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ABSTRACT 

The result of a laboratory investigation to study 

the reaction of the interface between fresh and saltwater 

due to pumping fresh, salt, and fresh and saltwater is 

presented. Only local reactions of the interface and free 

surface near the wells were investigated in order to demon

strate the effectiveness of simultaneously pumping fresh 

and saltwater. 

The experiment was carried out using a Hele-Shaw 

model. Pumping only salt, only fresh, and simultaneously 

fresh and saltwater from both symmetrical and non-symmetri

cal wells about the interface was performed. It showed that 

upconing of the interface occurred when only pumping fresh

water, downconing of the interface occurred when only 

pumping saltwater, and the interface remained stationary 

when simultaneously pumping a certain ratio of salt to 

freshwater. This ratio was about 1.1 to 1.2 for the 

different conditions studied. 

x 



CHAPTER 1 

DESCRIPTION OF PROBLEM 

The special problem which led to this engineering 

study is the need for fresh potable water for people living 

along the sea coast in arid lands. Where there is a porous 

aquifer along,the coast and a source of fresh water to this 

aquifer, the condition in the aquifer will typically be a 

layer of fresh water originating from rainfall on the land, 

often some distance away in the interior, overlying a layer 

of salt water originating in the sea. Figure 1.1 shows a 

sketch of sea water encroachment into a porous aquifer along 

the sea. 

The technical problem is then to pump fresh water 

without at the same time pumping salt water, and thus ob

taining brackish water (a mixture of fresh and salt water). 

To understand the technical aspects of the pumping 

problem, one must understand the rudiments of groundwater 

flow. 

Darcy's Law 

Darcy' s Law can be stated as follows: the discharge 

velocity through porous media is proportional to the head loss 

1 
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Figure 1.1. Seawater encroachment into porous aquifer. 
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and inversely proportional to the length of flow path; that 

is, 

dh 
V a dZ 

or, 

" * V 3 I  v = K 4^ (1.1) 

where K is the proportionality coefficient, called the coef

ficient of permeability, and has the units of velocity. 

Since velocity in porous media is small, which means that 

flow is laminar, Darcy's Law is valid only in cases of 

laminar flow. Experiments show that Darcy's Law is valid 

for Reynold's number, ]R, less than one. 

Potential Flow 

The mathematical representation of irrotational flow 

is termed potential flow. This representation is through 

certain mathematical functions, <(>, which are different for 

different flow situations. Any such function <j> must satisfy 

the LaPlace equation, 

2 2 
$IA + ill = o (1.2) 
3xz 3yz 

Orthogonal to the potential function <j> is another 

function \p, the stream function, which also satisfies the 

LaPlace equation 



= 0 (1.3) 
3x 3y' 

The relationships which guarantee orthogonality of the two 

functions <j> and are 

iik = life. ci 4) 
3x 3y 

and 

= •_ 1$. (i 5) 
9y 3x 

To interpret these mathematical functions in the 

real world, the definition is made that v„ = and v = 
X dx y dy 

From Darcy' s Law and the potential flow equation, the equations 

for two-dimensional flow in the xy-plane are 

< * • «  

V y - - K y §  =  §  ( 1 ' 7 )  

If the porous aquifer is isotropic and homogenous so that 

K = K = K = constant, the potential <f> can be interpreted x y 

as Kh, the product of the permeability and the piezometric 

head. However, it should be noted that the velocity, 

v = £ , in Darcy's Law is a fictitions velocity, because the 

area, A, is not the void area where fluid actually flows, 

but the total area normal to flow, including soil or sedi

ment particles. 



Flow Toward a Well 

Flow of water toward a conventional well at any 

distance from the well is: 

Q - KiA ( 1 . 8 )  

where 

2irrh 

distance from center of well 

the piezometric head at r 

A 

r 

h 

K = coefficient of permeability 

i gradient (|£) 

Using Dupuit's assumptions that the flow is hori

zontal and the potential (or constant piezometric) surfaces 

through which the fluid flows are vertical cylinders, the 

equation becomes 

Q = 2itKrh |j| 

r0 fh, 
±[ ' 
™ ̂  r Jh] 

hdh 

2?K £nr 
h^ 
2 

2^ [£nr2 - Jlnr^ - jib* 

4 <in A 
ttK Nrn' 2 " hl 



Q % — (1.9) 
r9 

£n(—) 
rl 

Figure 1.2a shows the drawings related to the above 

calculations. Far from the well Dupuit's assumptions are 

almost true; close to the well they are not valid. Neverthe 

less, the resulting equation describes the essential charac

teristics of the flow to a well. In practice, corrections 

can be made for the zone near the well, but there is always 

uncertainty as to the values of, and variations in,the perme

ability of the aquifer. This is a common, age-old problem 

which need not concern us here. 

Water moves from high to low potential areais; there

fore, water movement toward a well requires a piezometric 

gradient which is produced by lowering the piezometric head 

at the well by pumping (drawdown). In Figure 1.2a the piezo 

metric gradient is shown by the shape of the water table, 

which drops faster as it nears the well. Along the hori

zontal impermeable layer shown at the bottom of the aquifer 

there would be a pressure gradient toward the well that 

would be the equivalent of the drop in elevation of the 

water table. If there was a layer of salt water beneath 

the fresh water layer in place of the impervious layer, as 

in Figure 1.2b, the salt water will move due to this 
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Figure 1.2. Flow toward a standard well. — (a) Single 
freshwater layer; (b) Layer of saltwater 
beneath the fresh. 
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pressure gradient and close to the well there will be an 

upconing of the saltwater greater but similar to the draw

down of the freshwater table. This can result in the non-

favorable pumping of saltwater, along with the fresh. 

A solution comparable to Equation (1.9) is not 

available, but upconing is approximately 40 times the drop 

in piezometric head (drawdown). Therefore, when the fresh

water layer is not thick enough or drawdown (and pumping) 

is not small enough, there will be brackish water coming out 

of the well. Freshwater pimping can be achieved only if 

the freshwater layer above the saltwater is very thick and 

the pumping rate is very small so that upconing remains far 

away from well screen. Figure 1.2b shows a freshwater 

layer underlain by a saltwater layer, and the upconing of 

the saltwater layer when the well is pumped. 

Two-Dimensional Sink 

One of the interesting potential flows is two-

dimensional flow toward or away from a point (sink or source). 

The potential lines are a set of concentric circles spaced 

farther and farther apart in the direction away from the 

center of the circles. If the flow is into the center, the 

flow is called a sink; and if out, it is called a source. 

The potential and the stream functions which describe the 

flow are: 
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<(> = -K + ŷ  (1 .10)  

(1.11) 

or in the polar coordinates r, 0, z (z being the third 

dimension in the two-dimensional flow) are: 

charging well represents a source. The following figures 

show the stream lines and equipotential lines for various 

flow situations. Figure 1.3a shows the flow pattern toward 

a sink in a single-layer fluid. Figure 1.3b shows the same 

sink with two layers of fresh and saltwater, and how the 

saltwater upcones and how pumping is a mixture of salt and 

freshwater. Figure 1.3c is the same as Figure 1.3b, but 

the sink is in the saltwater zone. It shows downconing of 

the freshwater and how pumping is also a mixture of salt 

and freshwater. Figure 1.3d shows two imaged sinks, one 

in each of the two layers. It shows how the interface 

between fresh and saltwater stays stationary, and does not 

changes its position when pumping fresh and saltwater simul

taneously. 

The study reported herein is an effort to show by 

means of a physical model the behavior of flow toward a pair 

<f> = -K Zn r (1.12) 

ip = Ke (1.13) 

Pumping from a well represents a sink; also a re-
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Figure 1.3. Flow patterns toward several sink positions in 
different layers of fresh or fresh and salt
water. -- (a) A sink in a single-layer fluid; 
(b) A sink in a double-layer fluid (upconing); 
(c) A sink in a double-layer fluid (downdoning); 
(d) Two imaged sinks in a double-layer fluid. 
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of two-dimensional horizontal wells imaged about the 

freshwater-saltwater interface. The study is also an at

tempt to answer, as well as possible, several questions which 

would arise in the design and operation of such a pair of 

wells. These questions are: 

1. What is the gain in freshwater yield when fresh and 

saltwater are pumped simultaneously, as compared to 

pumping freshwater only? 

2. Should the pumping rate from the two wells be the 

same, or what should the ratio be? 

3. What pimping rates result in contamination with 

saltwater? 

4. Can more and more be pumped, and does the "correct" 

ratio change if more is pimped? 

5. What is the effect of the distance of the wells from 

the interface? 

6. What is the effect of the wells not being equidis

tant from the interface? 



CHAPTER 2 

THE GENERAL PROBLEM AND 
THE PARTICULAR PROBLEM 

Coastal Saltwater Intrusion 

Saltwater intrusion can take various forms. It can 

occur as a stagnant layer of saltwater beneath a stagnant 

layer of freshwater. It can also occur as a wedge of sea-

water encroaching into adjacent land as in the case of 

coastal aquifers. In either case, a zone of contact between 

the dense saltwater and the lighter freshwater is formed. 

It is called the interface between fresh and saltwater. 

Coastal aquifers, in general, have a hydraulic gradient 

toward the sea, so flow of freshwater is toward the sea, 

which receives the excess freshwater in the aquifer. Figure 

2.1 shows a typical section in a coastal aquifer. 

Fresh and saltwater are miscible fluids, and there

fore the interface is actually a region of dispersion between 

fresh and saltwater. Across this region the density of water 

varies from that of seawater to that of freshwater. Under 

natural undisturbed conditions, a state of equilibrium is 

reached, with a flow of freshwater toward the sea over a 

slowly circulating seawater intrusion. There are many 

12 
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factors that control the thickness and movement of the inter

face. Some of these are aquifer permeability, tidal variations , 

and seasonal variations in fresh groundwater flow. 

When the permeability of aquifer is high (K is high) , 

and flow of freshwater toward the sea is little, the intruded 

wedge is very long. If on the contrary the permeability is 

low (K is low), and the flow of freshwater toward the sea 

is high, the wedge is small. The intruded saltwater wedge 

will move back and forth with the tide, and with changes in 

the freshwater flow. In the zone where the interface moves 

back and forth, a mixing action will take place as fresh 

or saltwater in small voids or next to the solid boundaries 

is left behind. A dispersion also takes place as the fresh 

and saltwater at the interface flows through the intricate 

void passages in the porous medium. The thickness of the 

dispersion region is very small compared to the thickness 

of the aquifer; therefore, in many cases it can be assumed 

to be a line. This approximation is not valid if there is 

flow toward wells which are not far from the interface com

pared to the thickness of the dispersed interface. 

General Effect of Pumping 

The Ghyben-Herzberg static approximation of the 

position of the freshwater/saltwater interface can be com

bined with an assumption of Dupuit flow for the freshwater 



flow to obtain a reasonable approximation of the saltwater 

wedge. The Ghyben-Herzberg approximation states that the 

interface is forty times as far below sea level as the fresh

water table is above sea level. Therefore, it can be ex

pected that the position of the interface will change because 

of pumping, as the pumping causes a change in the freshwater 

table. 

If the pumping rate is small compared to the freshwater 

flow, only local effects of drawdown and upconing will be 

measurable. If the pumping becomes a sizable fraction of 

the freshwater flow, however, it can change the elevation 

of the freshwater table and thus the interface position. 

Even if the freshwater well is landward of the original 

position of the saltwater wedge, pumping enough to reduce 

the flow of freshwater to the sea will result in a drop in 

elevation of the freshwater table and consequently a rise 

in the interface seaward of the well. The saltwater en

croachment can then reach the well and local upconing can 

result in pumping brackish water. 

If the well is positioned above the original saltwater 

wedge, the Ghyben-Herzberg approximation would imply that 

the interface would remain as it is landward of the well, 

but would rise seaward of the well (modified, of course, 

close to the well). The average position of the interface 
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(minus the local effect) would be higher because of the 

pumping. 

Pumping from a saltwater well will similarly affect 

the position of the saltwater wedge and the interface posi

tion. The static assumption of the Ghyben-Herzberg lens can 

only be taken as a point of departure because saltwater 

pumping means that there must be saltwater flow from the sea. 

The necessary piezometric gradient from the sea to the well 

will result in a lowering of the interface and a retreat of 

the saltwater wedge. 

Thus, it can be seen that pumping of freshwater and 

of saltwater will change the position of the interface over 

the entire area of concern, and at the locations of the wells. 

This general problem will need to be considered in the design 

and operation of imaged wells, but has not been addressed in 

this study. Only the local situation near the wells has 

been investigated in order to demonstrate the effectiveness 

of the system, and presuming that the general situation can 

and will be amenable to solution if the local problem of 

upconing can be dealt with. 

Upconing 

As mentioned earlier, flow toward the standard ver

tical wells is caused by the piezometric gradient toward the 

well due to pumping. This gradient eventually results in 
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pumping seawater as well as freshwater due to upconing of 

the interface in the vicinity of the pump. Figure 2.2 shows 

upconing of the interface in the vicinity of the pump. 

The relationship between the head of freshwater, 

h^, above mean sea level and the head of saltwater, hg , below 

mean sea level can be found by equating the pressure along 

the two sides of the interface. From Figure 2.3, the pres

sure at any point along the interface is, 

Pa + Yshs " Pa + Tf(hs + hf> 

where P is the atmospheric pressure. Then, 
a 

Yshs - Tfhs - Yfhf 

hs^s - V - *fhf 

hs Ly = Yfhf 

hs=^fhf 

3 And if Yg and are 1.025 and 1.00 g/cm , respectively, 

then 

h = 40 h, 
s f 

The equation for a fully penetrating radial well 

using the Dupuit assumption is 

7rK(h« - h?) 
Q ^ i- (1.9) 

in (-£) 
rl 
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Figure 2.3. Pressure above and below the interface. 
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This equation needs some modification near the well and 

would need further modification for a partially penetrating 

well, and even more modification for the stratified fresh/ 

saltwater situation being considered here. Equation (1.9), 

however, describes the flow well enough to draw the follow

ing valid conclusions for this much more complex flow: 

1. If the upconing is of the order of forty times, the 

drawdown must be kept small for a single freshwater 

well. 

2. If the drawdown is kept small, the pumping rate can 

be increased only by increasing the radius of the 

well. 

3. Although the opposite effect on the interface can 

be achieved by pumping a saltwater well, a pair of 

imaged wells must be very precisely constructed and 

operated, and the aquifer needs to be very homogenous 

if the piezometric gradients are large. 

4. Therefore, for the pair of imaged wells it would be 

advantageous to have wells of large radii. A system 

which results in a very large effective radius is the 

Ranney collector. 

Imaged Wells 

If two wells were drilled far apart, one with its 

intake in the freshwater layer, the other with its intake 
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in the saltwater layer, the upconing and downconing of the inter

face at the wells would be separate phenomena. If the two 

wells were quite close, the upconing and downconing effects 

would be combined, as shown in Figure 2.A. If the wells 

were directly one above the other, it should be possible for 

the downconing to balance the upconing, leaving the inter

face where it was before the wells were pumped--at least 

as a first approximation. 

This combination of the two wells in one well can 

be achieved with a packer in the well at the level of the 

interface, and separate well screens and pumps above and 

below the packer. The disadvantage with a radial well is 

the steep piezometric gradient near the well(s). 

An examination of the Ranney collector suggests that 

it could be modified in a similar manner for the concept of 

imaged wells. 

Ranney Collectors (Wells) 

Ranney collectors are slotted pipes driven horizon

tally from a sunken concrete caisson like the spokes of a 

wheel, to collect water in the caisson. The caisson then 

serves as a tank from which clear water can be pumped. The 

main idea of using radial pipes is to increase the radius 

of the well from the radius of the caisson to that of a 

circle which encompasses these laterals. When pumping from 
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. WATER TABLE 

PUMPING FRESH WATER ONLY 

FRESH WATER PUMPING FRESH AND SALT WATER 

^ORIGINAL LOCATION 
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SALTWATER PUMPING SALTWATER ONLY 

Figure 2.4. Upconing and downconing offset a distance equal to 
the distance between the two wells. 
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the well, water is drawn down from the entire circle de

scribed by the length of the laterals, resulting in a high 

yield of water. Figure 2.5 shows a view of the Ranney well. 

Since the radius of influence of the Ranney collec

tors is greater than that of the conventional standard 

vertical well, the drawdown ,(or the piezometric gradient) 

at the caisson is very much less than the drawdown in the case 

of the vertical well if the same amount of water was pumped 

from the two wells. Therefore, upconing in the case of a 

Ranney well would be greatly reduced, which would be a 

great advantage when pumping from coastal aquifers. 

Modified Ranney Well 

A possible solution to eliminate the problem of salt

water intrusion is to pump from both the fresh and saltwater 

layers by imaged Ranney collectors. The problem can best 

be investigated by studying the interface reaction due to 

pumping fresh, salt, or fresh and saltwater along a direc

tion perpendicular to the imaged spokes in both the fresh 

and saltwater regions. The profile of the interface in this 

direction is critical in determining the rate of pumping of 

both fresh and saltwater at which there will be no saltwater 

drawn into the freshwater supply, or, in other words, the 

rate necessary to keep the interface stationary by pumping 

fresh and saltwater simultaneously. 
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LAND SURFACE 

Figure 2.5. View of the concrete caisson, 
pumps, and laterals (after 
Ranney, 1981). 



Studying the interface along the direction of the 

horizontal imaged pipes is not important because the profile 

of the interface along the pipe can be controlled by the 

location and the number of intake holes in the pipe. The 

shape of the interface will vary and move according to the 

location, number, and size of these holes. 

The concept of the Ranney well can be modified to be a 

pair of imaged wells. Figure 2.6 shows a schematic view of 

such a modified Ranney well. Because of symmetry, a model 

investigation can be limited to flow in one direction. Note 

that the laterals of the upper and lower set of collectors 

should be exactly above and below the interface. This may 

be difficult to do precisely in the field, but it should be 

possible to have the paired laterals close enough to keep 

the interface in place. Because of the large area of well 

screen and the large effective radius of the system, piezo-

metric gradients should be reasonably small, making the 

modified Ranney collector less sensitive to design, construc

tion, and operation errors and uncertainties. 

Note that the flow near the laterals approaches 

two-dimensional flow, whereas the flow toward the well is 

radial. The concept of the wells imaged around the inter

face is the same, although the geometry here is quite 

complex. 



LAND SURFACE 

- 2 6 Modified Ranney collector, 
rigure 2.d• 
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What kind of well system would be applicable to a 

certain site would depend on the particular conditions at 

the site. A common topography and geology on the coast is 

a beach and a bench of land which is not too far above sea 

level (and the water table), so the modified Ranney collec

tor would not be too difficult to construct. If the bench 

of land next to the sea is high above the sea level, the 

modified Ranney collector might be difficult to construct, 

and a standard well with a packer allowing imaged wells 

might be the only practical construction. 

Two-Dimensional Well (or Trench) 

The idea of imaged wells used herein is very prac

tical. It is not limited to a certain geometry, but can be 

applied in different geometry to suit different situations. 

From this point of view, the idea of a two-dimensional well 

or trench came up. A two-dimensional well or trench could 

be used near the coast, where the freshwater layer is thin 

and not deep, and a large portion of the freshwater flow to 

the sea is wanted. It would be simply a rectangular trench 

from which two offset collectors are driven horizontally 

about the interface in both the fresh and saltwater layers 

to collect water. By building a series of these trenches 

along the coast, the maximum yield of freshwater could be 

achieved. Figure 2.7 shows a plan and cross-section of the 

trench. 
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Figure 2.7. Plan and cross-section of separate two-
dimensional trenches along the coast. --
(a) Plan; (b) Section (A-A). 
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Another possible geometry for trying to get all the 

freshwater possible (which developed from the idea discussed 

in the preceding paragraph) would be to construct a contin

uous lined trench along the coast. This trench would be 

divided into two compartments for collecting fresh and 

saltwater through holes in the walls of the trench. These 

intake holes would be offset about the interface between 

fresh and saltwater. Figure 2.8 shows a plan and cross-

section of the trench. If the correct amount of saltwater 

is pumped, the interface landward of the trench should 

remain as it was. 

Model Study Considerations 

Water movement through porous media is a very com

plicated phenomenon. A few mathematical equations which 

describe groundwater flow can be solved for very simple 

cases. Models are used to find solutions for difficult and 

complex cases which cannot be solved in any other way. Such 

models include the sandbox model, the viscous flow analog 

(Hele-Shaw), and the electrical analog model. 

Initially a sandbox model was chosen for this study, 

and a small sandbox model was constructed to investigate the 

rudiments of sandbox modeling. It was noted that the inter

face between fresh and saltwater in the model was not very 

clear, although various food coloring dyes were used 
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Figure 2.8. Plan and cross-section of two-dimensional 
continuous trench along the coast. --
(a) Plan; (b) Section (A-A). 
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to color the saltwater. Also, the interface was not sharp, 

but a wide zone, due to dispersion between fresh and salt

water. Another problem was that the interface had a zig-zag 

shape due to differential in capillary rise. A third problem 

was that air bubbles were difficult to extract from the sand 

bed, although the saltwater was fed first from the bottom of 

the tank. A fourth problem with the sandbox model was that 

the food coloring adhered to the sand and colored it, which 

made it difficult to see the interface when it dropped into 

the original saltwater zone, because the sand was already 

colored and the freshwater picked up color from the sand. 

Because of all of the above problems, a Hele-Shaw 

model was chosen for this study. 

The Hele-Shaw Model 

A Hele-Shaw model consists of two closely spaced 

parallel plates; the space is such that the flow is laminar 

and the velocity differences small enough that piezometric 

gradients are due to the boundary shear and not mass accel

eration. 

There are two types of Hele-Shaw models, the verti

cal and the horizontal Hele-Shaw models. The vertical model 

is needed for this problem, because the effect of density 

difference between the fresh and saltwater is very important. 

The Hele-Shaw model is a good tool to investigate 

both steady and unsteady groundwater flow. It can simulate 
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different values of hydraulic conductivity of the ground by 

varying the model spacing, b, or by varying the fluid 

properties y and y. Another important advantage of a Hele-

Shaw model is that it is a good tool for studies involving 

two liquids having different viscosities and specific 

weights. By dyeing one of the two liquids, the movement of 

the interface between the two liquids can be studied, and 

problems like sea water intrusion can be studied. For this 

study a Hele-Shaw model was chosen because the interface 

would be sharp and could be seen clearly and measured, which 

is not the case in the sandbox model, as discussed earlier. 



CHAPTER 3 

MODEL DESIGN 

Introduction 

Based on the similarities between the differential 

equations describing two-dimensional laminar flow through 

porous media and the flow of a liquid between two closely 

spaced plates, the Hele-Shaw model was devised (Bear, 1967). 

Laminar flow between the plates makes the flow (velocity) 

linear with the potential piezometric gradient if acceler

ation terms are small, which is like flow in an isotropic 

homogenous porous medium. Therefore the flow patterns 

should be essentially the same and can be so interpreted. 

In designing the model, four points were taken into 

consideration. The model should be simple, easy to assemble 

and dismantle, adjustable, and convenient to operate. 

Decisions as to spacing between model plates, model size, 

fluid viscosity, and flow velocity were difficult. Plate 

spacing for the Hele-Shaw analog models recommended in 

Bear (1960, 1967) was between 0.5 and 3.5 millimeters, and 

all models discussed in the literature had a spacing within 

that recommended range. It was decided to use water in 

operation of the model because it is abundant, and it is not 

32 
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sticky (like other fluids such as oil), thus making cleaning 

the model very easy. Furthermore, it is the actual fluid 

under investigation, and the specific weight, density, and 

viscosity of the fresh and saltwater should not give rise 

to difficulties in data interpretation. 

Dupuit's assumptions were used to determine spacing 

of the model plates and the range of velocity and discharge 

that will be dealt with in running the model. 

Plexiglass plates were used to built the model; 

they were commercially available in plates of various sizes 

and thicknesses. The model was built of two plexiglass 

(lucite) plates 4 feet high and 8 feet long. Plate thick

ness of 1/2-inch was chosen based on deflection calculations 

between connecting bolts (spacers), as discussed later. 

Dupuit's Assumptions 

X=0 X=L 

•Actual water table 

Computed water table 

Figure 3.1. Steady flow in an unconfined aquifer between 
two levels of water. 

4 
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Dupuit's theory is based on two assumptions: 

1. The velocity along the free surface is directly 

proportional to the tangent of the angle between 

the horizontal and the water table rather than the 

sine, as in Darcy's Law 

u - -K || (3.1) 

then 

» = - " 5  O - 2 )  

2. Flow everywhere is horizontal and the flow velocity 

is uniform in the vertical direction. 

Using Dupuit's assumptions, the equation to be 

2 solved is V(Kh ) = 0 for steady state flow condition. Thus, 

because K is constant throughout space, 

_ 2 , 2  2 . 2  2 . 2  
= 0 (3.3) 

3x 3y 3z 

and because.flow is in the x-direction only, the equation 

becomes, 

= 0 (3.4) 
Sx"1 

The continuity equation in three dimensions is 

= 0 (3 5) 
3x 3y 9z ^ ; 

and with v and w considered zero, it becomes 
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-  0  < 3 - 6 >  

From Dupuit's assumption, 

= 0 (3.7) 
dx 

taking the integral twice then, 

dh2 .2 . 
~3x~ = cl' h - + c2 

Using Figure 3.1, the boundary conditions are: 

2 a t  x  =  0 ;  h  =  h  ;  h  = c 0  
o o / 

2 2 h?-h2 
and at x = L; h = ĥ ; = c^L + hQ where c^ ® 2-

then, 9 9 

9 (hf - hz) « 
1.2 _ L o ,i_2 h = = x + h 

L o 

but 

h  = /OVh!)  
21 x + h2 

u = -K dh 

h2 Vi2 
dh _ , L " V 

2h dx ~ ( L > 

then 

dh <hL ' hn> 
3x 2hL 

(hL " u, s = - K L ° 
(x) ~ 2hL 
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<hL " ho) 
u(x) " • K 

nj, *£ x +~J 
L o 

Lf( 
The velocity is maximum at x = L since Q is constant through 

the aquifer and since the head is minimum at x = L, 

(hL " ho) 
<W = - K 21.̂ ° <3"8> 

(h^ — h^) 
" " <WA " <"'> <Vb> L2LhL ° 

(hL " ho) Q = -Kb 2L (3.9) 

where b is the thickness of the model. 

In a Hele-Shaw model, the flow will be laminar if 

the Reynolds number, ]R, is not more than 500 or 1000. The 

model hydraulic conductivity is as in the formula. 

, 2  
K = T2y 

This formula was found as follows: 

The Navier-Stokes equations of motions are: 

x - i r H  +  5 3 \ 4 #  +  H  +  ! f > + v 7 2 u  =  l £  ( 3 - 1 0 )  

Y - F Sf + 3 h + 57 + + vv2v - K <3-n) ' 

2 -V£ + }h + If+ §?>+ • if <3-12> 
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where 

u, v, w = velocity components in x, y, z directions, 

respectively 

X, Y, Z = body forces in x, y, z directions, 

respectively 

p = mass density of fluid 

v kinematic viscosity 

V 2 

D D , 
Dt ~ Dt + u 

Because the only body forces are due to gravity, assum

ing a gravity potential equal to (gz), where z is the elevation 

head, we have 

From Figure 3.2b we note that the change in velocity in the 

y-direction is very much greater than the change in the z-

direction. Therefore, we may assume that the first and 

second order derivatives of these velocity components are neg

ligible. Now assuming steady state conditions, and by 

substitutions, Equation (3.10) for the x-direction becomes 

X = - -4 (gz) (3.13) 

(3.14) 

(3.15) 
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(b) 

Figure 3.2. Velocity distribution between plates in Hele-
Shaw model. -- (a) Model plates; (b) Velocity 
distribution between plates. 
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JL (o„n 1 3P , 82U n 
" 3x ( g z )  " p 3^+  7~T = 0  

dy 

1 3 , v 1 3P , 32u n 

' p 3^ (yz) " p H + V7T = 0 ay 

1 8 /-n _L N 
P 35 (p + YZ) = v-5-

2 
(P + yz) = V>^—*r (3.16) 

Also in the same way Equations (3.11) and (3.12) become 

^ (P + yz) - o 

2 3 t-r. , V 3 w -r- (P + yz) = y— 
8z 3y 

By integrating Equation (3.17) twice we get 

1117= & <p + + ci 

a 2 

yu = 35 (p + Y2) \ + v+ c2 
To find the constants c^ and ^ the following boundary condi

tions were applied: 

at y = 0 37 = 0 

at y = + j u = 0 

From the first boundary condition the value of c^ 

was found to be zero. From the second boundary condition 

the value of C£ was found to be 
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then, 

c2 " " (P + YZ) V 

U = y " V) (P + fZ> 8 ' 9x 

and the average velocity u is equal to 
3 V 

,b/2 

u av u dy 

-b/2 

b/2 

1 
b [y (V ' V> TZ (P + ̂ z>ldy 

-b/2 

= & -k (p + y2) [2r -1 y]-

_ b2y 9 ,P , * 
~ ' TTZ b3E (y + 2) 

From Darcy's Law, the average velocity is equal to 

3 b *'2 
b/2 

v 3h 
uav = Kx 8^ 

Then, from the above two equations the value of the coeffi

cient of permeability of the Hele-Shaw model was found to 

be 

2. 
R = 
X 12 y (3.17) 

If the water is at 60°F (=* 15°C) , which is room 

temperature, then from Table B.2, Appendix B, 



Y = 62.4 lb/ft 

,-5 lb - sec 
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3 

y = 2.34 x 10 
ft: 

-5 ft^ v = 1.21 x 10 3 ||-sec 

Then using the equations, 

b \  
K-fjJ (3.17) 

(hL " ho> 
W * "K (3'8> 

Q - K b ^ - " ^  ( 3 . 9 )  
21̂  

The following analogy was used to determine the spacing, 

velocity, and discharge of the model. 

Since the model is 4 feet by 8 feet, assuming that 

hQ is equal to 4 feet and L is equal to 8 feet and varying 

the value of h^ for an assumed spacing, b, of 1 millimeter, 

corresponding values of Q, u, and IR were computed. Since 

flow in a Hele-Shaw model is still laminar at ]R values between 

500 and 1000, a value in the order of 700 was used for model 

design. The same computations were repeated, varying only 

the spacing b; and the following tables were developed. 

We note from Tables 3.1, 3.2, 3.3 and 3.4 that as 

the spacing b increases, flow is laminar only at values of 

h, not much less than h . From these calculations it can 
LI O 



Table 3.1. Computed values of ]R for 
a plate spacing, b, of 
1 mm (k = 2.39 ft/sec) 
and h = 4 ft. 

h , Q U ]R L ~ x max 
(ft) (ft /sec) (ft/sec) 

0.5 0.007725 4.71 1277 

1.0 0.007848 2.39 649 

1.5 0.006740 1.37 372 

Table 3.2. Computed values of ]R for 
a plate spacing, b, of 
2 mm (k = 9.57 ft/sec) 
and h = 4 ft. 

o 

hL Q 
O 

u max TR. 

(ft) (ft /sec) (ft/sec) 

0.5 0.061800 18.84 10,215 

1.0 0.062782 9.57 5189 

1.5 0.053452 5.48 2973 

2.0 0.047086 3.59 1946 

2.5 0.038258 2.33 1265 

3.0 0.027467 1.40 757 



Table 3.3. Computed values of H for 
a plate spacing, b, of 
3 mm (k = 21.53 ft/sec) 
and h = 4 ft. 

o 

hL 
(ft) 

Q 

(ft^/sec) 

U max 
(ft/sec) 

m 

2.0 0.158916 8.07 6567 

2.5 0.120119 5.25 4268 

3.0 0.092701 3.14 2554 

3.5 0.049661 1.44 1173 

3.6 0.040259 1.14 924 

3.7 0.030591 0.84 683 

3.8 0.020659 0.55 449 

Table 3.4. Computed values of ]R for 
a plate spacing, b, of 
3.5 mm (k = 29.30 ft/sec) 
and h = 4 ft. 

o 

hL Q U max 
]R 

(ft) (ft /sec)(ft/sec) 

3 0.147206 4.27 4055 

3.5 0.078860 1.96 1862 

3.8 0.032806 0.75 713 

3.9 0.022985 0.46 487 
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be concluded that model flow will be laminar with plates in 

the model spaced anywhere between 1 and 3.5 millimeters if 

the piezometric head drop, hQ - hL, is less than 3 to 0.2 

feet, respectively. Most references suggest this range. 

Complete data for hQ equals 4 feet and for 3R values of about 

700 are summarized in Table 3.5. A 2-millimeter plate spac

ing was chosen for. the model for this study. 

Table 3.5. Summary of Tables 3.1, 3.2, 3.3, and 3.4 at 1R 
values * 700. 

hL 
(ft) 

b 
(mm) 

k 
(ft/sec) 

3 < *  

(ft /sec)/ 
£/min 

u max 
(ft/sec) H * 700 

1.0 1.0 2.39 0.008 / 13.6 2.40 649 

3.0 N>
 

• O
 

9.57 0.028 / 47.6 1.40 757 

3.7 3.0 21.53 0.031 / 52.7 0.85 683 

3.8 3.5 29.30 0.033 / 56.1 0.75 713 

Percent of Flow Area Obstruction 

To minimize deflection of the plexiglass plates, the 

plates were bolted together at intervals using bolts and 

plexiglass spacers 0.25 inches in diameter. 

Two arrangements of spacers were investigated to 

determine the pattern which would result in the least ob

struction of flow area while maintaining plate rigidity. 



Figure 3.3 shows the location of spacers on the plate 

arranged in a square grid pattern. Distance between the 

spacers is 5.75 inches in both the x and y directions. 

Since there are 9 rows of spacers in the vertical, and the 

unobstructed vertical flow depth is 47 inches, the percent 

obstruction of flow area is 

% obstruction = ^ *47 x 1^0 = 4.8% 

Figure 3.4 shows a second distribution of spacers 

placed in a diamond-shaped pattern at a distance equal to 

the diagonal distance of the square grid distribution. 

Although there were 136 spacers in the diamond distribution 

(one more than in the square grid distribution), the percent 

obstruction of flow area was less, and was equal to 

% obstruction - 7 x̂ '25 x 100 - 3.7% 

The diamond-shaped distribution was used in the 

model. 

Drag Force for Spacers and its 
Relation to Boundary Shear 

Spacers between the plexiglass plates in the model 

were 2 millimeters thick, with an outside diameter of 0.25 

inches. They were made of plexiglass tubing, cut on a 

lathe. The drag force on the spacers can be computed using 

the relationship 



-16 *5.75" = 92" 

r= 

-1- 5.79" 

I J 1 1 1 1 1 1-
5.75" 

.| 1 1 1 1. 

Figure 3.3. Spacers distributed in a square grid pattern. --
Number of spacers = 9 x 15 = 135 spacers. 

o> 



I 1 |—8" 1 1 1-
•12*8' =96" 

-I 1- -I 1-

Figure 3.4. Spacers distributed in a diamond pattern. 
Number of spacers =6x11+7x10= 136. 
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2 
Fd - CDAp (3.18) 

where 

then 

v = 1.4 ft/sec 

]R = 757 

pwater at 60°F (* 15°C) = 1<94 lb/ft;3 

^projected " <10x2 .StelP °-000137 ft2 

r = 2_-10 _ = 2.10 = , n„ 
D ° -107 (757)"*107 

T~7̂  
Fd = (1.033) (0.000137) (1.94) (^-) 

ib - ft 
= 0.000269 ——5— => lbf 

sec 

If the total number of spacers in the diamond pattern 

is 136, then the total drag force for the spacers is, 

FD(tot) = °-000269 x 136 = 0.036584 lbf 

The shear force on the plates can be found using 

the formula 

where 

_ _ dP b /o i Qn 
To " " 35E 7 (3'19) 

dP _ 12yv 9nv 
( 3 ' 2 0 )  

then 

_ ,12yvs ,bN 
To = ("£T> <T> 
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and if, 

To = 5VV (3_21J 

y = 2.34 x 10~5 lb ~ ŝec 

ftz 

y = 1.4 ft 

then, 

sec 

b = distance between the two plates 

= 2 mm 

,o = (6X2.34 x 10-5)(1.4) . „ 02„6 .lb 

(10 x 2.54 x 12^ ft 

The total shear force for the two plates is 

T0(tot) = (0.02996)(2 x 4 x 8) =1.92 lbf 

and the ratio of to T is L) o 

ratio = 2.^6584 = 0>01905 

The ratio is very small, which is satisfactory. If 

the drag force was high,the shear force distribution between 

the two plates would change as a result of the change in 

velocity distribution between the plates. Also, if the head 

loss due to drag force of the spacers was high, there would 

be a piezometric drop in the phreatic surface, which would 

affect the result and measurement of the phreatic surface 

drop due to pumping. 



Deflection Calculations 

Using the diamond-shaped distribution of bolts and 

spacers which presented the minimum obstruction to flow, 

the maximum deflection of the plexiglass plates was calcu^ 

lated between the bolts. If it is assumed that the area 

bounded by four bolts is a fixed slab, the deflection for

mula for fixed end moments can be used. 

4 
6 = 384 EI (3.22) 

where 

6 = deflection in inches 

T- = load 
lineal inch 

SL = distance between bolts (8 inches) 

E = plexiglass modulus of elasticity (450,000 psi) 

I = moment of inertia 

To be conservative, it is assumed that the hydro

static load on the plates is uniformly distributed and equal 

to the maximum load at the bottom of the plates. If a strip 

one-inch wide at the center of the slab is considered, then 

w can be found using the equation below: 

w = (4)(62.4) = , 7. lb 
(144)(1) * lineal inch 

Plate thickness of 0.5 inch was chosen to insure a 

small and acceptable deflection in the plates. The moment 

of inertia, I, was found by using the formula, 



_ bh3 _ (1)(0.5)3 
~ "12 UT) 

= 0.0104 in4 

and the maximum deflection then is 

= 0.0039367 inch 

Actually, only half of this deflection will occur, 

because there are two strips along the diagonals of the 

plate. Since we have two plates, then the actual deflection 

for the two plates is 

6 = 2 x 1/2 x 0.0039367 in 

= 0.0039367 in 

= 0.09999 mm 

- 0.1 mm 

The percent error due to deflection of the plates 

is equal to 

deflection were considered by assuming a uniformly distri

buted load over the entire plate and by taking 8 inches as 

the distance between the bolts, although for the bottom 

slabs the distance is only 7 inches. Also, a 2-inch by 

2-inch steel angle was located at the bottom of the plates, 

where hydrostatic load is maximum, to hold the plates 

% error = °A1Tr™n x 100 = 5% 
/ mm 

It should be noted that the worst conditions of 
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vertically in place, further reducing deflection at the 

bottom. At the free surface slightly below the top of the 

pair of plates, the deflection would be almost zero; at the 

interface halfway down (or up) on the pair of plates, the 

deflection would be half what it is calculated to be at the 

bottom. 

Model Accessories 

Following completion of the calculations to determine 

model spacing, percent of flow area obstruction, drag force 

for the spacers, boundary shear and deflection, model draw

ings were prepared. Model assembly and operation required 

several accessories that were not mentioned before. They 

are: the constant head tanks, wells, pumps, bolts and "0" 

rings, seals, saltwater and dye. Each item is discussed 

briefly in the following paragraphs. 

Constant Head Tanks 

There are three pairs of constant head tanks for 

feeding and receiving fresh and saltwater. The feeding 

tanks consist of one pair of movable tanks on a platform 

fixed on the wall with a sharp crested weir at the top of 

the tanks to drain the excess water coming from the supply 

tanks by pumps. The other pair is fixed to the plates. 

They feed fresh and saltwater from the two sides of the 

plates with an offset vertical distance equal to half the 
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depth of the plates. The saltwater is fed from the bottom 

and the freshwater is fed from the top. One-half-inch 

holes were chosen to feed the model. Drain holes were made 

for both tanks. The drain hole in the saltwater tank drains 

both the tank and the model. 

The receiving tanks consist of one pair of movable 

tanks to be connected to the wells when pumping. A V-notch 

weir was used in the tanks to maintain a constant head drain 

(or pumping) from the two tanks. 

The constant head tanks for the inflow and outflow 

were found necessary to stabilize the interface between the 

fresh and saltwater in the model. 

Wells 

Six two-dimensional wells imaged about the interface 

were used at the end of the plates, with a 4-inch distance 

from centerline to centerline chosen. The flow to these 

wells comes only from half a circle, because the model 

represents only one side of a symmetrical phreatic aquifer. 

The whole length of the plates was used to study conve

niently the reaction of both the interface and phreatic 

surface. 

Pumps 

Two cooler pumps (1/40 horsepower) were used to 

pump fresh and saltwater from supply tanks to the movable 
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feeding tanks. The two pumps were floated on 3-inch-thick 

styrofoam so they could pump water continuously even if the 

water level dropped in the tanks. 

Bolts, "0" Rings, Spacers 

For the diamond-shaped distribution of bolts chosen, 

one hundred thirty-six 1/8-inch holes were made after clamp

ing the two plates together. Then the two plates were con

nected using number 4 brass machine screws. These bolts 

have a diameter of a little less than the inside diameter 

of the spacers and can carry a load higher than the hydr-

static load at the bottom of the two plates. Two-millimeter-

thick spacers cut on a lathe from 1/4-inch outside-diameter 

plexiglass tubing, were placed between the plates, with the 

bolts extending through the spacers. Rubber "0" rings and 

brass washers were used on both sides to prevent leaking of 

water from the holes. 

Seal 

The plates were sealed along the bottom and the two 

sides with a 1/8-inch rubber rod. This rod was put between 

the two plates before tightening the bolts that connect 

the two plates. Since the 2-millimeter (= 0.079-inch) 

spacing between the plates is maintained by the spacers, 

the rod was squeezed from a 1/8-inch-diameter rod to a 
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0.079-inch, oval-shaped rod upon tightening the bolts. 

It worked as an excellent seal for the two plates. 

Water Supply, Saltwater, and Dye 

Tap water was the water source of freshwater supply. 

This water has a high dissolved air content, which formed 

bubbles on the two sides of the plates. To overcome this 

problem the water was settled for a period of overnight so 

that dissolved gases could escape. The same water was used 

to make the salt water after dissolving 32.54 grams of rock 

salt in every liter of settled tap water. This water was 

colored using the chemical substance Methylene Blue. 

The water was first colored, then the salt was dissolved, 

because if the salt was dissolved first the chemical sub

stance would not give any coloring. Table B.3, Appendix B, 

shows the composition of sea water and potable groundwater 

in parts per million. 

Model Details 

Design of the model apparatus was based on the 

criteria and constraints discussed in the preceding sections. 

Appendix A contains a complete set of model drawings. 



CHAPTER 4 

MODEL OPERATION AND ANALYSIS OF DATA 

Introduction 

There are six two-dimensional wells imaged about the 

interface in the model, three in the freshwater zone, and 

three in the saltwater zone. Starting from the interface, 

the wells are labeled If, 2f, 3f and Is, 2s, 3s, respec

tively. 

In the test program the model was run with different 

well combinations. Water was pumped from only freshwater 

wells, only saltwater wells, symmetrical fresh-saltwater 

wells, and non-symmetrical fresh-saltwater wells. These 

combinations of wells were operated for different values of 

discharge, and the amount of discharge from both fresh and 

saltwater layers and profiles of the interface and the free 

surface were recorded for each run. 

When pumping water from both layers simultaneously, 

the values of discharge were recorded only when the inter

face was at its designated position (between the two layers 

of fresh and saltwater of equal depth), and when it was 

sharp and clear (almost a line between the fresh and salt

water layers). Wells 2f and 2s were not used, because the 

56 
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discharge of those two wells can be predicted by using 3f 

and If in the freshwater layer and 3s and Is in the saltwater 

layer. 

Model Calibration 

To check the model spacing, b, and as a result, the 

value of hydraulic conductivity, K, the model was calibrated 

first using freshwater and then using saltwater. 

Calibration Using Freshwater 

The model was> filled with freshwater only, and water 

was pumped from the Is well. The head of water at tanks, 

hT, and outlets, hQ, temperature, T, and discharge, were 

recorded and are shown in Table 4.1. 

Table 4.1. Data for model calibration using freshwater. 

Trial 
Time 
(sec) 

Weight of 
Water 
(gm) 

Q 
(gm/sec) 

hT 
(cm) 

h 
o 

(cm) 

Ta 

(°C) 

1 41.62 3604.2 86.60' 

2 42.68 3695.8 86.59 ' 119.38 116.71 20° 

3 42.58 3687.9 86.61• 

a. p = 9982 kg/m3 

y = 1.005 x 10~3 N ~2sec 

3 m 
Y = 9789 N/m 
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Using the two equations: 

K(h? - hb 
q Sir—2- <4-x> 

b2Y K = (3.17) 

the following calculations show a comparison between the 

measured and calculated values of K, b, and hQ. 

From Equation (3.17) the calculated value of K is, 

<10 X 100>2<9789> , , r K = s— = 3.2468 m/sec 
(12 x 1.005 x 10~J) 

And from Equation (4.1) the measured value of K is, 

K = (433.8)(2)(236.22) . 325 u cm/sec 

(119.38 - 116.71 ) 
= 3.2512 m/sec 

The value of model spacing, "b", was 2 millimeters, 

and the value of b for the measured test temperature was 

found to be 

- /  
12Ky 

/(12)(3.2512)(1.005 xlO'3) . q.002002 „ 

= 2.002 mm 

Finally, the measured value of head at the outlet 

was 116.71 cm, and the calculated value was found to be 
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K(h* - h^) 
q 21 

324.68(119.382 - h2) 
433.8 = (2)(236.22) 

h = 116.70632 
o 

The percent error in measurement of K, b, and hQ was 

found to be 0.14, 0.10, and 0.003 percent, respectively. 

Errors of these magnitudes in b and hQ are easy to imagine. 

Calibration Using Saltwater 

To study the effect of the difference in viscosity 

between fresh and saltwater on values of b and K, the model 

was calibrated using saltwater. The model was filled with 

saltwater only, and water was pumped from the same well (Is) 

that was used in the calibration with freshwater. The head 

of water at tanks, h^,, and outlets, hQ, temperature, T, and 

discharge were recorded and are shown in Table 4.2. 

Table 4.2. Data for model calibration using saltwater. 

Volume of n . , T 

Time Water ^ nT o 1 
Q 

Trial (sec) (it) (cm /sec) (cm) (cm) (°C) s 

1 41.50 2 48.19' 

2 41.02 2 48.76 ' 119.38 117.52 20 1.0226 

3 44.44 2 48.26. 

a. S_ = specific gravity of saltwater, s 
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The following calculations show a comparison between 

measured and calculated values of K, b, and h . 
o 

From Equation (3.18) the calculated value of K is, 

b2yS 
K = S 

12 yr pf 

2 2 
(i q x 1Q0)(9789)(1. 0226) 

= 1U x 1UU ^ = 3.1074 m/sec 
(12)(1.068480 x 1.005 x 10~J) 

= 310.74 cm/sec 

And from Equation (4.1), the measured value of K is, 

K = (242)(2)(236.22) = 2.6086 m/sec 
(119.38-117.53) 

= 260.86 cm/sec 

The value of model spacing, b, was 2 millimeters, 

and the value of b for the measured test temperature and 

specific gravity is, 

/12Kyryf 

~ys7~ 

/(12)(2.6086)(1.068480 x 1.005 x 10"3) = 
V (9789)(1.0226) 

0.0018325 m 

= 1.8325 mm 

Finally, the measured value of head at the outlet was 117.53 

cm, and the calculated value was found to be 
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K(h2 - h2) 
q __ 

(303.87)(119.382- h2) 
242 = (2)(236.22) 

h2 = 117.79 cm o 

The percent error in measurement of K, b, and hQ was 

found to be 16.05, 8.38, 0.22 percent, respectively. The K 

value could as well be a y (or a vr) value. This value was 

not measured but calculated from the work of Dexter, 1971, 

as shown later in this chapter (Goldberg, 1974). The error 

in b should be the same as with freshwater, and the direc

tion of the error is not reasonable. An error of this mag

nitude in h, divided between two h's, is believable. A 

further investigation into the possible errors is given in 

a later section. 

Pumping Tests 

Results of Pumping of 
Fresh and Saltwater 
Separately 

As mentioned earlier, the model was operated with 

a layer of freshwater underlain by a layer of saltwater. 

Initially, pumping was only from the freshwater layer at 

various discharge rates. Upconing of the interface was 

established. Then, values of discharge at which no salt



water was drawn into the freshwater well and profiles of 

both interface and the free surface were recorded. In the 

next series of runs, pumping was only from the saltwater 

layer at various discharge rates. Downconing was estab

lished, and the values of discharge at which no freshwater 

was drawn into the saltwater well and profiles of the inter

face and the free surface were recorded. The two imaged 

wells at the greatest distance from the interface (3f and 

3s) were used in these tests. 

For freshwater pumping, it was noticed that as the 

discharge increased the interface approached the well, and 

as the discharge decreased the interface dropped from near 

the well to its original position. This is because of the 

relative values of the piezometric gradient and the differ

ence in the specific weights. If there were no pumping, 

the interface would be stationary and in this case midway 

between the wells. The values of discharge for the inter

face next to the well, and approximately halfway between 

3 the intake well and its original positions were 8.55 cm / 

3 sec and 5.06 cm /sec, respectively. 

For saltwater pumping, it was also noticed that as 

discharge increased,the interface approached the well; and 

as it decreased the interface approached original position. 
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The values of discharge for the interface next to the well, 

and approximately halfway between the intake well and its 

3 3 
original position were 9.12 cm /sec and 5.12 cm /sec, 

respectively. These values were a little higher than for 

the freshwater case. 

The interface for all runs was sharp and clear, 

except for runs when the interface was between the intake 

well and its original position. A dispersion region occur

red only near the well intake for both fresh and saltwater 

pumping. It was due to the stagnation velocity region 

(triangular-shaped region) near the wells. 

Figure 4.1a shows how the interface reacted due to 

pumping freshwater only (upconing). Figure 4.1b shows the 

interface reaction due to pumping saltwater only (down-

coning) . Figure 4.2 shows the dispersion region near the 

intake well when the interface was between the well and its 

original position for saltwater pumping only. 

Appendix C contains a set of tables and graphs for 

these runs. 

Results of Pumping Fresh and 
Saltwater Simultaneously 

In this series of tests, the model was operated 

with simultaneous pumping from both the fresh and saltwater 



Figure 4.1. Reaction of the interface due to pumping 
freshwater only and saltwater only. --
(a) Upconing due to pumping freshwater only; 
(b) Downconing due to pumping saltwater only. 



Figure 4.2. Dispersion region near the intake well. 
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layers using both symmetrical and non-symmetrical wells. 

The well combinations used were 3f-ds, lf-ls, 3f-ls, and 

lf-3s. 

The whole series of runs was repeated, and two sets 

of data were obtained. For every well combination, the 

model was operated at several discharge rates. The values 

of discharge at which the interface between the two layers 

was level were recorded. Also, profiles of both the inter

face and the free surface were recorded for each run. 

The ratio of salt and freshwater discharge was 

computed and plotted against freshwater discharge for all 

well combinations. The distance of the freshwater wells 

above the stationary interface is designated as a-^, and the 

distance of the saltwater wells below the stationary inter

face is designated as a£• 

Figures 4.3, 4.4, and 4.5 show a plot of discharge 

ratio versus freshwater discharge for symmetrical wells 

(a^ = a£) and for non-symmetrical wells (a^ = 3a2 or 

a2 = ôr test runs. 

The interface was horizontal in runs with symmet

rical wells, but it was curved in the case of non-symmet-

rical wells. The interface was concave towards the well 

closest to the interface, and the effect of this reaction 

was reflected on the interface at some distance from the 
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well intakes. It tended to react, in the middle of the 

model, opposite to the reaction at the intake wells. 

Figure 4.6 shows the shape of the interface when 

symmetrical wells (3f-3s) were pumped and the shape of the 

triangular stagnation zone between the two pumped wells. 

Figure 4. 7a shows the reaction of the interface when non

symmetrical wells (3f-3s) were pumped,where a^ = 3a2» and 

how it is concave downward at the well intakes and upward 

at some distance away from the wells. Figure 4.7b shows 

the shape of the interface when non-symmetrical wells (lf-3s) 

were pumped where a£ = 3a-^, and how the interface is concave 

upward at the well intakes and downward at some distance 

away from the wells. 

Appendix D contains tables and graphs for this set 

of tests. 

Error Analysis 

An error is the difference between the true and the 

measured value of a quantity. Errors result from instru

mental imperfections, personal errors, and natural condi

tions affecting the measurements. Errors due to instrum-

mental problems are systematic errors, and errors due to 

other factors are non-systematic errors. 

Systematic errors can be avoided by carefully cali

brating the measuring instruments, but non-systematic errors 



Figure 4.6. Shape of interface when symmetrical 
wells (a^ = a£) are pumped. 
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cannot be avoided. Therefore, it is essential to know the 

sources of error in operating the model and how they affect 

results obtained from the model. Non-systematic errors 

occur in all kinds of measurements; measurements of height, 

length, volume, time, temperature, and discharge. 

To account for all potential sources of error, the 

method of total derivative was used to find the maximum 

error in the coefficient of permeability when the model was 

calibrated and to determine what sources of error have the 

most significant adverse effect. 

Error Analysis for Coefficient 
of Permeability Using 
Total Derivative Method 

K (hI - h\) 

21 (4.1) 

from which, 

_ 3K A„ . 9K .T , 3K , 3K 
3q q 3L AL + 3hJAhl+ 9h2 A 2 

3K 2L K 3K = 2q = K 

^ (hj - h^) q ' 3L (hj - L 

then 



74 

4« = lv 4V + It " 

AV - — At 
t 

§ AV - ̂  At 

= § (AV - qAt) 

9 K _ -2qL 
3hl (h2 " ̂ )2 1 

-2Kh1 
2 T~ 

(hj - h2) 

9K _ r2qL , 

9h2 (h2 " h2)2 ^ 

2Kh2 
- —5 7— 
(hj - 4) 

AK = [(|) [(y) (AV-qAt)j + £ AL - J^Ah]+-^^Ah 
L ^ 1 "  2  

= [(£) (3AV . S!a£) + Kal . 
L a V V ^ 

2Kh 

<h2l " h?7Ahl 

2Kh, 
n n Ah« 

(hj-hp 2 

= K [(f - 3A£> AL 
L 

2h^Ah^ 

- h2) 

21̂  At̂  

(h2 - h2 ?] 
For AK to be maximum 

AV should be positive (10 ml) 
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At should be negative 

AL should be positive 

Ah^ should be negative 

Ah^ should be positive 

(0.25 sec) 

(0.1 cm) 

AK = K JL0_ (433.8)(-.25) , 0.1 (2) (119.38)(~.1) , 

L665 665 236.22 (IT9~3i2-~15i7^ 

(2)(116.71)(.1) 

(119. 382- 116. 712)] 

- K [0.0150 + 0.1631 + 0.0004 + 0.0379 + 0.0370] 

AK « 0.2534K 

« 0.25K 

From the second section of this chapter, the meas

ured value of K was 325 cm/sec; then the maximum error in 

masuring the hydraulic conductivity, AK, is 81 cm/sec and 

the value of K could be 325 + 81 cm/sec. 

From the above analysis, the most significant source 

of error is in measuring the time. It is the source of 65% 

of the maximum error; and by increasing the volume of the 

discharge measured, this error decreases accordingly. 

Another significant source of error is in measuring the head 

as it is shown from the equation. It is the source of 30% 

of the maximum error in measuring the value of K. 



Effect of Head Measurement on K 

Using the equation 

K(h? - hh 
q 2L <4-x> 

We notice that for a very small change of head, and 

assuming the values of q and L are correct, the value of K 

changes dramatically. The value of K was found to be 

325.12 cm/sec at values of q, hp, hQ and L equal to 433.8 

cm^/sec, 119.38 cm, 116.71 cm, 236.22, respectively. 

If we assume only a + 0.1 cm error in reading the 

values of h„ and h (h,_ = 119.48, h = 116.61), the value i o I o 

of K becomes 302.47 cm/sec, which means, approximately 7 

percent error in the value of K is due only to errors in 

measuring head. 

This change in value of K due to errors in head 

measurement is acceptable because the value of K is sensi

tive to changes of head and not the opposite. This means 

that if the value of K changes greatly (which is the case 

in the field), the head changes only slightly. 

By comparing the error in K, due to error in measur

ing head only in the total derivative method with this error, 

we note that they are approximately the same. 

Viscosity of Sea Water 

The most current equations, from Goldberg (1974), 

for finding the viscosity of sea water were used. These are, 
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nr (or vr) - 1 + 0.000366 Cl 2̂ + 0.002756 Clv at T = 5°C 

(4.2) 

nr (or y ) - 1 + 0.001403 Cl /̂2 + 0.003416 Clv at T - 25°C 

where 

(4.3) 

nr = the relative viscosity (the viscosity of sea-

water over the viscosity of freshwater) 

Clv = volume chlorinity 

= Cl% x density of seawater 

T = temperature in degrees centigrade 

The C17o is defined as the mass in grams of Ag neces

sary to precipitate the halogens (CI and Br) in 328.5233 

grams of seawater. From this definition, CI was found 

according to the following equations. 
/ 

If 32.54 grams of salt (from Table B.3, Appendix B) 

is dissolved in 1 liter of freshwater, then the number of 

grams of salt in 328.5233 grams of seawater is equal to: 

1000 x 32.54 x 328-5333 = 10.3532 grams 

and the number of salt moles is equal to ^'5^5 ̂ mS = 0.1770 

From the definition, 

the number of moles of Ag = number of moles of CI 

then, (weight of Ag) Cl% = number of moles of Ag x 

atomic weight of Ag 
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= 0.1770 x 108 

= 19.1137 

then, 

Clv = Cl% x density of seawater 

= 19.1137 x Sspf 

From the two equations, we note that the relative 

viscosity was given for only two temperatures. So, in order 

to obtain relative viscosity at temperatures between 5°C and 

25°C, the two equations were combined by linearizing only 

the constants of the two equations and keeping the non

linear terms as they were. The combined equation, after 

linearizing the coefficients, in terms of specific gravity, 

Sg, the density of freshwater, p^, and temperature in degrees 

Centigrade, T, is 

n (or u ) = 1 + (0.00005185T + 0.00010675)(19.1137Sep.)1/2 
i i 5 X 

+ (0.000033T + 0.002591)(19.1137Sgpf) 

(4.4) 

Since the measured specific gravity of the saltwater 

was between 1.025 and 1.020, and since temperature ranged 

only between 20°C and 25°C, the relative viscosity was found 

for this range of temperatures and specific gravities. They 

are tabulated in Table 4.3. From Table 4.3 and Table B.l 

in Appendix B, Table 4.4 and Table 4.5 were developed to 



Table 4.3. The relative viscosity, as a function of temperature, 
density of freshwater, ana specific gravity of saltwater. 

(°C) (gm/cnr) 

S s 
1.025 

S s 
1.024 

S s 
1.023 

S 
s 

,022  
Ss 

1 .021  

Sg 

1.020 

0 0. 9999 1. 051229 1. 051179 1. 051129 1. 051080 1. 051030 1. 050980 

5 1. 0000 1. 055614 1. 055561 1. 055507 1. 055453 1. 055400 1. 055347 

10 0. 9997 1. 059977 1. 059920 1. 059862 1. 059805 1. 059748 1. 059691 

15 0. 9991 1. 064318 1. 064257 1. 064197 1. 064136 1. 064075 1. 064014 

20 0. 9982 1. 068635 1. 068571 1. 068506 1. 068442 1. 068377 1. 068313 

21 0. 9980 1. 069497 1. 069431 1. 069366 1. 069301 1. 069236 1. 069171 

22 0. 9978 1. 070358 1. 070292 1. 070226 1. 070160 1. 070094 1. 070028 

23 0. 9975 1. 071211 1. 071145 1. 071078 1. 071011 1. 070945 1. 070878 

24 0. 9973 1. 072072 1. 072004 1. 071937 1. 071869 1. 071802 1. 071735 

25 0. 9971 1. 072932 1. 072863 1. 072795 1. 072727 1. 072659 1. 072591 



T 
( °C 

0 
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Viscosity of saltwater, ^» in SI units as a function of 
temperature and specific gravity. 

^2 x 10"^ (N. sec/m^) 

S s 
1.025 

Sg 

1.024 
Sg 

1.023 

Sg 

1.022 

S s 
1 .021  

Ss 
1.020 

1.8838 1.8837 1.8836 1. 8835 1. 8834 1. 8833 

1.6035 1.6034 1.6033 1. 6032 1. 6031 1. 6030 

1.3864 1.3863 1.3863 1. 3862 1. 3861 1. 3861 

1.2133 1.2132 1.2132 1. 2131 1. 2130 1. 2130 

1.0740 1.0739 1.0738 1. 0738 1. 0737 1. 0736 

1.0511 1.0510 1.0510 1. 0509 1. 0508 1. 0508 

1.0282 1.0281 1.0280 1. 0280 1. 0279 1. 0278 

1.0052 1.0052 1.0051 1. 0050 1. 0050 1. 0049 

0.9822 0.9822 0.9821 0. 9820 0. 9820 0. 9819 

0.9592 0.9591 0.9591 0. 9590 0. 9590 0. 9589 

00 
o 



Table 4.5. Viscosity of saltwater, v>2» English units as a function of 
temperature and specific gravity. 

^2 x 10"5 (lb-sec/ft^) 

rn S S S S S 
T S S S S S S 

(°C) 1.025 1.024 1.023 1.022 1.021 1.020 

0 3.9342 3.9340 3.9338 3.9336 3.9334 3.9332 

5 3.3488 3.3486 3.3484 3.3482 3.3480 3.3478 

10 2.8954 2.8952 2.8952 2.8950 2.8948 2.8948 

15 2.5340 2.5335 2.5335 2.5335 2.5333 2.5333 

20 2.2430 2.2428 2.2426 2.2426 2.2424 2.2422 

21 2.1952 2.1950 2.1950 2.1948 2.1946 2.1946 

22 2.1474 2.1471 2.1469 2.1469 2.1467 2.1465 

23 2.0993 2.0993 2.0991 2.0989 2.0989 2.0987 

24 2.0513 2.0513 2.0511 2.0509 2.0509 2.0507 

25 2.0033 2.0030 2.0030 2.0028 2.0028 2.0026 
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present values of the dynamic viscosity of saltwater as a 

function of temperature and specific gravity in both English 

and SI units. 

Data Analysis and Discussion 

By obtaining discharge values obtained by pumping 

only freshwater with values when pumping fresh and saltwater 

simultaneously, one finds that the gain in yield of fresh

water is on the order of ten times. The maximum value of 

pure (not brackish) discharge of freshwater found by pumping 

3 freshwater only is 5.06 cm /sec, and that obtained by pimp

ing fresh and saltwater simultaneously from symmetrical 

3 wells is 55.71 cm /sec. This is the approximate answer to 

the first question. 

When symmetrical wells are pumped, both wells are 

almost equally effective in stabilizing the interface. 

From Figure 4.3 the approximate ratio of salt to freshwater 

is 1.137 at low discharge rate and decreases to 1.078 when 

3 the freshwater discharge is doubled from 30 cm /sec to 60 

3 cm /sec. This ratio does not change appreciably whether 

the two symmetrical wells are far or close to the interface. 

For this model the ratio is limited to the existing wells 

in the experimental setup, and it could be different if the 

wells were very close, or very far from the interface. 

Accordingly, the answer to question two is that pumping 
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rates should not be the same. Also the answer to questions 

three and four is that at low discharge rate, if the ratio 

decreases contamination with saltwater may occur, but at 

high discharge rates, decrease in the ratio would have no 

effect because the ratio tends to decrease to one at high 

discharge values. In general, if the ratio increases, 

excessive pumping of saltwater will occur, which may result 

in downconing of the freshwater. This situation does not 

affect pumping of pure freshwater, but may cause a loss of 

freshwater. The answer to question five is that the closer 

the saltwater well is to the interface the more effective it 

is in stabilizing the interface. 

When non-symmetrical wells are pumped with a^ = 3a2> 

the two wells are not equally effective in stabilizing the 

interface. ,For a stable interface, the pumping rate of the 

saltwater is greater than the pumping rate of the freshwater, 

because the closer the freshwater pump to the interface, the 

more the drawdown, therefore the more the upconing; conse

quently, more and more pumping of saltwater is required to 

stabilize the interface, so the ratio is noticeably greater 

than one. From Figure 4.4, the approximate value of the 

ratio is 1.210 at low discharge rate and decreases to 1.060 

when the freshwater discharge is doubled from 30 cm /sec to 

60 cm /sec. In this case, location of the freshwater well 



affects the value of ratio more than the location of the 

saltwater well. 

In the case of non-symmetrical wells with a£ = 3a^ 

the two wells are also not equally effective in stabilizing 

the interface. Also, for a stable interface, the pumping 

rate of saltwater is greater than the pumping rate of the 

freshwater, because pumping freshwater from a deep point 

close to the interface causes only a small drawdown in the 

phreatic surface, and upconing is less. As more freshwater 

is pumped, drawdown increases, and upconing tends to in

crease greatly; as a result, high pumping of saltwater is 

needed to stabilize the interface since it is far from the 

interface. Therefore, as the pumping rate of freshwater 

increases the pimping rate of saltwater increases, with a 

greater rate accordingly. From Figure 4.5 the ratio is 1.084 

at low discharge rate and increases to 1.128 when the freshwater 

3 3 pumping is doubled from 30 cm /sec to 60 cm /sec. Note, in 

this case, the location of the saltwater well affects the 

value of ratio more than the location of the freshwater 

well. Accordingly, the answer of the last question is that 

when wells are not equidistant from the interface, the ratio 

changes. If the saltwater pump is closer to the interface 

than the freshwater pump, the ratio is a little higher than 

one, at low discharge rate, and tends to decrease to one at 



higher discharge rates. On the other hand, if the fresh

water pump is closer to the interface than the saltwater 

pump, the ratio is a little higher than one, at low dis

charge rate, and tends to increase at higher discharge 

rates. 

Table 4.6 summarizes approximate values of these 

ratios for all well combinations when discharge is doubled 

3 from 30 to 60 cm /sec. 

Table 4.6. Approximate ratios of Qg/Qf f°r symmetrical 
and non-symmetrical wells about the interface. 

Well Distance From 
Combination Interface 

VQf 
Qf=30 cm3/sec Q£=60 cm3/sec 

Symmetrical al " a2 1.137 1.078 

Non-symmetrical 
al " 3a2 1.210 1.060 

Non-symmetrical 
a2 = 3al 1.084 1.128 



CHAPTER 5 

CONCLUSIONS 

The laboratory investigation performed using a Hele-

Shaw model with radial wells showed how well yield of fresh

water can be increased by pumping fresh and saltwater 

simultaneously, the reaction of the interface, and sensi

tivity of the interface. Discharge ratios of fresh and 

saltwater were determined for a stable interface when 

pumping from wells located both symmetrically and non-

symmetrically about the interface. 

Since the model only resembles a homogenous isotropic 

aquifer with horizontal bed, which is not the case in an 

actual aquifer, field tests and investigations are needed 

at potential well sites. Ground aquifers are not homogenous 

isotropic aquifers, but are very heterogeneous and aniso

tropic. Monitoring the discharge of fresh and saltwater from 

field wells is needed to determine the correct ratio at the 

desired pumping rate at a specific location. This ratio 

would vary from place to place, with the location of imaged 

wells with respect to the interface, with aquifer permea

bility, and with many other factors. 
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Further study using this model is suggested, with 

different model spacing and fluids with large differences 

in specific gravities. However, the results of this inves

tigation are sufficient to convincingly show that wells 

imaged about an interface can be used to pump the two fluids 

separately. In the worst set of circumstances, the cost 

would be about twice as much as a single ordinary well. 

On a per-gallon or per-liter basis, the cost might well be 

less because the rate of pumping for a given capital invest

ment can probably be increased. More importantly, the use 

of imaged wells is a technique which should permit the 

securing of potable water under conditions where it is very 

difficult to obtain otherwise. 
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Table B.l. Physical properties of water in 
SI units. 

Bulk 
modulus 

Kinematic Surface Vapor- of 
Specific Viscosity viscosity tension pressure elasticity 
weight Density * ». head K. 

Temp, r. #>. Ns/m1 m'/% N/m Pr! V. N/m* 
•c N/m1 kg/m* 10* n " 10* »- 100 o- tn 10"' K = 

0 9805 999.9 1.792 1.792 7.62 0.06 204 
5 9806 1000.0 1.519 1.519 7.54 0.09 206 

10 9803 999.7 IJ08 1.308 7.48 0.12 211 
IS 9798 999.1 1.140 1.141 7.41 0.17 214 
20 9789 998.2 1.005 1.007 7J6 0.25 220 
25 9779 997.1 0.894 0.897 726 0.33 222 
30 9767 995.7 0.801 0.804 7.18 0.44 223 
35 9752 994.1 0.723 0.727 7.10 0.58 224 
40 9737 9922 0.656 0.661 7.01 0.76 227 
45 9720 9902 0.599 0.605 6.92 0.98 229 
50 9697 988.1 0.549 0.556 6JI2 1.26 230 
55 9679 985.7 0.506 0.513 6.74 1.61 231 
60 9658 983.2 0.469 0.477 6.68 2.03 228 
65 9635 980.6 0.436 0.444 6.58 2.56 226 
70 9600 977.8 0.406 0.415 6.50 3.20 225 
75 9589 974.9 0.380 0.390 6.40 3.96 223 
80 9557 971.8 0.357 0.367 6.30 4.H6 221 
B5 9529 968.6 0.336 0.347 6.20 5.93 217 
90 9499 965.3 0.317 0.328 6.12 7.18 216 
95 9469 961.9 0299 0.311 6.02 8.62 211 

100 9438 9584 0.284 0J96 5.94 10.33 207 



•F 

32 
40 
SO 
60 
70 
80 
90 
100 
110 
120 
130 
140 
ISO 
160 
170 
180 
190 
200 
212 

B . 2 .  Physical properties of water 
English units. 

Kine
matic Surface Vapor. 

Specific Viscosity viscosity tension pressure 
weight Density ». a. head 

7. /». lbs/ f t 2  ft1/* lb/ft p./y. 
lb/ft* slugs/ft* 10® ft m 10* »• 100 am ft 

62.42 1.940 3.746 1.931 0.518 020 
62.43 1.940 3.229 1.664 0.514 0.28 
62.41 1.940 2.735 1.410 0.509 0.41 
62J7 1.938 Z3S9 1.217 0.504 0.59 
62.30 1.936 1050 1.059 0.500 0.84 
62.22 1.934 1.799 0.930 0.492 1.17 
62.11 1.931 I.S9S 0.826 0.486 i:6i 
62.00 1.927 1.424 0.739 0.480 2.19 
61.86 1.923 1.284 0.667 0.473 2.95 
61.71 1.918 1.168 0.609 0.465 3.91 
61.55 1.913 1.069 O.S58 0.460 5.13 
61.38 1.908 0.981 0.SI4 0.454 6.67 
6170 1.902 0.90S 0.476 0.447 8.58 
6100 1.896 0.838 0.442 0.441 10.95 
60.80 1.890 a780 0.413 0.433 13.83 
60.S8 1.883 0.726 0.38S 0.426 17.33 
60.36 1.876 0.678 0.362 0.419 21.55 
60.12 1.868 0.637 0.341 0.412 26.59 
59.83 1.860 O.S93 0319 0.404 33.90 



Table B.3. Composition of seawater and 
potable groundwater (parts 
per million). 

Potable 
Element Sea Water Ground Water 

Si 1 8 
A1 0.01 0.04 
Fe 0.01 0.07 
Ca 400 45 
Na 10,500 35 
K 380 2.5 
Mg 1350 11 
Ti 0.001 0.001 
P 0.07 0.03 
Mn 0.002 0.02 
F 1.3 0.2 
S 885 14 
C 28 40 
CI 19,000 16 
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- INTERFACE 
DATUM FOR INTERFACE * 23.375 (from bottom of plot.*) 

-FREE SURFACE 
V DATUM 'OR FREE SURFACE * 45 37S*(from bottom ol plot**) TANKS 

2s 

£ WELLS BEING PUMPtO 

Figure C-1. Reference figure for Appendix C. 
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Table C-l. Upconing: head of both free surface, and 
interface and discharge values when well 
3f was pumped (interface close to well). 

Location of 
Measurement 

Head (cm) 
Volume 
(ml) 

Time 
(sec) 

Location of 
Measurement Free Surface Interface 

Volume 
(ml) 

Time 
(sec) 

Saltwater 
Tank 3.70 . - 500 58.5 

Freshwater 
Tank 5.20 - 500 58.5 

10 5.20 0.00 500 58.2 

9 

8 

7 

6 

5.20 

5.10 

5.05 

5.00 

2.1 

4.1 

6.35 

8.55 

tave " 58'5 sec 

discharge(Q) = 

500 _ 
58.5 

5 4.90 11.00 8.55 cm^/sec 

4 4.80 13.30 

3 4.70 15.90 

2 4.65 18.45 

1 4.00 21.70 

0 4.55 29.50 



INTERFACE 

FREE SURFACE 

TANKS 
-O 

3s 

Figure C-2. Plot of Table C~l. 
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Table C-2. Upconing: head of both free surface and inter
face, and discharge values when well 3f was 
pumped (interface away from well). 

Head (cm) 
Location of 
Measurement Free Surface Interface 

Saltwater 
Tank 3.75 -

Freshwater 
tank 5.25 -

10 5.25 -2.25 

9 5.20 -0.95 

8 5.16 0.00 

7 5.15 +1.70 

6 5.15 +3.00 

5 5.05 +4.00 

4 5.00 +5.70 

3 4.95 +7.10 

2 4.90 +8.50 

1 4.70 +10.30 

0 4.9 +20.7 

Volume Time 
(ml) (sec) 

500 98.7 

500 99.0 

500 98.7 

fcave 98-9 

dischargfe(Q) = 

500 _ 
583 " 

5.06 cm^/sec 

+10.5 



INTERFACE 

FREE SURFACE 

TANKS 

Figure C-3. Plot of Table C-2. 



113 

Table C-3. Downconing: head of both free surface and inter
face, and discharge values when well 3s was 
pumped (interface close to well). 

8 

7 

6 

5 

4 

3 

2 

1 

0 5.15 

-3.35 

-5.00 

-6.90 

-9.90 

-11.10 

-13.30 

-16.40 

-19.40 

-27.50 

Location of 
Measurement 

Head (cm) 
.Volume 
(ml) 

Time 
(sec) 

Location of 
Measurement Free Surface Interface 

.Volume 
(ml) 

Time 
(sec) 

Saltwater 
tank 3.90 - 500 54.8 

Freshwater 
tank 5.20 - 500 54.8 

10 5.20 +0.10 500 54.8 

< = « •  - 5 4  • 8  

discharge(Q) = 

500 _ 

9.12 cm /sec 



INTERFACE 

FREE SURFACE 

TANKS 
O-

Figure C-4. Plot of Table C-3. 
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Table C-4. Downconing: head of both free surface and 
interface, and discharge values when well 
3s was pumped (interface away from well). 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 5.15 

-0.90 

-1.65 

-2.55 

-3.55 

-4.75 

-6.05 

-7.50 

-9.25 

-11.50 

-12.0 
-21.0 

Location of 
Measurement 

Head (cm) 
Volume 
(ml) 

Time 
(sec) 

Location of 
Measurement Free Surface Interface 

Volume 
(ml) 

Time 
(sec) 

Saltwater 
tank 3.9 - 500 96.2 

Freshwater 
tank 5.2 - 500 95.8 

10 5.2 0.00 500 96.0 

'ave = 96 sec 

discharge(Q) = 

500 _ 
~W " 

5.21 cm^/sec 



INTERFACE 

FREE SURFACE 

TANKS 
-o 

3s 

Figure C-5. Plot of Table C-4. 
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•FREE SURFACE 
OATUM TOR FREE SURFACE • «5 .3?3"{lrom bottom of plol*») 

TANKS 

W 

9 WELLS BEING PUMPED 

Figure D-1. Reference figure for Appendix D. 



First Set of Data 

Table D-1. Well combination = 3f-3s; S = 1.0217; T °C = 22°C; 
Vf = 665 ml; Vs = 655 ml. 

Ht 

Trial (cm) 
H2 
(cm) 

hT 
(cm) 

h2 
(cm) 

tf 
ave 
(sec) 3 (cm /sec) 

t 
s 

ave 
(sec) (cm^/sec) [Qfl/Qfl 

1 +4.60 0.00 +2.40 +0.20 18.38 36.18 16.23 40.37 1.1158 

2 +4.70 -0.60 +2.25 +0.50 16.75 39.70 15.10 43.38 1.0926 

3 +4.80 -0.20 +2.20 +0.30 15.53 42.83 13.75 47.64 1.1121 

4 +4.70 -0.20 +1.70 -0.20 12.47 53.33 11.35 57.71 1.0821 



Table D-2. Well combination = 3f-ls; S = 1.0217; T °C = 21.5; 
Vf = 665 ml; Vg = 655. s 

HT H2 hT h2 ave ave 3s f ; , 
Trial (cm) (cm) (cm) (cm) (sec) (cm /sec) (sec) (cm /sec) ys J 

1 +4.71 0.0 

2 4.80 +0.1 

3 5.00 +0.2 

4 4.20 0.0 

+3.0 +0.1 26.63 

+2.4 -4.0 22.08 

+1.5 -4.3 16.30 

+1.0 -5.0 12.9 

24.98 21.65 

30.12 16.33 

40.80 12.9 

51.55 11.88 

30.25 1.2113 

40.12 1.3319 

50.78 1.2446 

55.16 1.0700 



Table D-3. Well combination = lf-3s; S =1.0210; 
T °C = 22°C; Vf = 650 ml; V® = 655 ml. 

i i. L z ave dve , 
Tr ia l  ( cm)  ( cm)  ( cm)  ( cm)  ( sec )  ( cm / sec )  ( sec )  ( cm / sec )  y s  - f 1  

1  4.  ,70  0 .  . 00  3 .  00  J .  19 .  . 27  33 .  . 73  18 .  . 20  35 .  . 99  1 .  . 0669  

2  4 .  70  0 .  , 00  2 .  70  * 17 .  . 43  37 .  . 29  16 .  . 53  39 .  . 64  1 .  . 0629  

3  4 .  . 70  0 .  . 00  2 .  30  * 14 .  . 49  44 .  . 86  13 .  . 43  48 .  . 79  1 .  . 0876  

4  4 .  . 50  0 .  . 00  1 .  8  JU 12 .  . 97  50 .  . 11  12  .10  54  . 13  1 ,  , 0804  

5  4 .  . 10  0 .  . 00  1 .  2  • 11 .  . 76  55 .  . 30  10 .  . 7  61  . 21  1  .1070  

Table D-4. Profile of interface. 

Point 
Intermediate Points 

Trial 0 Taken Every Two Inches 12 3456 7 89 10 

1  +6 .5  -3 .2  -6 .0  -7 .0  -7 .2  -7 .4  -7 .3  -6 .9  -5 .4  -4 .1  -3 .3  -2 .75  -2 .30  -2 .0  -1 .2  -0 .4  

2  +6 .3  -3 .6  -6 .5  -7 .5  -7 .7  -7 .6  -7 .5  -7 .5  -5 .5  -4 .2  -3 .3  -2 .75  -2 .30  -2 .0  -1 .0  -0 .4  

3  +4 .5  -5 .5  -7 .7  -8 .5  -8 .6  -8 .5  -8 .4  -7 .7  -6 .0  -4 .6  -3 .8  -3 .6  -2 .5  -2 .0  -1 .0  -0 .4  

4  +4 .5  -5 .6  -8 .2  -8 .6  -8 .7  -8 .5  -8 .3  -7 .5  -5 .5  -4 .0  -3 .2  -2 .6  -2 .1  -1 .7  -0 .7  -0 .3  

5  +3 .5  -6 .8  -8 .8  -9 .0  -8 .7  -8 .4  -8 .4  -7 .5  -5 .3  -3 .8  -3 .0  -2 .5  -2 .0  -1 .5  -0 .4  -0 .2  



Second Set of Data 

Table D-5. Well combination = 3f-3s; So = 1.0221; T °C = 22; 
Vf = 990 ml; Vg = 990 ml s 

H_ H„ h h0 tf Qt ts Qs T 2 T 2 ave 3 ave 3 rQ . , 
Trial (cm) (cm) (cm) (cm) (sec) (cm /sec) (sec) (cm /sec) Lys'vfJ 

1 +5. 00 0.00 +3 .4 0.00 35.81 27. 65 31.60 31.33 1. 1332 

2 +5. 00 +0.60 +2 .9 0.00 29.33 33. 75 25.33 39.08 1. 1579 

3 +5. 00 +0.20 +2 .5 0.00 24.02 41. 22 21.48 46.09 1. 1182 

4 +4. 90 +0.40 +2 .1 0.00 20.62 48. 01 18.18 54.60 1. 1373 

5 +4. 80 0.00 +1 .5 0.00 17.77 55. 71 16.03 61.76 1. 1085 



INTERFACE 

FREE SURFACE 

TANKS 

2si 

Figure D-2. Plot of Table D-5. 

ro 
u> 



Table D-6. Well combination Is-If; S = 1.0221; T °C = 22°C; 
Vf = 990 ml; Vg = 990 ml. 

fcf Q. t2 Q s H_ H„ h_ h_ ^ yt T 2 T 2 ave 3 ave , rQ /Q , 
Trial (cm) (cm) (cm) (cm) (sec) (cm /sec) (sec) (cm /sec) lxs xfJ 

1 4.90 0.00 

2 4.80 0.00 

3 4.10 0.00 

4 4.00 0.00 

5 3.80 0.00 

3.AO 0.00 38.02 

3.00 0.00 29.89 

2.40 0.00 22.82 

2.00 0.00 21.05 

1.00 0.00 19.48 

26.04 35.95 

33.I2 28.08 

43.39 21.32 

47.03 19.01 

50.83 17.75 

21.5k 1.0575 

35.26 1.0647 

46.44 1.0704 

52-08 1.1073 

55.78 1.0973 



INTERFACE 

-FREE SURFACE 

TANKS 

Figure D-3. Plot of Table D-6. 



Table D-7. Well combination = lf-3s; S = 1.0221; 
T °C = 22°C; = 990 ml; Vs = 990 ml. 

r s 

h t  
Tr ia l  ( cm)  

«2  

( cm)  
h T 

(cm)  
h 2  

(cm)  
ave  

( sec )  

q f  ave Q s  
( cm^ /sec )  ( sec )  ( cm^ /sec )  ' ^ s^ f '  

1  4  70  0  00  3 .00  * 29  98  33  03  26  93  36  77  1 .1133  

2  4  60  0  . 00  2 .50  * 25  33  39  09  22  53  43  95  1 .1243  

3  4  30  0  .00  2 .00  * 22  98  43  09  22  78  47  65  1 .1059  

4  4  00  0  .00  1 .80  * 21  53  45  99  19  18  51  63  1 .122 f>  

5  3  80  0  .00  1 .00  * 18  35  53  95  16  25  60  92  1 .1292  

Table D-8. Profile of interface. 

Po in t  

T r i a l  0  T  I n te rmed ia te  Po in t s  i  2  3  4  5  6  7  8  9  10  
Taken  Eve ry  Two  I nches  

1  +4 .5  - 3 .1  -5 .8  -7 .0  7 .3  7 .4  7 .2  7 .0  5 .5  4 .3  3 .4  2 .8  2 .3  1 .9  1 .0  0 .3  

2  +4 .5  -3 .5  -6 .6  -7 .6  7 .8  7 .9  7 .6  7 .2  5 .5  4 .2  3 .2  2 .6  2 .2  1 .7  0 .7  0 .0  

3  +4 .5  -4 .0  -7 .1  -8 .1  8 .2  8 .2  7 .9  7 .4  5 .7  4 .2  3 .2  2 .8  2 .4  1 .9  1 .0  0 .2  

4  +4 .5  -4 .9  -7 .6  -8 .5  8 .6  8 .5  8 .2  7 .5  5 .7  4 .3  3 .3  2 .7  2 .3  1 .8  0 .9  0 .2  

5  +4 .5  -5 .5  -8 .2  -8 .8  8 .7  8 .4  8 .2  7 .3  5 .2  3 .6  2 .7  2 .0  1 .7  1 .0  0 .5  0 .2  



INTERFACE 

FREE SURFACE 

TANKS 

Figure D-4. Plot of Tables D-7 and D-8. 
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Table D-9. Well combination = 3f-ls; S = 1.0221; 
T °C = 22°C; Vf = 990 ml; V® = 990 ml. 

«T »2 hT h2 «va ^ ^ , 
Tr ia l  ( cm)  ( cm)  ( cm)  ( cm)  ( sec )  ( cm / sec )  ( sec )  ( cm / sec )  l x s  x f  

1  5 .  . 00  0, . 00  3 .  , 2  * 34 .  20  28 .  . 95  31 .90  31 .  . 03  1. , 0720  

2  4 .  . 90  0. . 00  2 .  . 5  * 27 .  21  36 .  , 39  24 .58  40 .  . 28  1. 1071  

3  4 ,  . 70  0 . 00  1, . 9  * 21 .  77  45 .  . 48  20 .23  48 ,  . 95  1 .  . 0764  

4  4 ,  . 60  0  .00  1. . 7  19 .  49  50 .  . 80  17 .50  56 ,  . 57  1. . 1136  

5  4  . 40  0 . 00  0 .  . 5  •K 16 .  71  59 ,  . 24  14 .65  67  . 58  1  .1408  

Table D-10. Profile of interface. 

Po in t  

- r  •  i  n  I n te rmed ia te  Po in t s  i o i /c c - j  o  «  m  
T r l a l  0  Taken  Eve ry  Two  Po in t s  12  3 4  5  6  7  8  9  10  

1  -6 .  , 7  0  +2 ,  . 7  +3 .  . 9  +4 .  . 4  +4 .  , 7  +4 .  . 9  +4 .  . 0  +3 .  . 5  +2 ,  . 7  +2 .  2  +1 .  5  +1 .  . 10  0. 

O
 

CM 

0. 10  0. O
 

o
 

2  -5 .  . 5  +1 .5  +4 ,  . 2  +5 .  . 2  +5 .  . 6  +5 .  , 8  +5 .  . 7  +4 .  . 7  +3 .  . 9  +2 .  . 8  +2 .  . 2  +1 .  . 4  +0 .  . 90  0. . 10  0 .  , 10  -0. . 10  

3  - 5 ,  2  +2 .6  +4 ,  . 9  +5 .  . 7  +5 ,  . 9  +6 ,  . 0  +5 ,  . 9  +4 ,  . 3  +3 .  . 3  +2  . 0  +1 .  . 1  0. . 1  -0. . 90  -0. . 70  -0. . 30  0. 

o
 

o
 

4  -5 .  . 2  +3 .0  +5 ,  . 4  +6 ,  . 1  +6 ,  . 2  +6 .  . 3  +6 .  . 0  +4 .  . 4  +3 ,  . 3  +2 ,  . 1  +1 .  . 1  0. . 1  -0. . 90  -0 .  . 70  -0. , 30  0. . 00  

5  - 5 ,  . 2  +4 .6  +6  .5  +6 ,  . 9  +6 ,  . 9  +6 ,  . 7  +6 ,  . 5  +4 ,  . 6  +3  . 3  +1  .9  +1 ,  . 1  0. . 1  -0, . 90  -1 .  . 0  -0, . 5  0 o
 

o
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Figure D-5. Plot of Tables D-9 and D-10. 
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