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ABSTRACT

Wise use of the Outer Banks of North Carolina is important to the
state and the nation not only for their recreational value, but also
for the protection from the open sea their presence affords the mainland.

One important component in the wise use of the Outer Banks is the avail~
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ability of potable water. Although asdequate supplies of’poéable water
have been available in thé past, an increasing demend for fresh watér
supplies caused by increasing numbers of tourists and permanent residents
requires that maximum withdrawals of potable water be made without
destructive pollution of the agquifer by salt water intrusion.

Because £i and time' consuming,

laboratory experiments wer onducted uwsing a Hele-Shaw wmodel to

predict maximum safe be cbtaited from a hori-

zontal gallery for varicus scil and rainfall conditions on long oceanic

islands. Particular attention was given to obtaining potable water on .

the Outer Banks of North Caroclina.
The Hele-Shaw model was designed and built to represént a cross

section of a long oceanic island. The two fluids that simulated fresh

water and salt water were obtained by addiﬁg a viscosity increasing agent
to water. The density of one batch was increased by adding salt and
sugar. The "fresh water' was added alﬁmg the top of ithe fresh water lens
in the model at cyclic time intervals. Fluid was pumped from the fresh
water lens through one of three galleries. Two,of the‘gaiieries were

located below mean sea level, and one was located at mean sea level,

During

a test, pumping from g gallery was initiated at a2 low rate and
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was continued at that rate until equilibrium of the interface was ob-
tained. The pumying rate was increased in increments allowing equili-
brium tc be reached at each increment until the maximum continuous rate
was obtained. Pumping stopped when the free surface was pulled to the
top of the gallery or when salt watver was pumped into the gallery.

The locationslof the free surface and interface were recorded for
each pumping rate. The maximum safe pumping rate was related to the

5

rainfall and island conditions and characteristics. All the data are

presented graphically in dimensionless form co meke them applicable to

a wide variety of conditions ss well as in tebular and graphical form
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with dimensions to facilivat

included,

The laboratory tests showed

@ <

satisfactory analog to predict the Locatis

of salt water intrusion is

locdatad below mean sea level;
greatly increased. A maximum safe pumping rate of at least 50 percent

%

of the recharce parameter after subtracting known losses can be expected
L%

from a gallery located at mean sea level.
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SUMMARY AND CONCLUSIONS

The major purposes of this investigation were to determine the
suitability of a Hele-Shaw model for studying potable water availability
on long oceanic islands, to Qrediét maxiﬁum safe pumping rates that avoid
dangeroys salt water pollution of the fresh water leﬁs, gnd to predict
the approximate location of the fresh water - saltbwater interface on

°

the Outer Banks of North Carolims under various conditions of infiltra-

tion, island characteristics, and pumping.
The Hele-Shaw model proved to be & very satisfactory analog to

predict the location of the fresh water - salt water interface under

conditions of no pumping, safe

tion of the fresh water = salt

between rainfalls, low rainfzall intensities, and/jor low hydraulic cone
ductivities. BEven though the tasts were conducted in an envircmmentally

controlled chamber, these latter conditioms could not be attained because
they requived the measurement of extremely small quantitiés of fluid over
long pericds of tim@@, It was found that proper combinations of a vis-
cosity improving agent [qarb@xyme@hyicellulcse (CMC), 7L;, salt,_sugar,
and water produced fluids that had the correct density ratic of fresh
water to salt water without appreciably varying the §iscesity of either

mixture.

Because it is. impossible tc model the essential
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of natural conditions of varying rainfall intensities and intervals

between rainfalls, tests were conducted to determine the effects of
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different infiletration rates and frequencies of rainfali‘applicétions
on the lccatiocn of the interface under conditions of no‘pumpinga"Neither
factor was found tc have a statistiéally”significant effécty

The depth of the interface appeared to be<logarithm£Callyhrelated
to the recharge parameter under conditionsvof no pumpinga Thé fecﬁarge;
parameter ié defined as the relative infiltration rate”{réinféll |
intensity divided by hydraulic conductivity)vmultiplied by‘fhé ffaction

of time that rainfall occurred.

<l

A maximum safe pumping rate of at least 50 percent of the recharge

parameter after subtracting known losses such ss evapotranspiration can
be expected from a gallery located at mean sea level. ' Increased maximum
pumping rates are possible from a gallery located below mean sea level,

tly ipcreéased, Anisotropic
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conditions affect the positions of the interface and the free surface,
but do not affect the maximum safe pumping rates.

1

Because of the complexity of the éyst@m studied in this inveétigaf
gion, no mathematical studies were made; and the investigator knoWé of
no other mathematical developments that were suitablelfcrecdmpariéoﬁq"
No direct comparisons with fileld datavwere made because field éaté
presently being collected are from vertical wells, and thié investigator
krnows of no relationship to directly c@mpare‘data from a vertical welly
with that from a horizontal well. One set of data from a horizontal
pumping test conducted some years ago wasvinadequate:for comparisaﬁ
purposes. However, results from HeleuShaw model studies for drainage
investigations previously conducted in our laboratories were nmot statis-

tically different from mathematical and field results.




The results of the study are useful to practicing engineers for
_the following types of problems. The 1ccatiom of the interface for
varying amounts ¢f rainfall per storm and periodé‘of time between storms
under conditionis of no pumping allows upper and lower bounds of the
interface to. be determitied so that a mdre economical fieidvtesting
praceduré can be developed. The maximum pum?ing rate from a horizontal
gallery located above mean sea level éan be determined for a given set

of conditions. The effects of variocus pumping rates on the location of

=¥

the interface can be studied for a vange of rainfall conditions an

tion

-
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island characteristics, The effects of socil aaisctropy on the loc

of the interfsce gan be investigared.
Tables and/or figures were developed to facilitate solving the

problems listed above. An example of sach type of problem is presented

TO LONG OCEANIC ISLANDS".

in the section entivlied "APP



RECOMMENDATIONS

The following recommendations can be made ash; Fe§?1t of thi$~study°

1., Use of a Hele-Shaw ﬁodel is a ver§ valuable analog in rapidly
determining changes in the locatign of the freéh watgr - salt water inter-
face for various rainfall and island c@nditions and characteristicsq. It
does, however, have limitations for certaiﬁ combinatiqqs of condipionsu

2. When used with salt, sugar, and water, carboxymethylcellulose
(CMC), 7L, 1is a very good viécosity ia;taaéﬁng agent_;ovpbtain a

suitable fluid to use in the Hele-Shaw model.

at, rather than below

-

contamination of the potable water suppiy.

4, Additionmal research should be undertaken to:

a. Determine the of rhe fresh warer - salt

water interface when the horizontal pumping gallery is located
other than at the midpoint of long oceanic islands.

b. Develop a sultable analog for the combination of
rainfall and island conditions and characteristics that cannot
be modeled by the Hele-Shaw model.

¢. Compare the results of this study with adequate field
data.

d. Determine the most esconomical methods of installing
horizontal galleries.

&, Compare the economics of a horizontal gallery versus

wiid



INTRODUCTION

North Carolina has over 250 mi of Atlantic coastline, much of which
consists of a chain of long, sandy, barrief islands., These islands are
separated from the mainland by marshesvat some points and by as much as
30 mi of open water at other points; These islands range in width from
a maximum of about 3 mi to a miﬁimum of about 1,000 ft. Lénd surface
elevations range from sea level aléng the beaches and in tidal marshes
of Pamlico Sound to about 60 ft above mean sea level on scme of the sand
dunes. Two of these islands, Hattefas and Ocracoke, and sometimes
neighboring islands, are collectively refefred to as the Outer Banks.
The preservation of these Outer Banks is important to the state’and the
nation not only for theilr recreational ﬁalﬁe, but also for the protec=
tion from the open sea their presence affords the mainland.

Potable water on the Outer Banks is obtained either by intercepting
rainfall and storing it or b& pumping water frbm shallow Wells or infil-
tration galleries. The wells and galleries pump Wafer from a fresh-water
lens which floats on the more denée salt water. However., indiscriminate
pumping of this watef can reéult in its pollution by salt water.
Adequate supplies of water have been available up to the present time
‘when controlled pumping procedures were applied. However, increased
~demand on the fresh water gsupplies caused by increases in numbers of
tourists and permanent residents requires that maximum pumping rates be
obtained without destructive pollution of the aquifer by salt water
intrusion. It appears at the present time that the ultimate use of the

Outer Banks will be limited by the availability of potable water rather
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than the availability of recreational and residential spac

The principal purpose of this study was to develop an znalog model
that would complement and supplement the field studies for determining
better estimates of safe yield of pdtable water being coﬁducted by the.
North Carolina District of the Water Resources Division, United States
Geological Survey (USGS). If a model to predict the pciable water at a
cross sectional area of the Outer Banks could be developsd, other areas
could easily be modeled in the laboratory and expensive field investiga-
tions could be eliminated.

A Hele~Shaw model was used to determine safe pumping rates of
potable water for long oceanic islands that have two-dimensional flow
characteristics: The pumping rates are related to island size, soil
characteristics, infiltration, and gallery location and are presented
graphically in dimensionless groupings. Locations of the free surface
and fresh water - salt water interface for vérious pumping rates are
presented in dimensionless form to make the data applicable to a wide
variety of conditions, as well as in tabular and graphical form with

dimensions to facilitate their use. Several examples are included.




OBJECTIVES

The objectives of this investigation concerning withdrawal of
potable water on the Outer Banks were as follows:

1. to design and construct a Hele-Shaw model to represent a pre=
selected cross sectional area of the Outer Banks;

2, to predict the location of the interface under various con-
ditions of infiltration, island characteristics, and pumping;

3. to determine 1f the intermittent relative infiltration rate
has an important effect on the interface location;

4, to determine if the rainfall frequency has an important effect
on the interface location;

5. to predict maximum safe pumping rates that avoid dangerous
salt water pollution of the fresh water lens;

6. to compare the laboratory results with on-going field studies;
and |

7. to present the findings in tabular and/or graphical form so

as to extend the results to other long oceanic islands.



REVIEW OF LITERATURE

Groundwater Studies on the Quter Banks

Harris and Wilder (1964) presented a precipitation map showing
average annual precipitation to vary from 46 to 55 in, on Hatteras
Island. Lloyd and Dean (1968) reported that the highest monthly rainfall
on Bodie Island occurs during the months of July, August, and September.
The location of the .islands is given in Figure 1. E. Tabor (Harris and
Wilder, 1964) of the U. S. Weather Bureau at Cape Hatteras stated that
rainwater in the area was found to contain as much as 998 ppm {parts per
million) chloride. Harris and Wilder (1964) stated that the rainfall
is rapidly absorbed, moves downward to the water table, and then moves
laterally to discharge into the ocean, sounds, and inlets. Surface
runoff, if any, drains into the tidal marshes that border the sounds.

The USGS 1in cooperation with the Cape Hatteras National Seashore
conducted several localized studies of the groundwater supplies on the
Outer Banks. 3Brown (1960), Kimrey (1960, 1961), Harris and Wilder
(1964), Lloyd and Wilder (1968), Wyrick and Dean (1968), and Lloyd and
Dean (1968) investigated specific locations and noted that many areas
on the Outer Banks can supply adequate potable water for pumping.

Wyrick and Dean (1968) reporteé that two galleries, one on Ocracoke
Island. and the other on Hatteras Island, have been installed to supply
potable water for camping areas. The gallery on Hatteras Islénd (Salvo
Campground) is about 125 ft long. It was constructed of 20-ft sections
of 2-in. diameter pipe alternating with 5~ft screens and was installed

in a gravel-packed ditch. The gallery is located near the sound at a
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depth slightly below mean sea level. Pumping rates greater than 9 gpm
resulted in salt water encroachment to the gallery.

The gallery on Ocracoke Island (Parker's Hill) is approximately 220
ft long and 2 in. in diameter. It was constructed of alternating
sections of 10~ft lengths of plastic pipe and 5~ft lengths of plastic
screen. The pipe was set in the center of a gravel packed ditch
approximately 1 £t below mean sea level. The mean water level at the
gallery location during 1965 was about 2.5 ft above mean sea level,
During pumping tests, the maximum planned pumping rate of 25 gpm was
found to lower the water table to the gallery. During the 4 days of
pumping, no indication of salt water intrusion was found,

Harris (1967) stated that theoretical valﬁes are not valid for the
relationship of fresh water head to depth of the interface beneath the
barrier islands when there is substantial motion of fresh groundwater
and where the sedimentary deposits are heterogeneous or anisotropic.

He indicated that fresh water occurs in zones of high hydraulic con-
ductivity whereas salty water occurs in zones of low hydraulic conduc«
tivity. At one location on Hatteras Island, he found that the concen=
tration of chlorides in the groundwater varied inversely with hydraulic
conductivity of the water bearing zones to a depth of sbout 140 ft.

A zone of diffusion exists at the interface of salt and fresh
water. This zone is formed by the mixing of salt water with fresh
water as heads are .altered by tides, variation in recharge, and other
forces including pumping. Cooper (1964) pointed out that where this

zone of diffusion exists, the salt water is not static but rather flows




in a continual cycle from the floor of the sea intc the zcne of
diffusion and back to the sea. This flow of salt water causes some
loss of energy of the salt water and thus tends to lessen the amount
of salt water that occupies the aquifer. The mechanics of this cyclic
flow are such that the water in the zone of diffusion becomes less dense
than the sea water and rises slong a seaward path. As this cccurs, salt
water from the sea flows into the soil system to replace that which was
removed. Model studies by Cahill (1967) substantiated the cyclic flow
theory. Cahill reported that cyclic flow takes place in the denser
fluid when fresh water flows seaward over intruding ocean water. He
also reported that additional mixing of fresh water and salt water is
caused by tidal fluctuations.

,Heathl indicated that the USGS has now begun generalized ground-
water investigations on the Outer Banks. The three representative
locations that have been selected for field studies are presented in

Table 1.

Table 1. Locations for field studies by USGS

Cross=sectional :topography Locaticn

High elevations with narrow Milepost 16.5 on Hatteras Island
width

Low elevations with narrow Milepost 29 on Hatteras Island
width

Low elevations with wide Little Kinnakeet Coast Guard
width Station {(near milepost 32) on

Hatteras Island

lHeath, R. C. 1969, Personal Communication. District Chief,
U. S. Geological Survey, Raleigh, N. C.




At each location the USGS is installing a line of observation wells
across the dsland perpendicular to the beach., Several wells that sre
screened at different depths are located at each of five peoints across
the island with a vertical pumping well located at the island midpoint.
Recording rain gauges are located at mileposts 16.5 and 29. The USGS
plans to determine the location of the interface before, during, and
after pumping at each of the topographic positions. Predictions of safe
pumping rates which will be correlated to island dimensions will then be
made for other locations on the Outer Banks. Figure 2 shows the grounde
water profile at milepost 29 for two different dates as cbtained by
Floydza He indicated that highest tides on the Outer Banks occur in

the spring and fall. During these seasons the water table near the
ocean rises considerably and may actually be higher than the water table
at island midpoint.

Wyrick and Dean (1968) indicated that the water on Ocracoke Island
generally contains dissolved minerals, carbon dicxide, and organic acids.
These constituents cause the water to be acidic and an effective solvent
for irvon- and manganese-bearing minerals, When the acidic water comes
in contact with shell fragments, it dissolves calcium and magnesium car-
bonaﬁes which cause the water to become more alkaline and to have a
higher concentration of hardness. The iron and manganese are then
precipitated into the aquifer. The quality of the water depends upon

the rate of recharge with mineralization of the water beilng less during

2Floyd, E. 0. 1969. Personal Communication. Former Hydraulic
Engineer, U. S. Geological Survey, Raleigh, N. C.
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periods of high precipitation.

Formilations of Interface Location for Long Oceanic Islands

One of the first theoretical analyses of fresh water floating on
salt water in  porous media was made by Ghyben (Brown, 1925). In his
analysis, Ghyben treated the fresh water and salt water as two immiscible,
static fluids separated by a sharp interface. The interface, sea level,
and water table were assumed to meet at one point: andvthe surface of
seepage was ignored. His results indicated that the elevation cf the
water table above sea level (zf) was a constant (¢) times the depth to

the interface below sea level (zi)o The mathematical expression is

zg =z, (L)
where
o= (o, ~pe)log,
Pe = density of fresh water,
and
pg = density of salt water.

This principle is commonly known as the Ghyben-Herzberg principle., It
is based upon the assumption that the constant potential lines in the
(two-dimensional) fresh-water regime are vertical, Although the

assumption is incorrect, the principle yields results which are close
to those derived mathematically if the rate of fresh water discharged
is small. Glover (1959), Charmonman (1965), and Verruijt (1968)

presented modifications of the principle to account for the flow rate

to the sea. In the modifications, the fresh water that flows to the
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sea 1s assumed to be drained away by a horizontal slit as shown in

Filgure 3.

Figure 3. Schematic of £
coastal aquife:

low pattern in a
-

By using hodograph solutions, they obtained a relationship for the
location of the interface depth. Verruiijt (1968) also presented a

relationship of the interface depth to free surface height as

’ 2
2 2 (1= /%
LT . P e | )
2 @z NL + g/ kK) ! (2)
where ‘
K = hydraulic conductivity,
and

g = total discharge of fresh water into the ocean per unit thickness
of the aquifer.
When g/K is much smaller than ozys the second term on the right hand
side of egquation 2 may be disvegarded and equation Z is reduced to the

Ghyben~Herzberg principle. Verruljt stated that good results should be

sk
fot



obtained by equation 2 if the distance from the sea is large compared
to the parameter q/K.

Henry (1964) discussed the validity of the Dupuit assumption for
groundwater flow in a long oceanic island. He stated that the influence
cf the vertical component of velocity may be appreciable when vertical
recharge exists. Because the Dupuit assumption neglects any vertical
velocities, recharge waters are assumed to enteryﬁhe aquifer through a
continuous distribution of vertical recharge wells from which flow
occurs uniformly over the depth from mean sea level to the interface.

The resulting equation for the coordinates of the interface is

where

K; = Ko,

R, = rate of uniform vertical recharge per unit area,

x = horizontal distance from the shore to the position of z4s
and

W = width of the island at sea level.

It should be noted that R, is not necessarily equal to the rainfall
intensity, R.

Henry (1964) noted that a more accurate steady state sclution
would result if two-dimensional potential theory (applying LaPlace's
equation) were used. He neglected all flow above the ocean level and
assumed a horizontal discharge face in the éteady state solution. The

boundary velocities were mapped into a hodograph, and subsequent

12




numerical integration was performed. Figure 4 presents curves showing

e

mnterface location for RV/K1 = 0.755 and 0.006Z as determined by
Yenry, Henry indicated that the larger value of Rv/Kl corresponded to
@ rats of recharge of 9 in. per day and that the smaller value corre-
sponded to a recharge rate of 27 in. per year for an aquifer having a
hydraulic conductivity of XK = 40 £t per day and a density difference

vario of @ = 1/40, He also indicated that under natural conditions

kY

R,/K{ would rarely be as large as 0.0062. Henry felt that for many
surpeses the Dupuit assumption was sufficiently accurate in predicting
the interface because Figure 4 shows no difference in the two solutions
for vaKl = 0.0062. The Dupuit assumption causes appreciable error
only in situations where the island is wide and the subject of interest
is the position of the interface near the shore.

Hantush (1968) presented several time-dependent, potential~theory
solutions for the location of the interface of fresh-water lenses. He

obi

ined a solution of the nonlinear differential equation by keeping

]

=
v
3

the distance to the interface constant and by considering the derivatives
of the distance to the interface as variables. The resulting linear
differential equation was then solved. The distance to the interface
that had been kept constant was considered to be a weighted mean of the
depth from mean sea level to the interface. This mean was to be ob-
tained during a time period prior to the time that the location of the

interface was desired. Hantush presented solutions for three sets of

boundary conditions, all of which have both finite and semi-infinite

13

#

reas of recharge. The three sets included an infinite aquifer, a
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Figure 4., Numerical solutions for interfaces in water table aquifers

(after Henry, 1964)
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semi=infinite aquifer bounded by the ocean on one side with the thick-
ness of the discharge zone assumed to be zero, and a semi-infinite
aquifer bounded by an impermeable layer on one side. Hantush also
considared horizontal injection wells in each of the above cases. In
conclusion, he recommended that his results be checked with a viscous-

flow model.

Hele~Shaw Models for Salt Water Intrusion Studies

One of the earliest investigators to use a Hele-Shaw model for salt
water intrusion studies was Santing (Todd, 1959). Bear and Dagan (1964)
studied the interface in confined aquifers with a Hele-Shaw model having
a spacing of 1 mm, Tap water (pf = 1.001 g/cc [grams per cubic
centimeter]) and salt water (ps = 1,030 g/cc) were utilized as the
viscous fluids. Columbus (1964) alsc used fresh water and salt water
in a Hele-Shaw model to study steady state sea water intrusion into
water table aquifers.

De Josselin De Jong (1965) studied confined, steady state flow
with water being withdrawn from the aquifer by a gallery. He used resin
0il {py = 0.864 g/cc) and glycerine (pg = 1.071 g/cc) in conjunction
with & plate spacing of 2.1 mm and a £luid viscosity of 0.34 cmz/sec to
obtain a hydraulic conductivity of 2.54 cm/sec. Columbus (1966)
indicated that Shell Telius 72 oil (pf = 0.89 g/cc, v [kinematic
viscosity] = 7 stokes) and Pazelus oil satisfy specific weight and
viscosity requirements to model sea water intrusion. (The investigator
was unable to locate Pazelus oil.) Kashef (1968) studied steady state

and transient salt water intrusion into a water table aquifer with a

15



Hele=Shaw model that had a spacing of 6 mm. Kashef prepared the model
fluids by mixing fresh water with a cellulose gum known as carboxy-
methylcellulose, 7 high premium. Variation in density of the two

fluids was obtained by adding salt and sugar to only one of the fluids.
Specific gravities of 1.00 and 1.023 were obtained. The model hydraulic

conductivity varied from about 60 to about 80 cm/sec.

16




TWO-DIMENSIONAL FLOW EQUATION FOR A HOMOGENEOUS,

ISOTROPIC POROUS MEDIA

The important variables for groundwater flow on a long oceanic
island are shown in Figure 5 and are defined when first introduced.

The Darcian velocity potential, ¢, at any point is

0(x,z,t) = -K(z +5-—’;—g->, i (4)

where

g = the acceleration of gravity,

p» = groundwater pressure at (x,z,t),

t = time

¥ = horizontal Cartesian coordinate,
and

z = vertical Cartesian coordinate,

If the flow region is considered symmetrical about the flow line
g€, only one-half the flow region has to be considered in the mathematical
analysis. The boundary conditionsg for region gbcefg are as follows.

Along the free surface, gb, with recharge, Rv(t), the boundary

condition (Dagan, 1964) is

H H a 5 3
£ .éc.&.gi.fa_.z;f_ﬂ + [K + Mt)] __CB.(_}.{_f_g_i_ﬁ_El = -KR(t), (5)

where

£ = porosity of the soil

Along the fresh water discharge zone, the boundary condition varies
depending upon whether the position is above or below sea level. Posi-

tions above sea level within this zone have a variable elevation
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Pigure 5, Cross section of a long oceanic island with fresh water lens
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~ potential with a constant groundwater pressure potential (p = 0),
while positions below sea level have both variable elevation and ground-
water pressure potentials. The boundary conditions for the two regions

(aleng bc) may be written together as

p
. s .
p(x,z,t) = mK{z - L1 - So(z)][;—z]} (6)
£
where
SO(Z) = g unit step function defined as

_0 z <0
So(z) 1 z = 0°

If the salt water in the porous media is considered static, there
is no head loss in the salt water zone and the boundary condition for
the interface (C€) may be considered as

m(xi,zi,t) = -szi, (7)

The line of symmetry Bg is a flow line with the boundary condition,

-g_i%(O’z’t) =0 | ' (8)

except for point f which is a sink. The boundary condition at this point

is
lim (2rrv.) = lim (2rr 89y = q, (9)
r or
1 =0 r==0
where

r

Vi 4 - DY

= depth of gallery below mean sea level,

*

-l

Vr = Darcian velocity in the radial direction,

and Q = pumping rate of fresh water per unit length.
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The flow equation may be derived by considering a small cube with
sides A4x, Az, 1 in the saturated fresh-water region. . The cube as

shown in Figure 6 includes both soil and water.

oV
z 7, o+ “‘E‘Az
j Vz 3z
bx av
T S T .y P
X ax
X,2) i
!
VZ
S X

Figure 6. Elemental volume of satu-
rated porous medium

At x = X, the velocity in the x direction is Vx; and at x = X + Ax, the
ot
ov.

velocity is V. + - £ Ax. At z = Z, the velocity in the z direction is

OX - 3V
2,
Vz; and at z = Z + Az, it is VZ + éz Az. The flux into the cube is

then pf[VgAz + V,Ax). The flux out of the cube is
3V, BV,
V_ ok ——=Az) Ax + (V, + —=Ax) Az],.
pfﬁ( 2 3z 0 3x ]

The net flux is

v av
~p f[ma; Axhz + ""“'azz Axhz]

and is equal to the change in mass of the cube with respect to time.

Mathematically, the equality is
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EBV% Mahy + v, 3
s i IS~ A e 3
0 - z o xA z ) at(Am) (10)

where

Am = fluid mass of a cube with sides 4%, 1, Az.

The space derivatives of the Darcian velocity potential @(x,z,t)
give the Darcian velocity. Replacing the velocities of equation 10 with

the corresponding potential gradients gives

2% 3% .1 3 (w (i
axz aZZ pfAXAz at

A change in the fluid mass with respect to time could result from
a change in density of the soll or from a change in density of the
water. If the changes in groundwater pressure are small, these changes

in mass may be considered as negligible and equation 11 reduces to

2 2

8 432 -y (12)
2 .. 2

dx dz

which is the LaPlace equation in two dimensions. Equation 12 along with
boundary conditions 5, 6, 7, é, and 9 represents the mathematical
formulation of the physical phenomena, No exact solution to this
boundary value problem exists at this time. Thus, numerical techniques

or model studies must be used to obtain solutions.
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THE ANALOG MODEL STUDY

Formulation of Dimensionless Parameters

The important variables for flow of fresh water in an oceanic
island are shown in Figure 5 and are defined where first introduced.
Two of these variables, a (slope of discharge face) and f, are dimension-
less by definition and are thus two independent dimensionless groupings.
When these are omitted, there are 12 remaining variables with a maximum
of three (e.g. Pg, Q, t) that can be combined in any form without préw
ducing a dimensionless grouping. According to Van Driest (1946), the
maximum number of independent dimensionless groupings that can be com~
piled from a set of variables is equal to the number of variables minus
the maximum number of variables that can be combined in any form without
producing a2 dimensionless grouping. Thus, there are nine independent
groupings from the set of dimensional variables. One set of the nine
independent groupings plus a and f is

(22, 20) L p (22, 51 R, Ke Po
W’ wW 1\w w' X

;;3

3

=z
ct
el

, 9—)5 (13)

where

W = width of island at mean sea level,

i

X horizontal coordinate perpendicular to island length and to Zg,

£

]

horizontal coordinate perpendicular to island length and to z,,

X 1

i
gnd R = rainfall intensity.
Ligon, Johnson, and Kirkham (1962) stated that the groupings Kt/W

(W being any important length term) and f can be combined. The reduced

set of groupings is
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z Z s X Ko o . P
£ iy £ i R Kt Q s
(-—-—-‘ N _‘-—w > s F2 <.,...~s5 D —--‘, a, H Kws """p f) (14)

=
=l

Six of the groupings presented in equation 14 (zf/w9 zi /W, xg/W,
xi/W, a, L/W) are composed entirely of geometrical distances and com=
pletely describe the geometrical similarity between the model and the
prototype (island). The grouping ps/pf describes the importance of the
density ratio of salt water to fresh water and puts a severe restriction
on the fluids that can be used for modeling. The relative infiltration
rate R/K is commonly used because this ratio determines whether ponding
of water on the ground surface occurs. Rubin (1966) stated that infil-
tration will result in ponding if, and only if, R/K exceeds one. The
grouping Q/KW describes the pumping rate from a gallery relative to the
product of hydraulic conductivity and island width,

If all of the groupings on the right hand side of equation 14 have
equal values in model and in prototype, the ratios of free surface and
interface locations to island width on the left hand side will also be
equal in model and in prototype. The relative locations of the free
surface and the interface can be determined from the model, and thus
‘these locations can be predicted for the prototype.

In order to use equation 14 in this study, the density of water in
the sound adjacent to the Outer Banks was assumed to be the same as the
density of water in the ocean. Also, equation 14 includes the assump=-
tions that the viscosities of the fresh water and the salt water are
the same and that the soil system is isotropic and homogeneous. The
slope of both beaches (discharge zone) was assumed to be the same for

simplicity.




Most porous media found in nature are anisotropic. Thus, a mapping
of island coordinates is necessary before an isotropic model can be made
similar to two-dimensional groundwater flow in anisotropic porous media.
Taylor (1948) presented a method of coordinate transformation that
transforms an anisotropic porous media into one that is isotropic. If
the axes of anisotropy are horizontal and vertical, the coordinate

transformation becomes

K\ 12
zk = <—I-<~> Z, (15)
z
where
K, = hydraulic conductivity in the x direction
and Kz = hydraulic conductivity in the z direction,

and the transformed isotropic hydraulic conductivity becomes

/2

K# = (KXKz)l (16)

where the * represents a coordinate or variable in the transformed
isotropic media,

If equation 15 is applied to each dimensionless grouping, the rela-
tionships between the values in the model (M) and in the prototype (P)

are as follows:

. ' 1/2
W W WK/ ’
M P P
1/2
Z. z.,% .z, /K
i oo
z
M P P
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Model Construction

Figure 7 presents a schematic of the Hele-Shaw model. The two
parallel plates were 1/2~in. thick acrylic plastic sheets held apsrt by
washers spaced on 6-in. centers. The washers had a thickness of 0.159 cm+
0.002 cm. The parallel plates were held against the washers by No. 10
brass screws inserted through holes drilled in the acrylic plastic.

The back plate was mounted to an aluminum frame by l/4-in, flathead
brass screws which were countersunk into the plate. Each plate was 5

ft high and 8 ft long. As shown in Figure 7, a triangular section was
cut from each of the top corners of the front plate in order to simulate
a sloping beach. Flexible plastic tubing was inserted along the bottom
between the parallel plates to serve as a seal.

Acrylic plastic tanks that served as reservoirs were mounted on
each end of the parallel plates. Each tank had a vertical slot
approximately 1 in. wide that extended the entire height of the tank so
that fluid flowing between either tank and the parallel plates was not
restricted, A flange was extended on each side of the vertical slots
to hold the tanks to the parallel plates. The flanges overlapped the
plates for the entire height of the model. The tanks were mounted by
inserting screws through the flanges, model plates, and spacers. The
joints were sealed by applying Dow Corning Silastic 732 RTV compound.

Each tank had a copper tube outlet located about 2 ft above the
bottom of the model, The copper tubing extended to the inside bottom
of the tanks so that the tanks could be pumped empty. A gate valve

located at each outlet controlled the fluid flow through the outlet.
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Fach tank also had a éliding"gate near the top to control the fluid
level in the tank. Fluid spilling over each gate was collected in a
5=gal, carboy that was located in a specially constructed rack at eéch
end of the model. Another carboy was located above the first and
served to add fluid to the respective reservoir tank.

Fluid was forced through a set of orifices by a pressurized flow
system to cause infiltration along the top of the model. The pressure
system consisted of a regulated pressure supply connected to a 7-gal.
stainless-steel storage tank. The fluid in the storage tank flowed
into an acrylic plastic distribution tube after passing through a flow
meter and a gate valve. Brass orifices that were installed at l-in.
increments along the bottom of the distribution tube metered the fluid
into the model or into a sliding tray that was mounted just below the
tube. Fluid was added to the storage fank at intervals by a 1/4-hp
gear pump. | |

The removal of fluid by infiltration galleries was modeled by two
different methods. In one method, two holes with radii equal to 0.54
mm were drilled in the back plate of the model. Copper tubing connected
the holes to a manifold, then to a flow meter, and finally to a
stainless~-steel accumulator tank. A vacuum that was controlled by a
regulator was applied to the accumulator tank by a laboratory vacuum

 pump. Different pumping rates were obtained by varying the vacuum. In
the second method, holes with radii equal to 0.54 mm were drilled in
the front plate of the model which allowed the insertion of a hypodermic

needle attached to flexible plastic tubing. The fluid was pumped from
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the model by a tubing pump, and its flow rate was measured with a
balance and stopwatch. The first method was employed for rates in the
range of 2 cc/min and above, while the second method worked better in
the range of 0.1 cc/min.. A disadvantage of the first method was the
requirement to meter a viscous fluid at low flow rates.

Five vertical scales were mounted behind the model and were spaced
equally along its length. The scale divisions were alternate black and
white sections that were 1 cm in width. The scales were used in con-
junction with a cathetometer to obtain the location of the interface

and the free surface.

Fluids Used in Model

No existing fluids other than fresh water and salt water could be
found to satisfy the requirementé for modeling fresh water floating on
salt water. These liquids were not used in the model because the low
viscosity of water used in conjunction with any practical parallel
plate spacing would result in an unacceptably high hydraulic conductivity
of the model. Therefore, the two fluids were obtained by adding a
viscosity increasing agent to water. The density of one batch was in-
creased by adding salt and sugar. Duplicated values of the density of
each fluid were obtained’by weighing calibrated pycnometers containing
the fluid. The pycnometers held 50 cc of fluid and were weighed to an
accuracy of 0,00l gram. Formaldehyde was added to the solutions as a
preservative because the viscosity improvingvagent [ carboxymethyl-
cellulose (CMC), 7L] is an organic compound and is subject to decompo=-

sition by microorganisms. Red dye was added to the fluid representing
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fresh water so that the position of the interface could easily be
detected.

High fluid temperatures, stirring, and steam applied directly to
the solutions were required for proper mixing because CMC does not
dissolve readily in water at room temperature. Final adjustments in
the fluid compositions were made by adding water in order to obtain the
proper viscosity for the "fresh' or "salt" water solutions. Hercules
(1966) noted that the final"viscosity of the solution not only depended

upon the ingredients, but also depended upon the method of mixing.

Environmental Control

Because the viscosity of the CMC solutions changes with temperature
and moisture content, the tests were conducted in an environmentally
controlled chamber to minimize these viscosity changes. The tempera-
ture was maintained at 22° C + 0.5° €, ahd the relative humidity was

maintained at about 50 percent.

Model Calibration‘

Because variations in thevspacing between the parallel plates were
thought to be present; calibration of the model was necessary. Charny
(Poiubarinova—Kochina, 1962) mathematically derived the Dupuit equation
which is‘fof steady statebflow over an impermeable layer. This equation

was employed to calibrate the model. The equation is

- 2 2
Qp = bK(h;“ - b %)L, | (27)

where
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Qr = discharge from the mcdel,
b = spacing between the parallel plates,
hy; and hy = heights above the impermeable layer of open bodies of

water at the ends of the flecw region,

L = length of the flow regicn.
Equation 27 does not incorporate any simplifying assumptions., The
hydraulic conductivity of the mecdel as derived by Polubarinova-Kochina

(1962) is
oo 12
K = b g/12v. (28)

Combining equations 27 and 28 and sclving for b, yields

b = i

\"3 5 (29)
th - hz ]8

Because h, the height above the impermeable layer of an open body
of water, was not easily controlled, only one set of values of h was
employed in the model calibration. The vesulting spacing was 0.159 cm,

- which was the same as the washer thickness.

Procedure
Three of the dimensionless groupings that are bresented in equation
14 contain hydraulic conductivity. Each of these three groupings (R/K,
Q/KW, and Kt/Wf) was assigned a definite value during each test. Be=
cause K was affected by fluid viscosity (as seen in equation 28),
ancther variable in each grouping was altered so that the grouping

maintained its required value. However, W and f were fixed so that R,
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Q, and t were the only variables that could actually be varied in the
model study. For example, consider the modeling of a constant time of
infiltration on an island. The varisbles K, W, and f for the island
have fixed values determined by island characteristics. The time
interval t fixed the value of Ki/Wf. In the model study W and f were
constant, and the hydraulic conductivity K varied with the fluid
viscosity. Therefore, the time t of the model varied depending upon K
of the model.

The range of values that each dimensionless grouping was assigned
was determined by the most prevalent conditions on the Outer Banks or
by the desire to create the most critical conditions possible.

The relative infiltration rate R/K was set equal to or less than
unity. This upper limit was chosen because, typically, the value of K
in sands is 25 in./hy ana the infiltration from natural recharge is not
likely to be that high. Also, values of R/K > 1 produce ponding which
was not desired in this study.

The relative time for all occurrences is contained in the dimension~
less term Kt/Wf. The relative time during which "fresh water' was being
added along the top of the model was denoted by Kt/Wf = ¢, From the
beginning of one "fresh water'" addition to another, it was denoted by
Kt/Wf = v. The values of ¢ and y were held constant during any test so
that the addition of "fresh water' was made in cycles of duration vy,
The values of vy were calculated to represent "fresh water' application
intervals from periods of 1 wk or less tc pericds of 1 mo or more,

depending upon island characteristics. The relative time of "fresh
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water' application ¢ was maintained so that the desired total amount of
"fresh water' could be added. One complete "fresh water' application

cycle as conducted in the tests can be described mathematically as

Kt (application of "fresh water' along
A O0<ys =°C the top of the model)
% = , , (30)
2 . w1
0 o< Bt < y (no application of "fresh water'')
WE
with
0.25 vy £ 1,
0.002 = ¢ = 0.036,
and

0.5 £y £4,

A recharge parameter, Rp = %2 = (R/K)(tC/ty) was defined so as to
be independent of the application cycle. It is defined as the relative
infiltration rate, A = R/K, multiplied by the fraction of the time that
the "fresh water'" was being added, c/y = tc/ty’ whereytC and t, are the
time periods of rainfall and between rainfalls, respectively. The
fraction c/y was so designated in the model because c was the amount of
time the "fresh water' was applied and y was the time from the beginning
of one "fresh water' application to the beginning of another.

Most of the pumping tests were conducted with the gallery located
in the center of the cross section at mean sea'level (I/W = 0) because
this position appeared to be the most practical for field application,
Several tests were conducted with the gallery being located below mean

sea level (I/W = 5/180, 7/180) at the cross section midpoint.

The model was initially made ready by filling it with "ocean"
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sclution to the height that had been predesignated as mean sea level,
The length W of the model at this elevation was 180 cm. 1In order to
similate a sloping beach, each end of the model had a slope of 45° as
shown in Figure 7. The distance from mean sea level to the bottom of
the model was 140 cm, and the minimum distance from the interface to
the impermeable layer was 55 em. Thus; the interface was never close
to the impermeable layer, and the flow system was considered infinitely
deep.

After the "ocean' solution had reached equilibrium, the "fresh
water' solution was pumped into the pressurized "fresh water' applica-
ticn system. The viscosities of the two solutions were then measured
with a Brookfield rotational viscometer to determine whether both fluids
had essentially the same viscosity. Values of R and t were calculated
for the predetermined values of‘A, ¢, and v and were adjusted to counter-
act variations in K due to changes‘in fluid viscosity.

The rainfall intensity R was adjusted to the appropriate value
while the 'fresh water' solution was being caught in a tray instead of
being allowed to enter the model., An appropriate timing chart was set
up, and the tests were begun. At the ﬁime designated by the timing
chart, the sliding tray was pulled from beneath the distribution tube,
and the "fresh water' solution was allowed to enter the mcdel. The
cyclic addition of the "fresh water' solution was continued until no
movement in the interface location could be detected. At that time, the
location of the interface was recorded at the cross-sectional end

points (z; ), at the quarter points (24 3447, and the midpoint (z; 7/9)-
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The minimum elevation of the free surface was recorded at the cfoss~
sectional end points (zf 0), one quarter point (Zf 1/4)5 and the mid=-
point (zf 1/2)°
Pumping from one of the galleries was then implemented by one of
the two previously discussed pumping methods. Initislly, the pumping
rate was set at a much lower value than the maximum safe pumping rate,
After equilibrium was established and the locations of the interface and
free surface were recorded, the pumping rate was increased and the
process was repeated. The pumping rate was increased in increments
until either of two occurrences took place:
1. The free surface dropped to the top of the gallery, and air was
being pulled into the system,
or
2. The interface rose to the gallery, and the "salt water"
solution began being pumped into the gallery.
Whenever either condition cccurred, the test was ended. New conditions

were then established, and a new test was initiated.



RESULTS AND DISCUSSION OF THE MODEL STUDY

Location of the Interface under Natural Conditions

Infiltration rates due to rainfall are not likely tc reach the high
values of hydraulic conductivity of sandy soils on oceanic islands.
They will also vary considerably according te the rainfall intensity,
Because the natural conditions of varying rainfall intensities are almost
impossible to model, tests were conducted to determine the effects of
different infiltration rates on the interface location. The infiltra-
tion rates employed during the tests were 1/4 K and 1 K. The recharge
parameter, Rp = Ac/v, and the cycle duration v were held constant

during the runs.

The results as presented in Table 2 show that the location of the

Table 2. Location of interface for varying infil-
: tration rates under conditions of no
pumping (Rp = 0,00200, v = 4)

Infiltration Zi O/W Zi 1/4/W Zi 1/2/[«7
rate
1/4 K 0.0333 0.128 0.144
1K 0.0444 0.139 Q0.156

interface was lower for the infiltration rate 1 K., However, the
difference is not statistically significant because the standard
deviation for z; 1/4/w was s = 0.006. Thus, the result is a nonsignifi-
cant "t" test. The statistical analysis pertaining to the test is pre-

sented in Appendix B.
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The relative distance z, 1/4/W at the quarter point was used as
an indicator of interface location instead of z; i/Z/W becaise z; 1/4/W
was an average of two values and because z, 1/2 was hard teo determine
due to dispersion of the fluids at the midpoint. The dispersion at
z; 1/p was caused by repeated variation of the interface location at
that point.

The investigator observed that the ''fresh water' added appeared to
act as an impulse addition. Since the time of "fresh water' applica-
tion was short compared to the cycle time (i.e., c¢/y < 0.03), this con-
clusion appears valid.

Although the differences in the interface location may be caused
by a varying infiltration rate, another possible reason for the ob-
served variation was the necessity of using different flow meters to
establish the infiltration rates. Because calibration curves for the
flow meters depend upon the viscosity of the fluid, variations in
viscosity during the calibration period or during a test could cause
an error in the flow rate. Another possible error in procedure was
the inability of. the operator to accurately meter the much shorter
input period associated with the higher infiltration rate.

The intervals between rains alsc vary under natural conditions.
Because every rainfall condition could not feasibly be simulated, the
"fresh water"” was applied in cycles. The cycle duration was varied so
as to determine the effect of the frequency of "fresh-water' application
on the interface location. Table 3 presents the results of cycle dura=

tion (inverse of rainfall fregquency) cn the interface location with the
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Table 3. Location of the interface for
varying cycle duration under
conditions of no pumping
(Rp = 0.00200, A = 0.25)

Y 23 ofW 25 1//W 2y 172/
4 0.0333 0.128 0. 144
2 0.0333 0.122 0. 144
1 0.0306 0.117 0.133

relative infiltration rate, R/K, and recharge parameter, Rp’ being held
constant. The location of the interface for the shortest cycle dura-
tion (v = 1) is slightly above the other two interface locations, but
the difference in the locations was not determined to ‘be statistically
significant, See Appendix B,V The results from Tsbles 2 and 3 indicate
that the relative infiltration rate and the frequency of rainfall are
not dominant characteristics that influence the location of the inter-
face under conditions of no pumping. Thus, the recharge parameter, Rp,
may be used to predict the interface location.

Figure 8 presents the relative location of the interface zi/W as
a function of the recharge parameter, Rp° under conditions of no pump=
ing. Each curve shows the relative location of one point on the
interface. The grouping zilw is the distance from mean sea level to
the interface divided by island width at mean sea level., As expected,
-the depth of the interface decreased with a decrease in the value of
the recharge parameter. The decrease appears to be linear when
plotted on logarithmic paper.

The results of Figure 8 may be used for an anisotropic porous
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media if an equivalent isotropic hydraulic conductivity is obtained by
the use of equation 16. The equivalent hydraulic conductivity is used
to determine Rp = Xc/y, and Figure 8 can then be used to determine

z./W| . The relative distance z;/W| for the anisotropic porcus media

i
M P
is determined by the use of equation 18,

Effects of Pumping Rate on Locations of Interface and Free Surface

Tests were conducted by pumping at various rates from a gallery
located at mean sea level. Figures 9, 10, and 11 show the effects of
pumping on the locations of the interface and free surface for several
values of the recharge parameter. The ordinate }zl/w which increases
upward is a relative distance from mean sea level to the interface or
free surface. The abscissa Q/KW which increases to the right is a rel=-
ative pumping rate. The three upper curves show the effects of pumping
on the location of the interface, while the two lower curves show the
effects of pumping on the minimum elevation of the free surface. The
position of the free surface varied in a cyclic manner for any constant
pumping rate because the “fresh water’ was applied in cyclic intervals.
The minimum elevation occurred just prior to the "fresh-water' addition
during each cycle. This elevation was plotted because it represented
the most critical position of the free surface.

Figures 9 and 10 show that the distance to the interface was
greater at low pumping rates than at no pumping. This paradox was a
result of the testing procedure. In most instances in the testing
procedure, the infiltration rates were increased between tests so that

the interface would move downward more rapidly toward equilibrium.
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As a result, small but observable changes in the interface location
were still occurring when pumping was initiated. Because the initial
low pumping rate did not affect the interface location, the interface
continued to move downward. The curves for the interface location were
extended by a dashed line at approximate constant elevations from the
maximum relative elevation observed to zero pumping.

The test results presented in Figure 9 for Rp = (0,00050 are not
complete because the pumping rate was not increased to the maximum
rate as described in the subsection entitled Procedure. However, the
distance from mean sea level to the interface at the island midpoint
was less than at the quarter points for Q/KW = 0.00024. Such an inversion
of the interface location in three-dimensional flow is known as coning.
The term will also be applied here even . though the flow is two dimen-
sional. The free surface also exhibited a coning effect for Q/KW =
0.00016 because the distance from mean sea level to the free surface
was less at island midpoint than at quarter points. The depth of the
interface decreased at all recorded locations as the pumping rate was
increased.

Coning of the interface and free surface is also indicated for an
increase in the value of the recharge parameter. See Figure 10. How-
ever, the interface reached an equilibrium pdsition well below the
gallery even.for the maximum pumping rate that was obtained when the
free surface had dropped to the gallery (|z!/W = 0.0003). The 1ocation
of the interface at the island end points was not affected by pumping.

~As shown in Figure 11 with R_ = 0.,00200, a further increase in the

p
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value of the recharge parsmeter almost eliminated the coning of salt
water even though the free surface was again dropped to near sea level.
A cone of depression of the free surface was observed for pumping
rates Q/KW = 0.00043, Pumping of the fresh water caused the interface
to move upward at all recorded points.

An additional increase in the value of the recharge parameter was
unnecessary because normsl conditions do not exceed the value Rp =
0.00200. For example, consider the extreme conditions of an infiltra-
tion rate of 4 in./wk (high average infiltration rate) with a soil
hydraulic conductivity of 10 in./hr (low hydraulic conductivity for
sand). These values yield RD = (,00240 which is only slightly more
than the value of Rp in Figure 11. Because critical flows occur during
times when the value of the recharge parameter is low, higher values
need not be considered. Some results with higher values of the recharge
parameter are presented in Appendix B.

Because the elevations of the free surface and the interface at the
island midpoint are the most important indicators for determining salt
water intrusion, the effect of pumping at mean sea level on these
relative elevations has been plotted for various values of the recharge
parameter with v = 2 and A = 0.25. See Figure 12. It should be noted
that in all cases the maximum pumping rate is limited by the drawdown
of the free surface and not salt water entering the gallery. The
expected midpoint locations of the interface can be determined from
Figure 12 for known values of the recharge parameter and pumping

conditions.
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Because one of the purposes of this investigation was to determine
the amount of fresh water available on a long oceanic iIsland, the exact
location. of the interface was not of major concern when the maximum
pumping rate from a gallery located above mean sea level was limited by
the drawdown of the free surface. Therefore, no tests were conducted
for the specific purpose of determining whether changes in v and A
affected the location of the fresh water =-. salt water interface.
However, four experiments were conducted with Rp = 0,002 and A and ¥y
varying. Because the results of these experiments showed no general
trends due to variations in A or v, and because it was previously shown
that variations in infiltration rates and frequencies of rainfall appli-
cation had no statistically significant effect on the location of the
interface under conditions of no pumping, it was assumed that any
variations in the location cf the interface caused by changes in
either A or v could be tolerated for the purposes of this study.

It must be clearly understood that changes in any one of the
variables, R, K, t., or tpa,has tc be accompanied by a change in one
or more of the others in order to hold Rp constant., Thus, a change in
the rainfall rate, R, must be accompanied by a change in either the
time period of rainfall, t , or the time period between rainfalls,

c
tp‘ This causes the total guantity of rainfall to be constant for the
given period of time under consideration regardless of the intensity

and time distribution of rainfall. The total quantity of rainfall is

changed only with changes in the recharge parameter, Rpg

g
oot



Because K is included im both Rp and Q/KW, the effects of varia-
tions in K cannot easily be determined. However, this is not considered
to be .of .major concern because the value of K would ordiﬁarily be held
constant for a specific location. The curves in Figure 13 which relate
maximum pumping rates to the recharge parameter may be used to predict
maximum safe pumping rates. This prediction curve is below the 45°
line that represents "fresh water' inmput equal to removal by pumping.
As would be expected, less "fresh water' was removed by pumping than
was added by infiltration.

The water use efficiency is defined as the ratio of the pumping
rate to the recharge parameter [i.e., (QfKW)/R; and was greatest at low
infiltration rates. It was approximately 60 percent for R_ = 0.00050
even though the maximum flow rate was not obtained, and it decreased to
less than 50 percent for RP = 0.,00700. .Because the results for Rp =
0.00480 were obtained at a slightly decreased fluid density ratio
(ps/pf = 1.020), this decreased ratio may have affected the water use
efficiency. The efficiency at Rp = 0.00200 was slightly above 50
percent., This value can be selected as a conservative value of water
use efficiency for design work because higher values of Rp do .not
normally occur.

The results of Figures 9, 10, 11, and 12 may be used for an
anisotropic soil by codrdinatevtransformations previocusly discussed.
The maximum pumping rates presented in Figure 13 are not affected by

an anisctropic soill system.
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Pumping from a Gallery Located below Mean Seaz Level

In all the preceding tests, the fall of the free surface has been
the limiting factor in determining the maximum pumping rate. This result
leads to the conclusion that more usable water (higher water use effi-
ciency) may be obtained if the gallery is ldwered to a position below
mean sea level. Tests were conducted with the gallery at a relative
distance I/W = 0.0278 below mean sea level with the recharge parameter
RP = O.OOZOO° The maximum pumping rate obtained, as shown in Figure 14,
was Q/KW = 0.00150 which is a 75~percent water use efficiency [(Q/KW)/RPJ.
This efficiency is higher than the 50~percent water use efficiency ob-
tained while pumping at mean sea level. All other conditions were held
constant for both tests. The increased water use efficiency resulted
in the intrusion of salt water to the gallery (coning), and the pumped
water became polluted, Figure 14 shows that there is a range from 50-
to <75-percent water use efficiency in which increased efficiency is
obtained without substantial intrusion, Coning is first indicated at a
pumping rate of Q/KW = 0.00110 which gives a water use efficiency of 55
percent. Efficiencies higher than 55 percent were obtained at the
expense of much increased pollution of the fresh water lens by salt
water.

Figure 14 shows that the minimum free surface elevation at the
maximum pumping rate was above sea level. Thus, the gallery was
probably located below the pumping position of maximum water use
efficiency. However, under actual conditions of varying infiltration

and island characteristics, ideal placement of a gallery would be very
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difficult to determine. The results as presented in Figure 14 indicate
that the danger of pollution does exist for galleries located below mean

sea level and that observation wells would be needed to insure appropriate

pumping rates. Indeed, such a safety check would also be advisable for

galleries located at mean sea level.
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COMPARISONS OF LABORATORY STUDY WITH THEORETICAL AND FIELD STUDIES

Because of the complexity of the system studied in this investigation,
no mathematical studies were made. The investigator knows of no mathe-
matical developments that would have been suitable for comparison.

No direct comparisons with field data were made for the following
reasons. Firstly, a field study per se was not a part of this investiga-
tion. Secondly, an attempt was made to use exlisting data collected
from a horizontal well located on the Quter Banks, specifically the site
known as Parker's Hill, but this data was inadeguate for comparison
purposes. Thirdly, the USGS is presently collecting pumping test data
from vertical wells located on the Outer Banks, but no known relation=
ship exists that would allow pumping test data collected from a vertical

J

worizontal well. Although

o

well to be compared with that from a
sufficient assumptions could be made to find such a relationship, no
reliability could be placed on the final results. However, the
results obtained with the Hele-Shaw model in this study are valid
because previcus drainage investigations that were conducted in our
laboratories using this model were not statistically different from
mathematical and field results (Rochester and Kriz, 1968; Rochester

and Kriz, 1970).



APPLICABILITY OF RESULTS TO LONG OCEANIC TSLANDS

The results of the study are useful to practicing engineers for
the following types of problems. Firstly, the location of the inter=-
face for varying amounts of rainfall per storm and periods of time
between storms under conditions of no pumping allows upper and lower
bounds of the interface tc be determined so that a more economical
field testing procedure can be developed. Secondly, the maximum pumping
rate from a horizontal gallery located above mean sea level can be
determined for given sets Qf conditions. Thirdly, the effects of
various pumping rates on the location of the interface can be studied
for a vange of rainfall conditions and island characteristics.,
Fourthly, the effects of soil anisotropy on the location of the inter=
face can be investigated.

In order to facilitate the wse of the results, tabular and/or

.graphical descriptions of the data collected in the laboratory are

presented in this section. Examples of each type of problemAdescribed
above are also given.

Table 4 presents a relationship between the amount of rainfall per
storm, the average length of time between storms, and the 1o¢ation of
the fresh water =~ salt water interface for long oceanic islands under
conditions of no pumping. The hydraulic conductivity and the island
width must .be known before the location of the interface can be deter-
mined. Figure 15 presents the data from Table 4 in graphic form in

order to facilitate interpolation when necessary.,
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Table 4. Location of interface for varying amounts of rainfall per
storm and periods of time between storms under conditions
of no pumping

Distance from mean sea level to interface per 1000 £t of
island width
R .
p End Points Quarter Points Midpoint
(feet) (feet) (feet)
. 0002 3.5 32 35
. 0004 6.9 49 57
.0006 11 62 74
.001 19 88 100
. 002 30 130 | 170
. 004 90 205 260
.006 130 | 260 315
.008 1990 305 400

The value of the recharge parameter, Rp = (R/K)(tc/ty)” in Table 4
can be determined by direct calculation or from Figure 16 for a given
set of rainfall conditions and a given hydraulic conductivity. After the
value of RP has been determined, the depth to the interface beloW mean
sea level per 1000 ft of island width can be obtained from Table 4 at
the endpoints, quarter points and midpoint of the island. The actual
depth to the interface is calculated by multiplying the values by the
width of island per 1000 ft.

1f the location of the interface and island width are known,

Table 4 can be used to determine the value of any one of the following .

conditions or characteristics provided all the others are known:
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average rainfall intensity, average rainfall duration, average rainfall
frequency, or average hydraulic conductivity. The procedure is the
reverse of that described above for determining the location of the

interface.

Example I
Problem: Determine the location of the interface under conditions of
no pumping for a 2000~ft wide island for the following conditions:
average rainfall intensity, R, is 0.2 in./hr; average rainfall duration,
t. is 3 hr; average time between rainfalls, ty, is 60 hr; and the

hydraulic conductivity of the soil, K, is 10 in./hr.

Solution: The value of Rp = §.001 is deterﬁined directly by calculétion,
Rp = (R/K)(tc/tyj, or from Figure 16§ From Table 4 with Rp = 0,001, the
distance of the midpoint of the interface per 1000 ft of island width
below mean sea level is 100 ft. The actual distance is

200 £t([100 £t][2000 ££/100 £t]). Likewise the distances of the
interface below mean sea level for the quarter points and end points

are 176 ft and 38 ft, respectively.

Example II
Problem: Determine the average hydraulic conductivity for a 1500-foot
wide long oceanic island for the following conditions: average raiﬁfall
intensity, R, is 0.1 in./hr; average rainfall duration, t,s is 2 hr;

average time between rainfalls, is 33.3 hr; and the depth of the

£y

interface below mean sea level at the midpoint of the island is 85.5 ft,
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Solution: The depth to the interface per 1000 ft of island width is
57 ££([85.5 ££J[1500 ££/1000 £r]). From Table 4, R, = 0.0004. Solving

RP = (R/K)(tc/ty) or using Figure 16 to determine the average hydraulic
conductivity, K = 15 in./hr.

Table 5 gives tabular values of Figure 13 for the maximum continuous
pumping rate for a gallery located at mean sea level at the midpoint of
the island for a range of rainfall and island conditions and characteris-
tics. In order to determine this maximum safe pumping rate, the width
of the island, rainfall conditions, hydraulic conductivity and length
of gallery must be known. Known losses from evapotranspiration should
also be subtracted. However, under sandy conditions with little or no
vegetation, these losses can be neglected.

The first step in using Table 5 is to determine the recharge

. Once R. has been determined, the pumping rate, Q,

.parameter, R o

p
is obtained for the appropriate value of the average hydraulic conduc-

tivity, K. The pumping rate is then converted into units of gpm.

Example TIII
Problem: Determine the maximum safe pumping rate from a 225-ft long
horizontal gallery located at mean sea level at the midpoint of a 3000-
ft wide island for the following conditions: average rainfall intensity,

R, is. 0.3 in./hr; average rainfall duration, t is 3 hr; average time

c3
between rainfalls, t,\(3 is 90 hr;. and average hydraulic conductivity, K,

is 12 in./hr. An evapotranspiration rate of 0.1 in./day is assumed.
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Solution: From direct calculation or Figure 16, RP = (.000833,
Interpolating from Table 5, the maximum safe pumping rate without
cdnsidering any evapotranspirztion losses iz § = 0,58 ftz/hr per 1000
ft of island width, The value of § iz converted into units of gpm as
follows:

[0.58 ftz/hr per 1000 £c1{3000 ft (island width)] = 1.74 ftS/hr

[1.74 ££2/ne][ 225
/60 min/hr]

The evapotranspiration lcss for the ares within the confines of

the width of the island and the length of the gallery is as follows:

it

(225 £t1{3000 ££1(0.1 in/dayi[ ft/12 in.]J[7.5 gais/fEB] 42100 gal./day

o

1381

[42100 gal./dayl{day/1440 minl = 29.2 gpm
Thus the maximum safe pumping rate, §, is [48.9 gpm - 29.2 gpm] =
16.7 gpm.
Table 6 gives a relationship bDetween the pumping rate from a
1000~ft horizontal gallery, the hydvaulic conductivity and the parameter,
Q/KW. Tables 7 through 9 show the effects of various pumping rates on
the location of the interface for a limited range of rainfall and
iéiand conditions and characteristiecs. The tables are based on pumping
from g horizontal gallery located at mean sea level at the midpoint of
the island. When the rainfall conditions, hydraulic conductivity, and
igsland width are known, the tables can be used to estimate the location
cf the interface below mean gaé level and to study the coning effects
of the interface for a given pumping rate. The structure and use of

the tables are the same. The differences between the tables are that

each ls based on a different value of the recharge parameter, an
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Table 7.

Location of interface for varying values of the parameter
Q/¥W (Rp = (.00050)

Distance to interface below mean sea level
per 1000 £t of island width

Q/KW
Endpoints Quarter Points Midpoint

(ft) (ft) (ft)
.0000831 11.1 62.5 69.5
.000173 11.1 62.5 66.7
.000250 9.72 61l.1 63.9
.000392 9.72 6L.1 44 .4
Table 8. Location of interface for varying values of the parameter

Q/XW (Rp = 0.00075)
Distance to interface below mean sea level
per 1000 ft of island width
Q/xW
Endpoints Quarter Points Midpoint

(£1) ; (ft) (ft)
. 000200 9.72 - 77.8 | 83.4
.000256 9.72 80.6 88.9
. 000347 9.72 o 80.6 » © 88.9
. 000412 11.1 , 77.8 _ 77.8
. 000481 11.1 72.2 66.7
. 000537 11.1 L 72.2 58.4
.000612 11.1 72,2 4 G
. 000666 11.1 ‘ 66,7 7 38.9
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Table 9. Location of interface for varying values c¢f the parameter
UKW (R = 0.0020)

Distance to interface below mean sea level
per 1000 ft of island width
Q/RW
Endpoints Quarter Points Midpoint
(fr) {£t) : (£t)
, 000725 33.5 123.0 139.5
. 000950 32.0 ' 121.0 126,0
.00119 29.5 114.9 114 .4
.00125 28.0 1L1.5 110.0

Table 9 is an average of all the tests conducted with Rp = §.0020.

Figures 17 through 19 graphically illustrate the results shown in

Tables 7 through 9.

Example IIL
Problem: Determine whether coning cccurs when a 200-ft long horizontal
gallery located at mean sea level and 2000-ft wide long oceanic island
is. pumped at a continuous rate of 3@'gpm:subject to the following con-
ditions: average rainfall intensity, R, ig 0.5 in./hr; average rain-
fall duration, t., is 1.5 hri aversge time between rainfalls, ty, is
66.7 hr; and the average hydraulic ccn&ucti&ityf K, is 15 in./hr,

Losses due to evapotranspiration are considered negligible.

Sclution:. The first step is to conver:t the pumping rate from gpm to

ftéihr per 1000 £t of island width. This is accomplished as follows:

2%
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(30 gpm]/[2000 ft (width of island)/1000 ft)] = 15 gpm per 1000 ft.
[15 gpm/1000 £t3[ 60 mia/hr}/[7.5 gala/ftgj = 120 ftS/hr per 1000 ft.

[ (120 £t3/hr)/1000 ££1/(200 £t (length of gallery)] = 0.60 £e2/hr per
1000 ft.

Entering Table & with Q = 0.60 £t%/hr per 1000 ft and K = 15 in./hr
gives a value of Q/KW = 0.000481.

From direct calculation or Figure 16, the recharge parameter, Rp’
is 0,00075. Table 8 or Figure 18 can be used to determine the depth
to the interface. For Q/KW = 0.000581, the approximate depths of the
interface at the midpoint, quarter points and end points are 66.7, 72.2
and 11.1 ft per 1000 £t of island width, respectivelyo The approximate

depth at the midpoint is 133.4 ft ([66.7 £t/1000 £t][ 2000 ft(width of

island)]. Likewise the approximate depths at the quarter points and

T

=

end points are 144.4 and 22.2 ft,respectively. Thus, coning does

occur for the pumping rate of 30 gpm under the given conditions.

oQ

Table 10 is constructed the same as Tables 7 through 9 except
that the data is for pumping from a horizontal gallery located below
mean sea level at the midpoint of the island. The actual depth of the
gallery below mean sea level is expressed as a ratio I/W where I is the

depth of the gallery below mean sea level and W is the width of the

2

s

island. Figure 20 graphically illustrates the data given in Table 10,
The procedure for using Table 10 is identical to that for Tables

7 through 9.. Direct comparisons between the effects of pumping from

horizental galleries located at and below mean sea level on the location

of the interface can be made for Rp = {3,0020, Because this investiga~

tor recommends that the gallery be located at mean sea level, only lim-

%

ited testing was done with the gallery located below mean sez level.
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Table 10. Location of interface for varying values of the parameter
Q/RW for a gallery located below mean sea level
(Rp = 0.0020, I/w = 5/180)

Distance to interface below mean sea level
per 1000 ft of island width
Q/KW ]
Endpoints Quarter Points Midpoint
(£t) (ft) (ft)

0 ' 30.6 117 128
.000638 27.8 117 122
.00089%4 27.8 111 111
.00107 111 111
.00125 22,2 104 88.9
.00137 4 22,2 98.7 72.2
.00152 20.8 94.5 27.8

Because many long oceanic islands have anisotropic rather than
isotropic conditions, an example is presented to illustrate how the

data can be transformed to study anisotropic conditions.

Example IV
Problem: Determine the location of the fresh water =~ salt water
interface under conditions of no pumping on a 2000 ft wide island for
the following conditions: hydraulic conductivity in the x direction,
K., is 25 in./hr; hydraulic conductivity in the y direction, Ky’ is
1 in./hr; average rainfall intensity, R, is 0.1 in./hr; average
rainfall duration, tc, is 2 hr; and average time between rainfalls,

t\{,5 is 3 days.
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Solution: The first step is to obtain a value for the transformed

%

hydraulic conductivity, K¥*, where K¥ = (KXKy)%u Thus, K* = [(25)(1)]% =
5 in./br. It is then necessary to determine what value of R/K in

the model corresponds to the R/K* in the field. Because R/Ki = R/K*i
R/K| = (0.1 in./br)/(5 in./hr) = 1/20. Using this value, Rpl\/{= 0.0013
is dgtermined from direct calculation or Figure 16.

P,

From Table 4 or Figure 15 with Rp = 0,001, the depths to the inter-
face below mean sea level for the model are 100, 88 and 19 ft per 1000
ft of island width at the midpoint, quarter points and end points,
respectively. Because zi/w = (zi/w)(Kx/Kz)% , the depth to the

b

interface per 1000 ft of isggnd width at the migpoint of the island
in the prototype is 100/5 = 20. Similarly, values of 17.6 and 3.8
are obtained for the quarter points and end points, respectively,

The actual distance to the interface at the midpoint is zi/W .
times the width of the island per 1000 £t or (20 £t)(2000 £t/1000 ft).
= 40 ft, Similarly, the depth to the interface is 35.2 and 7.6 ft
below mean sea level at the quarter points and end points, respectively.

Maximum safe pumping rates for anisotropic conditions can also be

determined by using equations 15 - 26 and following the examples

previously given.
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GLOSSARY OF SYMBOLS

Symbols

a slope of discharge face (no units)

b spacing between the paraliel plates of the model (L)

c time interval of infiltration in dimensionless form,
¢ = Kt/WE (no units)

£ porosity of the soil {(no units)

g . acceleration of gravity (L/T2)

h height above the impermeable layer of an open body of water (L)

h.1 ‘ height above the impermeable layer of an open body of water
at the end of the flow region (L)

hz height above the impermeable layer of an open body of water
at the end of the flow region (L)

i unit vector in the x direction (no uniﬁs)

I depth of gallary below mean sea level (L)

i unilt vector in the z direction {nb units)

K hydraulic conductiviﬁy {L/T)

K, Ky (L/T)

K, hydraulic conductivity in the x direction (L/T)

K, hydraulic conductivity in the z direction {(L/T)

K equivalent isotropic hydraulic conductivity of anisotropic
scll, K¥ = (KXKZ)% {L/T) )

L length of the flow region (L)

m fluid mass (M)

M model {(no units)

n number of values making up ¥y and Xy (no units)

D groundwater pressure (M/Lz}

P prototype {(no units)
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Symbols

q total discharge of fregh water into the ocean per unit thick-
ness of the aquifer (L*/T)

Q pumping rate of fresh water per unit length (LZ/T)

QT discharge from the model (LB/T)

r radial coordinate, v =\jx2 + (z - 1)2 (L)

R rainfall intensity (L/T)

Rp recharge parameter, Rp =hely = (R/K)(tc/tv) (no units)

R, rate of uniform vertical recharge per unit area (L/T/Lz)

S standard deviation of sample of a normally distributed

population (no units in this case)
standard deviation of z,

1/4 i

51/4 standard deviation of zy 1f2/w (no units)

j4/w (no units)

Py

- - tanda leviation of (X, = %.) ( i
S(z. - %) S ndard deviation of &y wz) (no units)

1 2
Sg (z) unit step function defined as
S0 (z) = f z : g (no units)
t time (T)
t. time period of rainfall (T)
ty time period between rainfalls {T)
et Student's distribution {(no units)
Vr Darcian velocity in the radial direction (L/T)
v, Darcian velocity in the x direction (L/T)
v, Darcian velocity in the z direction (L/T)
W width of island at mean sea level (L)
X horizontal Cartesian coordinate (L)
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Symbols

ada

Z

horizontal coordinate perpendicular to island length
and to z, (L)

sample mean (no units in this case)

sample mean (nc units in this case)

vertical Cartesian coordinate (L)

elevation of water table above sea level (L)

depth to the interface below sea level (L)
isotropic coordinate, z# = (KX/KZ)%Z<L>

(o, =~ 0o (no units)

cyelic time interval, ¥ = Kt/WE (no units)
incremental distance in horizontal x direction (L)

in vertical direction (L)

o
-

incremental distanc
fluid mass of a cube with sides Ax, 1, 4z (M)

ratioc of rainfall rate te hydraulic conductivity greater
than zero (no units)

kinematic viscosity (LZ/T)

population mean (no units in this case)
population mean (no units in this case)
density of fresh water (M/LB}

density of salt water (MXLE)

Darcian velocity potential, ¢ = =K(z + p/psg) (LZ/T)
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Appendix B, Statistical analysis

S maeel The ‘_;k [ wE e o AW snd w. i ¥
Standarc Devi tiuf:g%fzi {74l and zy 9/¥

The values of z, @/W and z, 1/a/w which were presented in the

L e

Results are compiled *r@m averages of two correspo mdlng symmetrical

values in the model. The value of z, 1j?f% was compiled from the mid-

L

point location that had ac co**espon ng bymmetrluai value. Both

l ljg/w and Zx }fz,w werée congidered to bé better indicstors of

changes in interface location than zi-@/w since the values of z, 4/W

were of the same order of magnitude (1 cw) as the accuracy of the
measureménts. The walue of 2z,

indicator of interface location than zy 1,7fw because z. 4, /W was

an average of two values and because 4 1/p was hard to determine
to digpersion of the fluids The filuid dispersion at Zyoq/g WES O
. . : . R N W A A
by vepeated varistion of the interface location st hat point
The replicated results ave presented in Teble 14,
Table 14, Location of interface for two replicated
- tests
1 Re 2. W 2 i L W
R Rep  #g o/W 2y gV 25 g0
0.,00200 L 0.0333 G, 128 0.144
2 0. 0306 0.1y 0.128
0.0036¢ 1 0. 0945 3.225 0,251
0.0945 (.228 0.256
The pooled standard dewiation for z, ., /W, s.,,, and for z
! & \ad = =3 Yl j;jﬁg.‘( L/ﬁr’ L 5

31i2§ ig .00570 and 0.00838, respectively (Snedecor and
174

[e:4]
A



Significance of Varying Infiltration Rates on Interface Location as

Presented in Table 2.

Snedecor and Cochran (1967) presented a method of“comparing two

independent samples to determine if these sampl@s were obtained from

the same population (treatment)., This comparison was made with the
Student's "t" distribution which is defined as

I

| | (xl xz) (rlfl Y ‘

”t” = ’( ;-& 3 5 : : ‘ (45)
Xl = Xz}

whare
N 2 . . ,
- - ‘28 e - :
S(xl - xz) =} “5~ is the standard deviation of (%, - £.),
1 i £
n = the number of values composing %, and %

1 2’

8 = the standard deviati@n’df il and ¥, o
"t" = Student's distributions,

%y and Xy = the inde@endéntisample.méans;
and

iy and py = the population meansf. 

The hypothesis made was that there was no effec@ on interface
location due to infiltration rate varidtion as preéseiited in Table 2.
Thus, the average values of zi‘1k4/W for the two infiiﬁration rates
presented in Table 2 were hypothesized to be equal, i.e., By T g
The variance s = Sl/& was assumed to be that which was calculated in

Table 7, i.g., = 0.00570. The deviation of the difference between

*1/4

the two sample values is
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25 . 4 0806 (46)

ja

1" %3)

The value of "% is

pon o (0135 - 0.128) - (0) _
- 0.008056

According to Student's distribution (s having 1° of freedom, a2 value

of "t" greater than 12.7 {(significance level of 5 percent) 1s nesded

to reject the hypothesis that no effect on interface 1ogatiaﬁ due to
variation in the infiltration rate exists, Thus, the hypothesis is
accepted., Although the statistical deviation frem the hypothesis was
not significant, the number of replicetiocns was so small that this
result gives only a weak confirmation. However, the infiltration rate

)

can be ignored as a dominant factor location of the

interface.

Significance of Varying Cycle Duration {Interval of "Fresh-Water"

Addition) on Interface Location as Presentad in Table 3

3 P L F Bl 0 2 ] 2 Y 2 . A [ TN S - B S
he Student’s “t” distribution was used to determine any signifi-

.

cant differences in the interface locations as a result of the various
cycle durations employed. The standard deviation of the difference
between two gamples was determimed in equaticn 4% to be g ,. - =

0.00806. The value of “t" is

nen o £8:128 = 0.117) - (0)
‘ 0.00806

for the diffevence between v = 4 and v = L. The hypothesis




difference in the values of interface locatiocn. Again, the hypothesis
that no difference in interface location exists is accepted with the
reservation that the number of duplications is small and that confirma-
tion is weak. Because the‘infiltration»interval was varied by a factor
of four and no significant variation in iunterface location resulted, the
infiltration interval was not a significant factor in determining inter-

face location.
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