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ABSTRACT

Previous studies concerning the cyclic storage of
fresh water in saline aquifers have pointed out the de-
leterious effects of pre-existing groundwater movement and
aquifer dip. The theoretical feasibility of using é Sys-
tem of peripheral bdundihg wells around a proposed storage
area to negate the effects of groés fluid movement has
been previously shown. Sﬁch a bounding well field would
cdntain both injection and production wells. The present
study experimentai]y validated the previous theoretical
work and gxpanded it to include the use of bounding wells
to partially negate the effects of gravity in dipping aqui-
fers. | | » |

It was experiménté]iy shoyn that bounding wells can
be used in a dipping systenm to”efféctive1y prevent the
gravitational migration of an injected fluid whose densify
differs from that of the original aquifer f]did.“A com-

puter program developed to predict the required bounding

well flow rates was shown
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of the physical system. It was demonstrated that bounding
well flow rates can be choosen such that a balance exists
between injection and production volumes, so that none of

the fluid produced by the bounding wells will reach the
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»biosphere; One of the parameters shown to affect bounding
well flow rates is radius of the 1nje¢ted volume of fluid,
hence the required~bound1ng'we11 rates change continuously

dur{ng injection and production of the stored fluid.
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CHAPTER I
INTRODUCT ION

The process of storing fresh water in‘a saline aquifer
. is a cyclic process which involves injecting‘freshvwater

when there is a.surp1us, and producing it from the same
wé11s when there is a drqught or peak demand. The advan-
tages of subsurface Storage'over surface Storage, such as
steel tanks or surface reservoirs are:
| (1) The prohibitive cost of surface storage

(é) Reservoirs are open to pollution

(3) Loss of:water.thrdugh evaporation

(4) Damége to reservoirs by natura1-cause5

The feasibility of fresh water storage in underground
éa]ine aquifers has been studied by several investigators:
Esmail!, Esmail and Kimbler2, Kumarvand Kimbler?®, Francis*,
Painter?, Eémai15, Kimbler, Kazmann andZWhitéhead7, D'Amico?®,
Langhetee®, Tatel!, Agrawall!, énd Whitehead and Langhetee!?.
2 In the stbrage process thére are sevefa1 pérameters
that are of importance. These are: the dispersivity of
the aquifer, the density difference between injected fluid
and native f]uid,.the dip of the aquifer, pre-existing

tﬁg, - ground water movement (f1ux),.thé transmissivity of the

aquifer, the homogeneity of the aquifer, rate of injection,



.....

and duration of storage.

The ratio of.the volume of usable water recoverable to
the volume of water injected has been defined by previous
investigators as recovery efficiency. Esmaii® found that
pre-existing groundwater hovement significantly decreases
recovery efficiency.v The pre-existing groundwater movement
will cause the injected bubble of stored water to move with
it. Thié cause$ the native f]uid to "breakthrough” on the

upstream edge of the injected bubble before it does on the

‘downstream edge. Langehetees'undértook the theoretical in-

“vestigation of the use of bounding wells to offset the ef-

fects of flux in horizontal aquifers. This method invo]veé
the placing of bounding wé]ls around any size storage area,
and operating these wé]ls in a manner that will reduce all
pre-existing'potentiomgtric gradients within the‘proposed
storage area to zero. Thus a bubble of fresh water inject-
ed into the storage area, wi11.have no tendency to migrate.
Esmail®, Painter®, Francis*, Tate!®, and Agrawalll
all investigated the effect of dip on storage of fresh wa-
ter in éa}ine aquifers. Recovery efficiencies were feduced
due to the gravitational effects associated wfth dip. If

ﬁhe injected fluid is Tess dense than the native fluid,

it will migrate up dip. If it is greater, then the inject-

ed bubble will migrate down dip. In either instance, one

edge of the bubble will breakthrough before the other, thus

reducing recovery efficiency.



‘The purpose of this investigation was twofold: (1)

.to experimentally test the theoretical prédictions of

Langhetee®, (2) to investigate the feasibility of using
bounding wells to at least paftia]Ty offset the deletereous

effects of dip. This second objective requires that the

mathematical model proposed by Whitehead and Langhetee!?

be extended and that the resulting theoretical treatment

be experimentally tested in a physical systenm.



 CHAPTER I1

REVIEW OF PREVIOUS INVESTIGATIONS

The earliest‘attempt_at the storage of fresh water in
a saline aquifer was made by Cederstrom® in 1947. Esmail
and Kimbler? (1967), Kumar and Kimbier3 (1969) investigaté
ed the techn1ca1 feasibility of stor1ng fresh water in a
hor1zonta1 sa]1ne aquifer in wh1ch there was no pre ~exist-
ing ground water movement. They found that the mixing
between miséible fluids retarded grav1tat1ona1 segregation.
They also concluded that for the conditions studied the

storage of fresh water in a hor1zonta1 saline aqu1fer was

‘technically feasible. This work was extended by Whitehead

to include the use of well fields under similar aquifer
épnditions.

As early as 1964, Hapaz and Bear!® reported that the
subsurface storage of fresh water'éould be unsuccessful if
there was pre- ex1st1ng movement of the native water.
Esmaﬂ6 undertook an experimental investigation of Flux
and its effect on recovery efficiency in a thin hom-a_neous
minf—&quifer. He found that the recovery efficiency de-
dreased when flux was present. This decrease was a reSUTt

of the migration of the injected fluid away from the well

bore and was proportiona1 to the magnitude of the flux.



It was apparent from thié work that a pre-existing ground
water movement of even a fraction of a foot per day would
render subsurface storage uneconom1éa1 where long storage
- times were required.

In view of the harmful effect of flux as reborted by
Esmail®, Langhetee? undertook a theoretical study aimed at
counteracting this effect in horizontal aquifers. This
study proposed the use of a system of bounding wells arbi-
trarily placed around a specified storage area and operat-
ed at predetermined rates. A number of the wells would
- produce water and the rémaining wells would reiﬁject this
water into the aquifer, thereby reducing the pre-existing:
gradient in the storage area to zero. The computational
procedure ofigina]Ty'proposed by Langhetee® and sub-
sequently modified by Whitehead and Langhetee®? predicts
fhe required bounding well flow rates. Two significant
findings were (1) that these predicted flow rates producéd
a balanced system. Since all produced water was reinject-
ed into the same aquifer no environmenta] problems were
encountered; (2) the minimum distance from the center of
‘ﬁhe desired storage radius to the nearest bounding well |
;hould not be less than four thirds of the storage radius.
No experimental véfification was attempted by Langhetee
since the proposed computational procedure was applicable
only to aquifefs of infinite areal extent.

Esmail®, Painter®, D'Amico® and Tatel® investigated

the effects of dip on the fresh water storage process. As



with the horizontal studies concerning f1ux, the récovéry
efficiencies decreased dué_to injected fluid migration away
from the injection-production well.

Painter® described the effect of dip on the configura-

tion, migration and recovery of an injected fluid in a
dipping équifer penetrated by a single well. He proposed
a mathematica]lsolution and verified it by experiments in
‘@ large consolidated sandstone mini-aquifer. He concluded
that the movement of the injected fluid front in a dipping
system sufficiently thin to be considered tondimensional
may be approximated by combining the steady-stafe solution
to the diffusivity equation with an empifica11y weighted
term involving dip angle, injection rate, tfme, density
and a syétem pore volume base upon the radius to a circular
~ isopotential surrounding the storage area.

D'Amico, working on a thfee-dimehsiona] mini-aquifer,
verified Painter's solutions. Using an injectfon fluid
more dense than the natiVe fluid and dip angles rangfng from
five to twenty degrees he concluded that: i

(1) as dip angle and size of the injected bubble

incfeased,the downdip frontal velocity at the
fToof‘of the aquifer increased. |

(2) the updip frontal velocity at the floor decreased

with injected volume and eventually stabilized.

(3)' the injected fluid configuration at the. roof df

the aquifer remained circular and concentric

with the injection well.



Tate'? extended the work of D'Amico énd reached similar
conclusions.

The above investigations show that a]thbugh aquifer
storage is feésib]e in the absence of appreciable dip or
flux, either of these factors may tend to be highly detri-
mental. For successful field application of the process
it may-be necessary that these effects be negated since
most aquifers otherwise suitab]e, will pocess dip, flux or
both. Although the work of Langhetee® suggested a possib1e
“solution for the‘case of f]ux; his solution has not yet
been experiménta11y deménstrated fo be feasible and no

remedy has béen suggested to offset the effetts of dip.
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CHAPTER 'III

THEORY

3.1 Horizontal System with Flux

In a horizontal, homogeneous, isotropic aquifer of

infinite areal extent'which is saturated with a liquid at

rest, the f]ow potential at every point is constant. If a

well is located at point (xiyi) with respect to an artib-
tary coordinate system, and operated at a flow rate 5 »

then the steady-state potential at any poinf (x,y) is
given by!®;:

o(x,y) = ',EFHFF qi1n[(x~xi)2+(y-yi)2]+c1; .. 300

o(x,y) = potential at any point, (atmospheres)

u = viscosity, (centipoises)

k = permeability, (darcies)

h = thicknesé, (centimeters)

9; = injection rate, (cubic centimeters per sec.)
.‘(q.i > 0 injector , qi <0 producer)

C] = an a?bitrary Tevel Setting constant,

(atmospheres)
If there are a total of N injection and production
wells in the aquifer, then by the principle of superposi-

tion the potential at any point is given by*:




N
206Y) = - gugw I a3 InL0ex;) M (y-y) 2 14c,. . (3.2)

It is assumed that the viscosities of the injected and
native fluids are the same.

If the aquifer has gross fluid movement (flux) in the
decreasing y direction, and there are no wells operating

in the system, the potentié] at any point is given by!?:

@e(x,y) = Myg+ Co - T )
M

potentiometric gradient with respect to y,

atmosphere per centimeter

Co constant potential along x-axis, atmospheres

The potential at any point due to the combined effects
of N wells operating in an aquifer in which there is also

a flux 1in the‘negative "y" direction is given by:

N . .
d(x,y) = ﬁlj—h- >1_:=1{q,-1n[(X-xi)2+(y-y§)’2]}+§e(x,y)+62.(3-~4)

If a bubble of fresh watér of radius r is injected
fnto a saline aquifer which has flux in the négative y
direction (see Figure 3.1), then there is a velocity com-
ponent écting at every point on and inside the bubble in
the negative y direétion{ The bubble will therefore f]oW
in the direction of.f1ux and after some time will have

moved away from the injection well (seé Figure 3.2).



FLUX

- | w0

Circular area to be
used for storage

Figure 1. Plan View of a Storage Aquifer
Having a Pre-existing Flux
(After Langhetee?)
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Desired Storage

Boundary

Flux

{\\'

Injection/Production

Well

Injected
Fresh Water

"Bubble"

Figure 2. Migration of Injected Fresh Water

"Bubble" as a Result of Flux
(After Langhetee?)
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During production the upstream edge will breakthrough
before the downstream edge. _

If wells are positioned around the outside of the de-
sired storage boundary (see Figure 3.3) and operated at
flow rates so as to produce a ve1oc1ty componentvof equal
magnitude but opposite diréction from the one caused by

flux at every point on the boundary, then the enclosed

area will become an isopotential. If there are no wells

operating inside the boundary then there can be no flow
across the boundary. If~an injection well is operated in-
side the boundaky, all f1u%d injeéted wi]]lmove out radi-
a11y_unt11 the boundary is reaéhed. |

' In order to compute the rates at which the bounding
wells should be operated, a desired potentiometric level
for all points along the boundary and within the zone of

stagnation must be selected. Let the potentiometric level

"se]ected.be denoted by PB’ hence

@(xB;yB) =Pg .. .. R (3.5)

Thus, substituting into Equation 5

N
L

. 2
Q(XB’yB) = Pg = - E : {q;.In[{xg-x;)

+ (yg-y)?11 + ¢y Myg + C L L L L (3.6)

where N = number of bounding we11s.~>



Flux:

Velocity Compénent
Due to Operation of
Bounding Wells

Y

Velocity Component
Due to Flux

(0,0)

A

Boundirlg
Wells

Figure 3. Arrangement of Bounding Wells to Negate
the Effects of Flux (After Langhetee?)
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Rearranging Equation 3.6 we have

N
g 1 q"']n[(XB’xi)2 ¥ (yB-yi)Z] = 4“§h
= _

IMyg + (G +C) - Pl L L L L (3.7)

IT we choose the value of PB such that (C2 + CO) - P,=0,
then Equation 3.7 simplified to:

qi.1n[xé~xi)2] = &%KE (MyB)'. T < )

This choice of PB‘and the subsequent solution of Equation
3.8 for the values of q; yields a balanced system. That
is, the sum of the production rétes is equal to the sum of
the injection rates. The method.of solution of Equation

3.8 for the bounding well flow rates is discussed later.

3.2 Dipping Systém |

| The effect of dip on fluids of different.densities is
that there is a tendency for the less dense fluid to mi-
grate in the updip direction. The updip and downdip posi-
tions of an injected fluid have been evaluated by Paintef

for a linear system dipping in the x direction as:

q;t 7 kApg.sin.a.qit2 : )
X, = + 4,94 x 10 : . . (3.9
q;t _7 kApg.sin.a.qit2
‘Xd = m" 4.94 x 10 uL-Ad); « e e .(3.]0)



where

H

15

updip frontal Tocation at t, cm

‘ downdip‘fronta1 location at t, cm

injection rate, cc/sec'

total cross-sectional area, cm?
total length, cm

time, sec

porosity

gravitational acce1eratiqh, cm/sec?

permeabi]ity,.datéies

density difference, gm/cc

dip angle, degrees

viscosity, cp .

Assumptions made by Painter® are:

(1)
(2)
(3)

(4)

Piston }ike‘disp1acement : _
Fluids of small and constant compressibility
Homogeneous and isotropic medium of ffnite
length, L

Breakthrough has not occurred.:

In the Tinear system just described, the displaced fluid

ajways moves linearly towards the ends

. . .
The first derivative

the velocities at which the respectiy

.
dt

of the system.

nf F
A -

o=
<]

1ad 4
v

3

3.11 and 3.13 yield

Q

<
TY w2 i

.

~
Y

(D

fronts will move.

-7 kAgg;sin.aqit
uLA¢?

Vo= oi_ 4 9.88 x 10 . (3.11)
u-—m . X o o o .
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dxy

Q; -7 kApg.sin.aqit
——f’—'vd:m-g.SBX]O

(3.12)
nLAp?

The first term is the velocity at which the fronts

would move if there was no density difference. The second

“term is due to gravity and the density»differehce and can

be rewritten as:

n

. .t » :
- an-7 kApg.sin.a 94
Vg 9.88 x 10 TR [AL¢] SRR .(3.13)
where
Vg = velocity due to dip
n =1

The bracketed term is .a dimension]ess}quantity relat--
ing volumes injected at any time to total pofe volume of
the systém. | '

The radial system is mucﬂ'more difficult to solve
because the stream]ines:are cohstantly changing in stfength
and direction. There must also be hovement of displaced
fluid around the mass of injected fluid. Painter undertook
an experimental stUdy to evaluate these effects. He found
that in modifying Equation 3.13 to describe a radial system,
n would not be unity, due to the circulation around the
edge of the injected bubble. Therefore, in a radial system

the gravity component of fluid velocity is given by:



n
- -7 kApg sin o
Vg 9.88 x 10 e [ — ‘h¢] e e e (3.14)
where
re = radius related to effective pore volume of system

‘In equation-3.14 r_ is defined by Painter’ as the

e
djstance to a circular boundary of constant potenrtial out-
side the storage area. Tate!? considered relto be that
radius from the center of the stored bubble beyond whiéh
thé circulation of the natfve fluid around the bubble be-
comes neg]jgib1e. The present study considers Fo to be the
same as the desired storage radius.

Painter found that the exponent in Equation 3.14 had
a value of 0.17. This value was based on experimental
runs in a thin rédia1 miniaquifek which was treated as a
two—dimensiona1 system with a dip of seven énd one half de-
grees. D'Amico, work1ng on a d1fferent miniaquifer, found
values for n which var1ed from .018 to .205 for ang?es of
five to twenty degrees. Since this study used the same

miniaquifer as Painter, a value of .17 was used.

3.3 Negating Gravity Effects in Dipping Systems

The present study envisions that a system of bounding
wells can be used to'negate, or at least minimize the harm-
ful effects of dip. This requires that the bounding wells
be operated in such a manner that the stored fresh water

bubble is never allowed to migrate relative to the

17




injection production well. This necess1tates that the
injected bubble remain circu1ar and. concentric with the
well throughout the injection, storage, production (ISP)
cycle.

Referring to Figure 3.4(a) and considering the poten~A
tial at points A and B on the periphery of the injected
bubble of more dense f]uid than the native fluid, it is
seen that the potential at A is greater than at po1nt B-.

The potent1a1 distribution between the two points is taken

to be Tinear as shown in (b). Thus the potent1a1 gradient

‘along the Tine connecting points A and B 1is

2(xp»yp) - o(xg.yp) _ Aigg (3.15)
v, Byt 0 c c e e e (3

The potential gradient tending to cause flow along the line
connecting points A and B can be related to a velocity

through Darcy's Law. Thus,

=—-—————-:'.A...............3-
Y9 T " ey Ty (3.16)

If bounding wells can be opefated such that they

18

produce a potential gradient equal in magnitude but opposite

in sign to that of Equation 3.16, there will be no tendency

for flow along a line connecting points A and B. The same
argument can be applied to all pairs of points on a line

parallel to the y axis. For the bubble to remain motionles

S



Figure 3.4(a) - Plain View of a More Dense Fluid Bubble

Injected Into a Dipping Aquifer

o

A L - A

B Y

B

Figure 3.4(b) -

2

Potential Distribution of More Dense
Fluid Bubble in a Dipping Aquifer
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bounding well flow rates must be selected which'satisfy
these requirements for all pairs of points simultaneously.
These ratgs are dependent on bubble size and- continually
change throughout injection and production.

Substituting the expression.for velocity due to gravity
derived in Equation 3.14 into Equation 3.16 allows us to

solve for the potential gradient due to gravity from point

A to B.

I | n
Ad q.t
AB _ -7 .- i
_—Ayﬁ_ﬁ'— - 9.88 x 10 A,p g suf}a [m] e o e .(3.]7)

Thus the pOtential due to gravitational effects at any

point such as A can be expressed as:

A@EE i
@(XA,yA) = "A'—"y—_—.__—' yA + CO * o . * e e (3-]8)
‘ AB
where
C0 = constant potentiometric level along the x axis
(atmospheres)

If N bounding wells are operating in the dipping
system then using superpositions and Equations 3.2 and 3.17

the total potential at a point_on-thé periphry is

~ N
(?(XA"YA) s - ﬁ‘%ﬁ‘ z_i{qi'1'"[(XA'X1‘)2+(YA"Y1')2]}

A?KE
AyKE

+ €, + yA+C_o........(3.19)



rearranging
N Yy
wy 4mkh AB
Z {q.1n [(x -X ) + (yp-yi)21) = [o= vy
i=1 AT W TAypg TA

+{Co + ) - alxymyp)]e L L L. L. L. (3.20)

In order for the bubble to remain motionless evefy
point on the periphry of the bubble must be at the same
potential. If we select this value of potential such

that (C2 + C ) - @(xA,yA) =0 then Equat1on 3.20 simpli-
f1es to

| o IX-rra A
InLxg=xy) 24 (yg-y) 1= 40KE iy Y4 - -(3.21)

N
5
i=1

The solution of Equation 3.21 for the values of a9 yields

a balanced system.

3.4 Solution Technique-

With the selection of N different ahd,diétinét bOints
aTong the bquhdary, N equations in N uﬁknowns (the value
of qi) can be set up dsing Equafibn 3.21. These equations
éan then be soived'simuitaneousiy for the fiow rates of
the bounding wells. -Linlg found that, by tak1ng only N
"p01nts and generat1ng N equations, in some cases the gene-
rated matrix was, in mathematical terms, il1l-conditioned.
That is, it was‘difficu1t to obtain a solution vector
using techniques such as Gauss elimination, Crout reduc-

tion, etc. He found that by taking M boundary points

21
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(M > 2N) and generating M equations in N unknowns and
finding the best solution vector, in the 1éast—squares
sense, to this set of equations, the problem of the i11-
conditioned matrix was overcome.

The method for solving M equations in N unknowns
(M > N) to find the best solution vector in the least-
squares sense can be found in any good numerical methods
text (Carnahan et al., 1969). Briefly, the method is this:.

Suppose we have a set of linear equations such that

ARl =B . ... .. .. ... ... ....(3.22)

where A is an M by N matr1x, Q is an N by 1 matr1x, and B

“is an M by 1 matr1x If each side of Equat1on 3.22 is pre-

multiplied by the transpose, AT (an M by M métrix),;of A

(ATa)q = (ATB) . . . . C e e e e e (3.23)

then the M equations in N unknowns are reduced to N equa-
t{ons_in N unknowns, the solution vector of which is the
best in the least-squares sense.

A éomputer phogram has been written to perform all the
cd]cu]ations mentioned 1in thfs section. A description ‘and
an IBM 360/65 system, is given in the Appendix B.

It shou1d be noted that the above procedures are ap-
plicable only to systems of infinite areal extént.' There-

fore in order to experimentally verify the computational
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techniques it was necessary to employ the well known method
of images to account for boundaries that are obviously pre-

sent in a laboratory size system:



CHAPTER 1V
PROCEDURE

A11 experiments were performed on the two dimensional
radial mini-aquifer éonstructed by Painter and shown sche-
matically in Figure 4.1. A detailed descfiption of the
‘construction technique has been reported by PainterS.

Tabie 4.1 details the physical parameters bf the mini-aqui-
-fer. The mini-aquifer represents half of a radial system
. bounded by two no-flow boundaries and isopotentials at

each end as used by Esmail® (see Figure 4.2). The‘center
well 1is surrounded_by bounding wells. These -are used to
negafe flux in horizoﬁta] aquifers, and effects of gravity

in dipping aquifers.

Table 4.1 - Physical Characterists of the
~ Mini-Aquifer '

5.09 darcies. - Tength

k: =230
h = 1.10 em | width = 110 cm
6 = .25 r, = .625

A1l experimental runs were made with the system
initially saturated with a mixture of 45 percent soltrol
and 55 percent naptha by volume. For the horizontal runs,

the injected fluid was the same as the native fluid except

24
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for the addition of a soluble dye, which é]]ows the inject-
ed fluid front to be seen, Eut does not effect the
properties bf thé injected fluid. For runs in which the
équifer was dipping, carbontetrachioride was added to the
injected fluid to increase its densify. The soltrol-naptha
mixture has the same viscosity of carbontetrachloride.
Thus when carbontetrachloride is added the mobility ratio
between injected and native fluid remains one. For.runs
in which the fecovery efficiency was-desired, 2.5 pefcent
by volume iodobenzene was qdded to élter the dielectric
properties of the injected fluid. By use of a Sargent
AMode] V Chemical Oscellometer the recovery efficiency was
found. The oscillometer detects a change in capacitance,
which in&icates that native fluid is being produced.
Table 4.2 1ist the préperties of all fluids used in this
~investigation. |

| Langhetee's® computer model which predicts the'flow
rétes at which the bounding wells must be operated at in
order to negate flux in an infinite horizontal aquifer was
modified'® to take into account the physical boundaries of
the miniaquifer used in this investigation. Superposition

ng'* were used to create the isopotentiais and

3
£,
s
-de
=5

mag
the no flow boundarfes. The model was also modified to
solve for bodnding well flow rates operating in a dipping
system in which-the injected fluid @nd native flufd are of
different densities. The comp1etellisting of the computer

'mbde1 can be found in Appendix B.
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All wells were operated by constant rate pumps. The
1ead1ng edges of the 1n3ected bubble were traced at 600
second intervals during 1n3ect1on and production. The
trac1ngs can be seen in Append1x C. After each run, the
injected fluid was completely flushed from the system.

For all experimental runs involving flux, the flux
was created by a static head connected into an isopotential
atvone end of the miniaquifer and recovered from an iso-
potential at the other end. The potential gradiént due fo
flux can be changed by increasing or decreasing the static
head. In runs involving dip, the potential gradient was
caused by dip and density difference and could be changed
by altering oné or both of these parameters. For con-
venience, the injected fluid was always the more dense
fluid so that the. tendency to flow was always in the down
dip direction, considered here to be the negative y direc-
tion. | | |

A run consisted of injecting a bubble of fluid out to
a desiréd storage radius and then producing it through the
same well used for injection. When recovery efficiency
wés not required, the injected fluid was produced until
tﬁe produced fluid was 100 percent native fluid. In the
hérizontal runsvwifh a constant flux the rates of the
béunding wells were.a1so constant. In the dipping system,
the rates of the bounding wells change with the radius of
fhe bubble of injected fluid,‘thus necessitating gear

changes on the constant rate pumps throughout the run. | 1
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i In runs where recovery efficiencies were required, break-

through was considered to have occurred when the concentra-

tion of reservoir fluid in the. produced stream reached five

percent.

Using the technique described above the fo]Towing

experiments were performed:

(1)
(2)
(3)
(4)

The
validity

(5)

Horizontal, no flux, bounding wells not operating
Horizontal with flux, bounding wells not operating
Horizontal;with flux,'bcundihg we1Ts operating
Dipping, bounding wells not operating

Dipping, bounding‘we]ls-dperating‘ |
purpose of the horizontal runs was to test the

of Langhetee's computer model listed in Appendix B.



CHAPTER V

‘ANALYSIS OF EXPERIMENTAL RESULTS

5.1 General

The procesé of confinfng a bubble of stored injécted
f1u1d by use of bounding wells was studied by means of a
series of runs in the mini—aquffer (Table 5.1). The ac-
complishments of this study were thréefold:

(1) Thé theoretical computational procedure

deve1oped by Whitehead and Langheteel? was
.verified experimentally.
(2) A computational procedure for predicting
| boundfng well rates to negate the effects
of dip was developed. |

(3) This procedure was experimentally verified.

5.2 Horizontal Results

The experimental work on the herizontal system was
designed to test Langhetee's mathematical solution. Figure
‘S.a'is a graph of well flow rate versus pre-existing
gradient, ca]culated from the computer program listed in
Apbendix B. For the experiments a gradient was selected
such that the boﬁnding well f]ow’rates needed to offset

the choéen gradient could be attained by the constant rate

pumps.
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Figure 5.2 is a tracing of the front of the injected
fluid at various times during the injection cycle of run
one. The flow is éssentia]]y radia]. By comparison, the
frontal configquration during the injection cycle of run
two (Figure 5.3) is far from being radial. This-distortion
is caused by the addition of a veTocity'component due to
flux. The‘velocity of the flux adds vectorially to the
ve]dcity resulting from injection into the well.

| The production phases of runs one and two are shown
in Figures 5.4 and 5.5, respectively. Breakthrough occurs
in Figure 5.5 Tong before it does in Figuré 5.4.‘“Figures
5.6 and 5.7 show frontal positions during the injection and
production phaées of run three. Here it can be seen that
the effects due to flux have essenfial]y been negated.

Langheteeé pointed out that in a symetrical arrangement of

bounding wells the wells opposite each other in respect to

the xféxis,‘assuming flux in the negative y direction, will
have equal but opposite flow rétes.' ATso for bounding
wells on the x-axis, the flow rates will essentially be
zero. Therefore, referring béck to Figure 4.2, wei]s four;
and eight had flow rates of zero thereby reducing the num-
ber of bounding wells to six. By comparing runs one and
thfee, we see that a gradient of 2000 feet per mile has
been negated and this gradient is much larger than one that

might occur 1in nature.

5.3 Studies in a Dipping Mini-Aquifer




s
4
g
1
K
i
[
3

Dip 4 = .0°
Ap = 0
'q = .1002 cec/sec

Gooo(sec)

Figure 5.2 -~ Injection Phase of Run 1 (No-Pre-
existing Gradient in Aquifer, Bounding wells

‘Not Operating)

= 0°
0
.1002 cc/sec

Lpoo

Figure 5.3 -~ Injection Phase of Run 2 (Pre-
existing gradient 2000 ft/mile, bounding wells
not operating)

T QU B AR A S R NS A

RSBSOS

o e

P R ST S S R

35



Figure 5.4 - Production Phase of
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The primary objective of this investigation was the
study of the use of bounding wells in order to negate the
effects of gravity when a fluid of different density from
'fhe native fluid is injected into a dipping aquifer.

| As reported by Painter, the front of a bubb1e.of a
- fluid of different density, injecteéd at a constant rate;
appears radial at first, but as injection continues the mi-
gration of the injected fluid increases (see Figure 5.8).
If the injection fluid is the more dense fluid when the
well is put on production, the updip front wif] breaktﬁrough
before the downdip front,‘ Ih-Severé cases, the downdip
front will not breakthrough, but wili migrate away from the
producing-weTT. Premature breakthrough will, of course,
Cause the>recovery-efficiency to decrease. (See Figure
5.9). ) |

Recall equation 3.13

_ ' 2, 0.17
vV, =9.88 x 107/ x KApg.sina; r
it can be rewritten as:
. 0.17
- -7 ., kApg.sinar r2,°°
Vg = 9.88 x 1477 x Xhed.siney rerl - - e 5]

where r is the radius of the injected bubble at any time,t.
Equatioh 5.1 shows that there are four parameters
which effect velocity due to gravity. These are dehsity

difference, dip angle, radius of the injected bubble, and

eb
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In order to use equation 5.1, a satisfactory value for

r, must first be determined. - This was done by calculating

the velocities dye to gravity for various L 's. The bound-

ing well flow rates necessary to offset these velocities

were also computed. Experiments were performed on the mini-

aquifer using the computed bounding well flow rates for the
various re‘ - It was found that the value of Fe required
to negate the effects of gravity in the dipping mini- -aqui-
fer was equal to the radius of the pProposed storage area.,

The velocity due to gravity is directly proportional

to dip angle, density difference and radius of the 1nJect-

ed bubble. Figure 5.10 is a plot of a typical’ bounding

well flow rate versus radius of injected bubble for differ-

ent dip angles. The bounding well flow rates required to

offset grav1tat1ona1 effects increase w1th radius of the

injected bubb]e and dip angle. F1guwa 5.11 is a plot of a

typical bounding well flow rate versus radius of injected

f1u1d bubb]e for fluids of different dens1t1es Bound1ng

well flow rates increase with 1ncreases in density differ-

ence and radius.

F1gures 5. 12 and 5.13 are a comparison between the

1nJect1on phases of runs ten and eleven. The front in run

eleven is more symmetrical than the front in run ten. The
1n3ect1on phase of run eleven is in fact very similar to
that of the horizontal run with no flux. This comparison,
can be seen in Figures 5.14 and 5.15, Figures 5.16 and

5.17 are a comparison between the production phases of runs

D ey
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Figure 5.12 - Injection Phase of Run 10
Wells Not Operating)
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Figure 5.13 - Injection Phase of Run 11
Wells Operating)
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Figure 5.14 - Injection Phase of Rum 11 (Bounding
Wells Operating)
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Figure 5,15 - Injection Phase of Run 1 (Bounding
Wells Not Operating)
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ten and eleven. Breakthrough occurs in run ten long before
it does in run eleven. Run eleven behaves much like the
horizontal system with no pre-existing fluid movement indi-
.cating that effects due to gravity have been negated.
Figure 5.18 and 5.19 are a comparison between the produc-
tion phases of runs one and eleven. |

5.4 Recovery Efficiency

Runs and the accompanying recovery efficiencigg.are
listed in Table 5.2. |

The data in Table 5.2 show that the largest recovery
efficiency to be expected is efghty—éix percent fof a hori-
zonté] aquifer with no flux, negliable density"difference
and no static storage period. By comparison a system dipping
thirty degrees with a density difference between the-native
fluid and {he injecte& fluid of..55 gm/cc the recovery effi-
ciencies was thirty—thfee percent when no bounding wells were
operatéd in the same system. The recovery efficfency increased
to seventy-eight percent when bounding we]is were operated‘in the
same system. This compares favdrabTy-wfth the eighty-six percent :
recovery efficiency for the base case‘described above. Runs |
which included a static storage period yielded poorer recovery
effigiencies. This result while partly due to diffusion, is
primérfly dﬁe to gfa&itational segregation.‘ The mathematical
model treated the sysfem as if it were two-dimensional. At thé
higher density difference the actual three dimensional nature of
" the mini-aquifer becomes increasingly apparent because of

a gravitational laydown of the displacement front. Although
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there WaS’no bubble migration during thekstorage time (see
Figﬁre 5.16), the recovery efficiency was reduced to forty
percent. In comparison (see Figure 5.18), the horizontal
rdn for the same fluid yielded a recqvery<efficiency of
fifty-four percent. Thereforé, by‘the use of bounding
wells, the dipping system was made seventy-five percent as
efficient as the horizontal system, under the same condi-.
tions. If no bounding wells had been used, the recovery =

efficiency would have been zero.

5,5 >Comments on Results

This study inyestigated the.use of bounding}Wells-to
offset the effects of gravity due fo density differences
between injected and native fluids in dipping aquifers.
Although the study was initiated with fresh water stbrage
as its main consideration, the results ﬁay be applied to
otﬁer miscible dispiacéments in a dipping aquifer assuming
the two fluids involved have different densities but aﬁ-
proximately the same viscosities. A

The use of bounding wells in Qater storage prospects
in:which either pre-existing groundwater movement or dip is
présent will always lead to improved récovery efficiencies.
Where pre-eXisting groundwater movement is the prob]em, the
computation of boundihg well rates is straightforward and
the procedure can_probab]y be applied in field practice.
The operation of bOunding wells to.negate the adverse ef-

fects of dip appears to show much promise, but the
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computational procedure'presented should be tested in

thicker physical systems prior to application in the field.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

‘As a result of this investigation, the following con-

clusions  can be drawn with respect to the storage of fresh

water - in saline aquifers.

(1)

(2)

(3)

(4)

The bounding well flow rates predicted by a

modification of the computational procedure

devé]oped by Whitehead and Langhetee!? can suc-

cessfully negate the deleterious effects of flux
in a bounded physical system.

For a giygn flux gradient bounding welT rates
ére independént of bubble size and remain con-
stant throughout the injection production
storage cycle.

The effects of gravity in a‘dipping aquifer cain
be substantiaT]y reduced by the use of a system
of bounding wells.

The bounding well rates in a dipping system are
direct]y'proportionaI to dip angle, density dif-
ference and radius of injected bubble. Hence
bounding well flow rates for a dipping aquifer
system constantly change with bubble radfus dur-

ing both injection and production.

52
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(S)V The bounding well flow rates computed using the
procedures présented result in a balanced system
hence the environmental impact of a boundin¢ well
systém will be negligible..

(6) The results of this study are applicable to mis-
cible processes other than fresh water storage

in saline aquifers.

6.2 Recommendatiorns .

(1) The conclusion reached in this study should be
Qerified in qther phyéica] systemé.

(2) The effect of aquifer thickhess in dipping sys-
tems should be investigated. o

(3) The combined effect of flux and dip acting

concurrently should be studied.
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NOMENCLATURE

cross sectional area (cm?) in equation 1.

the matrix of coefficients of the unknown flow

rates in equation 8.

the transpose of matrix A

the matrfx of values on the right side of
équation 8 |

lTevel setting constant

acceleration due to gravity (cm/sec?)
aquifer thickness, cm

permeability, darcies

Tength, cm

pre;existing potential gradients, atm/cm
exponent | |

the number of bounding wells

desired isopotential value; atm |
solution matrix of unknown bounding well flow
rates |

volumetric flow rate (c;/sec)‘

radius? cm

length to nearest isopotential, cm

time, scc
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P =

Ap =

B =
D =

velocity due to gravity, cm/sec

constant 3.14159

' potentid], atm

porosity, fraction
viscosity, centipoise
dip angle, radians

density gm/cc

density difference gm/cc

boundary
due to density

pre-existing

index in a summation procedure

x" direction

"y" direction
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APPENDIX A
ASSUMPTIONS - LIMITATIONS
OF COMPUTER PROGRAM
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There. are. certain assumptions inherent in the computer

program and they are ‘as follows:

(1)
(2)
(3)
(4)
(5)
(6)

Porous and permeable reservoir

Horizontal

Isotropic

Flux and dip are in the negative y direction
Incompressible fluids

Mobility ratio of one

Limitations:

(1)
(2)

(3)

Only for cifcuiar storage system

Injection well is at the center of the's;brage
circle '

The progrém‘is written for a finite square system,
bounded by two no flow boupdaries, and two iso-

potentials.
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APPENDIX B
COMPUTER LISTINGS

Although fhe program is believed io be correct consis--
tent with the assumptions and the appfoximations iﬁvo]ved,
neither the author, Louisiana State University, hor the

- . Louisiana Water Resources Research Institute make any
Ac]aims concerning its vaTiHity or correctness and anyone

making use of the program does so at his dwn.risk.
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THOMAS E. WILLIANS
LOUISIANA STATE UNIVERSITY, BATON ROUGRE
HATER RESOURCES -1978- .

THE USE OF BOUNDING WELLS TO NEGATE FLUX IN HORIZONTAL AQUIFERS

PROGRAM TO CALCULATE BOUNDING~WELL RATES NECESSARY TO NEGATE PRE-
EXISTING GROUNDWATER FLOW BY CREATING A POTENTIOMETRIC

PLATEAJ. COORDINATE AXES MUST BE SET UP SO THAT ORIGIN IS AT THE
CENTER OF THE POTENTIOMETRIC PLATEAU AND THE PRE-EXISTING
GROUNDRATER MOVEMENT IS IN THE NEGATIVE Y DIRECTION.

v***********#*********#*************##*t**t***********t*##***t&#‘#‘

DATA TO BE READ IN FOR HORIZONTAL AQUILFER EXPERIENCING FLUX

PIRST CARD FORHAT(3F12.0,2I3)

RBOUND = RADIJS OF POTENTIOMETRIC PLATEAU. (FERT)

ADFT = DISTAKCE TO NO FLOW BOUNDARY, FEET

BDPT = DISTANCE TO ISOPOTENTIAL, FEET

NBH = NUNBER OF BOUNDING WELLS ’

NRC. = NUNBER OF ROWS AND COLUMNS TO BEE DSED FOR INiZGING

SECOND CARD FORMAT(6F12.0) (THREE WELL LOCRTIONS PER CARD)

XBHFT(I) = X COORDINATE OF ITH BOUNDING HELL. (FEET)
YBRFT(I} = Y COORDINATE OF ITH BOUNDING WELL. {FEET)
THIRD CARD = FORNAT (4P 12.0)
PLYMEI = AQUIFER PERMEABILITY. (BREINZRRS)
HFT = AQUIFER THICKNESS. (FEET)
SG = SPECIFIC GRAVITY OF NATIVE FLUID. {20C/20¢C)
PGRAD = PRE~EXISTING POTENTIOMETRIC GRADIENT. (FEET/XILE)

*t*tt**ttt*****t*********************é#****##***********t**###*#*‘

DEFINITION OF VARTIABLE NAMES USED IN PROGRAH.
= STARTING POINT FOR FIKDING *X¢ COORDINATES OF IMAGE WELLS

XSTART

A(I,Jd) = ELEMENTS OF THE A MATRIX IN EQUATIOY 11.

ATA{1,J) = ELEHENTS OF THE MATRIX OBTAINED BY PRE-BULTIPLYING
THE A MATRIX BY ITS TRANSPCSE.

ATB(I) = ELEMEBTS OF THE MATRIY OBTAIKED BY PRE-HMULTIPLYING
THE B MATRIX BY THE TRANSPOSE OF THE A HATRIX.

AD = DISTARCE TO NO FLOW BOUNDARY, CH .

B{I1) = ELEMENTS OF THE B MATRIX IN EQUATION 11.

BD - = DISTARCE TO ISOPOTENTIAL, CA

CFPTCH = CONVERSION FACTOR. {(C4/FT)

CFPHAC = CONVERSION FACTOR. ((ATHOSPHERBS/CH)/(FEET/HILE)}

CONST1 = A CONSTANT USED IN COMPUTING THE ELEMENTS OF THE

nrwnr)nrmn()nr:nr1n¢1n41nrvncunt1ncuncunr1nr1nr1ntﬁnr:nfant1htuoqwnt1nrﬁnr1qcun¢10r1nrﬁp

B MATRIX.
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Cc DTHETA = INCREMENT BY WHICH THE ANGLE THETA IS INCREASED
C DURING COMPUTATION OF BOUNDARY POINT -
c " COORDINATES. (RADIANS)
c H = AQUIFER THICKNESS. (CM)
Cc ICHECK = A FIXED POINT NUMBER USED AS A COUHTER.
B NBP = KUMBER OF BOUNDARY POINTS.
c NNRC = COUNTER IN *A' MATRIX
C .PGRADA = PRE~EXISTING POTENTIOMETRIC GRADIENT. (ATHS/CH)
C QBW {I) = RATE OF THE ITH BOUNDING WELL. {CC/SEC)
c QBHGPH = RATE OF A BOUNDING WELL. (GPH)
c R = RADIUS QF POTENTIOMETRIC PLATEAU. {CH) )
C SOLVE = A SUBROUTINE FOR SOLVING A ¥ X N SET OF LINEAR
C EQUATIONS.
c THETA = ANGLE USED TO COMPUTE COORDIKATES OF BOUNDARY POINTS.
< ANGLE IS MEASURED CLOCKWISE FROM THE POSITIVE Y
c AXIS. (RADIANS)
Cc XBP(I) = X COORDINATE OF ITH BOUNDARY POINT. (CH)
‘c XBW(I) = X COORDINATE OF ITH BOUNDING WELL. {(CH)
C XNBP = FLOATING POINT VALUE OF NBP.
c XNUM = THE SQUARE OF THE DISTAKCE BETRE”N A BOUKDARY POINT
C XNRC = COUNTER IN *A* MATRIX
o XSTART® = STARTING POXINT FOR FIHDIHG *X* COOBDIFATES OF IMAGE
C. ’ WELLS .
c XH (L) = ARRAY CONTAINING 'X* COOBDIH&TES OF IMAGE WELLS
C AND A BOUNDING WELL. (SQ CH) .
C YBEP{I) = Y COORDINATE OF ITH BOUNDARY POIHT. (CH)
C YBH (I) = Y COORDINATE OF ITH BOUNDIKG WELL. {CH)
< YSTART = STARTING POIWNT FOR FINDING *Y' COOBRDINATES OF IHAGE
C HELLS
c YA (K) = ARRAY CONTAINING *Y* COORDIKATES OF INAGE ¥ELLS
C N .
C. HERKE KRR EFRBREERR AR AR R R ERE AR R RS R G S ALK RS KOk kR E LS TSRS K& EES
c i
c -
Cc
Cc
C COMPUTER CARDS FOR HORIZONTAL AQUIFER EXPERIEKCING FLUX
C . '
c -

IMPLICIT REAL#*8{A-H) ,REAL*S (0~Z)

DIMENSION XBWFT (20) ,YBWFT (20),XBW (20) ,YBW {20) ,XBP (60) ,
1 YBP (60) , A (60,20) B (60) ,P(60) ,X¥ (300) , Y {300)
COHHON ATA(20,20) ,ATB(20) ,QBR (20) , ICHECK

C
c , ‘
c READING IN DATA (FOR HORIZONTAL AQUIFER)
C y
c
! 20 READ(S,TOOOO,END-‘—GS) RBOUED, ADFT,BDFT_.XBH,HERC
« READ (S, 11000) (XBWFT(I) ,YBRFT(I),I=1,KBE)
; READ (5,12000) PLYMEX, HFT, 5G, PGRAD
c
NBP=3%*KBW
c
c
c PRINTING DATA
€ e
c

WRITE (6,13000) BBOUND . NB¥,PLYRET, HFT,SG, PGRAD
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CONVERSION FACTORS (FIELD UNITS TO C.G.S. UNITS)

aoaan

CFFTCH=30. 4801
H=HFT*CFFTCH
R=RBOUND*CFFTCH
AD=ADFT+CFFTCH
BD=BDFT*CFPTCH
D025I=1,KBH
XBW (I) =XBWFT (I) *CFFICH
YBW (I) =YBWFT (I) *CFPTCH

25 CONTINUE

GENERATING COOBDINATES OF BOUNDARY POINTS . 3

aacaaan

XNBP=HBP
DTHETA=6. 283185/XHBP
THETA=0.0
DO30I=1,KBP
YBP{I)= R*DCOS(THETA)
XBP (I) =R*DSIN (THETA)
THET A=THETA+DTHETA

30 CONTIKOE

GENEBATING THE fA*' HMATRIX

anaon

NN RC=NRC~1 -
XNRC=NRC+3
.XSTART=-AD#*XNRC
YSTART=-BD*XHRC
D035I=1,NBP
D035J=1,NBW
STM1=0.0
SUN2=0.0
DO32K=1,NRC, 2
YH1=2% (K+1)
¥¥ (K} =YSTART+IH1$BD+IBH (J)
D031L=1,NRC,2
XM 1= 2*(L+1)
XW{L) =XSTART+XN1¢AD+XBW (J) ‘
XNUN= (XBP(I)—XH (L)) *#2+ (YBP (I) -YH (K} ) #¢2
SUM1=SUM1+DLOG (XNUM)

, 31 CONTINOE
DO32K=2,KNBC, 2
XM2=2% (M+1)
XK (1) =XSTART+XH2*AD~XBW (J)
XNUN= (XBP(I)~XW (M) )*%2+ (YBP (I) ~YH (K) ) #%2
SUN1=SUN1+DLOG (XNUH)

32 CONTINUE

DO34KK=2,NNRC,2
YM2=2% (KK+1)
YW (KK) =YSTART+YN2#BD-YBH (J)
DO33LL=1,NRC,2
XM3=2%(LL+1)
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33

34
35

' GENERATING THE *B* MATRIX

45

50

55

 GENERATING *A TRANSPOSE' % vpe

65

XH(LL) =XSTART+XH3*AD+XBW (J)

XNUL= (XBP (I)~XW (LL)) **2+ (YBP(I) ~YW (KK) ) ¢*2

SUN2=SU%2+DLOG (XNUN)

CONTIRUE , |
DO34M¥H=2 ,NNRC,2 _ !
XH4= 2*(HH+1) !
X¥(MH) = xsrART+xuu*AD-xaw(J). . . :
XNU%= (XBP (1) xu(u1))**2+(159(1) -YH (KK} ) %82 g
SUM2=SUH2+DLOG {XNUH)

CONTINUE

A(I,J)=SUM1-SUN2

CONTINUR

CONST= (PLYHEI*H*PGRAD) /8910083.524
DO40 I=1,NBP

B(I) =CONST*YBP (I)

CONTINUE

GENERATING *A TRANSPOSE! % 1a¢

DOSOI=1,NBH

D0503=1,1

ATA (J,I)=0.0

DO45K=1,NBP

ATA (J,I)=ATA (J, I) +A(K,I) *A(K,J)
CONTINUE

ATA(I,J)=ATA(J, 1.

CONTINUE

DO55I=1,NBH

ATB(I)=0.0

D0553=1,NBP
ATB(I)-ATB(I)+B(J}*A!J 1)
CONTINUE

SOLVING FOR THE BOUNDING WELL PLOS RATES

—

CALL SOLVE (NBW)
IF (ICHECK.EQ. 1) GOT020

PRINTING THE RESULTS

HRITE (6, 14000)

DO60I=1,NBW _
QBWCCH=QBW (I)*60.00 . o
WRITE (6, 1500) I, XBWET (I) ,YBWFT (I) ,QBRCCH _ , |




60 CORTYINUE
YRITE (6,20000) HRC
GO TO 20

c
c
C . FORKAT STATEHENTS
c
c

10000 FORMAT (3712.0,213)
11000 FORMAT (6F12.0)
12000 PORMAT (4F12.0) 4
13000 FOBHAT(1HI,29X,'DKTA'/,30X,'-~—-'///,
1 6X,'RADIUS OF POTENTIOMETRIC PLATEAU (FEET)',6X,¥9.4/,
2 6X,'NUMBER OF BOUKDING WELLS',22X,13/,
3 6X,'AQUIFER PERMEABILITY (MEINZERS) ', 14X,F9.4/,
4 6X,*'AQUIFER THICKNESS (FEET) ', 21X,F9.4/,
‘5 6X,'SPECIFIC GRAVITY OF NATIVE FLUID. (20C/20C)Y,2X,P9.8/,
6 6X,'PRE~EXISTING FLOW GRADIENT (FEET/NILE) * ,7X,F9.4////)
14000 FORMAT (25X, 'BOONDING WELL DaTA',/,25%,"
1 6X,'HELL NO.',5X,'X(FEET) *,9X, Y (FEET) *
1500 FoRnA?(8x,13,7x,F8.5,8x,r8.5,10&,315.8)
20000 PORHAAT(///,"FOR HRC EQUAL®,13)
c

65 STOP
EED

et/
09X, *RATE{CCPN) * 7 /)

7

66

g
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THOMAS E. WILLIAHS ) .
LOUISIANA STATE UNIVERSITY,BATON ROUGE
WATER RESOURCES -1978~

THE USE OF BOUNDING WELLS TO NEGATE THE EFFECTS OF GRAVITY IN-
DIPPING AQUIFERS

PROSRAM TO CALCULATE BOUNDING-HELL RATES NECESSARY TO KEGATE
GRAVITY EFFPECTS BY CREATING A POTENTIOMETRIC PLATEAU.COORDINATE
AXES MUST BE SET UP SO THAT THE ORIGIN IS AT THE CENTER OF THE
POTENTIOMETRIC PLATEAU AND DIP IS IN THE NEGATIVE Y DIRECTION

FEEKERAGEEREREERE DR KGR E A SR P E R E R R A ST TR EREERF SRR E TR G R aE

DATA FOR DIPPIKRG AQUIFER

FIRST CARD = FORMAT(3F12.0,213) -
RBOUND = RADIUS OF POTENTIOMETRIC PLATEARU .
ADFT = DISTANCE TO NO FLOW BOUNDARY, FEET
BDET = DISTANCE TO ISOPOTENTIAL, FERT
NBW = KUHMBER OF BOUNDING WELLS.
NRC =

BUMBER OF ROWS AND COLUHNS TO BE USED FOR IMAGING

SECOND CARD FORMAT (6F12.0) (THREE WELL LOCATIOES PER CARD)

XBW FT = X COORDIRATE OF ITH BOUNDING HELL. (FEET)
YBHFT = Y COORDINATE OF ITH BOUKDIXG WELL (FEET)
THIRD CARD = FORNAT(4F12.0)
" PLYHEI. = AQUIFER PERNEABILITY. (XEINZERS) ;
HFT = AQUIFER THICKNESS. (FEET)
SS = SPECIFIC GRAVITY OP NATIVE PLUID. (20C/20C) ,
. i
LAST CARD = FORMAT(4F12.0)
DAHG = ANGLE OF DIP IN AQUIFER
RE = DISTANCE TO NEAREST ISOPGTENTIAL .
DD = DENSITY DIFFERENCE
Z8 =

EXPONENT TERN

t**t****t**t*#***t#*##*#***********#*###**ttt*t*t#*!**t*t***t#tt**

DEFINITION OF VARIABLE NAHES USED IR PROGB2H.

A(1,J) = ELEMENTS OF THE A MATRIX IN EQUATION 11.

ATA(I,Jd) = ELEHMENTS OF THE MATRIX OBTAIKED BY PRE—BULTIPL!IIG
THE A MATRIX BY ITS TRANSPGSE.

&D = DISTANCE TO NO PLOW BOUNDARY, CH.

ATB (1) = ELEMENTS OF THE MATRBIX OBTAINED BY PRE-MULTIPLYIUG
THE B MATRIX BY THE TRANSPCSE OF THE A NATRIX.

BD - = DISTANCE TO ISOPOTERTIAL, CH

B(I) =

ELEMENTS OF THE B BATRIX IN EQUATION 11.
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CFFTCH
CFPHAC
CONST1

bp
DI HETA

|
ICHECK
NBP
NHRC
QBH(I)
QBHGPR
R
SOLVE

THETA

v6
XBP (I)
XBW (L)
XNBP
XNUM

XNRC
XSTART

XW (L)

YBP (I}
¥BYW (1)
YSTART

TR (K)

Wi

nu

] [ LI L T I N [T 1

Wi

hu

b

CONVERSION PACTOR. (CM/PT)

CONVERSION FACTOR. ((ATMOSPHERES/CM)/(FEET/MILE))

A CONSTANT USED IN COMPUTING THE ELEMENTS OF THE
B HATRIX. .

CHANGE IN POTENTIAL AT BOUNDARY DUZ TO GRAVITY EFPCTS

INCREMENT BY WHICH THE ANGLE THETA IS INCREASED
DURING COMPUTATION OF BOUNDARY BOIET
COORDINATES. (RADIANS)

AQUIPER THICKNESS. ({CHN) '

A FIXED POINT NUMBER USED AS A COUNTER.

NUMBER OF BOUNDARY POINTS.

COUNTER IN *A' MATRIX

RATE OP THE ITH BOUNDING WELL. (CC/SEC)

RATE OF A BOUNDING WELL. (GPH)

RADIUS OF POTENTIOMETRIC PLATEAU. (CH)

A SUBROUTINE POR SOLVING A N X K SET OF LINEAR
EQUATIONS.

ANGLE USED TO COMPUTE COORDINATES OF BOUNDARY POINTS.
ANGLE IS MEASURED CLOCKWISE FRONM THE POSITIVE ¥
AXIS. (RADIANS)

VELOCITY DUE TO GRAVITY

X COORDINATE OF ITH BOUNDARY POINT. (CH)

X COORDINATE OF ITR BOUNDING WELL. (CH)

FLOATIRG POINT VALUE OF KBP.

THE SQUARE OF THE DISTANCE BETREEN A BOUNDARY POINT
AND A BOUNDING WELL. (SQ CH)

COUNTER IN *A' MATRIX

STARTING POINT FOR FIKDING *X¢ COORDINATES OF IMAGE

4ELLS

ARRAY CONTAINING 'X' COORDINATES OF INAGE WELLS

Y COORDINATE OF ITH BOUNDARY POINT. (CH)

I COOBDINATE OF ITH BOUNDING WELL. (CH)

STARTING POINT FOR FINDING *Y' COORDINATES OF IHAGE

WELLS

ARRAY CONTAINING *Y* COORDINATES OF INAGE #ELLS

*#****************#*******t**#t**####**#t**#********************‘#t

COHPUTER CARDS FOR DIPPING AQUIFER

INPLICIT REAL®S (A~H) ,REAL*S (0-2)

1

DINENSION XBWFT(20),YBWFT(20),XBW(20),¥BW({20) ,X5P (60),YBP(60),

A(60,20),B(60) ,P(60) ,XW(300) ,YH (300)

COMMOR ATA({20,20) ,ATB{20},0QB¥ (20} ,ICHECK

BEADING IN DATA

20 READ(5,10000,END=65) REOUND, ADFT,BDFT,NBW,HRC
READ (5,11000) (XBWET (I) ,YBWET (1), I=1, HB¥)
. READ (5, 12000) PLYMEI,HFT, SG
READ (5,20000) DANG,RE,DD,ZK

NBP=3*NBW
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PRINTIHG DATA. -

WRITE(6,13000) RBOUND,NBR,PLYMET,HFT,SG

CFFICH=30. 4801

H=HF T*CFFICK
R=RBOUND*CFFTCH
AD=ADFT#CFFTCH

BD=E DFT*CFFTCH
DO25I=1,NBW

XBH (1) =XBWFT (1) *CPPTCH

CONVERSION FACTOBS (FIELD UNITS TO €C.G.5. UHITS)

" YBW{(I)=YBWET (I)*CFFTCH .

25 CONTINUE

30

(V5]
-

GENERATING COORDINATES OF BOUNDARY POINTS

XNBP=NBP
DTHETA=6.283185/X4BP
THETA=0.0
DO30I=1,NBP
XBP{I)=R*DSIN (THETA)
YBP (I)=R*DCOS (THETA)
THET A=THETA+DTHETA
CONTINUE

GENERATING THE 'A' MATRIX

NN RC=NRC~-1

XNRC=NRC+3

XSTART=~AD*XNRC ce
YSTART=—BD*XHRC -
D0351=1,NBP . o
D0353=1,¥BH

SUN1=0.0

SUK2=0.

DO32K=1,HRC,2

YM1=2%(K+1) '

YW (K) =YSTART+YM1*BD+YBW (J)
DO31L=1,NEC,2 )

XY 1=2% (L+1)

XH (L) =XSTART+XM 1*AD+XBH {J)
XNUZ= (XBP(X) —XW (L} ) #%2+ (YBP (1) ~YW {K) } #%2
SUN1=SUN 1+DLOG (XHUX)

CONTINUE

D0 32K=2,NNRC, 2

IH2=2% (H+1)

XW (M) =XSTART+XH2*AD-XBW (J)
INUN= (XBP (I) ~XW (4)) **2+4 (YBP(I) -Y¥ (K) ) #%2
SUN1=SUN1+DLOG (X KU K)
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32 COKTINUR
DO34KK=2,HNNRC,2
YH2=2% (KK+ 1)
IH (KK) =YSTART+Y42%BD-YBH (J)
DO33LL=1,NRC,2
XM3=2% (LL+ 1)
XW (LL) =XSTART+XN3*AD+XBYH (J)
XNO4=(XBP(I)-X¥W (LL)) **2+ (YBP (I)~YW [KK)) *¢2
SUM2=SUH2+DLOG (XNUH)
33 CONTINUE
DO34 HH=2,N¥RC,2
XMU4=2% (4H+1)
XH (1K) =XSTART*XH4*AD~XBH (J)
XHUM= (XBP (L)~ XH(1&))**20(!BP(I)—!H(KK))**Z
SUM2=SUN2+DLOG (XHTH)
34 CONTINUE
A(X,J)=SUM1~SUN2
35 CONTINUE

GENERATING THE 'B* NATRIX

CONST 1=. 6 1652 1% (PLYMET#*H)
VG—.000967*DD*DSIH(DANG)*(((R**2)/((BE**2,)))*‘ZH
DO 40 I=1,NBP
DP=VG*YBP (I)
B(I) =DP*CONST1

40 CONTINUE

GERERATIHG THE *A TRANSPOSE® # t)?

DOSO Y=1,HBW

D050 J=1,1

ATA(J,T) =0.0

DO45 K=1,NBP

ATA(J,I)= ATA(J,I)+A(K,I)*A(K,J)
45 CONTINUE

ATA (I,J)=ATA (J,I} : -
50 CONTINOE

GENEBATIEG 'A TRANSPOSE! % sR¢

DOS5I=1,NBE

ATB(1)=0.0

D0553=1,NBP

ATB(I)= !TB(I)#B(J)*A(J 1)
55 CONTINUE

SOLVIRG FOR THE BOUNDING WELL FLOW RATES
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CALL SOLYE {(MBH)-

PRINTING THE RESULTS

aacann o

_WRITE (6, 1400)

"DO60I=1,NBW

QBWCCH=QB¥ (I) *60.00

HWRITE (6, 1500) I, XBHFT (X) ,YBWFT (I),QBRCCH
60 CONTINUE

FORMAT STATEMEKTS

s . o i -

aaaaoaonha

10000 FORMAT (2F12.0,113)
11000 FORMAT (6F12.0) ‘
12000 FORWAT (4F12.0)
13000 PORMAT (1H1,29%,%DATAY/,30X,=—==2///,
6X, *RADIUS OF POTENTIONETRIC PLATEAU (FEET)',6X,F9.8/,
6, *NUMBER OF BOUNDING WELLS',22X,I3/,
6X,*AQUIFER PERNEABILITY (MEINZERAS)',14X,FP9.4/,
6Y,"AQUIFER THICKNESS (FEET)?',21X,F9.4/,
6X,'SPECIFIC GRAVITY OF NATIVE FLUID. (20C/20C)°®,2X,FS.4/,
'PRE~-EXISTING FLOW GRADIENT (FEET/MILE)', 7X,FS.4////)
1400 FOR#AT (25X,'BOUNDING WELL DATA®,/,25X,*- ———— VI
1 6X,'WELL H0.',5X,'X(FEET)',9X,'Y{FEET)*,9X,"RATE (GPH) *//}
1500 FORKAT({8X,13,7%X,F8.5,8X,F8.5,10%,E15.8)
20000 PORMAT {4F12.0)
65 STOP
END

AN E W -




nan

10
1
12

13

15

16
17

18

20

SUBROUTINE SOLVE (N)

IMPLICIT REAL*8 (A~H) ,REAL%8 (0~Z)
DIMENSION A(20,21),1D(20)
COMNMON ATA (20,20) ,ATB (20),QBW (20) , ICHECK
ICHECK=0

H=X

NE=N+1

DO1I=1,4

A(I,NN)=ATB(I)

ID(1)=

D013=1,¥

A{I,J)=ATA(X,3)

K=1

NR=K

NC=K

B=DABS (A {K,K))

DO4I=K,H

DOBJI=K, N

IP (DABS (A (1,J))) 3,4,3
NR=I

¥C=J

B=DABS (A{I,J))

CONTINUE

IF (NR~K) 7.7,5

DO6J=K, BN

CC=A {§R,J) 4
A(NR,J)=1(K,J)

A(K,d)=CC -

CONTINUE

IF (NC-K) 10, 10,8

DO9I=1,4

cC=2a (I,XC)
A(I,NC)=A(I,K)

A (I,K)=CC

I=ID(NC)
ID(NC)=ID(K)

ID(K)=I

CONTINGUE

TP (A {K,K)) 12,18,12
KK=K+1

DO14I=KK, HN
A{K,J)=2(K,Jd) /A(K, x)
DO 14I=1,H

IF (K-I) 13,16,13
A{I,J)=A(I,J)-A(I,K)*A (K,J)
CONTINUE

K=KK

IF (K-N) 2,11,15
conr:uuz

DO 171=1,

p017J=1, u

IF (ID (3) =) 17, 16,17
QBH (1) =A (J,NH)
CONTINUE -

GOTO20

WRITE (6,19)

PORMAT (10X,"NO UNIQUE SOLUTION')
ICHECK=1 4
RETURN
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APPENDIX ¢

‘ SELECTED EXPERIMENTAL RUNS
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Run 3 ‘ Y A 0°
' Ap = 0
q = .1002 cc/sec
Gradient = 2000 ft/mile
A (Bounded)
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Run 7
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Run 8
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