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This report summarizes the theoretical, lajoratory,
and field research conducted as part of the Water
Management Rev:2arch Project at Colorado State Urniversity.
The reseurch vas szpecifically oriented toward Pakistan
problems Hut wuch of the material is more generally
applicable. Salt water upconing in isotropic and aniso-
tropic aquifers beneath wells was examined using both
laboratory and numerical modals, and quidelines for the
construction and operaticn of wells to minimize contam—
ination by upconing axe provided. A method for deter-
mining the maximum safe depth of drains below the watar
table is also provided.
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SUMMARY OF SKIMMING WELL INVESTIGATIONS
D. B. McWhorter!

INTRODUCTION

Exploitation of groundwater supplies for agricultural,
municipal and industrial uses is severely hampered in many
regions of the world by the encroachment of unusable saline
water in response to fresh water withdrawals. Examples of
2alt water encroachmeant are most numerous in coastal aquifers
but are sometimes present in inland aquifers as well. Prob-
ably the most important example of the latter case exists in
the India-Pakistan subcontinent in the Indus River Basin.

Pakistan has an area of almost 206 million acres; over
30 million acres of which is irrigated. The irrigated area
is laced with thousands of miles of canals and ditches used
to supply farmers with essential irrigation water. Seepage
from the extensive distribution system and deep percolation
from precipitation and irrigation over the years has, in many
areas, produced a high water table in the underlying alluvial
aquifer. The high watar table has caused wide-spread pProblems
of waterlogging and salinity, necessitating the installation
of extensive drainage and reclamation proyrams.

The problem of drainage is complicated by the fact that
highly saline water underlies virtually all of the relatively

fresh wvater throughout the aquifer. Near the rivers and

I/Professor, Agricultural and Chemical Engineering Departmeat,
Colorado State Uni'morsity, Fort Colliams, CO.



canals where a supply of fresh surface water is available,
the saline wvater exists only at great depths. Near the
center of the doubs between the major tributaries to the
Indus a .one of relatively fresh water less than 100 feet
thick commonly overlies a zone of more highly saline vater
(Greenman, et al., 1967). In such areas drainage facilities
are apt to draw a substantial portion of their discharge from
the saline zone unless special care is taken. The disposgsal
of the saline water Produced by such facilities Presents a
major problem. In Bany cases the saline water can be dis-
charged iito nearby carals or otherwis» mixed with canal
vater and ured for irrigation. This Procedure can only con-
stitute a short term solution to the problem, however. This
fact coupled with the need for supplemental irrigation water
provides substantial incentive to “skim" the fresh water from
the aquifer with a minimum disturbance of the saline zone.
Over the past several Years, Colorado State University
has conducted research into the mechanisms of fresh-vater
flow above a saline zone and investigated procedures for
exploiting the fresh water zone without the extrainment of
the underlying salt water. This research was initiated with
a laboratory model study of salt-water upconing beneath
Pumping wells. Theoretical studies were also undertaken in
which the fresh-salt water system was treated as two sones
with distinct densities. Plow in both isotropic and sniso-
tropic aquifers vas wideled with tis intent of developing
dasign critsria for wells and horisomtal drains that would



be capable of skimming the fresh water without substantial
eatrainment of salt vater. Also, a mathematical model was
developed that treated the system in terms of flow of a
nonhomogenoous fluid. PYield experiments were carried out
ia Pakistan to observe the system behavior under actual
conditions and to study the practicality of skimming wells.
This report is a summary of the salient features of the
CSU research on flow in fresh-saline water aquifers. It is
the intent to provide sufficient background to permit critical
assessasnt cof the results without unnecessarily burdening

the reader with the details of the procedures.

THEORETICAL CONSIDERATIONS

The complexity of the phenomsnon of flow of fresh water
underlain by brine has led investigators to make numsrous
idealizations in attempts to reduce the mathematical de-
scription of the phenamsnon to a tractable form. A very
common practice is to regard the fresh water and brine as
immiscible liquids with an abrupt interface between them.
In reality the two liquids are miscible and a transition
sone separates the brine and the fresh water. The transition
gone is characteriszed by a continuous decreass of concentra-
tion of salt from that of the undiluted brine to that of the
uncontaninated water above. A mathematical formulation
which considers the fluids to be miscible is more realistic
but less tractable than one which considers the liquids to
be immiscible. Both formmlatiows are importamt, however, and
are discesend in saums detail im the following paragzaghs.



Miscible Flow Formulation

A discussion of the flow of miscible fluids in porous
2edia requires consideration of hydrodynamic dispersion. Rydro-~
dyn.ic dispersion is the name given the process by which a
contaminant becomes mixed and distriduted in a porcus msdium
as the cesult of velocity distributicns and fluctuations and
molecular diffusion on a pore-size scale. Macthematical char-
acterization of the phenomenon has required consideration of
contaminant transport at the pore-size (microscopic) scale and
the development of an averaging procedure by which the micro-
scopic mechanisms can be expressed in macroscopic terme which
are cbservable and measurable. The result is the following
equation known as the differential equation of hydrodynamic
dispersion:

éc d éc

c = contaminant concentration - ll./!.3
t = time - T
= jith cartesian coordinate - L
= coefficient of hydrodynamic dispersion
(a tensor of rank 2) - LZ/‘r
v = the component of seepaje welocity in the ith
direction - L/T

8, = source or sink - l/!.’-'r .

Several analytic solutions nf the above equatioan exist
under a variety of boundary and initial comnditions and with
different formmlatioms of the sowurce-siak tera (Dagam, 1971;
Hariloman and Rumer, 196); Lapidus and Amundesa, 19%2;
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Lindstrom, et al., 1971; Ogata, 1364; Ogata and Bankn, 1961).
The analyti- solutions have contributed greatly tou the under-
standing of hydrodynamic dispersion and their imgortance
cannot be overemphasized. However, the analytic solutions
are ordinarily derived for boundary and initial conditions
that are relatively simple in compariscn to the wide variety
of sit ..tions encountered in the field.

Numerical solutions using finite difference formulations
and the finite element method have also been developed. Numer-
ical solutions are usually more general inasmuch as complex
boundary and initial conditions can be handled for dispersion
in nonisotropic and nonhomogenaous porous media. Numerical
solutions are ordinarilv less convenient for analysis and
design than are analytical solutions. In many cases, however,
numerical methods offer the only feasible means of solving
the prublerx.

Because the seepage velocity A is present in equation
1, and because the roafficient of hydrodynamic dispersion
Di,j depenas on V., the pi.*nomenon of dispersion is strongly
depandent upon the flow of the soluticn vhase. To some extent
the bulk flow of the solution phase is also dependent on the
concentration distribution of the contaminant. This is true
because the contaminant effects the density and viscosity of
the solution. The diffarential equstion for flow including
the influsnce of the contaminant can be written as in

equation 2,
,;;..‘?_:!&«g;.,.g_tn-;;m»u, @)



kyi = intrinsic permeabiiity in the u, direction -12

4 = pressure - r/x.’

g = gravitational constant - Lﬁz

h = elevation with respect to an arbitrary datum - L
[ = density - ll/L3

W = dynamic viscosity - !‘-'l'/!.2

¢ = porosity

5, = source or sink - ll/L31' '

and other symbols are 2s Previously defined. Equations 1
and 2 constitute a2 system of partial differvential equations
which describe bulk flow of a liquid and diapersion of a

contaminant in that liquid.

Immiscible Plow Pormulation

One oZ the objectives of the study reported herein, is
to provide a method for comparing different methods of pro-
ducing the relatively fresh water with a minimum disturbance
of the underlying brine. Prom an academic standpoint, the
ideal way to accomgplish such a comsparison would be to solve
oquations 1 and 2 simultanecusly for each method under
consideration. A less rigorous approach involves several
idealizations which are discussed in the following paragraphs.

It is often the case that the disperse f{or transitioa)
sone between the fresh-water regiom and the salt-water region
is small compared to the total thickmess of the fresh-water
regiom. It is, therefore, possible to consider the tramsitios

2806 ac a sharp boundary separating the two regians of flaw.



The rrobloa is ‘r.dnc.d to locating the interface between the
two regions for various boundary conditions which is often
called a "free-surface" problem.

Witkin each region separated by the abrupt interface,
the flow is given by Darcy's law in vector notation for

isotropic media:
Qg = = KV (Py/v, + 2) (3)

Qg = = KV (P /Y, + 2) (4)

in vhich

a = Darcy velocity vector - L/T

K = hydsaulic conductivity - L/T

P = pressure - I’/L2

T = elevation relative to an arbitrary datum - L

Y = specific weight - r/l.3 R
and the subscripts f and s refer to fresh and salt wvater
respectively. The quantity in parentheses is called the
hydraulic head. Throughout the rumainder of this report the
hydraulic head is denoted by the symbol H. For a homngeneous
medium, equation 3 can be combined with the equation for mass
conservation for incompressible, homogeneous fiuids to obtain:

Ve, = 0 ()
The same equation applies to the salt-water region with the
subscript £ replaced by s. Pquation 5 is known as the
Japlace eguation. The hydraulic head l' is a femctica of
space and time in gemeareal.



The problem is to solve the linear Laplace equation in
the frosh watexr region subject to the boundary conditions.
Dagan (1964) has shown that the problem represented by
equation 5 within a region whose boundary is partially a
fres surface 18 nonlinear because of a nonlinear boundary
condition on the interface. The nonlinear boundary condition
constitutes the major difficulty with the immiscible

formulation of the prvblen.

Conditions on the Interface

At any point the pressure must be contiauous aciross the
interface. Therefore, s8olving for pressure from the defini-
tions of hydraulic head in the fresh and salt water regions

and equating at the interface yields:

He" Yo = lvge = B W vy = &Y (6)
in which £ is the vertical coordinate of the interface at
any point, the superscript i denotes the value of hydraulic
head on the interface, and other Zymbols are as previously
defined.

Solving equation 6 fnr the elevation of the interface

vyields

\{ Y
in which Ay is Yg = Yg- Equation 7 fmplies that the
position of the interface can be computed if the valuses of

hydraulic head are known én the interfaces.



The change in elevation of the interface with respect to
the distance along the interface is obtained from eguatior 7
by differentiation:

%i ) ;_-; an.1 Yy " -
Yy ot T &y 3L

where L is the distance along the interface. Solving
equations 3 and 4 for the gradient of head and substituting
into equetion 8 resuits in

i i
%% . Ye 9 Vs g

By K, T K ¥_ {9)
whare ql1 and q'i are the velocities ctangent to the

incerface. The derivative on the left of aquation 9 is the
slope of the interface znd can be replaced by sin6 where 0
is the angle the interface makes with the horizontal.

The hydraulic conductivities Kt ana K, are directly
proportional to the specific weights Ye and Yg Trespec-
tively. Therefore, if it is assumed that the viscosity of
the salt and ¢resh waters are the same, equation 9 implies

that, wvhen
qt = qt, (10)

the interface is horizontal. A horiszontal interface also

results wvhen there is no flow in either region.
The case in which there is flow in the fresh water but

no tlow in the salt water is of particular intereest. Bgua-
tion 9 reduces to

i

Y
l%g" - sind (13)
)
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T™he right side of equation 11 has & maximom value of
unity. Therefore, the condition

(12)

sust be satisfied at all pcints on the interface. Condition
12 can be regarded as a necessary condition for a static salt
vater phase. The anove condition is quite restrictive be-
cause it implies that the fresh water velocity tangent to

the interface must remain much less chan the value of hydrau-
lic conductivity. Thie further implies that the hydraulic
gradient on the interface must remain less than Ay/yf .

The classical Ghyben-Herzberq relation can be stated

.rf
Ac = - ﬁ Ah ’ (13)

vhere h is the water table elevation relative to some datum.
The Ghyben-Herzberg reiation ctates that the change in eleva-
tion of the interface amssociated with & change in water table
elevaticn is approximately Ay/yt times 43 great as the
wa'.ar table change. The approximation necessary to arrive at
equation 13 follows directly from equation 8 with an.i/atn-o :
i

Y

AE = §§ AL = - 35 —~1 8t , (14)
or :
Y

AE = - l'é st . (15)

Eguaticr 15 is identical vo the Chyben-Nersberg relation
provided the hydraulic head on the interface is equal to the
water table elevation. Such a ocondition exists oaly if the
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flow is horizontal. Therefore, use of the Ghyben-Herszberg
relation is tantamount to neglecting the vertical component

of flow.
LABORATORY EXPERIMENTS

Tha laboratory exreriments reported herein were conducted
by Sahni (1972), and such of the material is taken directly
from his dissertz’ion. The purpose of conducting the expevi-
mental work was to 1) increase the understanding of the up-
coning problem, 2) check the validity of the Wang (1965) and
Muskat and Wyckoff (1935) theori=2s and 3) to provide data suit-
able for checking the validity of numerical models. In these
axperiments, the fresh-salt water system was simulated by two
flecids separated by ar interface. Thus, no information on

the effects of dispersion was cbtained.

Choice of Porous Medium

Since capillary forces in the field situation are
considerad to have negligible effect, an attempt was made to
insure that this was the case for the model also. It is
difficult to saiisfy the requirement for negligible capillary
phenomana in designing a laboratory model of practical size.
It was necessary to select a material to simulate the aquifer
such that the capillary fringe in the wodel would be only a
small fraction of the total thickness of the fresh-water zome.
After running sevecal tests vwith different kinds of materials,
it was decided that the simulating material should have an
aveorage grain eize of at least 2 mma. Since the present study
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relates to homogenecus and isotropic aquifers, it vas Secided
to uss spherical ylass beads about 2.5 mm size.

The glass beads used as the aquifer naterxial ia the
model, in contrast to soils and sands, could easily be packed
to practically the same density in each run. Therefore, it
was possible to obtain reproducible results. Ancther reason
7or the selection of glass beads as the a~uifer material in
the mnde)l was that their smooth surifaces made it easy to wash
them after each experiment. Thus, the same qlass beads could

be used in all the experiments.

Choice of Fluids

The two fluids in the prototype are fresh water and
saline water, which are miscible. As explained betcre, in
ac:ual field conditions a zone of dispersion exists it the
contact of the two fluids. This zone, however, may often be
a small fraction of the total thickness of the aquifer and
therefore, as a simplification in analysis, could be con-
sidered as a. abrupt interface. When tap watcr and water
with some salt dissolvcd in it were used in a test model, it
was observed that the dispersion zone was a disproportion-
ately large fraction of the total thickness of fresh-water
aquifer. Also, because o0f complete miscibility of the two
fluids, this zone of separation was not well defined.

It was also necessary that the amount or mounding of the
brine, in response to the produciion of the well, be a real-
istic fraction of the total height of the modal. A wvery
ocoarss material was used for the aguifer ia the mndsl.



Therefors, if fresh water and saline water ha¢ beenrn used,
the drawdown in tho well would have been very small to keep
the mound within realistic limits. However, it was not »os-
sible to measure a very small drawidown with the desired
dccuracy. Purther, from equation (13) it was observed that
the cone height can be reduced by using two fluids with a
larger density contrast.

The above reasons, therefore, led to the cioice of two
immiscible fluids having a density difference much greater
than that for fresh wate: and saline water. Presh water was
simulated by Soltrol "C®" and saline water by tap water con-
taining a dye called Montacyl. This dye it water soluble
and is insoluble jin Soltrol. A very small amount of this
dve gave a brilliant pink color to water which made visual
observation of the interface at various stages of coning
quite easy. With this choice of si:vlating fluids and with
careful packing of glass beads in the model it was possible

to obtain a well-defined interface between the two fluids.

Equipment and Experimental Set-Up

Ideally, in order to minimize the wall affects on flow,
it would be desirable to construct a very large cylindrical
model. However, a large model is uneconomical to build,
impracticel from the point of view of simulating all boundary
conditions, and difficult to opeisate. Since the present work
deals with axisymmetrical flow toward a well in a homogen-
eous and isotripic medium, it was sufficient to comstruct
only a sector of a cylindrical modsl. The mods! weed ia this
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study has radial walls forming an angle of 15° which
represents 1/24 of a complete cylinder. The radial length

of the sector was four feet. Toward the outflow end of che
model a brass screen of 50 mesh size was Placed at a distance
of 0.96 inch from the center line of the cylinder where the
gap between the two radial walls of the sector was 1/4 inch.
This screen represented the screen of a well of radius

2.38 cm with its axis along the center line of tl.. cylinder.
Pigure 1 shows the discharge end of the model and Piguies 2(a)
and 2(b) give details o5f the recharge end.

The model was made of plexiglass, so that the position
of the interface and free surface could be clearly seen. At
the inflow end the model was 12.72 inches wide. The total
height of the model was two feet. The portion of the model
containing the beads was separated at its inflow enda froms a
reservoir by a wall which was perforatea uniformly by 63
1/4 inch holes with 2 inch separations. The purpose of this
reservoir was to mcintain a constant head at the inflow
houndary of the model. The liquid level 1n the reservoir
was maintained constant by an overflow tap in the outer wall
of the reservoir at a depth of three inches from the top.
Perforations at the inner wall insured a uniform distribution
of liquid against the outar end of the sector. These¢ holes

wire covered with a screen %o prevent glass beads from

falling into the reservoir.
Production from che well was simulated in the model by

siphoning oil with a tubs (about 1/4 inch 1.D.). The height
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Figure 1. Discharge end of the laboratory model.
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of the fluid in the well and the production rate were varied
with the help of a screw Clamp. {ter allowing sufficient
time for the flow to reach an equilibrium following each
adjustment of the flow rate, it was possible to maintain a
steady flow in the model. Fluid drained from the model was
collected in a large measuring jar {about 2 inches in diameter
and ot 2000 cc capacity), which was provided near its base
with an outlet and a Stop cock. When the measurements fcr
discharge ware not being made, the valve at the outlet of the
jar was left open. fror making measurements of the producing
rate, the valve was closed, so that all the cluid drained by
the well was collected in th- measuring jar. The flow rate
wa3 determined by noting the total volume collected in an
increment of time. After the measurement, the stop cock was

again opened and the fluid allowed tc drain.

Experimental Procedure

Once the model tank was filled with glass beads and
fluids, a steady circulation of the flrids was maintained. A
reference line was etched on the front wall of the model
coinciding with the location of the original free surface.
Since in all the experiments, irrespective of the position of
the interface, the tree surface position prior to pumping was
the same, it was convenient to use this line as the reference
line rather than the position of the interface. Depths below
this refersnce line were marked in millimsters at a number of
suitable distances from the well axis alcng the froat wall
and aleo elong the well on the discharge-ead plate.
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The initial position of the interface and the free
surface were noted. Then the production of 0il was started
at a slow rate. This induced a drawdown of the free surface
toward the well in an approximately parabolic shape and an
upconing of the interface below the well. 1In order to insure
that the free surface at the recharge end never went below
the level of the overflow outlet, the rate o: inflow of ail
was zdjusted so that it was slightly higher than the discharge
rate. At the same time, care was taken that the inflow into
the reservoir was not high enough to cause ponding at the
surface which would ~csulit in a higher free surface location
at the recharge and than the original position prior to
pumping.

After allowing sufficient time for the flow system to
reach a steady state, several measurements were made for cal-
culating discharge. The locations of both the free surface
As well as the interface were recorded at several radial dis-
tances from the well axis. The readings were taken at much
closer intervals in the vicinity of the well. This was help—
ful in making a detailed study of the effects of cunvergence
near the well on the free liquid surface and on production
rates.

Nexzt, the discharge was increased and after the flow
system had again reached equilibrium under the new ~onditions,
the naw discharge was measured and the locations of the free
surface and interface were recorded.

When the discharge wvas increased, Che intsiface rose to
a higher position and the cnne in the vicinity of the well
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became steeper. In the later stages, as the critical
condition was approached, only a slight increass in profuc-
tion rate would raise the ccne near the wel) by a signirficant
amcunt. The experiment was continued until the cone became
almost vertical near the well. Any further increases in the
Production rate forced the cone to become unstable and even-
tually the well produced water along with oil. Just before
this happened, the cone was considered as "critical.” The
discharge without producing water corresponding to this
critical condition was measured. This completed the set of
observations that ware needed to analyze the perfo-mance of
a partially penetrating well for a given set of aquifer con-
ditions and well geometry. Similar experiments were made

with several other sets cf prototype conditions.

Summary of Experimental Results

As mentioned previously, a majcr purpose of the
lakoratory experiments was to assess the validity of existing
theories relative to upconing beneath pumping wells. ‘“The
theories of Wang (196%) and Muskat and Wyckoff (193%5) were of
particular interest. Wang assumed that the steady flow of
water in the fresh water layer could be approximated mathe-
matically by flow to a partially penetrating well pumping
from a confined aquifer of thickness equal to the undisturbed
thickness of the fresh water layer. This assumption permitted
the calculation of the drawdown in the pumped well. MNuskat's

(1963) theory cf partially penetracing wells was wsed for
this purpose. The neit step was to assums that the drswdowm
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in the well was related to the height of interface upconing
by the Ghyben-Herzberq relation presented earlier as equation
13. The result was a method for computing the height of up-
coning as a function of well discharge that predicted no salt
water entrainment until the interface reached the bottoms of
the partially penetrating well. The maximum discharge for
which no salt water entrainment occurs is called the critical
discharge. In the case of the Wang theory, the critical dis-
charge is that which will cause the interface to rise to the
bottom of the well.

The Muskat and Wyckoff (1935) theory also made use of
the potential distribution calculated for a partially pene-
trating well 1n confined aquifer. Unlike the War.g theory,
however, the Muskat-Wyckoff procedure used the vertical dis-
tribution of hydraulic head beneath the weil to locate the
highest stable interface position. The highly restrictive
Ghyben-Herzberg equation was not used, and, therefore,
resulted in a more physically sound relationship between the
well discharge and interface upconing. The critical dis-
charge occurs before the interface has risen to the bottom
of the well in this case.

The experimental results were obtained as explained in
earlier sections. 1In Tables 1 through 3, D, Q. and € denote
respectively the critical drawdown, discharge and the amount
of coning below the well. The suffimes E, W, and N designate
the corresponding values cbtained by using experimsntal data,
Wang'’s approach, aad NMuskat's proocedure, respectively.
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Table 1. Experimental Results

Case ¢ a Y D Qe Ce ct(n‘l)lnq
cm cc/sec cm

1 0.743 0.0956 1.60 ?7.50 6.10 95.31
2 0.635 0.0956 2.50 10.60 8.45 94.13
3 0.568 0.0956 3.15 11.50 J.74 90.48
4 0.450 0.0956 4.35 12.30 11.30 82.48
5 0.541 0.09133 4.60 11.50 9.90 84.61
6 0.660 0.0915 3.20 9.30 7.50 88.24

o = fraction of fresh water thickness penetrated by well
Y = slimness ratio = radius of well divided by fresh-water
thickness

Table 2. Results from Wang's Theory

Case § a Y Dy Qy éh coning Error in

cm cc/sec cm (V) 0y (W
1 0.743 0.0956 2.067 10.592 6.40 100 00 41.23
2 0.635 0.0956 2.938 15.982 9.10 100.00 50.77
3 0.568 0.0956 3.477 18.968 10.80 160.00 64.94
4 0.450 0.0956 4.424 22.842 13.70 100.00 85.71
5 0.541 0.9933 3.7768 16.123 11.70 170.00 40.20
6 0.660 2.869 2.869 11.937 8.84 100.00 28.36

Table 3. Results from Muskat's Theory
Case ¢ a ¥ 6" Q é Coning Error in

M M
cm cc/sec Cm ‘v QH(‘)

0.743 0.0956 2.309 e.653 5.35 83.59 15.37
0.635 U.0956 J.802 12.752 7.60 83.45 20.30
0.568 0.0956 4.617 14.007 8.04 8l1.84 21.80
0.450 0.09356 S5.465 15.86) 10.71 68.20 28.97
0.541 0.0933 4.3% 13.06% 9.31 79.%¢ 13.64
0.660 0.0915 3.232 11.564 7.1% 83.32 24.3¢

"N Ve w N -
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Figure 3 shows a comparison of the critical discharge
obtained by the three methods. The vomparison indicates the
following points:

1. Wang's theory always overestimates the critical
discharge. This departure from the experimental results is
more conspicuous at smaller values of a than at larger
values. Wang's theory, however, can be expected to predict
a reascnable value cf critical discharge at very large values
of a. This can be explained as follows. Production from
a well with a shallower penetration results in a Steeper
critical cone. When the brine cone is not :oo steep, the
vertical flow components near the well are relatively less

significant. 1In such a case, the Ghyben-Herzbergy relaticn,

25 T T Y Y T Y
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Pigure 3. Comparison of theoretical critical discharge with
the emperimental results.
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which is the basis of Wang's theory, is not too serious an
approximation. Therefore, the critical discharge computed
by using Wang's skimming well formula shows relativaely better
agreement with the experimental values for wells vith deeper
Penetration. On the other hand, in a case of shallcw-well
Penetration, the cone beneath the well is relatively steep.
The vertica. flow components, especially in the immediate
vicinity of the well, cannot be neglected in this case and
tha Ghyben-Herzberg approximation is no longer valid. The
resistance to fiow due to nuct stronger convergence toward
the well affects the potential rield in the flow region.
This explains why a more conspicuous departure of Wang's
Predictions from the experimertal results occurs at
relatively smaller values of a.

Further, it would seem possivle to explain why Wang's
tiieory always overestimates the critical discharge regardless
of the value of a by the fact that Wang's analysis assumes
that a stable brine cone could reach the bottom the well
for a certain drawdovn, called the critical drawdown, and
remain there in static equilibrium. With this assumption,
the critical drawdown is computed from the Ghyben-Herzberg
relation as that drawdcwn for which the coning below the
well is equal to the height of the bottom of the well above
the original position of the iaterface. This value of draw-
down is in turn used o0 calculate the critical discharge.
Experiments have shown beyond doudt that, im fact, the ocome
does becoms unstasble before it can rise to the bottom of the
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well. 7herefore, one would expect that the value of the
critical drawdown used in Wang's analysis should alwvays be
Jreater than the actual critical drawdown which ir turn
resulte in an overestimation of critical discharge by Warg's
forvula.

2. Nuskat's analysis of the coning problem is also only
an approximate one. The potential distribution in this tech-
nique is obtained from the formulas which assume that the
lower boundary of the flow region is horizontal and remains
fixed. Thus the perturbation in the potential field due to
the rise of the interface is not taken into account. Purther,
these formulas also assuae a uniform flux density at all
points on the surface of a weli partially penetrating into
the aquifer. This ie not true in the rigorous sense. How-
ever, Muskat's analysis does consider the important physical
phenomenon of the instability of the rising cone beneath the
well. Table 3 shows that the height of the critical cone,
that is, the highest stable cone beneath the well, as com-
puted by Muskat's method, is always less than the height of
the bottom of the well. Also, the critical discharge calcu-
lated by this method is in much better agreement with the
experimental values than are the results obtained from Wang's
formula as illustrated by Pigure 3.

Thus, both methods of analysis of the coning problea,
namely those gi ven by Wang and Mivskat, are only approximate
ones and both have their own limitations. Nevertheless, the
results show that Muskat's analysis is more realistic tham

Weang's amalysis.
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MATHENATICAL MODELS

Several mathematical models of flow in fresh-saline water
aquifers werc developed as part of this study. The models
fall into two broad categories: analytical models and numer-
ical models. Each model was developed for a specific purpose
and was built upon its predecessor. The function of the
analytical models is to provide a relatively simple means for
making design calculations while the more realistic numerical
models were used to determine the effects of parameters and
conditions that could not be included in the analy.:.cal

models.

Incerface Upconing Beneath a2 Horizontal Drain

The sitvation to be considered is depicted in Pigure 4.
Plow occurs toward a drain of radius a , the center line of
which is a distance D below the original water table. A
constant-head boundary is located a distance L from the
drain. 1In practical cases D < < d and the contribution to
the drain discharge due to flow above the elevation of the
drain is small ~ompared to that from below the drain. There-~-
fore the problem can be idealized as shown in Pigure 5.

Subject to the boundary conditions that H = m at x = L

and that H = 4 on ’2 + 12 = 12. the drain Aischarge is

appruximated by

Q - - ‘1"
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Pigure 5. Idealised flow toward a drain.
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and the head Jlistribution by

X 'z
cosh — - cos =
H, = !Qi_ tn — B J+m (17)
£ e cosh EE -1

Equations 16 and 17 are used to calculate the position of the
interface beneath the drain in a manner similar to that used
by Muskat and Wyckoff (1¥35) for upconing beneath a well.

In the case of a pumping well, the aquifer discharge is
managed by controlling the pumping rate. In contrast, the
discharge from the drain will be controlled by the depth the
drain is placed below the water table (i.e. by m~d). There-
fore, the purpose of the analysis in the case of the drain is
to determine the maximum depth below the water table that the
drain can be placed without salt water entrainment,

From equation 7, the position of the interface is given

by

3
14 i
£ = Iy (m - Hf ) . (18)

According to the assumption that the upconing interface does
not effect the distribution of head, the head on the inter-

face is obtained from equation 17 with z = m - £. That is

cosh ™% - cosy (1 - 2)

i m
Hy' = y3e— tn T +m . (19)

f cosh i; -1

The simultaneous solution of equations 18 and 19 vields
the unknowns Hfl and { at particular values of x. Por
design purpnses the maximum elevation of the interface is of
primary interest. The maximum elevation occurs directly
betheath the drain um the line x = 0, It is convenieat to



substitute equation 16 for Q ir equation 1% with x = 0
and rearrange; this results in

l - cosy (1 - m)
n! d -] - tn { cosh ¥ L/® -Q{ )
m-d tn { cosh v a/m - 1 } (20)
cosh ¥ L/m - 1
Equation 18 is also more convenient in the form
' - a . by
B M Ui (21)

Both equations 20 and 2! are dimensionless, but nevertheless»
a degree of generality can be gained by scaling all parameters
and variables with the radius of the drain. The following

scaled variables and parameters are defined:

ﬁg - Hfi/a

d = d/a

A = wa (22)
L = L/a

£ ~¢/a

Using the above

equations to be unsed

In

scaled variables the final form of the

in computations become

{l - cost® il - E/;L)

He - d -1 - cosh * L/m - 1 (23)
;‘a tn {Co.h'/."l )

cosh * L/ma - 1
i"a - aA A
5 -1- (x2) Ni/a (24)
a- a m-d Ye
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= -a 't
-2v (B85
Q v, ) 2 .53 25)
K mEy s, fcosh u/a - 1 *
cosh % ﬁ/ﬁ -1

When the installation of a drain for the purpose of
skimming fresh water is contemplated, the major questions are
1) how deep should the drain be located and 2) what should be
the drain radius and length to achieve a certain desired dis-
charge? Equations 23 through 25 can be used to answer these
questions, at least approximataely, as follows. Prom the
field investigation the values of Ygr 8y , L , m , and K¢
are measured or estimated. The radius of the largest prac-
tical circular drain is selected to detemine a. Next, the
values of the scaled variables n and £ are computed.
Using the values of m and L , values of (ﬁf - 3)/(; - 3)
are calculated for several values of E/; in the range
0.1 < E/; < .95 from equation 23. A plot of the data so
generated is constructed as shown in Pigure 6.

Equation 24 plots as a straight line on Pigure 6; the
slope, however, is not known because d is not known.
Therefore, the slope is adjusted so that the line representing
equation 24 is tangent to the curve representing equation 23.
The absolute value of the clope o’ the tangent line is
measured and set equal to the expression for slope in
equation 24. That is

Ay (26)

»
8 = - Y
m~-a4a't
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Pigurv 6. Graphical solution of equations 37 and 38.

where s is the slope measured from Figure 6. From equation
26, tbe value of m-d is calculated. This value is the
scaled depth below the original water table at which the
center line of the drain should be placed.

The horizontal coordinate of the point of tangency in
Pigure 6 is the scaled height of the interface beneath the
drain. If the straight line is drawn with a steeper slope,
the point of intersection f the two curves represents a
stable interface elevation at a drain depth less than the one
calculated above. On the other hand, a straight line drawn
s0 that there is no intersection represenis a greater drain
depth which will cause an unstable interface and salt water
will be entrained. Thus the tangent condition represemts the
greatest safa depth at which the drain can be placed.
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The next step ic to use the measured value of slope and
equation 25 to compute the discharga per unit length of drain.
It should be pointed out that the assumptions made in the
development of the above theory are such that the predicted
discharge for a particular interface elevation is larger
than that which would be measured. The descrepancy is prcb-
ably not large for thick fresh water layers, but becomes
larger for thin layers. Example calculations are provided
by McWhorter (1972).

Unsteady Upconing Benezth a Pumping Well

An imsnortant practical consideration is the operating
schedules of skimming wells. For example, the question of
the leigth of time a well can be pumped at a particular rate
without running a risk of pumping the underlying salt water
arises. If the well is shut dowr, what is the rate cf decline
of the salt water mound is another question that might be
asked. Rough answers to these questions are provided by so-
lutions to equation 27 as demonstrated below.

McWhorter (1972, 2eveloped equation 27 following proce-

dures introduced by Hantush (1968):

3%y L, 12e_ 23y
g2 Tor - %3t (27)

m 2 -
vhere a = yfsy/bvlfjf P (1:3;7;;- - ), and ¢ is mean
value of ¢. The boundary and initial conditions are

limit r 2% . 9
et S T ,%1 1+ x (28)

£ ve f

¢ (=) = (m/(1+ av/v )% = o,

¢ (r,0) = (m/(1 + Av/vl)}‘ -9, (29)
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where m is the thickness of the fresh watcer zone and Q is

the well discharge. The solution is

Q
v =9 - W(u) (30)
2:4Y (1 + Ay, Ke
Ye Ye
where
- -u
W(u) = L e 4u (31)
u
_Ia
at

The function W(u) is the exponential integral which is tabulated
in several standard mathematical tables and all modern tcxts
dealing with groundwater hydrology.

The above solution in : describes the time and spatial
variation of y for constant well discharge. The relationship
of § to the interface elevation 5 is given bv the definition
of y following equation 27. Values of 3 (and therefore ¢)
influenced by variable pumping rates can be estimated by ap-
plying the principle of superposition.

Starting at t = 0, a well is pumped at the rate Q1 for

a time tl and then at 02 as shown below.

a

Time - ¢
Pigure 7. An emample puping schedule.
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The corresponding interface elevation bensath the well is
shown schematically in Figure 8.

The ordinate A at a Particular time t > tl is the eleva-
tion of the interface if the Pumping rate had continued at
Ql' The value of B is the additional elevation cansed by
increasing the rate by Q2 - Ql' The value of % for ¢ « tl is
calculated directly from equation 30, and ¥ for ¢t > tl is
computed by extending this sclution forward in time beyond
tl and adding to it the solution for discharge at the rate
Q2 - Q1 beginning at t = tl. Mathematically, this statement
is

s(r &) = ( e )2 - % w(t)
v 1+ av/ve 20 3 (1 4 Ay,
(Q, - Q,)
2 1
+ Wit - ¢,)) (32)
28 (1 4+ &Yy g 1
Yf .'f f

where W(t) is the function given in equation 31 with r = £,
and wW(t - tl) is the same function with r = r, and t replaced
dy t - ¢,.

The above process can be extended to any number of steps
in discharge. The result for n steps is

n 1
t) = I__T_) -
f 1 4

n
m1 Wit) « I
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Figure 8. Schematic of the interface elevation

corresponding to the pumping schedule
shown in Figqure 7.

In the limit as the variation of discharge becomes continuous,

equation 33 becomes

‘ 1
o(r _,t) = ( B ) S - "
v 1+ &/ 202X (1 & 20y g
Q) W(t) + jx g? Wit - 1) dr} (34)
[o]

which is the familiar convolution inteqral.

Equations 43 or 34 can be used to calculate the growth
and decay of the salt water mound in response to any varia-
tion in pumping rate.

The principle of superposition can alsc be used to
Calculate the effects of well interference. This is an im-
portant consideration because the interface elevation in the
vicinity of interferring wells iy higher than one would
calculate taking each well individually.



Since equation 27 is linear, the value of ¢ at any
particular point in a well field cen be calculated by
adding the values of y prcluced at the point by each indi-
vidual well. Thus,

e " igl 41 (35)
where 71 is the value of ¢ produced by the ith well and
Y is the total.

An important conclusion of the unsteady analysis is
that wells can be pumped at high rates for short periods of
time without entraining salt water because a volume of water
equal to that between the jinitial and che upconed interface
must be pumped in order to establish a given interface posi-
tion. This conclusion is not apparent in the steady flow

theories where a steady position of the upconed interface

is presumed at the outset.

The =ffect of Anisotropy

Because a2 reduced vertical permeability relative to
the horizontal permeability has a marked influence on the
distribution of hydraulic head, it might be expected that
anisotropy would modify the conclusions concerning optimum
pumping rates and penetration ratios derived for isotropic
aquifers. Chandler (1973) modified and improved the model
of Sahni (1972) to include the effects of differing vertical
and horizontal permsabilities. These results were also
reported by Chandler and NcWhorter ('.973).
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Radially symmetric, steady flow in a homogeneous and
anisotropic aquifer is governed by:

K M 228

9
T or ar z 2 (36)

vhere

piezometric head (L),

hydraulic conductivity in the horizontal
direction (L/T),

K_ = hydraulic conductivity in the vertical direction

(L/T),
r = radial coordinate measured from well axis (L),
Z = vertical ccordinate measured positive upward
from the original interface elevation (L).

Equation 36 was written on the assumption that the principal
directions of hvdraulic conductivity coincide with the r and
2 coordinate directions.

The fresh water flow region is bounded on the top by
a stationary water table; a surface on which the pPressure is
everywhere atmospheric. The lower boundary of the fresh water
region is a stationary surface, which nathematically, con-
stitutes an impermeable surface. These conditions and addi-
tional ones used for the sclutisn of equatio. 1 are depicted
in Pigure 9. The requirement that the water table and the
interface be stream surfaces can be shown to constitute non-
linear boundary conditions.

Solutions for the anisotropic case were obtained by
solving the transformed eguation
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? M a2
— {r —_—) ¢ —_— = 0 (31,
3tt t 3rt 222
wvhere
Kz Y
L = (-K—) r (38)

and transforming the results back into the real (r,z) domain.

A fully implicit numerical technique was used to inte-
grate equation 37 subject to the boundary conditions shown
in Pigure 9. The initial iteration was performed using a
horizontal water table and a horizontal interface. Prom
the resulting distribution of head, the position of the water
table was established by determining the locus of points of
atmospheric pressure. At the interface, equation 18 must be
satisfied with m = He' The position of the interface following
the Zirst iteration was eatablished by determining the locus
of points in the flow region for which equztion 18 is satis-
fied. The second iteration was performed using the water
table and interface susfaces located from the previous itera-
tion. Pinite difference grids that were found to fall out-
side of the flow domain after each iteration were subgzequently
treated as no-flow grids. Iteration was continued until the
maximum difference in head between successive iterations was
less than some arbitrary value. Usuvally, only three iterations
were required to obtain a stable solution.

The mathematical model was compared with the familiar
steady-stats solution based on the Dupuit-Porchheimer assump-
tions for a fully pPenetrating well in a homogeasous and iso-
tropic aquifer with mo upconing. Identical Lowndary coaditioms
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at r = r_ and at r = r, ¥ere used in the finite difference
model and the approximate analytical solution. The conficu-
ration of the water tables calculated by the two rethods
agreed very well. The well discharge computed from the
nume:ical model was 1.7 percent higher than that computed
from the approximate analytical solutinn.

A comparison with Sshni's (1972) experimental results
was conducted to establish the validity of the model compo-
nent concerned with upconing of the heavier liquid. A com-
parison of the calculated interface ard water table profiles
with Sahni’'s measured profiles is shown in Figure 10. The
predicted and measured profiles agree clogely. It is impor-
tant, however, that the numerical model also satisfactorily
predicts the critical conditions. A comparison of the mea-
sured and predicted drawdown, cone height beneath the gsimu-
lated well, and the well 1ischarge for the critical condi-
tion is presented in Table §¢. The correspondence between
the neasured and predicted values shown in Table 1 is

satisfactory, considering that Sahni's experiments were not

Table 4. Measured and Predicted Critical Conditions

Critical Critical Interface Critical

Drawdown Elevation Drawdown
(cm) (cm) (cm3/gec)
Measured 3.2 7.5 9.3

Predicted 3.04 .33 10.62
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Piguie 1). Comparison of meagsured and calculated results for flow
to a well in an isotropic aquifer.
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completely free of capillary effects which are not irncluded
in the numerical model and that the exact critical condition
is difficult to establish experimentally.

The maximum critical pumping rate that can be maiataired
without causing the saline water to rise above critiral ele-
vation depends upon the fraction of the fresh water layer
Penetrated by the well. 1t is desirable to determine the
degree of penetration which permits the maximum critical
pumping rate. The critical discharge is shown as a functior
of well penetration in FPigure 11 tor an isotropic aquifer and
€or three anisotrooic aquifers. The results are presented
in dimensionless form for convenience and maximum generality.
The definitions of the dimensionless critical discharge and

well penetration are:

0.Q
- f¥c
Qc - _3__:3_; (39)
and
aQ = dw/"e (40)

regpectively, where QC is the critical well discharge, dv
is the depth of the well “elow the undisturbed water table,
H, is the undisturbed fresh water thickness, Pg ~ fresh water
density, Ap = density difference, and other symbols are as
previously defined.

The critical discharge is low for all cases vhen the
well penetration is to a point near the undisturbed interface
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because the interface must rise only a short distance to reach
the critical elevation. Thus, the critical elevation is pro-
duced by a small drawdown at the well with a corresponding
small discharge. At very small Penetrations (i.e., 0<a<0.3),
the maximum permissible drawdown and discharge are limited

by the well hydraulics and not by a critical interface eleva-
tion. .n other words, the maximum hydraulically possible
discharge is insufficient to produce a critical upconing con-
dition. The end points of the four curves indicate the
maximum critical discharge obtainable in each case.

The end points of the curves in Figure 11 show that the
optimum penetration increases with increasing ratios of hori-
zontal to vertical permeability. The relationship between
optimum penetration and permeability ratio is shown explicitly
in Figuze 12. Wang (1965) also predicted that the optimum
Penetration increases with increasing ratios of horizontal
to vertical permeability. The optimal penetration predicted
herein is somewhat greater than predicted by Wang, however.

The elevation of the interface beneath the well increases
as the well discharge is increased as shown in Figure 13. ‘The
dimensionless interface elevation, E, is defined by

- Of ¢

I v ﬁ; (41)
The end points of the curves in Figure 13 represent the criti-
cal discharge and interface elevation. Of particular interest
is the observation that the discharge is greater for the aniso-
tropic than for the isotropic aquifers with the sams interface
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elevation. Furthermore, the critical discharge is greater
for the anisotropic case than for the isotropic case. This
conclusion is jin contrast to the resuits of Wang (1965) which
indicate a aaller critical discharge for the anisotropic
aquifers:; other parameters remaining equal.

Anisotropy influences the hydraulic behavior in two weys
which, in turn, affects the critical interface elevation and
the correspording critical discharge. Decreasing the verti-
Ccal permeability, while maintaining tne horizontal permeability
constant, results in an overall increased resistance to flow
toward partially penetrating wells which produces a greater
drawdown per unit of discharge for the anisotropic aquifer.
Wang (1965) assumed the interface elevation to be directly
proportional to che drawdown;: therefore, for equal interface
elevations, the well discharge for the anisotropic case ig
less than for the isotropic case. Examination of equation
18 shows that Wang's assumption is tantamount to assuming
that the head Hi on the inierface beneath the well is equal
to the head in the well. Such a situation is gos3ible cnly
if there exist no vertical components of flow.

The second effect (which was neglected hy Wang) of a
reduced vertical permeability is to increase the total head
loss along a vertical line beneath the well as compared to
the isotropic case with the same drawdosn in the well. In
other words. the head, at any point beneath the well, is

groster for the anisotropic than for the isotropic case; ali
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other parameters being equai. It is clear from equation 18

that the elevation of the interface is, therefore, depressed

by the effects of anisotropy. This fact permits the maximum
safe drawdown to be significantly greater for wells pumping

from anisotropic aquifers. Evidently, the increase in the
maximum drawdown allowable in the anisotropic aquifer is
sufficient to more than offset the effects of increased re-
sistance to flow, resulting in a higher allowable well discharge.

The analyses of Wang (1965) and Muskat and Wyckoff (1935)
linearize the boundary condition on the interface by ignoring
the influence of the interface upconing on the distribution
of head in the fresh-water zone. The effect of the upconing
is to cause additional convergence of flow and a correspond-
ing decrease in discharge per uni* of drawdown. The critical
discharge predicted by neglecting the upconing should exceed
the actual critical discharge, therefore. Comparisons with
the critical discharge pPredicted by the numerical model for
one case indeed indicated that Wang's critical discharce was
13 percent too high. A rather extensive comparison of the
results of Wang and Muskat and Wyckoff with Sahni's (1972)
experimental results shows predicted critical discharges
ranging up to 86 percent higher than the measured value.

The results of the analyses of upconing in anisotropic
aquifers are susmarized as follows. There exists an optimum
degree of wall venetration into the fresh wvater layer which
pPermits maximum discharge without causing the heavier, saline
water to rise into the well. The optimum penetration for
isotropic aquifers is near 30 percent and increases to more



than 50 percent for aquifers in vhich the vertical permeability
is less than 5 percent of the horizontal permeability. wWell
discharges for penetrations less than optimum are limited by
well hydraulics, and for penetrations greater than optimum,

by the incipient entrainment of saline water from below. The
highest stable interface elevation is always less than the
elevation of the bottom of the well screen.

A reduced vertical permeability results in a smaller
discharge per unit of drawdown, but also permits a larger
drawdown to be maintained without salt water entrainment.

The latter influence is dominant, and the critical discharge
for aquifers with a reduced vertical permeability is larger
than for an isotropic case, other factors remaining ecual.
Accurate predictions of the critical well discharge cannot
be made by ignoring the influence of the interface upconing
on the head distribution in the fresh-water zone. Operation
of a well at the critical discharge predicted by neglecting
the increased convergence caused by upconing will result in

salt water entrainment.

FIELD EXPERIENCES WITH SKIMMING WFL.3
A sct of field experiments were design.d and carried
out in Pakistan. One of the purposes of the field tests was
to determine if the fresh-saline water system responded to
pumping in a manner consistent with the laboratory and theoreti-
cal predictions. Another purpose was to determine and develop
solutions to any practical problems involved in skimming well

coastruction and use.
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The site for the experiments was Phularwan Research
Parm, a part of thc Mona Reclamation area. This site was
selected because prelimirary investigations indicated a
shallow water table and a zone of relatively fresh water
about 100 ft thick above a much more saline body of ground
water. The research plan called for testing a tubewell
constructed similar to the usual private tubewell and a
dug well of large diameter. Meaningful results wer> not ob-
tained from the dug well exneriments, and this report sum-
marizes the results from the tubewell experiments, only.

Two tubewells were eventually constructed and tested and
are referred to as tubewells 1 ang 2 throughout the 1emainder
of this report.

The layout of tubewell 1 and the associated observa-
tion wells are shown in Figure 14. The initial vertical
distribution of salinity, as indicated by electrical con-
ductivity, is shown in Pigure 15. The interface was taken
as the depth at which the EC was equal to 5 mmhos/cm and all
future references to the interface in this repert correspond
to an EC of 5 mmhos/cm. On this basis, the ‘resh water layer
was determined to be ahout 80 ft. thick. The aquifer material
is an uncemented, medium sand for which the S0V size is 0.25 mm.

The important features of the tubewell and observation
wells are as follows. The tubewell penetrated to a depth of
37 ft. below the datum elevation established near the ground
surface. At the time of construction, this depth represented
approximately 28 ft of penetration of the fresh water sOne.
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Twenty-four fee: of slottad PVC well screen extended from
just below the watex table to the bottom of the well. Thus,
the penetration ratio was 0.3 in accordance with the theoreti-
cal optimum value. A gravel pack was placed around the
screen. A locally manufactured, suction lift pump was used
to lift the water during the test. The diecharge was con-
trolled with a gate valve in the discharge line and was
measured using a piezometer and orifice plate. The details
of the tubewell construction are shown in Figure 16.

Figure 17 shows the design and construction details of
the observation wells. Use of the polypropylene tubing in
a backfilled hole was 2 feature that resulted from initial
failures of attempts to use an open hole in which the EC could
be measured. The open hole observaticn wells failed hecause
even the small vertical component of hydraulic gradient was
sufficient to cause water to "short-circuit” from the bottom
of the well to the top and to completely mask .he actual
vertical distribution of salinity. With the design shown in
Pigure 17, it was possible to obtain a sample of ground water
by applying a vacuum to the piezometer tubes that terminated
at 10 ft. intervals. The EC of each sample was measured to
determine the distribution of salinity.

Pollowing a set of tests with the facilities described
above, a second tubewell was constructed. The screened in-
terval in Tubewell 2 was approximately twice as long as in
tubewell 1. The screen in tubewell 2 was a quire strainer
(a metal frame wrapped with coconut fiber rope which {s a
common strainer used in private tubewells in Pakistan). T e
productiun capacity of this well was substantially greatex
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than for tubewell 1 and permitted the creation of a greater

degree of upconing.
Summary Results

The rise of the fresh-saline water interface during a
13 Qay period for which the pumping rate was 65 gallons per
minute (gpm) is shown in Figure 18. The data in Pigure 18
are for T1l-2, located 19 ft. from tubewell 1. Simijlar pro-
files were obtained at observation points located at 10, 39,
and 77 ft. from the pumped well.

Tubewell 1 broke suction after 13 days cf steady pumping
at a rate of 65 gpm. The decline cf the upconed salt water
was monitored for severzl days following the cessation of
pumping. These resultr are shown in Figure 19, and indicate
a very slow recovery of thu interface toward its initial
location. During this test, a total of 1.4 x 105 ft3 were
pumped. Estimation of the volume of saline water in the
uwpconed mound is 1.2 x 105 ft3. This indicates that most of
the pumped water was diaplaced by the upconing of the saline
water. In order for the interface to return to its initial
position, recharge into the cone of influence in the amount
of 1.4 x 105 ft3 must occur. In the absence of recharge
from rain and/or deep percolation from irriyation, this
quantity must be supplied by lateral inflow from areas
outside the radius of influence. Lateral inflow will occur
in response to residucl hydraulic gradients after the cessa-
tion of pumping that are much smaller than during pumping.
Therefore, it is expected that recovery of the interface will

be much slower than the builéup of the cone.



Elevation

>
T

N
| {

Figure 18.

Salinity profile at skimming well site.



e
]

",

¢

——

Elevat

57

Soil Surface
o
_g Water Table
Bq- ;
Depth of Well
60}
Aug. 29 (afte pumping ot 65 gpm for |3 days)
a0 /
Sept. |14 ( ofter purrp had been off
for 1Sdoys
Al
ol (
Aug. 16 (prior to pumping)
20l 1 i 1 A 1 1 1
0 | 2 3 4 5 6 7 8

Figure 19.

Electrical Conductivity, mmhos

(bservation well at T1-3.



S8

Attempts to create a larger degree of upcoaing beneath
tubewell 1 were not successful because of increasing severe
problems with breaking suction. Head loss through the
gravel pack and well screen was substantial in tubewell 1
and seemed to increase with time. Therefore, tubewell 2 was
constructed so that observations with greater upconing could
be made.

Tubewell 2 functioned approximately as expected delivering
a continuous flow of 225 gallons per minute with a drawdown
inside the strainer as indicated in the Figure 20. There
vas some fluctuation during the first day or two as the pack
around the strainer was develcping, but the drawdown within
the well was remarkably stable after January 7.

The wvater table levels before, dv "ing and after pumping
are shown in Figure 21. The water table dropped very quickly
as the well began to pump and then more slowly from January
6 to January S as water was being continuously pumped at a
rate of about 0.5 cusec (225 gallons per minute). The area
around the wells was irrigated during the afternoon of January
9 and the water table had risen 4 or 5 inches by January 10.
The water table declined a couple of inches between the 10th
and the 15th during which there were 2 or 3 small showvers and
then on the 15th there was a sizable rain in the evening and
by the 16th the wvater table had risen about 2 inches. There
was no rain or irrigation from the 16th to the 20th during
which the water table declined about 7 inches. After the pump
was turned off the 20th, the water table rose rapidly and by
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the 2lst was up at almost 8 feet indicating that there

had been a general resuprnlv of water to the area from the
irrigation and rains received between January 5 and January
21 which was greater than the amount of water which had been
pumped during that time.

The salt content as a function of depth is shown at
the observation sites 8 feet, 31 feet, and 70 feet from the
vell, before and during pumping in FPigures 22, 23, and 24,
respectively. During the measurements prior to January
14 the temperature of the water was not determined when
the electrical conductivity was measured. Depending upon
how long the solution samples remained in the bottles after
extraction and prior to measurement and the air tesperature
at that day, the temperatures of these samples could have
ranged from 20 to 27°C. All conductivities measured on and
after January 14 were accompanied by temperatuce measurements
and are expressed in these figures as equivale:rt conductivities
at 25°C. Consistent deviation of a few points from the curve
indicates that these sampling heads are not at che specific
elevation that they were supposed to have been installed.
Hdowever thcs.e successive mesasurements shox a consisten: rise
in a cone year the well.

Since the electrical conductivity of 5 smhos is approxi-
mately the midpoint between the conductivity of the fresh and
and saline waters, thls elactrical conductivity was chosen
as the concentration indicating the interface betwoea the
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fresh and the saline waters. Plotting the S smhos/cm concen-
tration line as a function of depth and distance from the
wvell before and during pumping illustrates the rise of the
salire-fresh water interface in Figure 25. At the center

of Figure 25 the well is illustrated as it extends to 60 feet
below the surface with the wellscreen or filter section being
from 10 to 60 feet below the surface.

The concentration of the pumped water is illustrated in
Pigure 26. Again, the variations in temperature caused some
scatter from the curve during the measurements prior to
January 14; however, after the l4th there was a very consis-
tent rise in concentration with time. Pumping was discon-
tinued on the 20th because the salinity of the water was
becoming so high that it was not acceptadble for irrigation.
At this time, the 5 mmhos/cm concentration surface had
reached the bottom of the well and the lower portion of the
wvell was exposed to water of concentration higher than the
initial values.

The well was turned off on January 20 .3d the cone of
saline water began to recede. The position of the cone
during recession is shown in Figure 27. Again, the rate of
recession is much less than the rate of rise.

The degree of pen-tration of tubewell 2 and the dis-
charge rate were purposely made larger than all of the thesoreti-
cal calculations indicated for optimum conditions. This was
done to insure that substantial coning would indeed occur
during the tests. Comparisons of the degree of upconing
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beneath tubewells 1 and 2 cleariy show that too much pPenetration
and too large a discharge will cause a significant decline

in the quality of the pumped water as predicted by the theo-
retical computations. Specifically, tubewell 1, penetrating
only 30 percent of the fresh water zone and pusped at 65 gpm
for 13 days, produced only about 8 ft. of upconing beneath
the well. This is to be compared with tubewell 2 which pene-
trates 60 percent of the fresh water layer and was pumped at
225 gpm for 15 days to produce an upconing in excess of 30
ft. The construction and operation of tubewell 1 (relative
to penetration and discharge) was selected based on the
theorctical predictiuns. Therefore, the “‘eld tests produced
a qualitative validation of the theoretical resul‘s.

All of the zheoretical models reported herein require
knowledge of the hydraulic properties of the aquifer. The
results of the field tests and other field observations
(McWhorter, 1975) suggest a simpler approach tc upconing
calculations that do not require the hydr wlic parameters.
Laboratory results, theoretical considerations, and field
observations suggest that the shape of the interface is
given approximately by

L® ctn rg/r
where { is the height of the interface above its horizontal
equilibrium position, C is a constant, r = distance from
the pumped well and r, is the radius of influence. Therefore,
the volume of fresh water displaced by the rising interface

is
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e
V = 2xCSy j £ dr
T'w
r. 2 2
= +CSy % - t"T - ry2tn re/r.}

vhere V is the volume of fresh water displaced, Sy is the
specific yield of the aquifer, and Iy is the effective radius
of the pumped well.

Reasonable value of ryr Te, and Sy for Pakistan are 1

ft., 500 ft., 0.25, respectively. Thus,

v =9.81 x 10% ¢

and the height of the interface beneat: the well as a function
of the volume displaced becomes

-5
Ev = 6.3 x 10 v

wvhere (v is the height of the interface beneath the wvell in
feet and V is the displaced volume in cubic feet. Comparison
of interface heights calculated from the above equation with
those measured in both field experiments agreec reasonably
well. This comparison was made by assuming the entire volume
of pumperd vater was displacei by the upconed interface (i.e.,
V = Q tp, where Q is discharye and tp is the pumping time).
This procedure results in prea.cted upconing that is conserva-
tively larye.

It is not expected that the above simple theory would
hold at large pumping times when the interface tends to
stabilize. In most practical sitvations, continuous pumping
peviods will probably be on the order of those utilised in
the emperiments and the above computations should be reasomably

accurate up to 15 days of continuous pumping.
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Before proceeding to a discussion of guidelines for the
construction and operation of skimming wells it is worth
reporting the successful modification of an existing well
to confccm more closely with the characteristics of a skimming
well. A small tubewe!l, located on the Phularwan Research
Farm (a part of the Mona Reclamation area), was constructed
to a depth of 105 feet, during 1974. The discharge from this
well contained 2309 Ppm dissolved solids with an SAR of about
14. Use of water fron this well had been discontinued for
about two months pecause of the high salinity. An investiqga-

tion disciosed the salinity profile presented in Table 5.

Table 5. Salinity Profile in Mona Well on Phularwan Parm.

Depth ft. Elec. Cond.
mmohs/cm

13-23 2.10
23-33 1.96
33-43 1.75
41-53 1.47
53-63 1.30
63-73 1.20
73-83 1.20
83-93 1.96
91-103 3.75

These data indicate a relatively fresh water zone (800 ppm)
above a more saline zone (greater than 2509 ppm' with a
transition zone located below about 90 feet. Water from a
neardby hand pump indicated that the relatively high conduc-
tivities measured in the first 40 feet of the well casing

resulted from more saline water Pumped from below during the
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last period of pump operation. Since the top 30 feet of
the well was cased with blind Pipe, water in this section
would come to equilibrium with the natural ground water
salt content very slowly and this is probablv the reason
for the somewhat higher salt conteut.

Based on the above observations, it was recommended
that the tubewell be modified by blocking off the bottom
45 feet with sand and a concrete Piug. This was accomplished
leaving the well with blank casing from the surface to about
30 feet and well strainer from 30 to 60 feet. A flange
with a small orifice was inserted in the discharge pipe
which decreased the pumping rate to 180 gpm from the original
400 gpm. These modifications resulted in the marked improve-

ment in the pumped water as indicated in Table 6.

Table 6. Salinity in Discharge - Mona Well on Phularwan

Farm
50dium
Total Salts Adsorption Pumping Rate
Time of Pumping {ppm) Ratio (cusecs)
Prior to modification 2300 14 0.9
Following modification
1 min. of pumping 830 3.6 0.4
20 min. of pumping 850 3.6 0.4
160 min. of pumping 770 3.3 0.4
One month later
4 hours of pumping 830 0.4

The water from this well is now used reqularly for irrigation

on the research station.
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CONSTRUCTION AND OPERATION OF SKIMMING WELLS

As a result of the laboratory and theoretical model
studies and the field experiments, several recommendations
relative to the dJQign and operation of skimming wells
can be made. No specific design details are recommended
for the construction of skimming wells; rather design criteria
are recommended which can be satisfjed by a number of speci-
fic designs. 1Ideally, the hydraulic parameters of the aqui fer
&t the specific location where the skimming facility is con-
templated should be determined and one of the mathematical
models used to provide specific design and operation criteria.
It is realized that such a procedure would require financial
and technical resources beyond that which are usually available.
Therefore, the guidelines presented in this section were
developed so that such information is not required. The
associated loss in rigor and physical realism is not believed
to compromise the valicdity and utility of the guidelines.

Construction

1) The salinity profile should be established as a
first step so that the thickness of the “fresh”
water layer can be estimated. The salinity
profile can be established by measuring the EC
of water in a pilot bore hole or in an existing
well in the immediate vicinity. If an existing
well is used, credence should be gdiven only those
readings taken within the screened portion following
a 4-5 day period of no prping.
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) The skimming well should be construct:d so that
the screened portion is located in the upper
part of the fresh-water zona. If during boring,
no significant layering is noted, the length of
well screen or strainer should be about 30 percent
of the thickness of the “fresh" water zone. If
there is evidence that the vertical permeability
is substantially less than the horizontal permea-
bility (e.g. if stratification exists) the length
of screen or strainer can be extended to about
50 percent of the thickness of the fresh water zone.

l) If a clay lens or other tight layer is encountered
within the fresh water zone, consideration should
be given to screening only the portion of the well
above the tight layer. This procedure will assist
in controlling the upconing of salt water from
below. If the tight layer has been penetrated by
the Lure, all hole below the layer should be care-
fully backfilled to prevent the bore from providing
a "short-circuit".

4) Every effort should be made to minimize well losses
by good wel! construction practices. While large
well losnes will not increase upconing, they may
cause the discharge to be limited to values below
that which could be safely pumped.

Operation

The following guidelines for operation of a skimming
well are based on limiting the total volume pumped rather
than rate of pumping. If sustained pumping is desired st
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very low rates, more volume may be pumped during a single

pumping period than is indicated below.

1)

Significant salt water entrainment should not
occur if the interface beneath the well does

not rise beyond one-half the distance between

the undisturbed interface and the bottom of the
vell. Let He be the initial thickness of the
fresh water zone and d be the length of screen

or strainer. As indicated previously, d/Hg should
be between 0.3 and 0.5. The maximum safe rise of
the interface is 0.5 (Hg-d). Therefore, the maxi-
mum volume that can be pumped safely during a

single pumping period is

V=8x10 (H, - q)

vhere V is in cubic feet and He and d are expressed
in ft. This criterion allows for a combination
of pumping rates and durations to meet specific
requirements.

As an exampie, suppose it was desired to pump
tubewell 2 at 0.5 ft3/s. How long can this rate
be sustained safely? 1In the case of tubewell 2,
Heg - d = 31 ft. Thus, a total volume of 2.48 x
los £t3 can be pumpec before salt water entrain-
ment becomes a danger. At a rate of 0.5 ftJ/l.
the maximum pumping time is 4.96¢ x 105 seconds or
about 6 days. At a rate of 0.2% ftJ/l. the pumping
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duration could be at least 12 days. In the case
of tubewell 1, for which He = d =60 ft., a total
volume of 4.8 x 10S ft’ could be pumped safely.
The above guideline dictates a pumping period of
38 days at a rate of 65 gpm (0.14 ft/s). Indeed,
the field experiments resulted in about 8 ft. of
upconing after 13 days of pumping.

It is recommended that the rest period between
pumping periods be about 5 times the length of the
pumping period. For highly permeable aquifers,
the recession of the interface may be more rapid
than this guideline indicates. Significant verti-
cal recharge may also cause the interface to recede

more rapidly.
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