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ABSTRACT
 

This report sumarizes the theoretical* laoratory, 

and field research conducted as part of the Water 

Management Aeoaarch Project at Colorado State Uriversity. 

The research vas specifically oriented toward Pakistan 

problem. but imuch of the material is more generally 

applicable. Salt water upconing in isotropic and aniso­

tropic aquifers beneath veils wvs examined using both 

laboratory and nimerical modals, -nd quidelines for the 

construction and operation -i wells to minimize contam­

ination by upconing are provided. A method for deter­

minang the maximum safe depth of drains below the vator 

table is also provided. 
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SWSMf OF SKIMXIEG NELL InVSTIGTIMS 

D. D. Mc~fhrter-' 

ITROIDJCTTO, 

Exploitation of groundwater supplies for agricultural, 

municipal and industrial uses is severely hampered in mmy
 

regions of the world by the encroachment of unusable saline
 

water in response to fresh water withdrawals. Examples of
 

3alt water encroachment are most numerous in coastal aquifers
 

but are sometimes present in inland aquifers as well. 
Prob­

ably the mo)st important example of the latter case exists in
 

the India-Pakistan subcontinent in the Indus River Basin.
 

Pakistan has an area of almost 200 million acres; 
over
 

30 million acres of which is irrigated. The irrigated area
 

is laced with thou&ands 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 water table has caused wide-spread problems
 

of waterlogging and salinity, necessitating the installation
 

of extensive drainage and reclanation proerams.
 

The problem of drainage is complicated by the fact that
 

highly saline water underlies virtually all of the relatively
 

fresh water throughout the aquifer. Hear the rivers and 

I/Professor, Aqrl-Rtural and Chemical Nnglneerimq Dptmont, 
Colorado State Uni'ursity, Fort Collins, CO. 
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canals where a supply of fresh surface ater is available, 
the saline water exists only at groat depths. near the 

center of the dobi between the major tributaries to the 
Indus a one of relatively fresh water less than 100 feet 

thick conly overlies a of highlyzone more saline water 
(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 disposal
 

of the saline water produced by such facilities presents a
 

major problem. 
In many cases the saline water can be dis­
charged iito nearby canals or otherwist mixed with canal
 

water 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-water 

flow above a saline zone and investigated procedures for 
exploiting the fresh water zone without the entrainment of 
the underlying salt water. 
This research was initiated with
 
a laboratory model study of salt-water upeoning beneath
 

piVing wells. Theoretical studies were also undertaken in 
which the fresh-salt water system was treated as two smos 
with distinct densities. Flow bothLi isotropic and aiso­

tropic aquifers was rWdeled with t:. intent of dSoLoping 
dasign criteria for wells and horintal drains that veald 
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be capable of skimming the fresh uter without sWuetantial 

entrainent of salt water. Also, a mathematical model was 

dealopad that treated the system in term of flow of a 

no a -ogmeous fluid. Field eperiments were carried out 

in Pakistan to observe the system behavior under actual 

conditions and to study the practicality of sk.iming 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 

assessment of the results without unnecessarily burdening 

the reader with t.e details of the procedures. 

THEORETICAL CONSI DERATIONS 

The complexity of the phenomenon of flow of fresh water 

underlain by brine has led investigators to make numrous 

idealizations in attempts to reduce the mathematical de­

scription of the phonon to a tractable form. A very 

coien practice is to regard the fresh watdr and brine as 

immiscible liquids with an abrupt interface between them. 

In reality the two liquids are miscible and a transition 

zone separates the brine and the fresh water. The transition 

gone is characterized by a continuous decrease of concentra­

tion of salt from that of the undiluted brine to that of the 

unotattinated water above. A mathemtical formulation 

which considers the fluids to be miscible is more realistic 

but lass tractable than on which c€fsiErM the liquids to 

be Imiscible. Both formatl0ss are irt # ero me 

M gNe the fllowag p I * .am detail in 
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Miscible IM FormlAtim 

A diecussion of the flow of miscible fluids in porous 

,dia requires consideration of hydrodynamic dispersion. Hydro­

dynamic dispersion is the na given the process by which a
 

contaminant become mixed and distributed in a porous medium 

as the result of velocity distributions and fluctuations and 

molecular diffusion on a pore-size scale. Nathsmatical 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 nacroscopic terms which 

are observable and measurable. The result is the following 

equation known as the differential equation of hydrodynamic 

disper5 ion: 

"t 3 - - (1) 

in which 

c - contaminant concentration -N/ 

t - time-T 

i = ith cartesian coordinate - L 

Di, - coefficient of hydrodynamic dispersion 

(a tensor of rank 2) - L2 /T 

vi - the coogonent of smpage velocity in the ith 

direction - L/T 

21 - source or sink - N/L 3T 

Several analytic solutions nf the shou- equatiom exist 

=&r a variety of boundar and initial conditime and with 

fffrit finglatims of the mura-.ab ta M (I,, 19711 

nnrI and Sur, 1638 LMVIOu e Am .ldm,]lip 

http:mura-.ab
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Lind em, et al., 19711 Ogata, 19641 Oyata nd Banks 1961). 

The analytic: solutions have contributed greatly t%, the under­

stand' of hyd1di-amic dispersion and their importance 

cannot be overemphasized. However, the analytic solutions 

are ordinarily derived for boundary and initial conditions 

that are relatively simple in comparison to the wide variety 

of slt..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 nonhomogeneoum porous media. Numerical 

solutions are ordinazil? less convenient for analysis and 

degin than are analytical solutions. In .kany cases, however, 

numericul methods offer the only feasible m~ans of solving 

the probles. 

Because the seepage velocity vi is present in equation 

1, and because the noofficient of hydiodynamic dispersion 

Di~i depenas on v, , the p.-nomenon of dispersion in strongly 

dependent upon the flow of the soluticn uthase. To some extent 

the bulk flow of the solution phase is also dependent on the 

oocentration distribution of the contaminant. This is true 

because the contminant effects the density and viscosity of 

tbe solution. The differential equation for flow incluLing 

th tnflmace of the ootamanent can be written as in 

equation 2.0 

(C + Pe~ (* + S2 (2) 
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k L - intrinsic PeO=abiiity in the w direction -L 2 

P - pressure - F/L 2 

g - gravitational constant - L/T 2 

h - elevation with respect to an arbitrary datm - L 

3P - density - N/O 

P - dynamic viscosity - F-T/L 2 

4 - poroiity 

%2 - source or sink - N/L3 T 

and other symbols are as previously defined. Equations 1 

and 2 constitute a system of partial differential equations 

which describe bulk flow of a liquid and dispersion of a 

ontaminant in that liquid. 

Imiscble Flow Formulation 

One of,the objectives of the study reported herein, is 

to provide a method for onmparing different mt-ods of pro­

ducing the relatively fresh water vith a minimum disturbance 

of the underlying brine. From an aca6mic standpoint, the 

ideal way to accemplish such a comparison would be to solve 

aquations 1 and 2 simultaneously for each method under 

consideration. A less rigorous approach involves several 

idealizations which are discussed in the following paragraphs. 

It is often the rase that the disperse (or transition) 

see beten the fresh-water region and the salt-water region 

is mell comred to the total thickmees of thm fresh-vator 

regoL. it is, temreftore possible to amshder the tramsit em 

urne as a sbarp bomasry Oemwtathe r~kn of 93= 
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"h probL a is reduod to locating the interface between the 

two regions for various boundary ccmditions which is often 

called a "free-surface* problem. 

Wittin each region separated by the abrupt interface,
 

the flow is given by Darcy's law in vector notation for
 

isotropic media: 

qf W - XfV (Pf/Yf + z) (3) 

q3a - KNa(P /Ys + z) 
 (4)
 

in Vhich
 

q - Darcy velocity vector - L/T
 

K - hydraulic conductivity - L/T
 

P - pressure - F/L2
 

z - elevation relative to an arbitrary datum -
 L
 

Y - specific weight - P/L3 , 

and the subscripts f and a refer to fresh and salt water 

respectively. The quantity in parentheses is called the 

hydraulic head. Throughout the remainder of this report the
 

hydraulic head is denoted by the symbol H. For a howgeneous 

madium, equation 3 can be combined with the equation for mass 

mservation for incompressible, hoMgeneous fluids to obtain: 

V2 f - 0 (5)
 

"s aom equation applies to the salt-water region with the 

subsoript f replaced by a. Fquatiom 5 is knWM AS thie 

Liplam equation. The hydraulic had St Is a funmeta of 

eps ad tSI in genial. 



a 

Tb. problem is to solve the linar Laplac equation In
 

the fresh water 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
 

free surface is nonlinear because of a nonlinear boundary
 

condition on the interface. The nonlinear boundary condition
 

constitutes the major difficulty with the imwiscible
 

formulat on of the pr-blem.
 

Conditions on the Interface
 

At any point the pressure must be continuous across the
 

interface. Therefore, solving for pressure from the defini­

tions of hydraulic head in the fresh and salt water regions
 

and equating at the interface yields:
 

Hf i R f _ r f = Hai Ys - CYs (6) 

in wich C 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 for the elevation of the interface 

yields
 
Vs N i Yf N 


(7
 
ia -R (7) 

In which AY is Y* - " quation 7 implies that the 

position of the interface can be aotd if the valas of 

hydraulic head are know 6n the interface. 



9
 

fie change In elevatton of the Interface with respect to 

the distance along the interface is obtained fvm equatior 7 

by differentiation: 

ia i Yf 3Hf i
 

where I is the distance along the interface. Solving 

equations 3 and 4 for the gradient of head and substituting
 

into equetion 8 results in
 

Yf qf- ys qs 

AyFs19)Kf 3-


wha qfi and q are the velocities tangent to the 

incerface. The derivative on the left of equation 9 is the 

slope of the interface and can be replaced by sine where S 

is the angle the interface makes with the horizontal. 

The hydraulic conductivities Kf and Ka are directky 

proportional to the specific weights Yf and Ya respec­

tively. Therefore, if it is assumd that the viscosity of 

the salt and freh waters are the sam, equation 9 implies 

that, when 

qfi = qa . (10) 

the interface is horizontal. A horizontal interface also 

results when there ic no flow in either region. 

Tbe case in which there is flow in the fresh water but 

no glow in the salt water is of particular intOZOes. qUa­

tion 9 reduces to 

aBle 11U)sin 
WE 
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who right side of equation 11 has a mnaxiamm value of 

uity. Threfore. the condioA.on
 

i AYKf 
f<Y f (12)qf<f


must be satisfied at all pointa on the interface. Condition 

12 can be regarded as a necessary condition for a static salt 

water phase. The ahove coadition 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. This further implies that the hydraulic
 

gradient on the interface must remain less than Aj/yf .
 

The classical Ghyben-Herzberq relation can be stated
 

If
 
At - Ah 
 (13) 

where h is thie water table elevation relative to same datum. 

The Qhyben-Herzberg relation Etates that the change in eleva­

tion of the interface apsociated with a change in water table 

elevation is approximately Ay/yf times as great as the 

wal ar table change. The approxipation necessary to arrive at 

equation 13 follows directly from equation 8 with 3sii/at -0 1 
; a f 3H i 

A- t - - - AIt , (14) 

or 
AU "m.. AHfIITf (15) 

3quatici 15 Is identical to the Cyben-Mersberg relation 

provided the hydraulic head on the interface is equal to the 

water table elevation. Such a oomdItIoU exists 00ly if the 

http:condioA.on
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flow is horisontal. Therfore, use of the Gbyben-Neraberg 

relation is tantamount to neglecting the vertical comanent 

of flow. 

LAORATORY EXPERIMMT 

The laboratory experiments reported herein were conducted 

by Sahni (1972), and much of the material is taken directly 

fran his dissertation. The purpose of conducting the experi­

mental work was to 1) increase the understanding of the up­

coning problem, 2) check the valid.ty of the Wang (1965) and 

Muskat and Wyckoff (1935) theories and 3) to provide data suit­

able for checking the validity of numerical models. In these 

experiments, the fresh-salt water system was simulated by two 

flaids separated by an interface. Thus, no information on 

the effects of dispersion was obtained. 

Choice of Porous Medium
 

Since capillary forces in the field situation are 

cosidered to have negligible effect, an attempt was made to 

insure that this was the case for the model also. It is 

difficult to satisfy the requirement for negligible capillary 

phenomea in designing a laboratory model of practical size. 

It was necessary to select a material to simulate the aquifer 

such that the capillary frinige in the vodel would be only a 

sell fraction of the total thickness of the fresh-water zne. 

After running several tests with different kinds of mterials, 

it wa decided that the simulating material should hae an 

avera" grain size of at least 2 m. Ein the proemst studt 

http:valid.ty
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relates to hogeneous and isotropic aquifers, it was lecided 

to uss spherical glass beads about 2.5 = size. 

The glass beads used as the aquifer material id the 

modal, Li 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
 

lor the selection of glass beads as the a'ijifer material in
 

the model was that their smooth suraces 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 betc.e, 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 aa abrupt interface. When tap wator and water 

with some salt dissoled 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 of complete miscibility of the two 

fluids, this zone of separation was not well defined. 

It was also necessary that the amount oi omxding of the 

brine, In response to the produc*ion of the well, be a real­
istic fraction of the total height of the modal. A wry 

oes material was used for tj aquifer La the mdIL. 
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Therefors, if fresh water and saline water had been used, 

the drawdjam in the well would have been very small to keep 

the mound within realistic limits. However, it was not o­

sible to measure a very small dravi5own with the desired 

acuracy. Further, from equation (13) it observedwas that 

th-a cone height can be reduced by using two fluids with a 

larger density contrast.
 

The above reasons, therefore, led to the cloice of two
 

imi.xcible fluids having a density difference much greater
 

than that for fresh wate- and saline water. Fresh water was
 

simulated by Soltrol "C" and saline water by tap water con­

taining a dye called rontacyl. This dye ic water soluble
 

and is insoluble Jn Soltrol. A very small amount of this
 

dye 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:.,lating 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 effects on flow, 

it would be desirable to construct a very large cylindrical 

model. However, a large model is uneconomical to build, 

impractical from the point of view of simulating all boundary 

co ditions, and difficult to opelate. Since the present work 

deals with axieyintrical flow toward a well in a hOMO9M­

eous and isotrowi medium, it was sufficient to coastruct 

aly a sector of a cylindrical 11. The Model -I LN this 
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study has radial walls forming am angle of 150 which 

represents 1/24 of a compiete cylinder. The radial length 

of tbo sector was four feet. Toard the outflow end of th 

model a brass screen of 50 mesh size was placod 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 tlh.. cylinder. 

Pigure 1 shows the discharge end of the model and Figuzes 2(a) 

and 2(b) give details af 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 end from a
 

reservoir by a wall which was perforated uniformly by 63
 

1/4 inch holes with 2 inch separations. The purpose of this
 

reservoir was to mu:intain a constant head at the inflow 

boundary of the The level themodel. liquid in reservoir 

was maintained constant by an overflow tap in the outLr 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 outr end of the sector. These holes 

vtare covered with a screen to prevent glass beads from 

falling into the r6srvoir. 

Production from the well was simulated in the model by 

sipbcmsnq oil with a tube (about 1/4 inch I.D.). 2s haeijt 
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of the fluid in the veil and the production rate were varied 

with the help of a screw clamp. After allowing sufficient 

time for the flow to reach an equilibriu 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 of 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. For makinq measurements of the producing
 

rate, the valve was closed, so 
that all the Cluid drained by
 

the well was collected in th2 measuring jar. The flow rate
 

was determined by noting the total volume collected in 
an
 

increment of time. 
 After the measurement, the stop cock was
 

agaip opened and the fluid allowed to drain.
 

Experimental Proce'dure 

Once the model tank ivas filled with glass beads and
 

fluids, 
a steady circulation of the fluids 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 sam, it was convenient to use this line as the reference
 

line rather than the position of the interface. Depths belw
 

this reference line were marked in nillimeters at a number of 

suitjble distances from the well axis along the frost Wall 

emd als elo the well O the &Bcharg&md plate. 



The initial position of the interface and the free
 

surface were noted. Then the production of oil was started
 

at a slow rate. This induced a drawlown of the free surface
 

toward the well in an approximately parabolic shape and an
 

upconing of the interface below the well. 
 In order to insure
 

that the free surface at the recharge end never went below
 

the level of the overflow outlet, the rate or inflow of oil
 

was bdjusted 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 -esuit in a higher free surface location
 

at the recharge end than the original position prior to
 

pumping.
 

After allowing sufficient tine 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 convergence
 

near the well on 
the free liquid surface and on production
 

rates.
 

Nent, the discharge was increased and after the flow
 

system had again reached equilibrium under the new conditions,
 

the now discharge was masured and the locations of the free
 

surface and interface wore recorded. 

Own the discharge was increased, the £nteafam rose to 

a ki~hr Position ad the CMa in the vicinity of the %l 
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steeper. later stages, as the critical 

ondition was approached, only a slight increase in prluc-­

tics rate would raise the cone near the wll by a significant 

amount. The experiment was continued until the cone became 

became In the 

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 were needed to analyze the perfou-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.
 

Sumary of Exerimental Results 

As mentioned previously, a major purpose of the 

laboratory experiments was to assess the validity of existing 

theories relative to upconing beneath pumping wells. '"he
 

theories of Wang (1965) and Muskat and Wyckoff (1935) were of
 

particilar 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 onfined aquifer of thickness equal to the undisturbed 

thicknes of the fresh water layer. This assumption permitted 

the calculation of the drNdmn in well.the pad astat°B 

(1965) theory of partially Pdetim l W1ells m used for 
thie pure. 5M nea step me to sme that the I 
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in the wll was related to the height of interface upconing 

by the Ghyben-Merzberg 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 bottom 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 Nuskat and Wyckoff (1935) theory also made use of
 

the potential distribution calculated for a partially pene­

trating well in confined aquifer. Unlike the Wang theory,
 

however, the Muskat-Wyckoff procedure used the vertical dis­

tribution of hydraulic head beneath the well to locate the
 

highest stable irterface 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. In Tables 1 through 3, D, Q, and 8 denote 

respectively the critical draudoun, discharge and the amount 

of onming below the well. 3, Ve andThe suffims N dmsignate 

the Comtpamding values obtained by using eperinmtal rdata@ 

VOgW0 a.wr a" Owskat'e pznc-& , repetiwly. 
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Table 1. Experimental Results 

Q CE coning 

CM cc/sec ca( 

1 0.743 0.0956 1.60 
 7.5O 6.10 95.31
 
2 0.635 0.0956 2.50 10.60 8.45 94.13
 
3 O.568 00956 3.15 11.50 9.74 90.48
 
4 0.450 0.0956 4.35 12.30 11.30 82.48 
5 0.541 0.0933 4.60 11.50 9.90 84.61
 
6 0.660 0.0915 3.20 9.30 7.50 88.24
 

a = fraction of fresh water thickness penetrated by well
 
S= slimness ratio = 
 radius of well divided by fresh-water
 

thickness
 

Table 2. Results from Wang'.j Theory
 

Case Y D ONw CW coning Error in 
cM Cc/SEC cM (VA) OW (1) 

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 3.407 18.968 10.80 100.00 64.94
 
4 0.450 0.0956 4.424 22.842 13.70 100.00 85.71
 
5 0.541 0.0933 3."7 16.123 11.70 100.00 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 * 
 DH ON CM Coning Error in 
cm cc/sec cm • 

1 0.743 0.0956 2.309 8.653 5.35 83.59 15.37 
2 0.635 0.0956 3.802 12.752 7.60 83.45 20.30
 
3 0.568 0.0956 4.617 14.007 8.84 81.84 21.80
 
4 0.450 0.0956 5.465 15.863 10.71 68.20 28.97 
5 0.541 0.0933 4.394 13.069 9.31 79.56 13.64 
6 0660 0.0915 3.232 11.564 7.15 83.32 24.34 
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Figure 3 shows a comparison of the critical discharge 

obtained by the three methods. The :omparison indicates the
 

following points:
 

1. Wang's theory always overestimates the critical
 

discharge. This departure fr.jm 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 reasonable value of critical discharge at 
very large values 

of a. This can be explained as follods. Production from 

a well with a shallower penetration results in a steeper 

critical cone. When the brine cone 
is not too steep, the
 

vertical flow components near the well are relatively less
 

significant. In such a case, the Ghyben-Herzberg relation,
 

0o WoNgs Theoy 
a Masco's The' 

0 Eaperiment Date 

15­

0 

5
 

0! 1 a - 't -j 

03 4 a5 0G 07 0.8 09 to 
Well Peellas, a 

Virmre 3. Ommerion of theozetical critical diadma. with 
the eorlemntal results. 



23
 

which is the basis of anq's theory, is not too serious an 

approximati. Therefore, the critical discharge computed 

by using Wang's skiming well formula shows relatively better
 

agreement with the experimental values for 
ells with deeper
 

penetration. 
On the other hand, in a case of shallcv-well
 

penetration, the cone beneath the well is relatively steep.
 

The vertical-flow compone:nts, especially in the imediate
 

vicinity of the well, cannot be neglected in this case and
 

tha Ghyben-Herzberg approximation is no longer valid. 
The
 

resistance to flow due to muc? 
stronger convergence toward
 

the well affects the potentiil field in the flow region.
 

This explains why a more conspicuous departure of Wang's
 

predictions from the experimental results occurs at
 

relatively smaller values of a.
 

Further, it would seem possiole to explain why Wang's
 

tleory 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 drawdodn, 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 drawdown for which the coning below the
 

well is equal to the height of the bottom of the vell above
 

the original position of the interfaoe. This value of draw­

down is in turn used to calculate the critics). discharge. 

Experimmts have shown beyond doubt that, in fact, the cam 

does besm unstable before it can rise to the bottm e the 
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well. Therefore, one would expect that the value of the 

critical drawdown used in Wang's analysis should always be
 

,'reater than the actual critical dr.wdown which in turn
 

results in an overestimation of critical discharge by Wang's 

forwula. 

2. Muskjt's analysis of the coning problem is also only 

an approximate one. The potential distribution in this tech­

niqae 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. Further, 

these formulas also assume a uniform flux density at all 

points on the surface of a well partially penetrating into
 

the aquifer. This is 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 :alcu­

lated by this method is in much better agreement with the 

experimental values than are the results obtained from Wang's 

formala as illustrated by Figure 3. 

Thus, both methods of analysis of the coning problem, 

nmmly thoe gJ yen by Wang and Pksskat, are only approximate 

ones and both have their own limitations. Neverthelees, the 

realts so that Naskat's alysis is more re lstic thm 

°Weigmlysis. 



NATHIMT ICAL NOORLS 

Several mathematical models of flow in fresh-saline water
 

aquifers were 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 analyL'cal
 

models.
 

Interface Upconing Beneath a Horizontal Drain
 

The situation to be considered is depicted in Figure 4. 

Flow occurs toward a drain of radiuj 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. In practical cases D < < d and the contri.bution to 

the drain discharge due to flow above the elevation of the 

drain is small compared to that from below the drain. There­

fore the problem can be idealized as shown in Figure S. 

Subject to the boundary conditions thet H - m at x - L 

x2 - a2 , and that H - d on + X2 the drain discharge is 

approximated by
 

2vrf(R-d) 
o - - Q ,csha1 (16)za
 

Comb I"-L 
In ­
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md the head Jistribution by
 

cos!- -cosI !i. I
Elf m n a-- + •(7
cosh wLL-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 (1935) for upconing beneath a well.
 

In the case of a pumping well, the aquifer discharqe 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 maximm 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 

r a ) (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 - 1. That is 

-,cos'I, 2. Icosh (19) 

The simultaneous solution of equations 1 and 19 yields 

the uknovn 4f i and t at particular values of x. For 

design purposes the maximum elevation of the interface is of 

primary interest. The saximm elevation occurs directly 

befeath the drain an the lime x - 0. It is conveniemt to 
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substitute equation 16 for 0 in equation 19 vith - 0 

and rearrange; this results in 

i 
 d tn{- col

coh T L -1(20)
I (0m-d m tn cosh w &/In ­

in{cosh w L/m - T
 

Nquation 18 is also more convenient in the form
 

H f - d -Y a a /a (21)
 

ff
 

30th equations 20 and 21 are dimensionless, but neverthelesa
 

a degree of generality can be gained by scalinq all parameters
 

azd variables with the radius of the drain. The following
 

scaled variables and parameters are defined:
 

Hf- Hf /a
 

. = ,,/a (22) 

L - L/a 
- E/a
 

Using the above scaled variables the final form of the
 

equations to be used in computations becom
 

S-coo,V -us/)­
-^ 

cosh 
A 

(2/-3)
 
n (cosh ,/--1 

cosh I L/m-°
 

M I (24)f... -


Yf
-d 


Ma 



Q f -21 . .d| lit 
Q " - - (25) 

WW_ n /;Ich 

cosh 	 l C/a - iI 

When the installation of a drain for the purpose of 

skiming 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 approximataly, as follows. From the 

field investigation the values of 'Yf, A, L , m , and Kf
 

are measured or estimated. The radius of the largest prac­

tical circular drain is selected to determine a. Next, the 

values of the scaled variables a and L are computed. 

Using the values of m and L , values of (Hf - d)/(n - d) 

are calculated for several values of E/i in the range 

0.1 < o/< .95 from equation 23. A plot of the data so 

generated 	 is constructed as shown in Figure 6. 

Equation 24 plots -As a straight line on Figure 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 curv, 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 

A 

mA 	 ,
(26) 
-d Yf 
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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, the 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
 

Figure 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 nf the two curves represents a 

stable interface elevation at a drain depth less than the one 

calculated above. On the other hanA, a straight line drawn 

so that there is no intersection represemns a greater drain 

depth which will cause an unstable interface and salt water 

viii be entrained. Thus the tangent cocdition repaeuets the 

greatest safe depth at which the drain can be plaed. 
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The next step is to use the measured value of slope and
 

equation 25 to compute the discharge 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
 

-ischarge for a particular interface elevation is larger
 

than that which would be measured. The descrepancy is prob­

ably not large for thick fresh water layers, but becomes
 

larger for thin layers. Example calculations are provided
 

by NcWhorter (1972).
 

Unsteady Upconing Beneath a Pumping Well
 

An iwportant practical consideration is the operating
 

schedules of skimming wells. For example, the question of
 

the length 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 down, 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. 

Mchorter (1972, d veloped equation 27 following proce­

dures introduced by Hantush (1968): 

321 1 2-0 =. (27)
 

Dr2 r r 3
 

where a YfS,/YR * - - )2, and j is man 

value of *. The boundary and initial conditions are
 

limit r At­
r -0 3r ,a (I + ) K (28) 

Vf Yf f 

9 (-+t) - (m/(l + /) . 

* (rO)- + w #((m/(l -/f)}2 
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where m is the thickness of the fresh water zone and 0 is 

the well discharge. The solution is
 

-
f 

0 
Yf 

V(U) (30)
21-2 (1 + A Kf 

where 

W(u) e udu (31) 
rz 

4t 

The function W(u) is Ihe exponential integral which is tabulated 

in several standard mathematical tables and all modern texts 

dealinq with groundw3ter hydrology. 

The above solution in . describes the time and spatial 

variation of , for constant well discharqe. The relationship 

of 0 to the interface elevation r is given by the definition 

of # following equation 27. Values of * (and therefore ).l 

influenced by variable pumping rates can be estimated by ap­

plyping the principle of superposition. 

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

a time t1 and then at Q2 as shown below. 

0
 

0,

aI 

et,
 

TNm -t 
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The corresponding interface elevation beneath the well is
 

shows schematically in Figure 
 8. 

The ordinate A at a particular time t 
tI is the eleva­
tion of the interface if the pumping rate had continued at 

QI" The value of 1 is the additional elevation caused by
 
increasing the rate by Q2 
- 01. The value of * for t< t, is 
calculated directly from equation 30, and * for t> t1 is
 
computed by extending this sclution forward in time beyond
 

t 1 and addinq to it the solution for discharge at the rate 

02 - 01 beginning at t - tI. Mathematically, this statement 
is 

t~w') 1 a/, 2 ( Q_ _a)
W(Q
 
+ ~2- A ­ (1 + A'V K
 

Yf ~Yf f
 

+ W2 - Q1) W(t - t) (32)22 (1 + _)) KK (1 
Yf f 

where (t) is the function given in equation 31 with r - rw 
and W(t - tl) is the same function with r - rw and t replaced 

by t ­ tI.
 

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

mf 
 Y. 
 f
 

n 

(QI W(t) + I (OL " Qi-1 M~t -
1-2 " t. 1 ) ). (33) 
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Figure 8. of the
Schematic interface elevation 
corresponding to the ptmping schedule 
shown in Figure 7. 

In the limit as the variation of discharge becomes continuous,
 

equation 33 becomes 

(rw t) - 1 
1 + A y f 2wA (1 + ) X 

Yf Vf 

4Q1 W(t) + - W(t - T) di} (34) 

which is the familiar convolution inteqral.
 

Equations J3 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 also be used to
 

calculate the effects of well interference. This is an im­

portant consideration because interfacethe elevation in the 

vicinity of interferring wells to higher than one would 

calculate taking each well individually. 



3S
 

Since equation 27 is linear, the value of # at any 

particular point in a well field can be calculated by 

adding the values of # prcduced at the point by each indi­

vidual wel l. Thus, 

n 
* il (35) 

where is the value of # produced by the ith veil and 

#t 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 initial and che upconed interface 

must. be pumped in order to establish a given interface posi­

tion. This conclusion is not apparent in the sLeady flow
 

theories where a steady position of the upconed interface
 

is presumed at the outset.
 

The 3ffect of Anisotropy 

Because a 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 

ping rates and penetration ratio derived for isotropic 

aquifers. Chandler (1973) modified and improved the model 

of Sahni (1972) to include the effects of differing vertical 

and horilontal permeabilities. These results were also 

reported by Chandler and HLO'bortor (t175). 
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Radially syistric, steady flow in a e and 
anisotropic aquifer is governed by: 

Krta all 2!r r (r-3) + K z f 0 
az 2 (36) 

where 

H - piezometric head (L), 

Kr = hydraulic conductivity in the horizontal 

direction (L/T), 

Kz - hydraulic conductivity in the vertical direction 

(L/T), 

r a radial coordinate measured from well axis L),
 
Z = 
vertical coordinate measured positive upward
 

from the original interface elevation (L). 
Equation 36 was written on the assumption that the principal 
directions of hydraulic conductivity coincide with the r and 

z coordinate directions. 

The fresh water flow region is bounded on the top by 
a stationary water table; a surface on which the pressure is
 
everywhere atmosphcric. 
The lower boundary of the fresh water
 
region is a stationary surface, which mathematically, 
con­
stitutes an impermeable surface. 
These conditions and addi­
tional ones used for the solution of equatio, I are depicted 
in Figure 9. The requizmnt that the table and thewater 

interface be stream surfaces can be shown to onstitute non­
linear boundary conditions. 

Solutions for the anisotropic case were obtained by 
solvLn the transformsd equation 
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3_ (r t + -- -o (37)3rt rt 32 

where 

rt = (-)Kr (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 Figure 9. The initial iteration was performed using a
 
horizontal water table and a horizontal interface. From
 

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 first iteration was eatablished by determining the locus
 
of points in the flow region for which equation 18 is satis­

fied. 
The second iteration was performed using the water
 

table and interface sucfaces located from the previous itera­

tion. Finite difference grids that were found to fall out­

side of the flow domain after each iteration were subsequently 

treated as no-flow grids. Iteration was continued until the 

soximu 
difference in head between successive iterations was 
less than mom arbitrary value. Usually, only tbree iterations 

were required to obtain a stable solution. 

The mathematical odael was compared with the familiar 
steady.state solution based on the Dupuit-Varcueolmr assunp­
tins for a fully penetratinL well in a an.ed too­
trIpic equiter with no sonimg. Identical hou5mry emwdi m 
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Figure 9. 	 Definition sketch for upconing of salt water beneath a
 
ptmed vell.
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at r - r and at r ­ rw were used in the finite difference
 

model and the approximate analytical solution. 
The conftcqu­

ration of the water tables calculated by the two rethods
 

agreed very well. The well discharge computed from the
 

numerical model was 
1.7 percent higher than that computed
 

from the aFproximate analytical solution.
 

A comparison with Sahni'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 ar:d water table profiles
 

with Sahni's measured profiles is shown in Figure 10. 
 The
 

predicted and measured profiles agree closely. 
 It is impor­

tant, however, that the nuuerical model also satisfactorily
 

predicts the critical conditions. A comparison of the mea­

sured and predicted drawdown, cone height beneath the simu­

lated well, and the well discharge for the critical condi­

tion is presented in Table 4. 
The correspondence between 

the measured and predicted values shown in Table 1 is 

satisfactory, considerinq that Sahni's experiments were not 

Table 4. 
Measured and Predicted Critical Conditions
 

Critical Critical Interface Critical 
Drawdown Elevation Drawdown 

(cm) (cm) (cm3/sec) 

Measured 3.2 7.5 9.3 

Predicted 3.04 S.33 10.62 
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Figuz-e 13. Comparison of measured and :alcuJated results for flow 
to a well in an isotropic aquifer.
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Completely free of capillary effects vhich are not included
 

in the numerical model and that the exact critical condition
 

is difficult to establish experimentally.
 

The maximum critical pumping rate that can be mai.tained
 

without causing the saline water to rise above critical ele­

vation depends upon the fraction of the fresh water layer
 

penetrated by the well. 
 lt is desirable to determine the
 

degree of penetration which permits the maximum critical
 

pumping rate. 
 The critical discharge is shown as a function
 

of well penetration in Figure 11 for an isotropic aquifer and
 

for three anisotropic aquifers. 
The resLlts are presented
 

in dimensionless form for convenience and maximum generality.
 

The definitions of the dimensionless critical discharge and
 

well penetration are:
 

PQ c 

e r Oc soHC2K(39) 

and
 

a d"/He 
 (40)
 

respectively, where Oc is the critical veil 
discharge, dw 

is the depth of the well below the undisturbed water table, 

He Is the undisturbed fresh water thickness, Pf - fresh water 

density, AP - density difference, and other symbols are as 

previously defined. 

The critical discharge is low for all cases when the 
well penetration is to a point near the undieturbed 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., O<a<0.3),
 

the maximum permissible drawdown and discharge are 
limited
 

by the well hydraulics and not by a critical interface eleva­

tion. An 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 Figure 12. Wang (1965) also predicted that the optimum
 

penetration increases with increasing ratios of horizontal
 

to vertical permeability. The optimal penetration predicted
 

herein is 3omewhat 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, c, is defined by

^ Of r
 

p He (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 anisa­

tropic than for the isotropic aquifers with the smm interface 
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elevation. Furtherore, the critical discharge is greater 

for the anisatropic case than for the isotropic case. 
This
 

conclusion is in contrast to the results of Wang (1965) which 

indicate a 
 maller critical discharge for the anisotropic
 

aquifers; other parameters remaining equal.
 

Anisotropy influences the hydraulic behavior in two ways
 

which, in turn, affects the critical interface elevation and
 

the corresponding critical discharge. Decreasing the verti­

cal permeability, while maintaininq 
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 the drawdown; therefore, for equal interface
 

elevations, the well discharge for the anisotropic case 
in
 

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 in.erface beneath the w#ll is equal
 

to the head in the well. Such a situation is Fossible rnly
 

if there exist no vertical components of flow. 

'he second effect (which was neglected by Wang) of a 

reduced vertical permeability is to increase the total head 

loss along a vertical line beneath the well as compare to 

the isotropic case with the same drawdown in the well. In 

other words, the head, at any point beneath the well, is 

groater for the aniootropic then for the isotropic cases ali 
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other parameters being equal. 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 upcorting
 

is to cause additional convergence of 
flow and a correspond­

ing decrease in discharge per unit of drawdown. 
The critical
 

discharge predicted by neglecting the upconing should exceed
 

the actual critical discharge, therefore. Comparisons with
 

the critical discharge predicted by the numerical model for
 
one case indeed indicated that Wang's critical discharge 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 sumarized as follows. There exists an optimum 
degree of well penetration into the fresh water layer which 
permits maximsm discharge without causing the heavier. saline 
water to rise into the well. 
 The optimum pentration for 

Isotropic aquifers is near 30 perint ad increases to mrs 
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than 50 percent for aquifers in rhich the vertical permeability 

is less than 5 percent of the horizontal permeability. Weil 

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 eaual.
 

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 neglrjcting
 

the increased convergence caused by upconing will result in
 

salt water entrainment.
 

FIELD EXPERIENCES WITH SKIUIMW ,,lf;.S 

A set of field experiments were designed and carried 

out in Pakistan. One of the purposes of the field tests was
 

to determine if the fresh-saline water system responded to
 

puping 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 skimLog well 

omostrution and in*. 



The site for the experiments was Phularwan Research 

Farm, a part of the Mona Reclamation area. This site was 

selected because preliminary 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 wero not ob­

tained from the dug well experiments, and this report sum­

marizes the results from the tubevell experiments, only.
 

Two tubevells were eventually constructed and tested and
 

are referred to as 
tubewells 1 and 2 throughout the iemainder
 

of this report. 

The layout of tubewell I 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 Figure 15. The interface was taken 

as the depth at which the EC wap equal to 5 mahos/cm and all 

future references to the interface in this report correspond 

to an EC of 5 xmhos/cm. On this basis, the :resh water layer 

was determined to be about 80 ft. thick. The aquifer material 

is an uncemented, medium sand for which the 500 size 0.25is ms. 

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 qround 

surface. At the time of construction, this depth represented 

approuimtely 23 ft cof penetration of the fresh water some. 
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Dog Well Is Locat 
Ist North of Tube WO 

*T2-4 

Distance From 
 Top Elevation

Observation 
 Center of 
 With Respect to


Well Tubevell 
 Bench Mark
 
(ft) 
 (ft)
 

TI-1 
 10.6 
 1.48

TI-2 19.1 
 1.55
 
TI-3 28.5 
 1.76
 
T1-4 77.9 
 1.76
 

T2-1 
 8.9 
 1.64
 
T2-2 
 18.8 
 1.67
T2-3 
 39.0
T2-4 1.54
78.0 
 1.52
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-0T2-2
 

T2-1 
Bch Mo"rk 
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Tt-4 
 TI-3 TI-2 TI-ITWWO 
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19w=0 14. Y mell wd observatim vel layout. 
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Figure 15. Salinity profile at skiming well test site. 
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Twenty-four feet of slotted PVC well screen extended from 

Just below the watex table to the bottom of the veil. Thus, 

the penetration ratio was 0.3 in accordance with the theoreti­

val optimum value. A gravel oack was placed around the 

screen. A locally manufactured, suction lift pump was used
 

to lift the water during the test. The discharge 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 a feature that resulted from initial
 

failures of attempts to use an open hole in which the EC could
 

be measured. The open hole observation wells failed because
 

even the small verticsl 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
 

Figure 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.
 

Following a set of tests with the facilities described 

above, a second tubevell was constructed. The screened in­

terval in Tubewell 2 was approximately twice as long as in
 

tubmwill 1. 
The screen in tubewell 2 was a quire strainor 

(a mtal frame wrapped with coconut fiber rope which is a 

commn strainer used in private tubewells in Pakistm). If*
 

pro&ACtAcm capacity of this well was subetamtially greateg 
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Datu Gow Swfec 

W.T. 

_ ___' S PVC WELL Scnee 

( 30 Slots ( 41 2b") per foot ) 

0.67' Dug Hole 

cc I Grovel Prck ( 50% Size* 1.0mm 
S-il90 % Size: O.8mm ) 

EL I 
2 ';Z illedwith Medium Sand 

3. 0 IU 

0 3.2mm OD , 2.Omm LD. 
Polypropylene Tubing 
Piezometers 

Polypropylene Tubing with 126 Pon Holes 
5Omm )and Wrapped ruth Fow Lojen 

of Nylon Cloth, Closed at the End 
t~ 

Aquifer Material 

Medium Sand 

Note: 
Well D2- Io is Not Lined 

Wdl D2 - I has Ne Pleemeto, 

Pgule 17. Obeervation vells--skiminl well field oqeIrilat. 
(not to scale.) 
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than for tubevel1 I and permitted the creation of a greater
 

degree of upconing.
 

sumay Result.
 

The rise of the fresh-saline water interface during a 

13 day period for which the pumping rate was 65 gallons per 

minute (gpm) is shown in Figure 18. The data in Figure 18 

are for T1-2, located 19 ft. from tubevell 1. Similar 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 of steady pumping 

at a rate of 65 gpm. The decline of the upconed salt water 

was monitored for several days following the zessation of 

pumping. These results are shown in Figure 19, and indicate 

a very slow recovery of the interface towarJ its initial 

3
location. During this test, a total of 1.4 x 105 ft were 

pumped. Estimation of the volume of saline water in the 

upconed mound is 1.2 x l0 ft3 . This indicates that most of 

the pumped water was displaced by the upconing of the saline 

water. In order for the ititerface 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 residuel hydraulic gradients after the cessa­

tion of pumping that are much smaller than during pumping. 

fterefore, it is expected that recovery of the interfam will 

be much slower than the buildup of the cone. 
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Figure 19. Observation well at Ti-3. 
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Att~tsto create a larger degree of UcaMieg beneath
 

t~b=11 1 were not successful becamu of increasing 
severe 

problem with breaking suction. Hed logs through the
 

gravel pack and well screen was subtantial in tubewell 1 

and seemed to increase with time. Therefore, tubewell 2 was
 

constructed so that observations vith greater upconing could
 

be made. 

Tubevell 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
 

was 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 water table levels before, dt "ing and after pumping
 

are shown in Figure 21. The water table dropped very quickly
 

as 
 the vell began to pump and then more slowly from January 

6 to January 9 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 during which 2the 15th there were or 3 all showers and 

then on the 15th there was a sizable rain in the evening and 

by the 16th the water 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 pmp 

was turned off the 20th, the water table rose rapidly and by 
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the 21st wes up at almost S feet indicating that there 

had been a general resupply 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 

well, before and during pumping in Figures 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 tesiperature 

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 temperature measurements 

and are expressed in these figures as equivale: t conductivities
 

at 250C. Consistent deviation of a few points from the curve
 

indicates that these sampling heads are not at dhe specific 

elevation that they were supposed to have been installed. 

Howevr these successive measurements show a consist&.,. rise 

in a cone year the well. 

Since the electrical conductivity of 5 mmhoa is approxi­

mately the midpoint between the conductivity of the fresh and 

and sealine vaters, this electrical oonductivity wae chose. 

as the conventratiom indicating the Interface beWueem the 
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fresb and the saline waters. Plotting the 5 os/m coneen­

tratian line as a function of depth and distance from the 

well 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
 

Figure 26. 
 Again, the variations in temperature caused some 

scatter from the curve during the measurements prior to
 

January 14; however, after the 14th 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 acceptable for irrigation.
 

At this time, the 5 mnhos/cm concentration surface had
 

reached the bottom of the well and the lower portion of the
 

well was exposed to water of concentration higher than the
 

initial values.
 

The well was turned off on January 20 ,id 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 theoreti­

cal calculations indicated optimum conditions.for This was 

done to insure that substantial coning would indeed occur 

during the tests. Oowparsons of the degree of uemoing 
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beneath tubevel Is 1 and 2 cleariy show that too much penetration 

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 pumped 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 upconin9 in excess of 30
 

ft. The construction and operation of tubewell 1 (relative
 

to penetration and discharge) was selected based on 
the
 

theoretical predictions. Therefore, the 
 ,.eld tests produced
 

a qualitative validation of the theoretical results.
 

All of the theoretical 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 iulic parameters.
 

Laboratory results, theoretical considerations, and field
 

observations suggest that the shape of the interface is
 

given approximately by
 

. = c.n re/r 

where E is the height of the interface above its horizontal 

equilibrium position, C is a constant, r - distance from 

the pumped well and re is the radius of influence. Therefore, 

the volume of fresh water displaced by the rising interface 

is 
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V 2wCSy f dr 

2 tn
2 r. re/r w 

where V is the volume of fresh water displaced, Sy is the
 

specific yield of the aquifer, and rw 
is the effective radius
 

of the pumped well.
 

Reasonable value of rw
, re, and Sy for Pakistan are I
 

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

V a 9.81 x 104 C 

and the height of the interface beneati 
the well as a function
 

of the volume displaced becomes
 

- 5 V
w W 6.3 x 10


where (w is the height of the interface beneath the yell 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 agree reasonably
 

well. This comparison was made by assuming the entire volwme
 

of pumped vater was displace b-/ the upconed interface (i.e., 

QQ tp, where 0 is discharqe and tp is the pumping time). 

This procedure results in preracted upconing that is conserva­

tively large. 

It is not expected that the above simple theory would 

hold at large pumping times when the interface tends to 
stabilize. In most practical situations, continuous pumping 

peuiods will probably be on the order of those utilised in 

the experiments and the above computatiome should be reamably, 

accurate up to 15 days of contimmus p=UaW. 



70
 

Before proceeding to a discussion of quidelines for the
 

construction and operation of skiming wells it is worth
 

reporting the successful modification of an existing well 
to confcrm more closely with the characteristics of a skiming
 

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, durinq 1974. The discharge from this
 
well contained 2301 ppm dissolved solids with an 
 SAR of about
 

14. Use of water fron 
this well had been discontinued for
 

about two months oecause of the high salinity. An investiga­

tion disciosed the salinity profile presented 
in Table 5.
 

Table 5. 
Salinity Profile in 4ona Well on Phularwan Farm.
 

Depth ft. 
 Elec. Cond.
 
nmohs/cm 

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

Theme data indicate a relatively fresh water zone 
(800 ppm)
 
above a more saline zone (greater than 2500 ppm: 
with a
 

transition zone located below about 90 feet. 
Water from a 
nearby hand pump 
indicated that the relatively high conduc­

tivities measured in the first 40 feet of the well casin
 

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 probably the reason
 

for the somewhat higher salt conteiit.
 

Based on the above observations, it was recoumended
 

that the tubewell be modified by blocking off the bottom
 

45 feet with sand and a concrete plug. 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 qpm. These modifications resulted in the marked improve­

ment in the pumped water as indic3ted in Table 6.
 

Table 6. Salinity in Discharge - Mona Well on Phularwan
 
Farm 

:;O ium 
Total Salts Adsorption Pumping Rate
 

Time of Pumping 
 (Pp) Ratio (cusecs)
 

Prior to modification 2300 14 

Following modification
 

0.9
 

1 min. of pumping 830 3.6 0.4

20 min. of pumping 850 3.6 
 0.4


160 min. of pumpin 770 
 3.3 0.4
 
One month later 

4 hours of pumping 830 0.4 

The water from this well is now used regularly for irrigation 

on the research station. 
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COTRIRUTION AND OPERATION OF SKIPING WLLS 

An a result of the laboratory and theoretical model
 

studies and field
the experiments, several reconmendations 

relative to the design and operation of ikiming wells
 

can be made. 
No specific design details are recommended
 

for the construction of skimming wells; 
rather design criteria
 

are reconended which can be satisfied by a number of speci­

fic designs. 
 Ideally, the hydraulic parameters of the aquifer
 

at the specific location where the skimming facility is 
con­

templated should be determined and one of the mathenatical 

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 validity and utility of the guidelines.
 

Construction
 

1) 
 The salinity profile should be established as a
 

first step so 
that the thickness of the "fresh"
 

dater layer can be estimated. The salinity
 

profile can be established by measurinq the EC
 

of water in a pilot bore hole or 
in an existing
 

well in the imediate vicinity. If an existing 

well is used, credence should be given only those 

readings taken within the screened portion following 

a 4-5 day period of no p~ming. 
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2' The Ikiling well should be construct !d so that 
the screened portion is located in the upper 

part of the fresh-water zone. 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 existsl 
the length
 

of screen or 
strainer can be extended to about
 

50 percent of the thickness of the fresh water zone.
 

3) 
 If a clay lens or other tight !ayer 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 xore, 
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 well construction practices. 
While large 

well losses will not increase upconing, they my 

cause the discharge to be limited to values below 

that which could be safely pumped. 

operation 

The following guidelines for operation of a skIMiNY 
well are besed on limiting the total volta pu-ed rather 
than rat. of p'Wing. If sustaned poing is diinire at 
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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 intc-rface and the bottom of the
 

well. 
 Let He be the initial thickness of the
 

fresh water zone and d be the length of screen
 

or strainer. 
As indicated previously, d/He should
 

be between 0.3 and 0.5. 
 The maximum safe rise of
 

the interface is 0.5 (ife-d). 
 Therefore, the maxi­

mum volume that 
can be pumped safely during a
 

single pumping period is
 

V = 8 x 10 3 (He - d) 

where 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 example, suppose it was desired to pump 

tubewell 2 at 0.5 ft 3 /s. How long can this rate 

be sustained safely? in the case of tubewell 2,
 

He - d - 31 ft. 
 Thus, a total volume of 2.48 x
 

105 ft3 
can be pumped. before salt water entrain­

ment becomes a danger. 
At a rate of 0.5 ft 3 /8, 

tho maximum pumping time is 4.96 x 105 second or 

about 6 days. At a rate of 0.25 ft3/s, the Pi
Mal
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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 105 ft3 
could be pumed safely. 

The above guideline dictates a pumping period of 

38 days at a rate of 65 qpm (0.14 ft3/9). Indeed, 

the field experiments resulted in about 8 ft. of 

upconing after 13 days of pumping. 

2) It is recommended that the rest period between
 

pumping periods be about 5 times the length of the
 

pumpinq period. For highly permeable aquifers,
 

the recession of the interface may be wore rapid
 

than this guideline indicates. Siqnificant verti­

cal recharge may also cause the interface to recede
 

more rapidly.
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