data required by the programs are as follows:

(i) Dimensions of the well structure. These include the well
radius, penetration length, length and position of screen and, for the
gravel packed well, the thickness and depth of pack.

(ii) Geological setting of the aquifer, which is described in terins
of its thickness, height of water table and radius of influence.

(iii) Hydraulic properties of the aquifer material, which are the
Forchheimer coefficients a and b, critical flow velocity corresponding
to the critical Reynolds number and the coefficient of hydraulic conduct-
ivity K. " ‘

(iv) The water level in the well, in the case of pumping at constant
drawdown.

(v} The total discharge into the well, in the case of pumping at
constant discharge.

2.2.3 Mesh Preparation and Automatic Generation of Mesh Data

The finite element method requires subdivision of the entire flow
region into a network of finite elements. The network is usually
referred to as "mesh'. The detailing of the mesh to be used in the
analysis has to be decided by the program user. Experience and careful
judgement is necessary in order that the required solution may be obtained
at reasonable accuracy and cost. The general guides for a proper choice
of the mesh are to use many small elements in the near well zone where
the hydraulic gradient is steep and a smaller number of larger elements
in the outer zone of the aquifer, and to grade the mesh appropriately in
between. A general knowledge of the head distribution should be
attained before deciding upon the mesh detail. In choosing the total
mimber of nodes and elements, coné»iderati'on' should be given to the
accuracy and detail of the solution réquired and the resulting cost,
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A salient feature of the existing programs is the automatic gen-
eration of the mesh by their subroutines. This is desirable as the
labour involved in preparing and checking of input data is considerably
reduced and the occurrence of errors in the preparation is greatly
diminished.

Typical mesh patterns adopted for various types of well boundary
and stratification of the aquifer are shown in Figs. (2-1) to (2-3).

To employ the discretisation subroutines in the two-dimensional
program, the user has to divide the entire flow region into a number of
‘rectangular zones, termed ''regular subregions', as shown in Fig.(2-1),
and feed in the data describing them, namely the height and width of the
rectangle and the node number and nodal coordinates of its bottom left
corner. One subroutine is then called to discretise each subregion
into a regular grid pattern of triangular elements each of which is
identified by 3 nodes connected in an anti-clockwise sense. - The numbers
of horizontal and vertical lines characterising the rectangular grid have
to be specified before discretisation. Another subroutine is called to
determine the coordinates of all the nodes in the subregion. A graded
zone is employed to connect two adjacent regular subregions, which
facilitates the use of finer mesh near the well and coarser mesh in the
outer portion of the aquifer. The graded zone is discretised by the
third subroutine.

The numbering of the nodes in the entire flow region starts from
bottom to top of the aquifer in increasing order along a vertical line.

In the one-dimensional program, the flow region is divided into
a number of line segments each of which is further subdivided into a
number of 3-node elements as shown in Fig. (2-3). The radial co-
ordinate of all the nodes in the flow region are also generated.

2.3 Processing of Output

2.3.1 Printed Output

The flow problem is analysed for a number of values of the pre-
scribed drawdown in the well. For each drawdown value, the nodal head
values and the velocities at the centroids of the elements are calculated.
The heads are subtracted from the elevation of the water table to give
the nodal drawdowns, and the element velocities are averaged to result
in the nodal velocities. To assess the performance of the well facility
in extracting water from the aquifer, the total well discharge and

i)
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specific capamty are computed and related to the prescribed well draw-
down.

The bulk of printed output consists of the following:~
(i} GQGeneral data and rrie sh data.
(ii} Node numbers, coordinates, nodal heads andrdrawdown values.

(iii) Element numbers, connected nodes and element centroids and
velocities. ‘

{(iv) Node numbers, coordinates and nodal velocities.
(v) Total well discharge and specific capacity,

In the majority of practical flow cases, the engineer is not
particularly interested in the flow velocities. A command statement may
be invoked to delete their print-out. However, a knowledge of velocity
distribution along the well screen is useful for the approximate computation
of an additional screen loss which is proportional to the entrance velocity
througha screen raised to some power, and a loss due to axial flow inside
the well. Knowing these losses, the c¢omputed drawdown- dlschax ge
relationship for the well may then be adjusted.

2.3.2 Graphical Output

Automatic plotting of the problem data and computed results is
accomplished by calling plotting subroutines which have been written to
perform the following plots using the IBM360/50 plotter.

(i) Plot of well-aquifer model showing the detail of aquifer stratif-
ication and well boundary and screen pattern.

(ii) Mesh pattern of discretised flow region.
(iii) Contour lines of equal heads or drawdowns.
(iv) Cone of depression

(v) Localised non-Darcy zone near the screen.

{vi) Velocity distributions, velocity vector field and flow lines
in the vicinity of the well.
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The use of these subroutines is optional. Their use is particilarly
suitable for problems involving several hundred nodes and elements. as

manual plotting is tedious and subject to inaccuracy.

2.4 Validity Check and Accuracy of Results

To ensure the validity of the two finite element programs, a validity
check was performed which consisted of comparison of numerical results
and exact mathematical solution and assessment of accuracy.

A test problem of steady radial flow through a confined aquifer toward
a 4-inch radius, fully screened well was selected. The aquifer, shown in
Fig. (1-3), is 13 ft. thick and composed of unconsolidated sand and gravel
having the hydraulic properties as listed in Table 3 (curve No.5). The
radius of influence was assumed to be 100 ft.

, Tables 1 and 2 compare the drawdown values and well discharges
computed by various methods respectively. It is seenthat both the one-
dimensional and triangular element solutions check quite closely with the
exact solution, and that a much greater number of nodes is required, in the
mesh pattern shown in Fig. (2-1), for the triangular element program to
result in a certain prescribed degree of accuracy. Thus for the simpler
case of one-dimensional flow, .the one-dimensional program should prefer-
ably be used whilst for more general two-dimensional flow the triangular
element program should be resorted to.

As a final check to ensure convergence of the finite element sol-
utions, a number of networks shown in Figs. (2-1) and (2-3) were used and
the resulting solutions compared. It was noted that starting from the
coarsest network and refining the network, the numerical results were
considerably improved and converged to the exact solution. However, for
a particular mesh pattern, increasing the total number of nodes beyond
a certain value led to accumulated round-off errors which destroyed the
accuracy thus obtained.
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. : Drawdown value {ft) computed by
Radial . - - - .
Co inate Analytical i1-dimensional Tr 1ang131.ar
&’F% . solution elements . elements
0.33 -30.000 -30.00 -30. 00
0.43 ~27.719° -27.72 -27.71
0.63 -24.894 -24.90 -24,90
0.83 -23,111 ~23.,11 -23,17
1.23 -20.843" -20, 84 -20,91
1.63 - =19,357 --19.36 -19.43
2,23 -17.800 S -17.80 -17.86
3.23 ~16.050 -16.06 -16.13
4.23 -14.788 - - -14.80 - -14,87
5.23 ©-13,795 - -13.80 -13,87
7.23 +~12,280 S -12,29 -12,36
9,23 -11.138 ~11.15 -11.22
11.73 -10.016 - - -10.03 -10. 08
16.73 - 8.455 - 8.47 - 8.42
21.73 - T7.132 - 7.14 - 7.20
26.73 - 6,163 - 6. 17 - 6.22
31.73 - 5.361 - 5.37" - 5.41 §
41,49 - - 4,109 - 4,12 - 4,15 |
51.24 < 3,122 - 3,13 - 3.186 |
60.99 - 2,308 2,31 - 2.33 !
70.74 - 1,615 - 1.62 - 1.63 |
80.50 - 1.013 - - Co-1.02 - 1.02 |
90.25 - 0.480 - 0.48 - 0.48 %
100. 00 - 0.000 -70.00 - 0,00 f
Table 2: Comparison of Well Discharges computed by Variocus
S Methods =~
Method | No. of ' - Well discharge
used | nodes © {e.f.m.)
Analytical solution 24 137.94
1-dimensional elements| 47 -137.50
Triangular elements .

235 .

139. 85
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3. Steady Flow Behaviour and Well Desigﬁ Data
3.1 General

Steady flow toward a pumped well occurs whén there is equilibrium-
between the discharge of the well and the aquifer recharge replenished by
an outside source. In the foregoing construction of the steady flow model,
the recharge source was assumed to be a large body of surface water
surrotinding the aquifer at the radius of influence. Although such an
assumption is rarely met in the field situation, it is.justified in practice,
as over a relatively long period of time a steady state is approximately
reached when it is impossible to observe the deepening or expanding of the
cone of depression during short-time interval of pumping. Accordingly,
the steady flow analysis is useful in providing valuable information for
well design in which the engineer is particularly concerned with the long
term hydraulic performance of the well., Assessment and comparison
of the well performance and efficiency on the steady state basis leads to
criteria for selecting the dimensional factors and materials for the well
structure.

The purpose of this section is to develop an understanding of the
steady state behaviour of two-regime well flow through the unconsolidated
aquifer previously described. Particular emphasis is laid on the effects
of non-Darcy flow in close proximity to the well and well design factors
on the discharge and specific capacity.

3.2 Permeability Data for Unconsolidated Materials

Values of the cofficient of hydraulic conductivity K, the Forchheimer
coefficients a and b and the critical Reynolds number R., are required
in the numerical analysis of flow. At present the only reliable way of
determining these values is to carry out permeameter tests. Limited
data for unconsolidated materials are available in the literature. Tables
3 and 4 present the result.of some data for sands, gravels and crushed
metals analysed by the author using the curve fitting technique suggested
by Sunada (1965). '

The logarithmic plots of velocity against hydraulic gradient are
shown in Figs. (3-1) to (3-3). The first portion of the curves is a 45°
straight line as the hydraulic gradient is proportional to the first power
of the flow velocity. Definite departure from this line is at the critical
velocity where the slope of the curves changes abruptly. The slope of
the upper branch of the curve increases gradually with increase in
- velocity.



/

_ 4 VAV,
7 7 ya
/ 717 77
/v /
/ A/

! 7 7 y. A 7 7 o
77 7 7
7/ )4 A /
A7 pabe
/ / ///
Pl ays A o tuncion]
NEPEAN RIVER SAND (DUDGEON
V7 / V'V |
4B P% / // ® RIVER SAND( DUDGEON) |
/ // AR @1-05MM.SAND (LINDQUIST)

/
/ // // @ FINE SAND(ANANDAKRISHNAN)

©AQUIFER SAND AND
GRAVEL (HUYAKORN)
Tol ! Te)

VELOCITY -V IN FT./MIN.

1O

Fig. (3-1): Velocity-gradient lines for typical unconsolidated
materials.



// A2 7 z ![
/ A ) / :
/ /@3
77/ e
a8

/

/
A /| / /
‘// / ,:r/ ~
¥ w7
/7 y4 /
/ v/

/ 2004

/, //
/l
/

AN

S

AN

ANS

@ /&' MAX.SIZE RIVER GRAVEL

NN
N

/]
/
d
7

@ ¥i6" PEA GRAVEL

® ¥16" MAX.SIZE BLUE METAL

ANEA VAN

® ¥16' UNIFORM SIZE GRAVEL
® 4" UNIFORM SIZE GRAVEL

-1t

1o

VELOCITY V FT./MIN.

Figure (3-2): Velocity-gradient lines for typical gravel

pack materials,



o / ;@
J/ f/ :j
/ Y/ /’
/ // 1@
// // / /
W
| / / A/ //
© 7 7171717
7 7 17717
=
/ yavei //
NIV AR 78w,
/a4 i
1/ |/
|/ A1 !
Ay /4
A
0 _/ pny, |
o 7 7 y, 4 7 _ T
/7 A ,/ . i_.,__lJ
// // ’// 7 . . [ |
A A /// A [[CURVEQ-MIN./FT. [b-(MIN/FT)Z
AEEE AN, ® |40 0 400
/ /,/ / 4 ® 40 0" 200
// d / // 240 | 0'800
®f Y / L/ ® 4-80 |- 20
/7 / 060 | 015
o' LA L] :
® ® iO" . 10° o'

VELOCITY V FT/MIN,

Figure (3-3): Theoretical velocity-gradient curves constructed
for studying the-effects of hydraulic coefficients.



*(6961) uoedpn( £q palsa] STRIISIBRUL JO S9AIND SISATBUER 24918 :(¥-8) 314

: 2UTd wn)pan 540 PUld [ 984000 |
AV10 WO LIS | A [ wnieew | esiem R TVET] _ §319809

SYALIWITTIN NI 3ZIS NIiVYEO

{00-0 100 |- ol (o]; ool 000l
: (o]
T T ITIT T ]

Ol
[2ADJD J2AlY W4~ TO Y

pupg JaAly uoadaN ‘19 A

0¢

e

—

]

O3 o e il 55— o N

\

!
\—|
“
|
|

O¢

Oy

0]

o9

oL

og

™,

AN

—
o -

_
_
!
!
!
!
“
“
|
i
!
1
|

06

=

_
w
“
|
|
_
{
|
_
_
_
“
_
_
_
_
m
!
_
_
M ool

X

nz"51 7
[4

T _ 'y T T
ol o AP ) N e

=

00T H=
ot
09-

2Zig IAIAS AUYVYANVYLIS SN

IN3DY3d

IHOIIM A8 YINIY



C1i1.

J2

JaquInu SPTOULDY [BOTIIID =Y
suread Ja1[eWS Jo s1 oTdwres ayy Jo uItom Lq %01 IBY} Yyons Ureid jo JojoUWIeIp = p
_ | T9ABID pUE
G*'E 8¥e’0 9°'0 v°'¢ e _01%GL'g| Ppueg xoynby UJONBANH g
; UeuyST .
G'0 €C1°0 v's 6"V ¢ 0TX66°0 pueg autyq -Ifepueuy 4
9°¢ 9°1 LLO"0 6S°0 ¢-0TX90"¢|pueg W g0 "1 1s1nbur €
I°1 0G6°0 09°0 71 e 0 IX80 1| pueg wnipsin uoadpn( 4
pueg
L'T €LZ 0 Lge 0 (A g-01X18"| I9ATY ueadaN uoa3pn(y I
Iy Ut/ f3y 7 13/ P *33/ surwa ("3
> q € P Te1I91eIN J103e813S3AU] | "ON 2AJND)

STEIIaJBIN PRIEPITOSUODU[) J0] BIR( LA[IgBOWISd JO 1ST1]

€ 9198l




C12,

2

IoqUINU SPIOUASY [eONIII0 =~ Yl

sureJs Jol[ewis jo s1 adwies 9y} Jo EMEB £q %071 18y} Yyons ureisd jo IojowWeIp = P

0570 9'ge | ¢g10” 920" ¢ 01%58°6 earID % uoa3pna g
06°T vyl 0€0° 90" £ 0TX0T"9 | Tea=ID 9T/€ uroxeAny 4
_ Te1oIN
0S 2 G'gT 1820’ 860" o 0T¥95°9 ontd ,9T/¢ uoaspng g
_ ToARID
0L°T 09°8 650" 2010 0 0T¥G"¢ ®ad ,,91/¢ suery 4
LT 08°%2 690° LEE'O o OTXG € |TOARID TOATY uoas3pna T
go | W/ (R U (3] Ui ("3)
St 5 q B P Te1I91 Al J03e311S2AU] "ON 2AIND

STELIS1BIA [9ARBID) J0F Bled A1ITIqBOULIDd

% oTqBL




C13.

Jd2

£1100794 TEBIIID = A
05°'0 08%°'1 0581 °0 009°0 01
00°T L91°0 poe"t 008 ¥ i
08°0 06€ "0 009 "0 00% °2 8
09°0 GL9°0 - 00¢°0 00%°1 L
09°0 019°0. 00%°0 00%°1 9
(U107 39) (@) 33/ gura) (Fjuron) | ‘oN
294 oy ¢ q e 24aIND)
- (€-¢ 2an31a)

'SOAIND) TEOI19I09Y] - SIUSIOIFFR0D dIThedpld  :¢ oIqel




C14.,

Sieve analyses of the materials tested by Dudgeon (1965) are shown
in Fig. (3-4). The 10% finer grain size was used to determine the
critical Reynolds mumber, the values of which lie between 1 and 4 for all
materials listed in Tables 2 and 4.

To study the effects of the material properties, namely coefficients
a, b and K, additional theoretical curves were constructed as shown in
Fig. (3-3).

Table 5 lists the values of the coefficients corresponding to each
curve,

3.3 Drawdown-distance Curves and Non- Darcy Zones

3.3.1 Fully Screened Wells

The flow toward an 8-inch diameter fully screen well in an aquifer
composed of medium sand (see Table 3} was analysed. The semi-
logarithmic drawdown-distance curves are shown in Fig. (3-5). Each
curve is a straight line in the outer zone of the aquifer where Darcy
flow occurs. The non-Darcy zone extends from a radius, termed
critical radius, inward to the screen boundary. The curve becomes
distorted in this zone to the extent shown by the difference between the
broken line and the solid line.

The computed values of the critical radius, well discharge, specific
capacity and maximum velocity at the screen, which correspond to pre-
scribed well drawdowns in the well are tabulated below.

Table 6: Results for Fully Screened Well
Drawdown Critical Discharge Specific Velocity at

Radius Capacity Screen

sw (ft.) rep{ft.) Q(gpm) Q/swigpm/ft) ft/min.
5 0,93 248 49.8 1.48
10 1.869 471 47.1 2.82
15 2.36 670 44.6 4,00
20 2.97 850 42.5 5.10
25 3.52 1020 40.9 6.10
30 4.04 1175 39.2 7.05

From Table 6, the following points are noted:
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(i) The specific capacity of the'well' Q/s,, decreases appreciably
as well drawdown sy, increases due to the effect of non-Darcy flow.

(ii) The value of the critical radiusytcp,for the non- Darcy zone is
directly proportional to the well discharge. The maximum value at 30
ft. drawdown is only a few feet from the screen, indicating that the extent
of the non-Darcy zone is in close proximity of the well, and to reduce or
minimise the non- Darcy ‘effect, treatment should be given to the material
in the immediate surroundmgs of the well to improve its hydraulic prop-
erties.

(iii) Neglecting additional losses due to flow through screen openings
into the well and flow inside the well, the maximum discharge at 30 ft.well
drawdown is approximately 1175 gpm. If the above losses are a sizable
fraction of the total well drawdown, the discharge actually measured will
be somewhat less than the computed value.

3.3.2 Partially Screened Wells

The flow towardapartially penetrating well and two fully penetrating
but partially screened wells was studied. The selected aquifer material
is a mixture of medium sand and gravel having the hydraulic properties
as listed in Table 3. '

Fig.(3-6) shows the sketch of the partially penetrating well, the
drawdown-distance curves along the top and bottom boundaries of the
aquifer and the non-Darcy zone. It is noted that the drawdown near
the well varies with depth in the aquifer. The variation is most pro-
nounced adjacent to the screen and disappears with increasing radius
from the well. Inside a radius slightly less than the thickness of the aqu-
ifer, the bottom boundary eurve is relatively flat whilst the top curve
. shows a steep gradient, particularly near the screen. The two curves
approximately coincide at a radial distance about 1.5 times the aquifer
thickness. The non-Darcy zone extends to a depth slightly greater than
the screen length. The maximum cr1tlcal radius is only 3. 10 ft. for
30 ft. well drawdown.

For the two partially screened wells, the non-Darcy zones resulting
from various well drawdowns are shown in Figs. (3-7) and (3-8). It is
seen that the non-Darcy zone extends in the radial and vertical directions
as the well drawdown is 1ncreased and 1ts shape depends on the screen
pattern.
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3.4 Drawdown-discharge Relationships

3.4.1 Effects of Well Design Factors

- {i) Well Radius

The drawdown-discharge and sy /Q-discharge curves for fully
screened wells having radii of 3", 4" and 8" are compared in Figs. (3-9)
and (3-10) respectively, where sy/Q is the reciprocal of the specific
capacity. The non-linearity of the drawdown-discharge curves is
caused by non-Darcy flow in the vicinity of the screen,which becomes more
significant at greater well drawdown and for a smaller well radius. The
curve for the 8'" radius well is linear up to 20 ft. drawdown, indicating
that non- Darcy flow doeg not exist or ig not appreciable until this draw-

down value is exceeded. '

The drawdown - Sw/ Q curves are closely approximated by straight
lines of different positive slopes., The greater siope corresponds to the
smaller well radius. :The value of s,,/Q for the 8" radius well is constant
at discharges lower than a certain value where non-Darcy flow commences.

For a prescribed value of the well drawdown, enlarging the well
radius results in an appreciable percentage increase in the well discharge
and specific capacity, and a close to proportional percentage reduction in
the velocity approaching the well screen. Table 7 compares resulis for the
. 4-inch and 8-inch wells with that obtained for the 3-inch well.

Table 7: Compariscn of Discharges and Velocities for Various Well

Radii
Vgre_gw__ Discharge Ratio, % ' Velocity Ratio, %
37 Well | 4" Well | 8" Well | 3" Well | 4" Well | 8" Well
down
(ft.)

5 100 105 120 100 79.0 45,0
10 100 106 122 160 79.b 48,0
15 100 106.5 124.5 100 80 46.7
20 100 107 126.5 100 80.2 47.5
25 100 107.5 128 100 80.5 48.0
30 100 108 130 100 81.0 48.17

It is seen that the percentage increase in discharge and specific capacity of
the larger wells increases with increasing drawdown as a result of the more
predominant role of non-Darcy flow in reducing the discharge from the 3"
well, the increase being as high as 10% for the 8-inch well.
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(ii) Screen Length and Position - |

To show the effect of screen-length, a partially penetrating well of
4-inch radius similar to that shown in Fig. (3-8) was considered. Figs.
(3-11) and (3-12) show the drawdown-discharge and the SW/Q—discharge
plots for various ratios of screen length to aquifer thickness. From
Fig. (3-11), it is evident that the effects of non-Darcy flow and departure
from radial flow are more pronounced for smaller screen length ratios,
causing the well drawdown to increase rapidly with discharge. The
sw/Q-discharge plots in Fig.(3-12) are straight lines of different slopes
and intercepts. The greater slope and intercept correspond to the
 gmaller screen length ratio. The relationship between discharge and
screen length ratio is shown in Fig. (3-13). Each curve corresponds to
a prescribed value of the well drawdown.

Apart from depending on the screen length ratio, the discharge
and specific capacity of a partially screened well also depends on the
space position of the screen. . :

The discharge and specific capacity of two wells having the
screens positioned as shown in Figs. (3-8) and (3-7) respectively are
compared in Table 8. Both wells penetrate the same aquifer material
and have the same radius of 4 inches and screen length of 2.25 ft.

,Téble -8 E'ffect of Screeri Position

Drawdown -] - . Discharge (gpm) Specific Capacity
ft. Well (1) Well (2) Well (1) Well (2)

10 110.0 138.0 11.00 13.80

15 156.0 1194.0 10. 40 12.90

20 194.5 244.0 9.73 12.20

- 2D 230.0 288.0 9.25 11,50
30 264,0 330.0 8.80 11.00

It is seen that the discharge and specific capacity of the second well is
considerably greater as it is more efficient in tapping the lower and
upper portions of the aquifer. ' '
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(iii) Gravel Pack Properties

~ Gravel packed wells of 8-inch screen diameter and 6- inch thick
gravel envelope were considered. The flow behaviour'of the wells
was studied and compared with that of a non-gravel pack well of the
same dlameter

Fig. (3-14) shows the effect of hydraulic properties of the pack
material on the drawdown- distance curves obtained for 30 ft. well draw-
down. Curve 1 in the figure corresponds to a non-gravel packed well
in an undisturbed aquifer formation whilst curve.2 and curve-3 correspond
to a well packed with clean, well-rounded 3" river gravel and the same
well but with badly clogged gravel envelope respectively. It is seen that
the hydraulic loss in the envelope zone depends on the characteristics of
the pack material. Clean pack material results in low values of the co-
efficients of hydraulic resistance and a very small hydraulic loss in the
pack envelope, as indicated by the relatively flat portion of curve 2,
whilst clogging of the pack material results in high values of the coeff1c1ent<
of hydraulic resistance and excessive loss.

To show how the well performance is affected, Table 9 compares the
discharge and specific capacity of various wells having different pack mat-
erials. It is evident that the use of cléan gravel packs improves the well
discharge and specific capacity considerably and that the improved values
of the discharge and specific capacity change very slightly with different’
choices of the pack material. For the well having clogged gravel pack,
the discharge and specific capacity are mgmfwantly low when compared
to that of the non-gravel pack well.. :

3.4.2 Effect of Hydraulic Properties of Aquifer Material

Plots of velocity-hydraulic gradient relationships for a range of
aquifer material properties are shown in Fig. (3-3). The hydraulic co-
efficients and other relevant data for the materials are given in Table 5.
Flow through the aquifer towards a fully screened well of 4-inch radius
has been analysed and plots of drawdown-discharge and s./Q-discharge
are shown in Figs. (3-15) and (3-18) respectively. It is seen in Fig.
(3-16) that for the two materials having the same value of coefficient 'a’
but different value of coefficient 'b’, the intercepts of the sW/Q-Q lines
are nearly the same, but the slope is steeper for the larger value of b.

3.4. 3‘ Effect of Radius of Influence

The discharge and specific capacity of a well obtained from
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“WELL DRAWDOWN

Fig. (3-15):

CURVE [a-MIN/ FT. |b-(MIN./FT)2
® |- 4 O- 6O
® 2.4 0-60
® 4-8 120
@ |4 020
80O ) q

DISCHARGE Q - THOUSANDS OF GALS/HOUR
Drawdown-discharge curves showing effect of material properties.
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steady flow analysis. depend on the value chosen for the radius of in-
fluence. The results described prewously are based on a value of 100 ft.

To show how the discharge is affected if different radii are chosen,
a semi-logarithmic plot of the discharge ratio-and the ratio of the radius
of influence to well radius are presented in Fig.(3-17). Each graph
corresponds to a particular well radius of the fully screened well. It is
evident that the discharge ratio decreases only slightly with a large in-
crease in the radii ratio when the latter exceedsabout 500. This indicates
that the common practice of choosing a radius of influence between 2000
and 3000 ft., for confined aquifers of large radial extent, is quite satis-
factory.

3.5 Proposed Empirical Discharge- Drawdow'nf Relationship

The —%—V - Q plots for fully and partially screened wells may be
approximatéd over a wide range of discharge by a straight line (Figs.
3-10 and 3-12). Thus an empirical relationship between sW/Q and Q

may be written in the form

—%ﬂL=A+BQ . - (3-1a)
or sw = AQ + BQ2 © (3-1b)

where A and B may be referred to as coefficients of formation loss.

The drawdown sy, given by equations (3-1a) and (3- 1b) does not in-
clude the head loss resulting from flow into and inside the well, referred
to as well loss. The total drawdown in the well s is given by

So = SW + CQn (3"'2)

where C is referred to as coefficient of Well loss and n is an exponent
having a value between 1 and 2.

The estimation of well loss is discussed in Section 4. 2. 3.
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4, Hydraulic Consideration and Procedures in Well Design

4,1 General

Well design involves the determination of the dimensional factors
and selection of materials for the well structure. Good design aims to
obtain at a reasonable cost a hydraulically efficient well that will yield
a required discharge and have a long service life. To accomplish this,
it is necessary to give careful consideration to factors influencing the
well performance, and establish criteria for assessing and comparing the
performance and efficiency of various selected designs. On the basis of
the comparison and consideration of other technical and cost factors, the
optimum well design feature can be selected.

There are several well design procedures and criteria available in
the literature, most of which are based on elementary hydraulic analysis
and empirical allowances, particularly regarding the complication result-
ing from non-Darcy flow in the near well zone, the complex design feature
of the well and variability of the aquifer material.

The purpose of this section is to establish hydraulic criteria for
assessing and comparing the well performance and to propose some
procedures which may lead to improved well design. The proposed design
procedures and guide-lines are intended for screened wells in unconsolidated
formations. However, the basic concepts and principles are also applic-
able to non- screened wells -in consolidated rock.

4,2 Hydraulic Performance of Well

4.2.1 Specific Capacity -

The term "specific capacity'’ of a well is defined as the ratio of the
discharge and the corre sponding drawdown in the well.

The total well drawdown is made up of:-

(i) formation loss resulting from the head loss associated with non-
Darcy flow in the near well zone and Darcy flow in the remaining portion of
the aquifer, S

(ii) well loss resulting from turbulent flow of water through screen
openings into the well and axial flow inside the Well from the screen to
the pump intake.




c2az.

For a well in an unconsolidated confined aquifer, the specific
capacity, Sp.C, and the well discharge, Q, are related by

Sp.C = Q/sy = Q/(AQ+BQRZ+CQM) ‘ (4-1)

where s, is the total drawdown in the well, and the coefficients A, B and
C and the exponent n are as defined previously.

Equation (4-1) shows that the specific capacity of a well decreases
with increasing discharge, and that the practice of assuming a constant
specific capacity may lead to a sizable error. For a particular well
design,the coefficients A and B may be determined by performing hydraulic
analysis of two regime well flow, using the computer programs described,
for various prescribed values of the theoretical well drawdown sy, and
constructing sw/Q - @ curves.

In determining the dimensions of the well structure, the required
safe specific capacity value at the maximum drawdown available should be
computed. The size of the intake portion of the well should be chosen to
be sufficiently large to yield at least this safe value.

4.2.2 Entrance Velocity

The entrance velocity of water through the well screen may be de-
termined from the theoretical velocity at the screen boundary as computed
by the programs. The following continuity equation holds -

Vn = VA, (4-2)
where Vp, is the entrance velocity, V is the theoretical velocity, ignoring

the presence of the screen, and A, is the ratio of the effective open area
and the gross area of the screen.

For the simplest case of steady radial flow toward a fully screened
well in a single confinedaquifer, V may be obtained directly from

V= Q/(2 T rym (4-3)
where ry is the well radius, and m is the aquifer thickness.
However, for more complicated flow patterns such as that of flow

through multi-layered aquifers or fl ow toward a multiple screened well,
equation (4-3) is not applicable.
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‘ The effective open area of a screen usually averages at a value con-
siderably less than that of the actual opening area, as finer sediment
particles settle around the screen and block the slot openings. For the
purpose of general well design, the open area ratio Ay is usually taken
as 60%.

To avoid excessive blockagée of the screen openings and hence a high
screen loss, the value of Vy should be properly selected. An average
value between 6 to 15 ft/min. is recommended for the design of well
screen and gravel pack, The design value chosen depends largely on
the grain size distribution of the aquifer material in the close vicinity of
the well, Laboratory tests and field experience indicate that if the en-
trance velocity is less than 6 ft./min., friction losses through screen
openings will be negligible and the rate of incrustation and corrosion
will be at a minimum. Generally, a safe entrance velocity is the velocity
that is less than that necessary to carry the finest particle of the aquifer
material to the well.

' 4.2.3 Well Loss and Hydraulic Efficiency

(i) Well Loss

Well loss results from flow through the well screen and inside the
well. For high entrance velocity and partial blockage of screen openings,
the loss may be a sizable fraction of the total well drawdown. It is usually
represented approximately by the following equation:

syl = Q" (4-4)

where sy] denotes well loss, and C,Q and n are as previously defined.

For the general purpose of well design, an 'estimate of sy] may be
,made by calculating the loss through the screen, sgq, and the loss ingide
the well, Sivw? and summing the two losses.

If the screen openings are approximated by a series of orifices, the
streamline pattern as water enters the screen is as shown in Fig., (4-1),
Theoretical analysis (Petersen, J.S. et al; 1955) yields a relationship
between sg. and the screen characteristics of the form

sz
Ban 7 Kge B - : {4-5z)
2o P
where ?g_ is the entrance velocity head and Kge i5.a loss ceofficient

characterising the screen as given by the expression
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cosh(%) +1
Kge = 2 (4-5b)

CL
cosh(—-ﬁ-) -1

where L and D are the screen length and diameter respectively, and C
is given by :

C = 11.31 Cc Ar (4-5c)

in which Ce is the coefficient of contraction of the slot openings, and
Ay is the open area ratio of the screen.

Equations (4-5a) to (4-5¢) have been confirmed by extensive lab-
oratory tests on screens surrounded by a gravel envelope and placed in
an open body of water. A plot of K¢, against CL is shown in Fig. (4-2).
It is seen that for QDL‘— > 6:Kgc is & minimum and equal to 2.

Flow inside the well may be considered as pipe flow as the water
moves along the vertical axis of the well., Accordingly, the resulting
head loss, sijw, may be computed from the Darcy-Weisbach resistance
equation for pipe flow.

The total well loss is now obtained as

Swl = Sgc+ Siw = CQ (4- 6)

where the coefficient C and the exponent n are determined from a plot
of sy against Q.

(il) Hydraulic Efficiency of Well

Fig. (4-3) shows the graphs of well loss against well discharge and
total well drawdown against discharge for a hypothetical well in an un-
consolidated confined formation. The various drawdown components are
also indicated. '

The hydraulic efficiency 17 of the well may be defined as

N = AQ 4 100 (4-7y.

AQ+BQ2Z +CC?

The value of hydraulic efficiency may be used as an index for
assessing and comparing the performance of selected well designs.
At high discharges,non- Darcy flow near the well and turbulence into and
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inside the well Wili reduce the hydraulic efficiency A plof of hydraulic
efficiency against dlscharge enables these factors to be assessed in the
demgn of the well. -

The efficiency of a well can be improved bjr

A1) well development to 1mprove the hydrauhc propertles of material
- in the near well zone;

(ii) use of gravel pack to reduce non-Darcy and well lIosses;

(iii) increasing the screen Iength or diameter to reduce the entrance
velocity.

4,3 Selection of Screen and Casing Dimensgionsg

4,3.1 Screen Diameter'

The diameter of the screened section of the Well must be sufficiently
large to ensure good hydrauhc efficiency at the required specific capacity
and to keep the entrance velocity safely below the permissible upper limit.
Hydraulic analysis has shown that enlarging the diameter results in an
appreciable reduction in the non-Darcy effect and well loss and a close to
proportional percentage reduction of ‘the entrance velocity.

To enable proper selection of the screen diameter, graphs of s4/Q-Q

for selected values of the well radius and graphs relating the well radius
to sw/Qata prescribed value of the well drawdown should be prepared with
the aid of the two computer programs prewously described. Well loss
should also be estimated and the graphs adjusted to include this loss.
Hydraulic efflclency should then be computed and graphs relating the
‘efficiency to the well discharge obtained. To avoid the problem of
clogging and {ncrustation of the screen, an average entrance velocity of
between 6 and 15 ft/min. should be adopted as a criterion in deciding the
optimum diameter. Cost and other technical factors associated with the
well congtruction should also'b_e taken info account.

4.3.2 Casing Diameter

The diameter of the well casing must be sufficiently large to accomm-
odate the pump with proper clearance for 1nsta11at10n and efficient pumping
operation. The optzmum casmg dla:meter recommended by Edward E.
Johnson, Inc., is tWo nommal Slzes larger than the bowl size of the pump
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Under no circumstance should the casing diameter be less than one nom-
Smalier diameters may cause
binding of the pump shaft and excessive head loss. -

inal size larger than the pump bowl.

The casing diameter
may be reduced below the maximum anticipated pumping depth.

Table

10 lists casing sizes suggested for various pumping rates.

TablelD:. Suggested Casing Diameters {(after Johnson, E.E, Inc.)
Anticipated Nominal Size Optimum Size " Smallest Size of -
Well Yield, of Pump Bowls, of Well Casing, Well Casing :
in gpm in inches in inches in inches

< 100 4 6 ID 5 ID
75 - 175 5 8 ID 6.1ID
150 - 400 6 10 ID 8 ID
350 - 650 8 12 1D 10 1D
600 - 900 10 14 OD 121D
850 - 1300 12 16 OD 14 OD
1200- 1800 14 20 OD 16 OD
1600~ 3000 16 24 OD 20 OD

For the pump sizes and pumping rates shown in Table lﬂ, the head losses
resulting from the axial flow are small and may be neglected in the cal-
culation of well loss.

4,3.3 Screen Open Area and Slot Size

(i) Open Area

Selection of open area is based on a safe average entrance velocity
between 6 to 15 ft/min., depending on the grain size distribution of the
formation material immediately surrounding the screen and whether or not
an artificial gravel pack is used. On the assumption of 60% of the open

area being effective, the total open area may be computed from the follow-
ing equation: ’

7T DLV
C.6Vp

where A, is the total open area,' D and L are the lengfh and diameter of
screen, Vp is the design average entrance velocity, and V is the velocity
at screen as obtained from the computer programs,.

A, (4-8)

The open area per unit length of commercial screen is related to
slot size. Table 11 lists the figures of open area for various aperture
sizes of stainless steel screen as manufactured by Surescreen Co. in
Brisbane. It is seen that the open area increases with the increasing
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slot size,
(ii) Slot Size

Determination of the slot size is made from -sieve analysis data
on samples of material immediately surrounding the screen. The
permissible slot size is usually the largest that will maintain the stability
of the aquifer material. As a general guide for a homogeneous formation
consisting of fine uniform sand, the proper slot size should be the size
that will retain about 40% to 50% of the sand. For stratified aquifers,
slot openings of different sections of the well screen are chosen according
to the gradation of the materials of the different strata. -Each section of
screen is made with openings to retain about 40% to 50% of the material
of each stratum. If fine material overlies coarse material, the slot size
for the screen section to be installed in the coarse stratum should not be
more than double the size for the overlying layer, and at least 2 ft. of the
smaller slot screen should be extended down into the coarse layer. These
precautions are necessary to avoid the possibility of fine sand entering
the upper part of the larger screen. »

For a gravel packed well, the selection of slot size should also be
based on a careful study of sieve analyses of the pack material. = For the
case in which the pack and aquifer materials are uniférm, as a guide, the
slot size should retain at least 90% of the aquifer material.

4,4 Selection of Gravel Pack

4.4.1 General

Artificial gravel pack is required for aquifers consisting of fine
materials as it is not practicable to use very small slot sizes. The use
of a pack of particles of larger size not only results in a larger allow-
able size of slot openings but also a reduction in non- Darcy and well
losses and a general improvement in well performance.

The basic requirements of gravel pack are as follows:-

(i) Suitable grading that will ensure sand-free operation after well
development and hence stability of the aquifer formation.

(ii) Good hydraulic characteristics which lead to a general im-
provement iri well performance.

(iii) Long service life.
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4.4.2 Grading of Pack

Selection of pack grading is based on sieve analyses of samples of
aquifer material in the immediate vicinity of the well screen. Several
methods are available in the literature. The method presented here is
that recommended by Kruse (1960).

The following definitions are necessary:-

(i) Dg size is the size such that x% of the material in the sample
{(by weight) is smaller.

(ii) Pack-Aquifer ratio or P-A ratio is the ratio of Dgq size of the
gravel pack to the D5 size of the aquifer.

(iii) Uniformity coefficient is the ratio of the Dgg size to Dy size
of the material. :

Test results carried out by Kruse on gravel packs at Colorado State
University indicated the following values as the upper limits of P-A ratio
if a stable filter action is to be maintained.

Aquifer Gravel Pack - Limiting P~ A Ratio
Uniform Uniform 9.5
Non~uniform Uniform 13.5
Uniform Non-uniform 13.5
Non-uniform Non-uniform 17.5

The test data also indicated:

(i) less aquifer movement occurs with non-uniform gravel packs
than with uniform gravel packs at the same P-A ratio;

(ii) at low P-A ratios, increasing aquifer uniformity coefficient
increases initial sand movement;

(iii) at high P-A ratios, increasing aquifer uniformity coefficient
decreases sand movement,

- The procedures in design of the gfadingare summarised as
follows:- "
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(i) Construct sieve-analysis curves for samples of all strata
comprising the aquifer. Determine the stratum composed of the finest
sand and use this curve as a basis for selection of pack grading.

(ii) Determine D1g, Dgqg.Dgg. Dgo and the umformlty coefficient,
Cy, for the aquifer material,

(iii) If the aquifer is reasonably uniform, choose a P-A ratio of
less than 9.5 for a uniform gravel pack and a ratio of less than 13.5 for
a non-uniform gravel pack. If, on the other hand, the aquifer is non-
uniform, choose a P-A ratio of less than 13.5 for a uniform pack and a
ratio of less than 17.5 for a non-uniform pack.

(iv) From the selected P-A ratio, calculate Dgg for the gravel
pack. The value obtained represents the first point on the sieve analysis
curve.for the gravel pack ‘Decide on the value of C, for the pack materia.
and draw a free-hand smooth curve through the initial point representing a
material with Cy equal to the desired value. It is suggested that a value
of Cy < 2 should be chosen for a uniform pack and Cy £ 3.5 for a non-
uniform pack. In general Cy for the pack is chosen to be of the same
magnitude as that for the aquifer material.

(v) Prepare specifications for the pack material by first selecting
4 or 5 sieve sizes that cover the spread of the curve and then set down
a permissible range of % retained on each of the selected sieves.

Having selected the desired pack material according to the above
procedures, the designer should then obtain the values of the hydraulic
coefficients in the head loss relations. The most reliable method of
doing this is to carry out permeameter tests. Alternatively, their _
values may be estimated from available data on pack materials of sim-
ilar grain size distribution. The hydraulic coefficients thus obtained
are used in the computation of well flow and losses by the computer
programs.,

4,4,3 Thickness of Gravel Pack

The optimum thickness of a pack depends on several factors. To -
ensure that the entire screen will be surrounded by the gravel envelope,
a minimum thickness of 3 inches is considered practical for placing in
the field. Under most conditions, the maximum thickness should not
exceed 9 inches. A thicker envelope is considered uneconomical as
it does not materially increase the specific capacity of the well nor re-
duce the possibility of sand pumping. Moreover, too thick a pack
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makes it difficult to remove drilling mud and cuttings from the 3quif er
face during well development.

Since the use of clean gravel pack results in considerable improve-
ment in the well performance, selection of the designed pack thickness
should also be based on the results of hydraulic analysis obtained from
the -computer programs. Graphs of well drawdown-discharge,should be
obtained for various values of the thickness. From the comparison of
the hydraulic performance and cost of the wells, the optimum thickness
may be selected.
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5. Conclusions and Further Work

Steady flow behaviour of wells in a thin unconsolidated confined aquifer
has been analysed by two finite element programs written in Fortran IV
computer language to solve one- and two-dimensional two regime well flow
respectively. '

The effects of well design factors and non-Darcy flow on the well dis-
charge -and specific capacity have been closely examined. .It has been
shown that non-Darcy flow only occurs in the immediate ‘vicinity of the well
screen,and that the non-Darcy effect may be reduced by:-- :

(i} well development to improve hydraulic properties of aquifer material
in the near well zone;

(i) the use of clean gravel pack material of good hydraulic characteristics;

(iii) increasing screened diameter and length and proper positioning of
screen.

Graphical and tabulated data on the discharge- drawdown relationship
for a limited range of possible well design factors and hydraulic character-
istics of aquifer material have been presented. To cover a wider range
of these parameters is only a matter of additional labour and computer
time.

Well performance, losses and efficiency and other hydraulic consider-
ations in well design have been discussed. By the use of the computer pro-
grams to analyse steady two-regime well flow, procedures and criteria for
designing screened wells in unconsolidated confined formations have been
proposed, the usefulness of which remains to be demonstrated by the well
design engineer.

Additional work envisaged in the near future is briefly outlined as
follows:~

(i) Extension of the two finite element programs to solve transient two
regime confined flow and study of transient flow behaviour of various well
designs.

(ii} Comparison of computed results for transient flow with test results
obtained from the experimental facility described in Section D of this report.

(iil) Field study, already described in Section A, to allow the results of
computer analysis and laboratory experiments to be verified.

(iv) Development of insitu methods for predicting hydraulic coefficients
of material in the immediate vicinity of the well screen.
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Appendix I

Mathematical Solution of Steady Rédial Flow
toward a Fully Screened Well,

I-1 Genei‘al Solut-ion

To

i\

i || 6 o .
H//

r:: /‘ - ¥

Fig (I-1): A mathematical model of confined well-aquifer system.

A mathematical model of a confined well-aquifer system is as shown
in Fig. (I-1). The well,fully penetrating the single confined aquifer; is
screened over the entire aquifer thickness. Non-Darcy flow is assumed
to occur in the shaded subregion extending from the well radius ry, to the
critical radius rop. The equation relating hydraulic gradient to velocity
is given by -

_dh
dr

The flow velocity and well discharge are related by

aV+ bv2 (I~ 1)

.— ) Q ’ )
V= 7 9%rm ~ (I-2)

Substituting eguation (I-2) info equatibn (F-1) gives

dn _ _aQ _ b@
dr oMmr 4fémere
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which may be integrated to yield

r r r
[oang . [ a9 o [ w’ &
dr 2T m r 4?T2m2 T2
I‘W 'I'W I‘W
aQ r .sz 1 1
P g PR e & 0 ) -3

Equation (I- 3) describes the hydraulic head variation over ry g r £ Tep

The critical radius r,. is given by

= 2 -
fer = FMmvVer (I-4)

where V., is the critical flow velocity corresponding to the critical
Reynolds number. '

Now the equation describing Darcy flow in the remaining portion of
the aquifer may be written as

dh _  Q _
K dr 2T m¥ (I-5)
which may be integrated to give
dh _ Q dr:
/ K dr dr - _/ 2T m r
r r
] . _Q ro. ]
hy - h BT (1-6)

Equation (I-6) describes the head variation over ro L rg ry

I-2 Well Drawdown-Discharge Relationship

The theoretical well drawdown is obtained by substituting r = Fop
into Equations’ (I-3) and (I-5) and adding. Hence
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h,, - hy == In (r'w )+4ﬁm2 ( _:.;SI‘Tr )
Q 4 Yo o o -
+ 2an:.,1n’('rcr) L (I-17)

On letting sy = ho__'—"hw,_ eqﬁaﬁior{(y’?),m_fé.y:be,\ir'ritfen in the
following form o

sw = AQ+ BQ2

or sw/Q= A +BQ o (I-8)
; = 2 _Tor 1 . {. Lo
where A ST In { —~ Y+ TR 1n (I‘cr )
_ ‘b 1 -1
and B = : ( — - — )
47 2m?2 Ty Fop

For given values of the well radius, the hydraulic coefficients of aquifer
and the radius of influence, it is seen that A and B slightly depend on the
critical radius rqpwhich is related to the well discharge as given in
Equation (I-4).

Fig. (I- 2) shows a general plot of s /Q against Q.

S
o A
.—’“/-
S
Al Sy
A
’,—-"’ B - ASw/Q)
b =A@
) f

Fig. (I-2): Theoretical fQEV - @ Relationship
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The horizontal line corresponds to Darcy flow in the entire region of
the aquifer,which occurs at low discharge values. For this line,the co-
efficient B is zero and A becomes

1 Ya '
= S, _.Q -
Ap 5T R In (1" ) (I-9a)

The remaining portion of the syw/Q-Q graph is a mild curve which is
closely approximated by a sloping line at greater values of the well dis-
charge. A and B are the intercept and slope of the line which are approx-
imated by

- a r 1 r
—Ccr =0 -
A 2Tm In ( Ty )+ 2T Km In (Fcr ) (I-9b)
- b 11
B = 2Mem2 ( Tw Fc‘r ) (I-9c)

where rc is the critical radius value at a maximum safe discharge cap-
acity of — the well.
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1. Introduction

The well simulation tank was designed and constructed specifically
for use in studying the hydraulics of flow into wells and practical aspects
associated with well drilling and development.

The immediate uses envisaged for the experimental facility were:-

(i) verification of the theoretical and numerical methods developed to
study the pattern of flow through the aquifer in close proximity to wells and
to predict flow rates and drawdowns:

(ii} verification of design graphs and tables to be prepared using a digital
computer;

(iii) study of the flow phenomena in the well and in the vicinity of the well
boundary (e.g. at screens);

(iv) study of the effects of drilling and development techniques on the
hydraulic properties of the aquifer material near the well,

Future uses might include the testing of new types of commerical
screens, pumps and other types of equipment. '

It was considered that to meet current and future needs the facility
should be designed:~ '
(i) to be as flexible in operation as possible;

(ii) to allow various types of instrumentation to be installed Wlthout
difficulty or structural modification;

(iii) to allow confined and unconfined flows to be studied Witﬁ velocities
at the screen up to those met in high yielding wells in the field;

(iv) to allow model or small size prototype studies to be carried out for
either -

(a) a full circle portion of a well and surrounding aquifer,

(b) a quadrant portion of a well and surrounding aquifer;
(v) to allow observation of ﬂow along a radial plane for the quarter

well case;

(vi} to be relatively maintenance free;
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(vii) to minimise material handling problems;
(viii) to allow experiments to proceed regardless of weather conditions.
Because of scaling problefns involved in non-linear flow through
porous media, the larger the tank the better but the greater the problem
in handling aquifer material. It was clear that as regards size, a com-
promise, governed mainly by the cost, materials handling and available

space would be necessary.

2. Design Selected

2 .1 General Layout

As a compromise between the conflicting requirements, a square tank
in plan, with internal dimensions of 16' x 16' x 11' was selected. The
general layout of the tank and associated structures is shown in Figures
2.1 and 2.2.

The square section was selected as it allowed tests to be performed
either on a quadrant of an aquifer of 16 ft. radius with the well located in
one corner of the tank or on a circular aquifer of 8 ft. radius with the well
located in the centre of the tank, Provision of inspection windows in the
wall of the tank common to the instrumentation annexe allow observation
of flow along a radial plane for the quarter well case.

Other advantages of a square section were the ease of forming for
construction, the existence of space for stilling areas at the corners and
the ease of fitting a pressure resisting cover to allow confined flow
cases to be studied under high flow rate conditions,

The pressure resisting cover was located approximately 5 ft. above
the floor of the tank, The design head on the cover was 55 ft., applied
through a recirculating pump with provision for damping pressure
fluctuations.

A major design problem was to allow for the transfer of the up-
thrust on this cover to the walls of the tank,

.2.2 Location

~The tank was sited in the grounds of the Water Research Laboratory
on a rock ledge adjacent to a bank of convenient height.
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Figure 2.2: Well Testing Facility.

Figure 2. 3: Internal view of Instrumentation Annexe
showing Orifice Manometer Panel (centre)

and Piezometer Tubes (right)
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As can be seen from Figure 2.1 this allowed the base of the tank to be
placed below the level of the adjoining working area. A covered walk-
way between the tank and the masonry wall retaining the bank allowed
access to all sides of the tank and the pipe system. The concrete roof
of the walkway formed part of a paved area approximately 4 feet below
the top of the tank walls at the level of the main working area. The
arrangement allowed easy access to the top of the tank for transferring
materials and equipment and afforded a sheltered paved working area in
front of the tank. ’

A large concrete bin for storing aquifer material was located immed-
iately in front of the tank,

2.3 Structural Design

Design calculations for the confined case design head of 35 feet re-
sulted in a base and wall thickness of 15 inches with heavy reinforcement
in both floor and walls to resist the upward thrust on the confining lid.

It was initially intended to have the pressure cover at the top of the
tank but because of the high shear stregses in the concrete the cover was
placed nearer the bottom. A removable flange is provided around the in-
gide of the walls to take the weight of the cover. Upthrust is transferred
to the reinforced concrete walls by a system of steel beams and trusses.
The lower level of the cover in no way hampers the operation of the tank
for either confined or unconfined aquifer tests. To have increased the
thickness of the tank walls to resist the shear with a full height cover
would have increased the cost considerably and made the provision of
access and inspection holes through the walls impracticable,

2.4 Instrumentation Annexe

An instrumentation annexe approximately 9 feet wide extends the full
length of one side of the tank. Masonry block walls, a concrete floor and
insulated roof prevent rapid fluctuations of temperature within the annexe,

2.9 Instrumentation and Inspection Holes

A mosaic of 3 inch diameter holes at 1 foot céntres left in the walls
of the tank allow access for instrumentation wires and tubes. The holes
were formed by P V. C. tubes through which form tie bolts passed during
construction. FEach tube had its own waterstop cast into the concrete and
can be plugged at its inner or outer end.
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In the wall common to the tank and annexe, 1 inch diameter holes at
6 inch centres were provided in addition to the instrumentation holes. (Fig. 2
The P.V.C. tubes which lined these holes were fitted with transparent
windows at their inner ends to allow flow through the aquifer material at
the wall to be observed when a corner well was being tested. The diam-
eter of inspection hole selected was considered the smallest which would
allow scrutiny of typical zones of the coarsest aquifer material likely to
be used. A small illuminating telescope was required for detailed ob-
servation.

Part of the interior of the instrumentation annexe with manometers
and observation holes at the corner well position-is shown in Figure 2. 3.

2.6 Overhead Shelter

A portal frame enclosure was constructed over the tank and covered
with steel sheeting to protect models in the tank from the weather. Double
doors fitted to the accessible side of the enclosure opened out to combine
with a roof extension to form a sheltered working area in front of the tank,

- 2.7 Water Supply and Pipework

The flexible arrangement of 6 inch and 4 inch pipes selected allows
gravity driven or pumped water supplies to be fed to and drawn from wells
placed at the centre or corner of the tank. Figure 2.4 shows the layout
in diagrammatic form. Gravity flows up to 2 ¢.f.s could be drawn from
the laboratory's reservoir at inlet-heads of up to 20 feet, A 6 inch centrif-
ugal pump fitted with a 20 H. P, motor and capable of delivering 2 c.f.s.
against a head of 60 feet was used to recirculate water through the tank.
The head-discharge characteristics of the pump were such that the pump
could be used to supply maximum discharge at the tank's design head.

2.8 Electric Hoist

With a view fo easing the materials handling problem a movable
hoist rail was hung from the overhead shelter structure. An electric
hoist with a safe working load of 1 ton moving on this rail allows items
of equipment, sections of the cover and aquifer material to be transferred
to and from the tank.

2.9 Outer Aquifer Retaining Barrier

Initially it was intended to use only 16 gauge perforéted gteel sheets,
joined together to form a circular barrier, to retain the aquifer material,
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TANK DIMENSIONS
Internal 16'x 16'x 1]’
External 18'8"x 18'8"x {2'3"

Orifice Plates shown thus
With 4 well under investigation Inlet | only to be used and Outlet A,
to be blank flanged ; valves on Inlets 2,3,4 to be enclosed .

With full well under investigotion vse all Inlets and blank flange
outiet B

With pump in operation flow shown——~; gravitate —

FIGURE 2°'4: EXPERIMENTAL FACILITY
PIPEWORK AND FLOW DIAGRAM
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Figure 2.5: Internal View of Observation Wall .

Figure 2.6: View of Aquifer Material in Tank showing
Location of Inner Aquifer Retaining Barrier

and Multiple Observation Wells.
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allowing the load to be taken by the metal in hoop tension. However, 7
difficulties arose in transferring the load between sheets, and to the tank -
wall in the case of a quadrant aquifer, as it was decided to limit the
aquifer thickness to 5 feet until suitable connections could be developed.
The solution adopted was to connect the sheets to prefabricated curved
steel frames bolted together to form a cylindrical barrier. = Connection
of these frames together and to the walls by bolts can be done quzckly

and easﬂy with the aid of the hoist. :

2.10 Inner Aquifer Retaining Barrier

A 4 feet radius inner barrier was provided to allow aquifer material -
close to the well to be removed without disturbing the bulk of the aquifer.
This allowed the task of changing screens and gravel pack material to be
speeded up and the packing of the major part of the aquifer to remain un--
changed. The barrier was made from perforated 16 gauge steel sheet,
curved and corrugated to allow it to resist compressive loading without
buckling. The open area of the barrier was 52% which was considered
great enough to prevent additional flow resistance being introduced at
this point. This view was confirmed by observation of the hydraulic
grade line through the aquifer in the vicinity of the barrier.

A view of part of the interior of the tank showing the positions of
the corner well and inner retaining barrier is shown in Figure 2.6.

3. Instrumentation

3.1 Piezometer Tappings

Copper tubes were set into the tank floor during construction on a
radial line from the corner well outlet to the diagonally opposite corner.
The spacing was varied as shown in Figure 3.1 to allow for the greater
rate of variation of pressure towards the well locations. The tubes were .
led to the outer edge of the tank base, those originating between the corner
and centre well positions terminating in the annexe, the remainder in the
covered space on the opposite side. A screwed brass tee fitted to the end
of each tube allowed permanent connections to be made to a bank of man-
ometer tubes and additional connections to pressure gauges or transducers
as required. -

Additional piezometers can be inserted at any pomt required by taking
advantage of the access holes in the walls.
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3.2 Pressure Gauge and Transducers

A ""Precision Pressure Gauge'', Model 145, was purchased from'
Texas Instruments Inc., U.S.A.. to allow rapid and accurate measure-
ments of pressure to be made for both steady and unsteady flow conditions.
It is also intended to use capacitance pressure transducers for unsteady
flow work in future studies in the tank.

3.3 Orifice Plate Meters

Discharges were measured by D and D/2 orifice plate meters man-
ufactured according to the specifications of the British Standard Code for
Flow Measurement, B.S. 1042, Part 1, 1964. The upstream and down~=
stream lengths of adjacent straight piping specified by the code -could not
be provided because of the short piping runs but the deviations from the
standard were not great. Calibration runs showed no significant differ-
ences between computed and actual discharge coefficients for all flow con-
ditions. ‘

Meters were provided on the discharge side of the pump and at each
of the corner inlets so that the total flow and distribution of flow could be

‘measured.

3.4 Contact Electrode Gauge for Measuring Water Levels

A relatively inexpensive stainless steel contact electrode using a low
voltage battery, transistorised amplifying circuit and indicator light was
developed for measuring water levels in the main and observation wells.

It proved to be accurate and reliable and warrants development as a field
instrument.

3.5 Multiple Observation Well

To allow measurement of piezometric heads to be made at various
levels at a given point in the aquifer a multiple observation well was
developed. This consisted of a length of P, V.C. tube with holes drilled
at 1 foot intervals and a series of sliding valves which allowed the holes
to be covered or uncovered as required without disturbing the piezometer
tube or the surrounding aguifer material. The valves were operated by a
-rod inserted from the top of the well.

- These observation wells were placed in the aquifer on a line radiating
from the pumped well.
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4. Operation of Experimental Facility

4.1 Calibration

The manifolds which linked the manometer tubes on each side of
the tank were joined througha connecting manometer so that levels on
each side could be inter-related. Since the roofs of the instrumentation
annexe and walkway were at different levels it was found necessary to
depress the water levels in the manometer tubes in the walkway below
the corresponding levels in the annexe. Horizontal lines at 1 foot
vertical intervals were drawn on the tank walls behind the manometers
to allow readings to be compared. Distances between calibration llnes
were measured with a 12 inch rule to an accuracy of 1/16 mch -

The tappings of the orifice plate meters Were c;onne-cted to a panel
of manometers provided with scales graduated to 1/8 inch. ' Calibration
runs using the best, worst and intermediate combinations of flow rate
and orifice diameter showed that differential heads measured on these
scales did not differ significantly from values computed according to the
flow code B.S. 1042 despite the upstream and downstream pipe lengths
being somewhat shorter than specified by the code. The tank served
as a volumetric measuring tank for flow meter calibration. Water was
run into or out of the tank through the meters over measured tlme and
depth intervals. :

4.2 Placement of Aquifer Material

Aquifer material was placed in the tank by tipping it from buckets
carried by the hoist. Care was taken to avoid uneven compaction.

4.3 Flooding of Aquifer Material
The tank was filled slowly to allow time for air to escape in advance
of the wetting front. There was no indication of appreciable volumes of

air trapped between the aquifer particles.

4.4 Determination of Effective Porosity of Aquifer

After initial wetting, the aquifer was allowed to drain for a week.
The tank was then re-filled slowly. The volumes of water required to fill
the pores in the aquifer were determined over successive depth increments.
Effective porosity values were calculated from the measured volumes of
gross space occupied by the aquifer and water added.
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4.5 Confined Aquifer Testing

Initial confined tests were made by covering a 5 feet thick aquifer
with polythene sheeting held down by several inches of aquifer material
and sealed to the edges of the tank. Water above the confining layer
applied additional force to hold the sheeting down and at the same time
provided head to drive water through the aquifer from the outer perforated
metal boundary to the well which was left open to the atmosphere..

Because of the shortage of time between completion of construction
of the tank and the completion of the -current project it was decided to
defer the use of the pressure resisting lid until experiments on development
processes were performed in the succeeding project. Further confined
tests at higher flow rates could be carried out at that time in conjunction
with determining the effects of development on the hydraulic characteristics
of the aquifer material near the well.

It was found that, even with the relatively small heads available with
the open tank, non-Darcy flow occurred near the well, allowing sufficient

data to be obtained for comparison with computed values.

4.6 Unconfined Aquifer Testing

" Priority was given to confined aquifer tests as by far the greatest
proportion of aquifers throughout Australia are of this type. However,
by drawing down the water surface in the well sufficiently, the confined
aquifer could be used for unconfined flows as the aquifer material was
coarse enough to allow ready entry of air and make capillary fringe
effects negligible. - It was thus possible to obtain experimental data
for comparison with computed values for unconfined flow. Measurements
of the vertical variation in head at various distances from the well were
also made for comparison with computed values.
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5. Laboratory Tests
5.1 Objectives

The ultimate objectives of the laboratory tests in the experimental
facility are to investigate under controlled conditions flow through well
screens and the surrounding zone of the aquifer which is affected by con-
struction and development of the well. Losses can then be identified,
calculated and minimised and flow rates maximised.

In the laboratory tests performed to date, the objectives included
verification of the steady state flow analysis postulated in the numerical
studies for a confined aquifer , the determination of the coefficient of
hydraulic conductivity 'k', the determination of the Forchheimer co-
efficients 'a' and 'b', the determination of the critical Reynolds Number
Ry for the transition from the linear flow regime to the nonlinear flow
regime and the determination of the effect of the inner aquifer retaining
barrier on the flow.

5.2 Test Procedures

Before the commencement of tests the experimental tank was
allowed to fill slowly in order to allow the vast majority of the air in the
pores of the aquifer to escape. Once the water level in the experimental
tank had covered the top of the aquifer model the remainder of the volume
of the tank was filled rapidly.

Careful examination of all piezometer and manometer tubes was
carried out to ensure no airlocks were present. Any airlocks were sub-
sequently removed by flushing.

The recirculating pump was then started and run for a period of
approximately 15 minutes to ensure that all air trapped in the recirculating
pump, pipeline and aquifer material near the well screen was removed as
evident from the lack of air bubbles in the recirculated water entering the
tank in the stilling area outside the outer aquifer retaining barrier. During
this time the desired flow rate was set by means of a throttling valve on
the opposite side of the tank to the instrumentation annexe, '

When all air had been removed, the pump was shut off and the sys-
tem allowed to settle down. This afforded time to recheck all the pie-

zometer and manometer tubes.,

The differential manometer levels for the orifice plate meter above
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the pump were then depressed and the pump started. Careful manip-
ulation in depressing the levels of the manometer was required after the
starting of the pump in order to keep the levels on scale. The depression
of the manometer levels was accomplished with the aid of compressed air
from a small cylinder. : ,

Upon attaining steady state conditions the orifice manometer was
then observed, followed by the observation of the connecting manome ter
between the piezometer manifolds, the well drawdown and then the pie-
zometer tubes. Periodic checks were made of the levels in the orifice
manometer, the connecting manometer of the piezometer manifolds and
the well drawdown to ensure that steady state conditions were attained.
Any major-fluctuations resulted in the test being discarded and a new
test re-run dt the same discharge.

At the completion of the test, the throttling valve was reset to a
new discharge and the test procedure repeated.

5.3 Experimental Results - Confined Aquifer

5.3.1 Laboratory Test Results

All results obtained from the laboratory tests were tabulated, and
later prepared for inclusion as data into a Fortran IV computer programme
for processing. A tabulation of the results from twentyone tests is given
in Table 1. A semi-logarithmic plot of drawdown against radial distance
from the well for six of these tests is shown in Figures 5.1 and 5. 2.

" 5.3.2 Sieve Analyses

Sieve analyses were performed on the aquifer material used in the
laboratory tests. The results of the analyses using the British standard
sieve series are given in Figure 5. 3.

5.3.3 Effective Porosity Measurements

The effective porosity of the aquifer material was determined by
volume measurement during the slow filling of the tank and aquifer model.
Results of the tests are tabulated in Table 2.
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Table 2: Effective Porosity Measurements
Depth (ft.) Effective Porosity
From . To (percent)
0 0.5 33.75
0.5 1.0 31,36
1.0 1.5 -32.40
1.5 2.0 30.80
2.0 2.5 30.50
2.5 3.0 30.50
3.0 3.5 36.75
3.5 4.0 38.68
Mean
Porosity 33.1 per cent
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Typical‘DraWdown Curves - Confined Aquifer.
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5.4 Analysis of Experimental Results

5.4.1 Determination of the Coefficient of Hydraulic Conductivity 'K’

The value of the coefficient of hydraulic conductivity 'K' was de-
termined from the slope of the straight line portion of the drawdown
curves, in conjunction with the use of equation (5. 1).

K = 2Q 1n (5_2.) (5.1)

wmas ri

The results of the analysis are shown in Table 3. Test 21 was not
included as there was some dewatering of the aquifer due to the water level
in the well being below the top of the aquifer model.

Table 3: Coefficient of Hydraulic Conductivity 'K!

Test As In 2 Q ' K
(Ft) rq {cusecs) {ft/sec)
1 0.08 3. 65 0.052 0.2437
2 0.17 3.865 ~0.083 0.2268
3 0.25 3. 865 0.129 0.2397
4 0.345 3. 65 0.183 0.2464
5 0.455 3.65 0.204 0.2083
6 0.52 3.865 0.213 0.1913
7 0.53 3. 65 0.222 0.1946
8 0.56 3. 65 0.272 0.2257
9 0.62 3.65 0.282 0.2113
10 0.75 3. 65 0.313 0.1939
11 0.85 3. 65 0.341 0.1863
12 0.93 3.65 0. 367 0.1833
13 1.00 3. 65 0.399 0.1854 ,
14 1.15 3. 65 0.433 0.1749 !
15 1.25 3. 65 0.484 0.1799
16 1.50 3.65 0.550 0.1703
17 1.70 3.65 0.593 0.1620
18 1.75 3.65 0.608 0.1614
19 1.77 3.65 0.624 0.1638 ‘
20 1.80 3.65 0.633 0.1633

Mean value of linear hydraulic coefficient K = 0.1956 ft/secc.
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5.4.2 Determination of Forchheimer: Coefficients 'a' and 'b!

The calculation of the Forchheimer coefficients 'a' and 'b' was
performed using the theory proposed in Appendix 1 of Section C. For
the purposes of the calculation the relationship between the drawdown
and the discharge is assumed to be of the form

Sw
W = A+ B (5.2
Q Q _ )
where 5 s
A = intercept on the —5—’ axis of the —Ql’ versus Q plot
B = slope of the linear —%V versus Q plot
- (=2 L 1 Lo
also A (2T\’m In Ty + 5T K in - )
b 1 1
B = 9 2 ( - )
47 m Ty Ter

The significance of equation (5.2) is illustrated in Figure 5.4. The
horizontal portion of the curve corresponds to linear flow regime existing
up to the critical radius. The SW wvalue of this horizontal line will be
denoted by D and is given by @ Equation (5. 3). '

i
Sw
Q

o=

Figure 5.4: Significance of %& = A + BQ
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D = 27 Km - S (r ) o ' (5.3)
1t is assumed further that the ratio of a to 1/K is in the same ratio
as A to D, consequently

D _ 1

A Ka (5.4)
against Q plot (Figure 5.5} for the aquifer model tested
of the value of K

2

From the
and the knowledg

%0

0.593
0.52

D
A

i

Hence Ta 0.52

then 1
& 7 TT4K

4.475 sec/ft.
0.075 min/ft.

0.5 _
Also the slope B = 120.34 - 0.365

2
C4aTmem

and b = 1 1

r r
w cr

It

For a typical test which lies close to the line of best fit, for ex-
ample test 20, r,,. = 3.7 and, '

0.365 x 2 x52x4

b= 2.1

173 5éc?/ﬁ?_=‘b;o481nin2ﬁﬁ2

A drawdow.rlr_‘dis‘ché;rg“é..cur{{_e for all test results has been included
for the sake of completeness (Figure 5.6).
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5.4.3 Determination of the Critical Reynolds Number R,

The critical velocity V,. was calculated from the knowledge of the
coefficient of hydraulic conductivity 'K' and the Forchheimer coefficients
'a! and 'b' and relationship (5. 5)
1
b
For values of K = 0.196 ft/sec.

a = 4,475 sec/ft.
b = 173 sec?/ft2

- 1
Ver = (¢ - 2) (5. 5)

then Verp= 0.0037 ft/sec.

The critical Reynolds Number R, was then calculated by relation-
ship (5. 6)

Vv d
IR'cr = _+Ccr - (5. 8)

Adopting a temperature of 680F for the purposes of the calculation

t

1.94 slugs/ft3

2.1x10 ° 1b sec/ft2

i

and d=dgy = 4.92x 107° £t,
_ 0.0037x 0,00492 x1.94  _
Hence R = 0.000021 = LT

5.5 Discussion of Results

The drawdown curves obtained in Figures 5.1 and 5.2 provide
verification of the two flow regime adopted in the theoretical analysis.

In the drawdown curves of Figures 5.1 and 5. 2 there appears to be
an additional drawdown in the well, over and above the formation losses
which increases with increasing discharge. The additional drawdown is
more than likely the result of screen losses although this has not been
fully substantiated. At this point it should be noted that all of the com-
putations performed neglected the existence of screen losses.

During the tests it was assumed that no increase in permeability
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resulted from development of the aquifer material surrounding the screen.

With regard to the coefficients, 'a', 'b', and 'K' it should be borne
in mind that the values obtained from the experimental results are at best
only approximate values. The degree of certainty that can be assigned
the calculated value of K is reasonably high as this has been obtained
directly from the slope of the straight line portion of the drawdown
curve. However, the degree of certainty which can be assigned to the
values of 'a' and 'b' is not as high, The values of 'a' and 'b' are estimated
to be within 10 per cent of their correct values. It should be realised
that this estimated error and the values of 'a', 'b' and 'K' require verific-
ation by permeameter tests on the aquifer material. This will be carried
out shortly.

The values for 'K', 'a', 'b', and 'IR.,.' obtained by the methods out-
lined, compare favourably with the values obtained for similar size mat-
erials tested and tabulated in Section C.

Finally, any effect of the inner aquifer retaining barrier upon the
flow profile through the aquifer model from the drawdown curves appears

to be negligible.

5.6 Conclusions and Further Work

The analysis of the experimental results presented shows that the
flow of water towards a heavily pumped well is of a two flow regime nature,
the two flow regimes being

(a) linear; governed by a hydraulic gradient velocity relationship
v = Ki (6.7)
(b) non-linear; governed by a hydraulic gradient- velocity
relationship
i=av +bv2 {5.8)

The extent of the non~linear flow regime can be specified indirectly
by the critical Reynolds number IR,..

The existence of increasing screen losses appearing in the draw-
down curves for increasing discharge warrants further investigation.
Further studies will include the effects of partial penetration, well
radius, drilling and development and different screen types under trans-
ient and steady state conditions for confined and unconfined aquifers.
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Fig. 5.6: S, versus Q plot.
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