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Finite-Difference Model to Simulate the Areal Flow of 

Salt Water and Fresh Water Separated by an Interface

by 

James W. Mercer, Steven P. Larson, and Charles R. Faust

ABSTRACT

Model documentation is presented for a two-dimensional (areal) 

model capable of simulating ground-water flow of salt water and fresh 

water separated by an interface. The partial differential equations are 

integrated over the thicknesses of fresh water and salt water resulting 

in two equations describing the flow characteristics in the areal domain. 

These equations are approximated using finite-difference techniques and 

the resulting algebraic equations are solved for the dependent 

variables, fresh-water head and salt-water head. An iterative solution 

method was found to be most appropriate.

The program is designed to simulate time-dependent problems such as 

those associated with the development of coastal aquifers, and can treat 

water-table conditions or confined conditions with steady-state leakage 

of fresh water. The program will generally be most applicable to the 

analysis of regional aquifer problems in which the zone between salt water 

and fresh water can be considered a surface (sharp interface). Example 

problems and a listing of the computer code are included.



INTRODUCTION

The modeling of ground water in coastal aquifers is an important 

and difficult problem in water resources investigations. The primary 

difficulty involves the efficient and accurate simulation of the 

salt-water front. The convective-dispersive solute-transport equation 

probably best describes the movement of this front, however this 

equation can be difficult to solve. For certain problems where the 

transition zone caused by hydrodynamic dispersion is relatively narrow 

(when compared with the aquifer extent and thickness), the simulation 

can sometimes be simplified by assuming that the two fluids are 

immiscible and separated by a sharp interface. This assumption is 

particularly useful for large scale areal problems.

This interface modeling approach combined with the vertical 

integration was first presented by Shamir and Dagan (1971). They 

considered a vertical cross section and vertical integration resulted in 

one-dimensional equations, which were solved using a finite-difference 

approximation. For this one-dimensional case, they were able to track 

the salt-water toe and regenerate their grid for each time step; thus, 

solving two equations on the seaward side of the toe and only one 

equation on the landward side. Bonnet and Sauty (1975) extended the 

work of Shamir and Dagan to two dimensions. The resulting areal model 

was approximated using finite-difference techniques. Finally, Finder and 

Page (1976) used the same equations given in Bonnet and Sauty, only 

approximating them using a Galerkin, finite-element approach.

In this report, the equations describing two-dimensional, areal flow 

of immiscible fresh water and salt water are developed by integrating the



flow equations over the vertical dimension. These equations are 

approximated using finite-difference techniques and the resulting 

nonlinear algebraic equations are linearized and are solved using an 

iterative method. The computer program that implements this 

solution scheme is described and examples are presented to demonstrate 

its use.
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Figure 1. Diagrammatic representation of salt-water interface in 

a coastal aquifer.



MODEL DESCRIPTION 

Governing Equations

To simulate the transient position of the salt-water interface 

shown in figure 1, it is necessary to solve simultaneously the equations 

describing the fresh-water and salt-water hydrodynamics.

Mass balance. The mass balance for salt water, s, and fresh water, 

f, may be written as follows:

s s aT + V^s -

and

sf

where h is hydraulic head, q is the Darcy velocity (a vector quantity), S

is the specific storage, Q is a source/sink term (negative for sink),

p)_5}_p)_ __ _ 
and V E — i + — j + — k (where i, j, and k are unit vectors in the

x,y, and z directions, respectively).

Momentum balance. It is assumed that Darcy's equation may be used 

as simplified momentum balances. For salt water and fresh water these 

are

and

q = - K -Vh , (3) ^s s s '

qf = - Rf -Vhf , (4)

where K is hydraulic conductivity (a tensor quantity)



Three-dimensional equations. Substitution of equations (3) and 

(4) into (1) and (2) respectively yields

8h
ss 5T- V'<W - Qs=0 >

and

8h 
Sf QT - V-(Kf -Vhf ) - Qf= 0, (6)

which are the three-dimensional, ground-water flow equations for 

salt water and fresh water.

Vertical integration. To obtain the areal two-dimensional form of 

equations 5 and 6, they are integrated in the vertical dimension over 

the regions for which they are defined (fig. 1). Integration of (5) 

and (6) yields

ZB

and

9hI [sf sir " v * <Kf'^ " Qf ]dz = °» (8) ZI

where ZR is the elevation of the aquifer base, ZT is the elevation of 

the interface, and ZT is the elevation of the top of the fresh water 

region. To evaluate (7) and (8) we use Leibnitz' rule in the following 

form to reverse the order of integration and differentiation 

(Korn and Korn, 1961, p. 100):



A adz =7r— + Y(x,y,2,t)
8z. 
8x~

8z2 
8x~ ' (9)

It is also helpful to define a quantity averaged in the z-dimension as

(10)

Application of Leibnitz' rule to the time derivative in (7) yields

z.

/ 9hs

at (iz - s r3 (12 - Vat]
i

h dzs
+ h 

s

azfi
at -h

s

azj
at (11)

JB

where we have assumed S is invarient with respect to depth. In terms 

of averaged quantities defined by equation (10) and assuming z~ is
D

invariant with time, equation (11) may be rewritten as



8h 
_j

's 8t
dz = s r£- - h at (12)

where b = (Z T -ZT.). Using the Dupuit approximation that the hydraulic
S J. 15

head defined at z_ and Z T does not differ significantly from the
15 1

average, <h >, and expand:
S

right side of (12) yields

average, <h >, and expanding the time derivative on the
S

8h
__£
at

8<h 8b
dz = S [bS L s 8t

+ <h >
s 8t

- h

8z.8<h > w».j 
[b ^—5- + <h > ^ - h

s 1 s at s at

8zT j. -"at-

8z-

at

8<h
= S b at

(13)

Integration of the x-component of V«(K *Vh ) in (7) using Leibnitz
S S

rules gives

z

L 8h
(K8x v sx 8x

- K
ah, 

sx 8x

8h 8h
|- (b K <^>) + K ^ox s sx ox sx ox

8z. 
8x~

!fi
8x

B

(14)



where we have assumed that the hydraulic conductivity is colinear with the 

coordinate axis and is invarient with depth. Similarly, the integrated 

y- component is

8h a 8h 8h
|- (K s-^) dz = |- (b K <^>) + K ^3y sy 3y 3y s sy 3y sy 3y 8y

8h
- K

sy 8y

(15)

For the z-component, integration leads to

8_ 
8z

8ht
r »•

Lsz 8z dz = K
sz 9z

- K
sz 9z

(16)

Substitution of (13) through (16) into (7) and use of equation (3) gives

8<h 8h 8h
S b 
s s

lsx
3z 
3x~

f-(b K <^>) - |- (b K <-jA) - b <Q 
8x s sx 8x 8y s sy 8y s s

!f]
3y

3z
lsx lsy 3y " qsz = 0, (17)



which is the vertically-integrated flow equation for salt water. Note 

that the source/sink term has also been integrated.

Using a similar development, the vertically-integrated fresh-water 

equation is

a<hf>
f f

lfx 3x 
Z I ay fzq

lfx
3zr 
3x~ fz

ah.
->) - bf<Qf>

= o, (18)

where bf = ZT - z,. It can be shown (Hantush, 1964, p. 300) that

lsx 3x sy sz = 0 (19)

10



for an impermeable base and thus these terms can be eliminated from (17). 

Also, it can be shown (Faust and Mercer, 1979, p. 27) that the average

8hs 
of the derivative (< «— >) will be equal to the derivative of the

3<h >
c

average (—^———) if the Dupuit approximation is used (i.e.

<h > = h ). The remaining terms that are evaluated at Z T and
B

can be replaced by considering the conditions of a material surface 

(the interface or the water table).

Surface conditions. To evaluate the movement of the water 

table and the interface, the following relationships are necessary. 

Suppose the surface at time t is represented by

F(x,y,z,t) = 0,

At a later time, t+6t, a particle at point (x,y,z) will be displaced 

to (x+6x, y+6y, z+6z) = (x+v 6t, y+v 6t, z+v 6t) where v , v , and v
*» V ^ "• V £*

are the velocity components at (x,y,z) on the interface. The new interface 

is, therefore, given by

F(x+ v 6t,y + v 6t,z + v 6t, t + 6t) = 0 = F (x,y,z,t)
J

and therefore,

where ~~ is the material (substantial) derivative or derivative following the 

motion. Equation (20) is known as the Kelvin relation governing the 

the motion in a liquid on a surface containing a given set of particles.

11



For the salt water-fresh water interface, F = z (t) - z, (x,y,t), 

which when substituted into (20) yields

D 
Dt

3zT
f - ~— - v 
z 8t x

3z.
- v

az-j 
y W

= 0

(21)

Multiplying (21) by porosity, <j), and rearranging terms gives

3z.

ax
az

(22)

Thus, this equation can be used to replace terms in (17) and (18) that 

are evaluated at ZT .

Let us temporarily define the top surface as H(x,y,z,t) recognizing 

that H = ZT (x,y) for confined problems and H = hf (x,y,z,t) for unconfined 

problems. The surface is thus described as, F = z(t) - H(x,y,z,t), 

and taking the material derivative,

or

DF Dz DH 
Dt Dt " Dt

dz 
dt 3t 3x dt By dt 3z dt'

12



and thus,

V =
an57-
3t

an^—
x 3x V

an^—
y 3y

m̂~
z 3z

Multiplying by porosity, <|), and introducing a to distinguish between 

confined and unconfined conditions (or = 1 for unconfined, a = 0 for 

confined) gives

9H 3h.

H 8t H

8H = qx ax" 3H

H
(23)

H

Note that we have substituted h, for the time derivative of H.
H

Recall that for confined problems this term vanishes (because it is not a 

function of time) and for unconfined problems, this term becomes the 

time derivative of hf . By introducing a, we obtain these desired
«iTT

results. Also, from the Dupuit approximation, the derivative «— 

can be considered negligible for the unconfined case and is zero for 

the confined case; therefore, the term containing this derivative is 

ignored. Finally, the term <|)v represents the total velocity of

a particle at the surface H and is composed of q j and recharge orZ| H

leakage if they exist. Thus,

= qr
H

- aR + (1-a) K'/b'(<hJ>-h'), (24)

13



where R is the rate of recharge to the water table, K ! is the hydraulic 

conductivity of an overlying confining bed, b ! is its thickness and h' 

is the head on the opposite side of the confining bed. Substituting 

(24) into (23) and recalling from the Dupuit approximation that 

<h-> gives

„

H H

8H 
8x

8<hf> 

3t . (25)

Substituting (22) and (25) into (18) gives

3<h >
b -. f\\ V

1- f 5*+- SW VD rJXoI I dt oX 1 I

3z T 
A r — - +fyR - n-./v'j

3<h > ft
^^ /"K F

<> i/ c\" \."r-J"-j-x 3x 3y v f fy 

K . f<h > - h' "I + mh

8<hf>

8y
" bf<Qf>

(26)

Also, substituting (19) and (22) into (17) gives

8<h 8<h
S b s s (b K s sx

fl 8<h >
) - |- (b K -a-5-) - b <Q > 

3x s sy 8y s s

3z
(27)

14



Final equations. The last terms that need to be evaluated are 

the time derivatives of the interface. A stability requirement 

(what keeps one fluid from pushing into the other) is that the pressures 

of the two fluids at the interface are equal:

ps g (hg - Z j) = pfg(hf - Z j), (28)

where g is the gravitational constant and p_ and p are fresh-water
L o

and salt-water densities, respectively. Rearranging terms, recalling 

the assumption that head is uniform with depth and solving for Z T gives

<hf >pf - <hs >ps
Pf ~ Ps ' (29)

Taking the time derivative gives

a<hf> * a<hs > (30)
p pat f at s at

15



* * 
where pf = pf/(pf-pg ) and pg = pg / (pf - pg ).

Equation (30) indicates that the rate of change in the 

elevation of the interface is proportional to the rates of change 

in heads. Changes in fresh-water and salt-water heads could be off 

setting, resulting in little or no change in the interface.

We assume that hydraulic conductivity is measured in terms of fresh 

water, therefore, K- = K = kp-.g/p,. and K = kp g/jj , where k is the
I XX S S S

intrinsic permeability and p,. and p are the fresh-water and salt-water
J_ fa

dynamic viscosities, respectively. Combining these and rearranging 

terms gives

Ks =Kf MfPs /PfMs , (3D 

Similarly for specific storage, Sf = pfg(of' + (J>P) and 

S g = psg(a' + W), and

S s = Sf ps /pf , (32) 

where we have assumed that the vertical compressibility coefficient of 

the medium, a 1 , and the compressibility coefficient of the fluid, 0, are 

approximately the same for salt water and fresh water. Substitution 

of (30), (31) and (32) into (27), and (30) into (26) yields for the 

salt-water and fresh-water equations respectively,

16



p

p ah ~ p_ p ah a f_ _ . __ _ _
« (b K. * ) - * (b K- « ) (33) 3x s fx pf M g 3x 3y s fy pf M s 3y

Q 6(x-x.,y-y.) = 0, ws i' J J i '

and

8hf .. 8hf a. 3h 
S fb f ^ - «(P; ^ - P; ^ + or*

aa^ (b fKfx
(34)

Qwf6(x-xi ,y-yi ) + aR - (1-a) - (hf-h') = 0,

which are the final vertically-integrated equations, where the 

averaging brackets < > have been omitted. Equations (33) and (34)

are formulated in terms of h,. and h to facilitate treatment of constant
f s

head boundaries. However, had we solved (28) for h , our final equations
S

could have been formulated in terms of h,. and z_. Similarly, the final 

equations could have been formulated in terms of h and Z T . Note that
j X

for free surface conditions, S f and S are generally very small 

compared with porosity. Also, b f <Qf> has been replaced with a 

source-sink term Q _ 6(x-x.,y-y.), where 6(x,y) is the
w X. 1 J_

Dirac delta function.

17



Numerical Development

The technique used to solve equations (33) and (34) is based on 

the finite-difference method. For this method the areal extent of the 

reservoir is subdivided into rectangular grid blocks in which the fluid 

and reservoir properties are assumed uniform. The continuous derivatives 

in equations (33) and (34) are approximated by finite-difference 

expressions at points (nodes) in the centers of the blocks. This results 

in a nonlinear system of 2NB equations with 2NB unknowns (the values of 

fresh-water and salt-water heads at the nodes) where NB is the number of 

nodes. The general finite-difference representation and solution 

procedure for this system of nonlinear equations are outlined below.

Finite difference representation. Equations (33) and (34) may be 

written in compact, implicit finite-difference form as

A (T A hn+1 ) + A (T A hn+1 ) + AQ xsxxs ysyys ws

- CA. h - DA. h =0, (35)
C- I L- S

and

A«R - A(l-a)

- FA h - BA h = 0,t f t s (36)

18



where i and j are indices in the x- and y-directions, n is the index 

for the time level, and the grid block area is defined as A = Ax Ay, 

where Ax and Ay are the spacings in the x- and y-directions, respectively. 

The equations have been multiplied by the grid block area to produce 

equations having units of volumetric rate. It can be shown that the 

resulting equations have a block symmetric form, which is an important 

consideration with regard to the application of solution procedures. 

The transmissive terms are given by

Tsx = (Kfxsfss, (37a)

T = (K,, /Ay)b AxM.p /p.p , (37b) sy fy J s M fKs /t i r s'

Tfx =

Tfy = (Kfy/Ay)b fAx. (37d)

The difference operator acts as follows in the x- direction:

A (T A hn+1 ) = T (hn+1 - hn+1 )
XSXXS SX.,, . S.,- . S. .1+%,J 1+1, J 1,J

T- 1 (. . f>o\ sx. , . s . . s. ., . (38)- -

The interblock transmissive terms (values at i ± \ and j± Jg) are composed 

of two parts: that which is a function of space only (for example, 

K-. /Ax) and that which is a function of head (for example, b ).
JL A o

19



To approximate these terms requires averaging or weighting of the various 

components over each grid block. For the space dependent part, this is 

accomplished by using a harmonic mean, for example,

i+% = 2Kfx. +1 Kfx/ «fx. toi« + *&*!>• (39) 
1+1 1 1 1+1

The head dependent part of the these terms is computed by a 

weighted arithmetic average, for example,

b = pb^ + (l-p)b

where P may be determined such that the upstream value is used. 

The upstream node is located by comparing the heads at nodes i and

i+1, and p is set to give b the value at the node having the larger
s

head. Alternatively, other values of p can be used; for example, P = \ 

produces a midpoint weighting. Of the two procedures, upstream weighting 

yields a lower-order approximation of the spatial derivatives but 

exhibits a more stable solution. The time coefficients in equations 

(35) and (36) are given by

C = (41a)

D = AxAy(Sfb s ps /pf - <|>p*), (4lb)

F = AxAy(S fbf - <j>p* + a<j>) , (41c)

B = AxAy<j>p*. (4ld)
S

20



The difference operator acts over the time domain as follows:

CA.h, = C. ,(h - h )/At, (42) 
1 * *

which is a backward difference approximation.

Solution procedure. A block form of the line-successive over- 

relaxation technique (Varga, 1962), is used to solve the set of algebraic 

equations. A block consists of the pair of equations at each node. The 

2 by 2 sub-matrices multiplying dependent variables in rows j-1 and j+1 

are treated explicitly resulting in a reduced coefficient matrix of block 

tri-diagonal form. The set of matrix equations for each row are solved 

sequentially to produce new estimates of h,. and h . The explicit terms
I S

are updated and the process repeated until satisfactory convergence is 

achieved. Rewritting equations (35) and (36) in matrix form gives

j = 1,..., NY (43) 

where NY is the number of rows. Matrix [A], is block tri-diagonal and
J

is composed of coefficients multiplying values of the dependent

variable within row j. Matrices [B] . _ and [B].^- are block
J-1 J+1

diagonal and are composed of coefficients multiplying the dependent

variables in rows j-1 and j+1, respectively. Note that h for

row j-1 appears at iteration k+1 and h for row j+1 is at iteration

level k. Both terms are known, either from the solution of

equation (43) for the previous row (j-1) or from the previous

iteration (k) . Vector {Q } . is composed of source-sink terms and other

21



terms in (35) and (36) that are not functions of h,. or h .
X S

Thus all terms on the right hand side of equation (43) are known and the 

equation can be solved for {h }.. For improved accuracy, differences 

in head may be solved. Introducing

f A i n. * j. -\ r i n* j. •> /• -i n•> /* / / \ {Ah } = {h } - {h }, (44)

equation (43) becomes

[A] .{Ahn+ } T= {Res 11 }. - [B] . , {Ahn+ } ] 
J J J J-l J-l

(45)

where {Res }. is the residual of the difference equations at time level n. 

Iteration level t is an intermediate level (between k and k+1) prior 

to over-relaxation. Over-relaxation is used to accelerate convergence 

and takes the form

fAUn+l,+l fAuii+l^t . ,~ ^ fA1 n+l}k r/1\{Ah }. = u){Ah j. + (1-w) {Ah }. (46)
J J tj

where u) is a relaxation parameter (0<u)<2). Values of u) are commonly 

determined by trial and are generally between 1.6 and 1.9. The 

solution of equation (45) followed by (46) for each row (in sequence) 

completes an iteration. Iterations are terminated when successive 

estimates of Ah are acceptably similar.

22



Well terms. For general problems, a well may penetrate both salt 

and fresh water, and pumping removes both fluids. The amount of each 

fluid removed is, in part, determined by the interface elevation in the 

well, because this determines what portion of the well's open interval 

is occupied by each fluid. As the interface elevation changes with 

changes in head (hence, with time) the relative quantities of fluids 

removed also changes.

A simple approximation for allocating the relative amounts of 

each fluid that are discharged is to linearly apportion the total 

discharge by the relative length of open interval that is exposed 

to each fluid.

In the model, these terms could be determined explicitly, that 

is, using the interface elevation in the well at the beginning of the 

time step (time level n) to determine the amount of each fluid 

removed. Because the interface elevation changes over the time step, 

this explicit approach gives mass balance errors that may become 

unstable (the errors grow rapidly with time) unless the time step is 

sufficiently small.

In order to obtain stable solutions without having a restrictive 

time step limitation, it is necessary to treat the well terms more 

implicitly, that is, evaluate them closer to the n+1 time level. 

One way to accomplish this is to incorporate the changes in fluid 

discharge with respect to salt-water and fresh-water head as follows:

Ah + -= Ah, - ... . 
wf xwf 3h,. f 8h s, (47a)

23



and
3Qn 3Qn AK 

n+1 n + ws + «s Ah (4 j
xws ws 3h,. f 3h 'f s

where the derivatives are computed at the beginning of the time step 

and incorporated into the main diagonal block of appropriate equations 

(45). In order to compute the derivatives, consider figure 2, which 

shows a well penetrating both salt and fresh water. Note that 

both confined or water-table conditions are considered. For 

water-table conditions, it is assumed that the well is completely 

open to the top of the water table. Assuming that total flow 

contributions from salt and fresh water are determined linearly

QWF = (TWS - ZI)QT/LS (48a) 

and

QWS = (ZI - WB)QT/LS, (48b)

where QT is the total well discharge, TWS = [«HF + (l-a)WTl] is the top 

of the well's screened or open interval, LS = TWS - WB is the total 

length of the screened or open interval, QWF = AQ ,., and QWS = AQ 

Recall that a = 0 implies confined conditions (TWS = WT1) and a = 1 

implies water-table or unconfined conditions (TWS = HF). Using 

equation (29) and substituting for the interface elevation (ZI) in 

equations (48) gives

QWF = (TWS - P"HF + P"HS)QT/LS (49a)
-L S

24



and

QWS = (p^HF - p^HS - WB)QT/LS (49b)

where HF and HS are the array names for fresh-water and salt-water 

heads, respectively, that are used in the FORTRAN computer program. 

Taking the derivatives gives

= {LS(Of - p*) - (TWS - p*HF + p*HS)a}QT/LS2 (50a)

= P/LS, (50b)

and

= {LSp* - (p'^HF - p*HS - WB)a}QT/LS2= - (5la)

90WS _ _ 0« OT/TS _ . 3QWF . , 
8HS ~ PSQT/LS - 8HS • (51b)

The derivatives (equations (50) and (51)) are added to the diagonal

blocks of [A] . in equation (45) and the known terms (Q ,. and Q ) 
j ^ wf ws

become part of the residual ({Res }.). Implicit treatment of well
\J

terms is discussed in more detail in Mercer and others [1980].

25



Fresh Water

Sat'Water

QT, total flow from well

WT1, elevation of well screen top
or HF, water-table head

* *••*»" *t

M :; .^...ZI, interface elevation
— wB, elevation of well 

•: screen bottom

Figure 2. Well with opening to both salt water and fresh water.
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MODEL DOCUMENTATION

Notes on use of program. The user may find the following comments 

helpful in understanding the program:

(1) Although calculations are performed in terms of salt-water 

and fresh-water heads, the initial input data required is fresh-water head 

and interface elevation. The reason being that these latter two 

variables are generally measured in a field situation. Salt water head is then 

calculated using equation (28).

(2) Well terms are considered positive for injection and negative 

for withdrawal. As indicated previously, the volume of salt water and 

fresh water removed (or injected) is determined linearly using the location 

of the interface and the length and position of the well's open interval. 

If one wishes to withdraw (or inject) only fresh water, the elevation of 

the well screen bottom must be set above the interface elevation. For 

withdrawal (or injection) of salt water only, the top of the well screen 

must be set below the interface elevation. Also, note that for unconfined 

conditions, the fresh-water head, HF, is assumed to be the top of the 

open interval. If this is not the case, adjustments should be made

to the computer program.

3(3) Both well terms and recharge are input in L /T units.

(4) For steady-state simulations, small values of specific storage 

and porosity can be used to increase the rate of interface translation 

and thus reduce the computational effort required to obtain the steady- 

state solution. There will be a limit, however, on how much these 

parameters can be reduced for a particular time step size.
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If these parameters are chosen such that there is an attempt to translate

the fresh-water tip or salt-water toe more than one grid location
»

from their current position, the solution may become unstable. This 

condition can also produce instability in the well allocation scheme. 

If these conditions occur, the time step size must be decreased or 

the porosity (and possibly the specific storage) must be increased.

(5) Computer storage arrays must be sufficiently dimensioned 

(the code in the appendix is dimensioned for 34 columns and 32 rows). 

Note that variables AX, AY, BX, BY, TX, and TY require an extra row or 

column. To minimize core requirements, the dimensions of several 

arrays should be adjusted to their minimum values as follows

Array Dimension
AF, AS 4 x NB
RF, RS, DELHF, DELHS,
cm, cm, ci2i, ci22 NB

NFE NX + 1 
RFT, RST NX

where NB is the number of active grid points (equations) and NX is 

the number of columns in the grid. The total number of words required 

to store most of the program variables is approximately 48NB.

(6) The time required for the program to execute will depend 

upon the characteristics of the simulation (number of time steps, 

number of iterations required per step, etc.) and upon the type of

computer being used. Some example processing times (per node per

-4 -4 
iteration) are: Cyber 175, 10 seconds; IBM 370/155, 6x10 seconds;

-3 
and Harris S135, 10 seconds.
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(7) The convergence criterion for iteration sequence is specified 

as 10 , (card A1620) that is, the maximum change in head during the 

iteration must be less than 10 for convergence. This number was 

found to be satisfactory for test problems, but if necessary, this value 

may easily be changed by repunching the card where this check is perfomed.

(8) To improve convergence, an over-relaxation factor, W0, (see equation 

46, p. 22) is read. This value may be varied by trial and error to 

determine the value that gives optimal convergence rate. In most problems, 

the optimal value was found to range between 1.6 to 1.9.

(9) A weighting factor, WT, (see equation 40, p. 20) is also read 

that weights the thicknesses of the salt and fresh water used in the 

transmissive terms between blocks. A value of 1.0 weights the thickness 

using the value from the upstream block, whereas a value of 0.5 weights 

the two blocks equally (midpoint or central weighting). The upstream 

weighting gives a less accurate solution, but may be more stable for 

certain problems.

(10) To reduce the number of lines in the output, only computed 

fresh-water head and interface elevation are printed every ITP time step, 

where ITP is read. If salt-water head is also desired, IPT must 

be input as 1.0. In addition, if the matrix information is desired, ID4 

must be input as 1.0.

(11) The time step may either be uniform (IDELT = 1.0) or increase 

with time (IDELT = 0.0). The increase is computed automatically in MAIN 

using ZMAX, which is input with IDELT. The program allows a maximum 

increase factor of 1.2. To change this restriction, the appropriate 

cards must be repunched (cards A570 and A600).
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(12) The program uses feet and seconds as the units for labelling 

output. However, any consistent set of units may be used if the output 

is interpreted appropriately.

Description of the subroutines. The FORTRAN IV code contains a 

main program and 8 subroutines, which are shown diagrammatically in 

figure 3. The purpose of each subroutine is listed below.

MAIN Driving program for the subroutines. In addition, the final 

space coefficients are computed and both the time loop and iteration 

loop are executed.

GDATA Reads and writes problem information according to the 

formats listed in the input section of this report.

READ Reads the two dimensional arrays containing data 

for each finite-difference block.

TCALC Computes harmonic part of transmissive terms. Also 

initializes boundary transmissive terms to zero.

C0EF Computes the thickness part of the transmissive terms and 

the time derivative coefficients.

F0RMEQ Forms the components of the reduced matrix equations 

for the iterative scheme.

BSBAND Solves reduced matrix equation for one row using the 

Gauss-Doolittle method.

PDATA Prints time step information and computed salt-water head, 

fresh-water head and interface elevation, if desired.

BAL Computes and prints salt and fresh water mass balance.

A generalized flow chart showing the approximate order that the 

subroutines are used is shown in figure 4.
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FORMEQ BSBAND

Figure 3. Program subroutines showing order and link of calling.
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( START

Read and 
write input 

data

Form salt and 
fresh matrix
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for time step
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coefficients
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Compute initial 
mass in place

<-©

Figure 4. Generalized flow chart
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coefficients
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£ 

Print time 
step summary
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STOP
J

No

Figure 4. Generalized flow chart (cont.)
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Input

Columns Format Name Description

Card 1 - Title 

1-60 20A3 TITLE Problem title

Card 2

1-4

5-8

9-12

13-16

17-20

21-24

25-28

29-32

33-36

Card 3

1-10

11-20

21-30

- Finite

14

14

14

14

14

14

14

14

14

difference

NX

NY

NB

MBE

NT

NF

NHSC

NHFC

NIT

- Time parameters

G10.

G10.

G10.

0 DELT

0 WT

0 W0

Number of columns (x-direction)

Number of rows (y-direction)

Number of active (nonzero porosity)

grid blocks

Not used.

Number of time steps

Number of sources and sinks

Number of constant salt-water head nodes

Number of constant fresh-water head nodes

Maximum number of iterations allowed

Initial time step (seconds) 

Weighting factor (1.0 for upstream) 

Over-relaxation factor
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Columns Format Name Description

Card 4

1-10

11-14

15-18

19-22

23-26

Card 5

1-4

5-8

9-12

13-16

17-20

21-24

25-28

29-32

33-36

37-40

G10.0

14

14

14

14

- Data codes

14

14

14

14

14

14

14

14

14

14

ALPHA

IPT

ILK

ITP

ID4

Kl

K2

K3

K4

K5

K6

K7

K8

K9

K10

Read 1

Read 1

Read 1

Number

Read 1

Read 1

Read 1

Read 1

Read 1

Read 1

Read 1

Read 1

Read 1

Read 1

Read 1

Read 1.0 for water-table; 0.0 for confined

Read 1 to print salt-water heads

Read 1 for leakage

Number of time steps between printing output

Read 1 to print matrix information

if x-spacing is uniform

if y-spacing is uniform

if initial fresh-water head is uniform

if initial interface elevation is uniform

if x-hydraulic conductivity is uniform

if y-hydraulic conductivity is uniform

if specific storage is uniform

if elevation of aquifer base is uniform

if porosity is uniform

if aquifer thickness is uniform

Card 6 - Multiplication factors

I-10 G10.0 Fl Multiplication factor for x-spacing

II-20 G10.0 F2 Multiplication factor for y-spacing

35



Columns Format Name Description

21-30 G10.0 F3 Multiplication factor for initial fresh­ 

water head

31-40 G10.0 F4 Multiplication factor for initial interface

elevation

41-50 G10.0 F5 Multiplication factor for x-hydraulic

conductivity

51-60 G10.0 F6 Multiplication factor for y-hydraulic

conductivity

61-70 G10.0 F7 Multiplication factor for specific storage

71-80 G10.0 F8 Multiplication factor for elevation of

aquifer base

Card 7 - Multiplication factors (continued)

I-10 G10.0 F9 Multiplication factor for porosity

II-20 G10.0 F10 Multiplication factor for aquifer thickness

Data set 1 - X-spacing

1-80 8G10.0 DX(I) Spacing in the x-direction (NX values);

if uniform, Kl = 1 and only read one value 

Data set 2 - Y-spacing 

1-80 8G10.0 DY(J) Spacing in the y-direction (NY values); if

uniform, K2 = 1 and only read one value

Data set 3 - Initial fresh water heads—

1-80 8G10.0 HF(I,J) Initial fresh water heads; if uniform,

K3 = 1 and only read one value

_!/ Start new card for the beginning of each new row leaving blanks for 
missing blocks.
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Columns Format Name Description

Data Set 4 - Initial interface elevation-

1-80 8G10.0 ZI(I,J) Initial interface elevation; if uniform,

K4 = 1 and only read one value

Data set 5 - X-hydraulic conductivity-

1-80 8G10.0 XK(I,J) X-hydraulic conductivity; if uniform,

K5 = 1 and only read one value

Data set 6 - Y-hydraulic conductivity—

1-80 8G10.0 YK(I,J) Y-hydraulic conductivity; if uniform,

K6 = 1 and only read one value

Data set 7 - Specific storage-

1-80 8G10.0 S(I,J) Specific storage; if uniform, K7 = 1

and only read one value

Data set 8 - Elevation of aquifer base—

1-80 8G10.0 ZB(I,J) Elevation of aquifer base; if uniform,

K8 = 1 and only read one value

\J Start new card for the beginning of each new row leaving blanks 
for missing blocks.
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Columns Format Name Description

Data set 9 - Porosity—

1-80 8G10.0 P0R(I,J) Porosity; if uniform, K9 = 1 and only

read one value. Note, porosity is used 

to key in on inactive blocks - a porosity 

of zero must be read for these blocks.

I/ 21 Data set 10 - Aquifer thickness— —

1-80 8G10.0 TH(I,J) Aquifer thickness; if uniform, K10 = 1 and

only read one value

3/ Card 8 Data codes (continued)—

1-4 14 Kll Read 1 if head in overlying aquifer is

uniform 

5-8 14 K12 Read 1 if leakance (K'/b f ) is uniform

3/ Card 9 Multiplication factors (continued)—

I-10 G10.0 Fll Multiplication factor for confining bed head

II-20 G10.0 F12 Multiplication factor for confining bed leakance

_!/ Start new card for the beginning of each new row leaving blanks
for missing blocks.

2/ Read only if ALPHA =0.0, confined conditions. 
3/ Read only if ALPHA =0.0 and ILK = I (card 4), indicating that

leakage is included.

38



Columns Format Name Description

I/ 2/ Data set 11 - Head in overlying aquifer— —

1-80 8G10.0 BH(I,J) Head in overlying aquifer; if uniform,

Kll = 1 and only read one value

I/ 2/ Data set 12 - Confining bed leakance- —

1-80 8G10.0 BL(I,J) Confining bed leakance (K'/b f ); if uniform,

K12 = 1 and only read one value

Card 10 - Densities and viscosities

I-10 G10.0 DENF Fresh-water density

II-20 G10.0 DENS Salt-water density

21-30 G10.0 VF Fresh-water viscosity

31-40 G10.0 VS Salt-water viscosity

Card 11 - Recharge

1-10 G10.0 RECHG Recharge (uniform value applied to 

each node)

\J Read only if ALPHA = 0.0 and ILK = l(card 4), indicating that
leakage is included. 

2/ Start new card for the beginning of each new row leaving blanks
for missing blocks.
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Columns Format Name Description

Data set 13 - Source/sink rates

1-4 14 I Column number of well

5-8 14 J Row number of well

9-18 G10.0 QT(I,J) Volumetric rate of source/sink at block i,j

(negative for a sink)

19-28 G10.0 WT1(I,J) Elevation of top of well screen 

29-38 G10.0 WB(I,J) Elevation of bottom of well screen 

Note: NF cards read; if NF = 0, this data set is omitted.

Card 12

1-4 14 IDELT Read 1 for constant time step; 0 for auto

time step. 

8-14 G10.0 ZMAX Maximum change in interface elevation used

to compute auto time step

Data set 14 - Constant salt water head nodes

1-4 14 I Column number of constant salt-water head node 

5-8 14 J Row number of constant salt-water head node 

Note: NHSC cards read; if NHSC = 0, this data set is omitted.

Data set 15 - Constant fresh water head nodes

1-4 14 I Column number of constant fresh-water head node 

5-8 14 J Row number of constant fresh-water head node 

Note: NHFC cards read; if NHFC = 0, this data set is omitted.
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Output

To aid the user in detecting errors associated with data input, 

data read by the program is immediately printed out; thus, output 

appears in the following order:

Title of Problem

Finite Difference Data

Time Parameters

Multiplication Factors

Spacing in X-Direction

Spacing in Y-Direction

Initial Fresh-water Heads —

Initial Interface Elevation —

X-Hydraulic Conductivity —

Y-Hydraulic Conductivity —

Specific Storage —

Elevation of Aquifer Base -

Porosity -

I/ 2/ Aquifer Thickness — —

I/ 3/ Multiplication Factors — —

Confining Bed Head -/ -/

!_/ Printed by rows with row number printed to left of data; if
uniform, only one value is printed. 

2/ For confined conditions 
3/ For leakage and confined conditions
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I/ 2/ Confining Bed Leakance — —

Densities and Viscosities

Recharge

Source/Sink Values and Locations

Constant Salt-water Head Locations

Constant Fresh-water Head Locations

3/ 
Grid Block Numbers -

Initial Volume of Fresh Water and Salt Water 

in Place

In addition, for every time step, the following is printed:

Iteration Information

Fresh- and Salt-water Balances

Time Step Information 

Finally, for every ITP time step, the following is also printed:

Fresh-water Head

Interface Elevation

Salt-water Head -'

Water Quality Map

\J Printed by rows with row number printed to left of data; if
uniform, only one value is printed. 

2/ For leakage and confined conditions 
3/ If ID4 equals one 
4/ If IPT equals one
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Iteration information. The maximum difference error for each 

iteration is printed. This information gives an indication 

of the rate of convergence.

Fresh-water and Salt-water Balance information. The following 

rates and total volumes (for each time step) are given for both fresh 

and salt water:

Change in Storage

Source/Sink

Constant Head Nodes

Vertical Leakage

Recharge

Error, in percent

Totals

Equation Change in Storage

3 3 The rates and totals are indicated as being in the units ft /s and ft ,

respectively. In actuality, these are printed in whatever consistent 

units were used for the input. The error, in percent, is based on 

a total net inflow volume. The total value is simply the difference 

between all inflows and outflows.

The mass balance summary includes two values of change in 

storage: the true change in storage and the change in storage 

expressed by the equations. These are given to help assess 

mass balance problems along the fresh-water tip or salt-water 

toe (Mercer and others, 1980). The equation change in storage 

should always balance with the net of the other inflow and
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outflow terms. This indicates that the iterative method has successfully 

solved the algebraic equations. The mass balance error, however, is 

computed using the true or physical change in storage and may be significant 

even if the equations have been properly solved. This error reflects the 

effect of physically unrealistic interface conditions along the fresh­ 

water tip or salt-water toe. A more complete discussion of this problem 

is given in Mercer and others (1980).

APPLICATIONS

To verify that the finite-difference approach is adequately 

approximating the partial differential equations, a comparison is 

made with an analytical solution. To test some of the assumptions 

that compose our mathematical model, a laboratory experiment is also 

simulated. In addition to verifying our approach, these applications 

serve as examples of how to set up problems and use the computer program. 

Example 1

Consider a confined aquifer of uniform thickness, D (see figure 5). 

At time t = 0 there is a vertical interface, maintained by a gate at x = 0, 

separating salt water from fresh water. At t = 0 the gate is removed, 

and the interface begins to move owing to the density difference. After

time t = t , the toe has moved a distance of L (t ) . Keulegan (1954)

*
gives an analytical solution for the motion of the interface, ZT ,

and for the location of the toe, L(t):

and

z* (x,t) = ^D{l+x/[(ApKfDt)/((|)pf)]^, (52) 

L(t) = (tApKfD/<j>pf)\ (53)
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where Ap = p - p,.. The data for this problem are given in table 1 and
S X

the formated model data are given in table 2.

The numerical solution was started with a linear interface ending 

at L(t ) = 20 meters (following Shamir and Dagan, 1971), which was then 

allowed to move. This value of L corresponds to t =12.28 days. The 

numerical model used for this problem consisted of 20 finite-difference 

blocks, with a spacing of 5.0 meters each. Backward difference was used 

for the time derivative and a constant time step of one day was 

specified. The program was run for 20 days using both midpoint and 

upstream weighting. The results for t = 32.28 days are shown in figure 

6. As may be seen, the results compare well, with upstream weighting 

showing slightly more smearing at the top and base of the aquifer. 

Example 2

To test the vertical integration or Dupuit assumption, we consider 

a Hele-Shaw experiment performed by Bear and Dagan (1964). In these 

experiments, the interface began in a fixed position maintained by a 

constant fresh-water recharge at the left end (fig. 7). At t = 0 

the recharge was abruptly increased to a new constant value. The length 

of the experimental apparatus was 400 cm and other pertinent data are 

given in table 3.

For this problem, backward difference is used for the time 

derivative and the time step was a constant 5 seconds. The spacing was 

10 cm and midpoint weighting was used. The upstream boundary condition 

indicated by Bear and Dagan is one of constant flux (18.8 cm2 /s) for t > 

0. However, it was assumed that a constant head tank was probably used 

to produce this flux. In an attempt to simulate the experiment more 

precisely, the steady-state head at x = 200 cm for a flux of 18.8
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cm2 /s was computed by the model. This head value was used in transient 

simulations as the upstream boundary condition at x = 200 cm. Only 200 

cm of the experimental apparatus was considered because the salt-water 

wedge is contained within this region during the entire experiment. At 

the downstream (right) end, the seepage face was approximated using a 

leakance and head that were computed to give the correct interface 

location at the initial and final flow conditions and assuming the 

downstream salt-water head was constant at 27 cm.

Using these boundary conditions and the formated data in table 4, 

locations of the interface were computed for each 5-second time 

interval. Comparison with the results of Bear and Dagan are shown in 

figure 8. The line labeled t = 0 is the steady-state result that is 

used as initial conditions. The computed initial condition for the 

interface is in close agreement with the observed and thus it appears 

that the Dupuit approximation is valid for this interface shape. As the 

simulation progresses, however, the computed interface lags behind the 

observed interface. Shamir and Dagan (1971) also simulated this 

experiment, with computed results virtually identical to those presented 

in this paper.

The discrepancy between computed and observed could be the result 

of several factors: 1) error introduced from the Dupuit assumption; 2) 

error introduced in boundary condition approximations (that is, the way 

the leakance and head values are assigned); and 3) not knowing the exact 

experimental procedures.
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FRESH WATER
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Figure 5. Diagram of linear interface in example 1
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Figure 6. Computed results for midpoint and upstream weighting

compared with Keulegan's analytical solution for example I
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Table 1. Data for example 1 (linear interface).

D = 10 m Kf 39.024 m/d 

pf = 1.0 g/cm3 <i> = 0.3

p =1.025 g/cm3 s

Initial conditions: L(t ) = 20 m
o

t = 12.28 d o

49



T
ab

le
 

2
. 

F
o
rm

at
ed

 
d
a
ta

 
fo

r 
ex

am
p

le
 

1
.

C
A
R
D

C
A
R
D

C
A
R
D

C
A
R
D

C
A
R
D

C
A
R
D

C
A
R
D

D
A
T
A

O
A
T
 A

DA
TA

D
A
T
A

D
A
T
A

D
A
T
A

O
A
T
 A

D
A
T
A

D
A
T
A

C
A
R
D

CA
Rt

)
C
A
R
D

1 
..

.
2.
 .

 .
3.
 .

 «
4.
 .

 ,
5.
 .

 ,
6.

 .
.

7
.
.
,

S
F
T

S
E
T

S
E
T

S
E
T

S
F
T

S
F
T

bf
c 
T

Sf
cT

S
E
T

10
.,

1 
1 
.,

1?
.,

.
.
.
.
.
.
.
 

T
E
S
T
 
U
S
I
N
G
 
K
E
U
L
E
G
A
N
'
S
 
A
N
A
L
Y
T
I
C
A
L
 

Si

1
.
.
.

2
.
.
.

3
.
.
.

4 
..
.

5
.
.
.

7
.
.
.

..
 

2
0
 

1 
2
0

1
.
0

.
.
1
1
0

1
.
0

1
.
0

5
.
0

5
.
0

.
0
6
P
5
0

.
0
7
4
9
3

0
.
0
0
0

-
3
.
1
2
5

-
l
O
.
O
t
O

..
 
.
0
0
0
4
5
1
6
7

..
 
.
0
0
0
*
5
1
6
7

.
0
0
0
1

-
1
0
.
0

0
.
3

1
.
0

0
.
0

1 
0

7 
2
0

1
.
0

1 
0

0 
1

1
.
0

1
.
0

.
0
6
2
5
0

.
0
8
6
6
5

.
1
2
5
0
0

0
.
0
0
0

-
4
.
3
7
5

-
1
0
.
0
0
0

1
.
0
2
5

.0

0
0
0

1
.
0

1 
1

1 
1 

1
1
.
0

.
0
6
2
5
0

.
1
0
0
8
5

.
1
2
5
0
0

0
.
0
0
0

-
5
.
6
2
5

-
1
0
.
0
0
0

1
.
0

1
5
0 1 

1
1
.
0

.
0
6
2
5
0

.
1
1
2
5
7

.
1
2
5
0
0

0
.
0
0
0

-
6
.
8
7
5

-
1
0
.
0
0
0

1.
0S

O
L

U
T

IO
N

 
(F

IN
IT

E
 

D
IF

F
E

R
E

N
C

E
)

i.
o

0
6
P

5
0
 

1
2

0
3

8

0
.0

0
0
 

•8
.1

2
5

1
.0

.0
6
2
5
0

.1
2

4
2

8

0
.0

0
0
 

y
j.
3
7
5

1
.0

.0
6
3
2
2

.1
2
5
0
0

-0
.6

2
5
 

-1
0
.0

0
0

1
.0

.0
6
7
1
2

.1
2
5
0
0

-1
.8

7
5

•1
0
.0

0
0



Figure 7. Diagram of Hele-Shaw experiment of Bear and Dagan (1964).

Outflow

FRESH WATER
pf =1.001 g

= l8.8cm2/s D = 27cm

//////// / / / / / 7/7
•*—————————————400 cm—————————————
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Table 3. Data for example 2 (Hele-Shaw experiment).

Kf = 69 cm/s p = 1.001 g/cm3 

$ = 1.0 p 1.030 g/cm3
S

D = 27 cm 

lfbFor t < 0, q,., = 3.9 cm/s

For t ^ 0, q^ = 18.8 cm2/s

2 h,.(x,0) and z(x,0), computed steady state for qf, = 3.9 cm /s
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Figure 8. Computed results compared to Hele-Shaw data in example 2
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NOTATION

Parameter

b

hf

h s
h'

K'/b'

fx

Kfy
-

R

S f

WB

WT1

Zb

Z I

a

P

"f

M s

p£

PS

U)

4>

Coded 
Name

TH

HF

HS

BH

BL

XK

YK

QT

RECHG

S

WB

WT1

ZB

ZI

ALPHA

WT

VF

VS

DENF

DENS

W0

P0R

Description

aquifer thickness

fresh-water head

salt-water head

head in overlying aquifer

leakance

x-hydraulic conductivity

y-hydraulic conductivity

total discharge

recharge

specific storage

well bottom

well top

elevation of aquifer base

interface elevation

confined/water-table indicator

upstream/mid-point weighting 
indicator

fresh-water viscosity 

salt-water viscosity 

fresh-water density 

salt-water density 

relaxation parameter 

porosity
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Program listing and sample output
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MAIM P KOf; HAM
************

PURPOSE: i U SIMULATE A
A « 1 A L 1' U H A I IM

THERE MAY tit HA«T5 UF 1
DEBUG&EM; Iht AUTnOPJj
FOK ANY SUCCt ?SFUL HUr^S

RESPONSE I L H Y HI* ALL

FK'tiSh rtAThtt-SALT wATEK INTERFACE OVER AN
USING FlNIlE-OlFFERENCt TECHNIQUES
HIS PROGRAM THAT ARE NUT THOROUGHLY
AND ThE bEULGGICAL SURVEY ftlLL TAKE CREDIT
OF TnE MODEL, bUT THE USER ASSUMES FULL

KUh»S 1HAT HOMBi

A
A
A
A
A
A
A
A
A
A

10
20
30
40
50
60
70
SO
90 

i on
A 110

COMMON /LGt/ AF (43<<2) ,KF(10rttt),AS(4352),«S(10ft8),Cni(10»8),CI12(l A 120
1088) ,CI21 (lotiii) ,Ll22U»»6b) A 130

A 140
CCMMUN /INHijT/ Sl34,32) ,XK( $4,5?) , YM34,32) ,HF(34,3?) ,HS(34,32),DX A 150

l(34),UY(32),ZcK3<»,3;?),Zi(34,$2) f UF(34,32),«T(34,3c?) ,POR(34,32) , TH( A 160

COMMON /CuhTFrO/ T I^F., Ofr LT , OEhuS, UENI^ VS, VF , wT, Z^-AX , ALPHA , WO, NK , NX , N A 180
1 Y,NXX, MY Y , Nrf, ^BBr <vF,H^,MBt, J PT , iM IT , PtCHG A 190

/*II*N/ AX(55,32),BX 135,32),AY(34,33),BY(34,33),TX(35,32),TY A 200

2(34,32) ,riL(34,32) ,.MMS(3a, 32) ,NHF ( 3a, 32) ,OQF (34, 32) ,008(34,32) ,^T1 ( A 220 
334,32),wd(34,52) A 230

1T(40) A 250
\*
c
c

f••»
c 
c

READ A«MO 
CALL GUA

CALCULA I

T 
*

E

rtfUTc PKOBLEM DATA - 
A UUtL 1 t I 1P,NFE) 
****************

TRAAHJMlSSIttlLTl Y TfcRMS -
CALL TCALC

C
C
C
C

C

C
C

c
c
c
c

c
c

********

COMPUTE
TIMF CUK
CALL CUh
********
DO 20 K=
DELHF(A)

20 DtLHS(K)

CALCULATE
CALL ^AL
********

BEGIN TI^L
DO 190 L

FOR 1NCS
IF (IiJtL
IF (D/MX
TF (UZ-vlX

* *
(
*

THE
F
F
*
1
=
=

t
*

L
1

F
(
*

,
u
0

I
U
*

I
1
*
f-i

.
•

hj
f
*

On
= 1

U Y , D X , P U R ,
**********

PtiST uF 1
CItrtIS -
,l»JEL7,UZh
**********
r?

1 f 1 A L M A J5 S
OFLhf r OtLri
**********

H

,iXl

XK,YK,TY,1X,NY,NX,MYY,fMXX)
**************************

Hfc SPACE COEFFICIENT AND

X)
**

IN PLACE
S)
**

tAfuvG rjHE STtP -
T . t
.LI
. F. H

U.I) (•? ».,« T u
•O.fcO) GU
. O.Eu) GO

40
r u 4 o
TU 3o

A 
A 
A 
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

COM

27U
280 
290
~y /** -A3oO 
310 
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
4^u
500
510
520
530
540
550



FAC = ^AX/»)/HX A 560
IF (FAC.GUUd) MC=UL> A 570
D£LT=OtL J*MO A 58U
GU TO At) A 590

30 FAC=1.2 A 600
DELT=U£L1*FAC A 610

40 CONTINUE A 680
C A b3U
C INITIALIZE BuUNUAKY AKhAYS - A 640

DO 50 1=1,NX A 650
AY (I, n=u.hO A bbO
AYCIf N'YYJsO.tu A 670
tmifU=0.tU A 660

50 BY (I,NYYJsU.t:0 A 690
C A 700

DO 60 J=1,NY A 710
A X (1 , J ) = 0 . n 0 A 7 £ 0
bX(l, J)=0.fc'J A 740
AX (NXX, J)=0.t.U A 740

60 6XCMXX,JJ=0.tu A 750
C A 760

C COMPUTE FJ>AL bPACfc COEFFICIENTS - A 770
Un 70 J=l,bf A 760
DO 70 I=d,riX A 790
ALS = '«r A 800
ALD=wl A 810
IF (rtF(l-l,J) .GT.HFtlr JJ) ALO=UEO-wT A 8^0
IF (HSU-1,,1) .fcT.HSUrJ)) ALS=l.EO-wT A 830
AXCIf J) = ULD*FI U, J) -*-(!. EO-ALO) *f- T(I-1,J))*TX(I,J) A 8^0

70 BX(J, JJ = (ALfc*Sl (I, J)^-(l .fcO-AL«)*Sr (1-1, J))*TX(I f J) A 650
C A de>0

DO 80 i = l,ivx A 670
00 BO J=2,»MY A 8HO
ALb=rtT A 89U
ALO=wT A 900
IF (HFU,J-l).feT.nFU,J)) ALD=1 .E<>-wT A 910
IF (HSUr J-l) .Gl .hS(l,JJ) ALS=l.fcO-/a A 930
AY(I,JJ = lALL/*FT(I,J)-f-(l,EO-ALL))*FT(T f J-l))*TY(I f J) A 930

80 bYCI, J) = UL5*3Hl,J) + (UtO-ALS)*STCI,J~l))*TY(I,J) A 940
C A 950
C FOKM Fi'MAL ^AlKlX fcgiJATKH-J - A 960

CALL FUKMt-ItJ (AFr Ab,Kf ,Kb) A 970
C ************************ A 960

C FACT OH MAI'KICI-S FbK tAtn KOw A 990
DO 90 J = l,NY A1000
N = iMFE(J + D- vl-t tJ) A 1010
IF (W.LE.U ^n |U 90 A10c?0
ID=4*NFEU)-3 A1030
K=NFEtJ)-l A1040

C A1050
C FACTOrt HOrt J A1060

CALL HSHAiHnAr (1 U ) , AS (10 J , KF I , K31 , C 11 1 , U II 5 , C 12 I , C 152 , iM , K , 1) A 1070
90 CONTi.MJt A1080

C ************************************************************ A i 0 9 0

C 3EGIN ITE^ATlU^b A1100



U0160KK = 1,
ERR(KK)=0.
£KMAX=U.
UO tbO J=1,MY

IF (n.E'J.
t (J)
;J TH 1*30

C UPDATE KlbHT hAf«i) SIt>£ 
L = o
DU 1<2<> [ = !,;<* x 
IF (PUKtl, J) .Lfc ,0.) i,i) TO li?0

KL=K+L

IF CJ.£J.l) tu TH 100
njJMriViPCIf J-U
IF (fcJ*J.£ri.O) *"U TU 100
RFT(L)=«FT(L)-AY II, J)*utLnF (IMJM)
KST (L)=^bT (L)- U Y tl , ,1) *UELH3(MJM) 

100 IF (J.EU.NY) GU Tg 110
NJP = iMH(l, J-H)
IF (NJP.bsJ.!)) (n) TO HU
KFT(L)=^F I (L)-AY (1, J
NST(L3=K3T (L)-HY U , J + l ) *OtLHS IN JH) 

110 IF (NHF(irJ).tO.l) KFF(L)=u.
IF 

120 CON

C COMPUTE SOLUriUfv MK KOrt J
CALL B^r^A^l'CAF (HO , A i> ( 1 0) , KF T , KST , C 1 1 1 , C 1 1 2 , C 1 2 1 , C , N , K , 2 )
************************************************************

C OVEN-RELAX Ai\iu 
KL=K 
DO lao L=ltM

CHANGE

fcRFlswF ( lL)-OtLHH IKL)

DELHF (KLJ=«'")*.VF I (L)-»"t I .-A')) *Dfc"LHF (KL) 
OBLMS (KL ) =AO*fxS f (L ) + t 1 . -wO J *UtLHS (KL) 
IF (ERF.LT.tH^AX) GO fU 130

ERH(KK)=f;RF 1 
130 IF (ERS.LT.tK^AX) GH TU 140

140 CO.MTI:MUF.
150 CONTIi'JiJt 

IF (tR^AX
160 CONTINUE 

PRINT 20u 
PRINT <MO, Ct :

i . Ut'-h) bO TU 1/0

,K = l,MIT)

A111U 
All 20 
AH30 
All'40 
A1150 
A 1160 
A1170 
A1160 
A1190 
A 1 2 0 U 
AiaiO 
A1220 
A1230 
A1240

A1570

A 1300 
A 1310 
A13?0 
A1330 
A1340 
A13bO 
Al3bO 
AU70 
A13BO 
A1390 
A1400

A 
A1430

A 1460 
A1470 
A1480 
A1490 
A1500 
A1510 
A 1520 
A 1 b30 
A1540 
A1550 
A 1560 
A1570 
A1580 
A1590
Aieoo
A 1610 
A 1650 
A1630 
A1640 
A1650



STOP A1660
170 CONTINUE A 1670

PR I IMF 21U, (trftflKJ ,K=1,KK) A 1680
K = 0 A1690
UO IdO J = l,i\iY A1700
DO IdO l = l,iMX A1710
IF (P()R(i, JJ ,LJr ..<>-.) L,0 Tij IdO A1720
K = K + 1 A1730
hF U, J)=hF(I, J)+UtLH|- U) A1740
HStlf J)=H3tIf J) tl)F.Lnb(K) A 1750

160 CONTINUE A17f>0
LL=LT+1 A1770

C A I 780
C** UPDATE SPACE CUtKlCIENFS A1790

CALL COtfCLL, IDfcLT ,D/^X) A1800
C ************************ A1810
C A 1820
C** CALCULAlfc tiALAft'CE - A1830

CALL HAL (If iJhLHF,i)ei.hSJ AlSaO
C *********************** AJ850

TIME=1 INt+DbL f A18bO
C A1870
C** PRINT KtSULT8 - A1860

CALL PO*TA(LT, I fP) A1890
C ***************** A1900

190 CONTINUE A1910
C A19i?0
C END TINE LOUP A! 930

8TUP A1940
C A1950

200 POKMAT (fcbh llfc^AlIUNS tXCEEDEf), PkOGNAM ABUR TfiO*** ******) A19bO
210 FORMAT (34H MAXTNijM HF.Ai.) CHANGE FO^ EACH I TERAT ION , / , (2X , 1 OG1 ~d . 5) ) A1970

	A1980'
Isjt lii)ATA(IO£LTrITP,NFE) 8 10

C ******************************* B 20
C 6 30
C CALLED FK'Jf- HA I M B aO 
C PUkPOSE: TU ^tAD AND wKIfb HRJHLfcM DATA B 50

DIME<MSION TITLtUOJr ^Ffc(l) 8 70
C d «0

CUMMON /1\PU7/ :5C.54,32) ,XK(^^, 32) ,YKt54, 32) , Hf- (34,32) f HS(34, 32) ,QX B 90
1 (34) ,OY(52) ,ZbC5<i,32) , ZI C 5*4 f 5d) , QF (34, 32) , WT (3a f 32) r POR (34, .52) , TH ( B 100
234,32),NP(3f»,4?) E3 110
COMMON /CU.MTRU/ 1 I'lF,L>ELT,OtNS,DENF, VS, VF,^TrZNAX, ALPHA, i^Q,NK, NX, N B 120

lYrNXX,«\IYY,i-jd,;\IH^,M1 ,Hr*i«,MBt:, IPT , NI T , RECHG D 130
COMMON /rtQKK/ AX(35,32),HX(35 f 32)f AY(34,33) r BY(34 f 33),TX(35,32),TY 8 140

1 (34,33) ,K(54, 52) rB(3a,32) ,C(54, 52) ,0(3a,3?) ,FT (3a, 32) ,ST(34,32) ,8H 0 l^O
2 (34, 32), rtl. (34,32) ,NHS(34,32) ,Mrih (34, 32) ,I)QF (34, 32) , DQS (34, 32) , WT I ( tt 160
334,32),l«(>(54,32J S 170

C •~*m1mm>*mamm***~*~m'mim*~~**mi~***~m~*— m**m*m^m*mim,*mm,m>*~m»m>'~m*~tmim>~f*mmt~,m*~m>*»m>mimf*m*m<mf*m>*»~mim*~tmt*m<m*m*m 14 tM(l

C -6 190
C READ AND ^MTE U^HS - tf 200

NR=7 B 210
l\i^ = b B 220



1TIT1ALIZE Si"IULA!

READ AND rtRITt: PkubLE^ TITLE - 
READ (rtK,740J IITLt 
WRITE U^«»290) 
WRITE U\m,3uu) UlLfc

RFAD (NPf750) NXf^Y , NB,NBE, NT, WF,NHSC,NHFC,NIT 
NX - (MUMbEK Of- COLUMNS (X-0IRFCT ION) 
NY - IMUMbhR OP rfOrtio IY-DIRECrION)
Nb - NUtfbtR OH ; MOrJ-/t^U bLOCKS
MBH • i'\iOf Odtt)
NT - MAX1-MUH nu^brrK OF flME STEPS

NHSC - MUMBtK OF CG^SIAMT SALT ftATER HEAD NODES 
NHPC - Nu-^dEh OF CONSTANT FRESH WATER HEAD NODES 
NIT - NfjHHEH tjF L AGGINU 
IF (i\»X.NE.i») bO Tu 10

STOP
10 IF (NY.Nt.o) iiu ro 20

STOP 
20 IF HB.Nfc.O) wu TO 30

^vRlTE (fv/,',330)
STOP 

50 CO«MTU>lUfc

WRITE f «'J f >C, ivihFC, NIT

TINE
READ (NM, 7b0) DCLrr ̂ T,nn
DELT - INITIAL TIME STEP IN StCGNDS
^T - iVElliHTlMG FACTOR U. FOR UPSIREAMJ FUR MIDPOINT)

READ (NR,57u) ALPHA,IPT,ILK,ITP,ID4 
ALPHA - 1.0 HUH JwAI'EK-TABLfc CONDITIONS;

O.o HOR CtNFlNED CJNuITIONS. 
IPT - READ J TU PKl^T SALT tNATER HEADS 
ILK - KHAl) 1 IF LEAKAGE IS DESIRED (CONFINED CASE) 
ITP - NiJNwtH OF 11ME S1EPS rJEIwEfcN PRINTING OOTRIOT 
ID4 - READ 1 Til PRIiVT MATRIX INFORMATION 
IF (JTP.t-J.D) 11P=1
IF (ALPHA.LiJ.l .0) MUTc (Nrt,380) ALPHA 
IF (ALPHA.hu.O.t)) ^rUTt (!\lw f 390) ALPHA

DAM CODES -

B 260 
d c!70 
B 360 
B £90 
8 300 
8 310 
B 3<£0 
B 340 
B 340 
d 350 
B 3t>0 
B 370 
6 360 
8 390 
B 400 
6 410 
8 4c?0 
B 430 
8 440 
8 450 
B 460 
B 470 
8 480 
B 49u 
B 500 
6 510 
4 520 
8 530 
B 540 
B 550 
tf 560 
B 570 
B 580 
B 59U 
'd 600 
B 610 
3 620 
B 630 
B 640 
6 650 
ri 660 
B 670 
rt 6«0 
B 690 
B /OO 
8 710 
B 720 
d 730 
8 740 
B 750 
B 760 
8 770



c
c
c
c
c
c
c
c
c
c

Kl
*2
K3
K4
K5
K6
K7
K«
K9
Kl

IF
IF
IF
IF
IF
IF
IF
IF
IF
IF

- REAO
- READ
- RfcAo
- READ
- RtAO

1
I
1
1
1

I
I
I
1

F
F"

F
F

IF
- RtAij i IF
- H £ A U
- REAO
- R t A u

0 - RfcA;.)

( rv 1 . £ U .

(K2.F.U.

( K 3 . t U .

( K 4 . F; y .
( K b . E U .
( K 6 . F; « j .
(K7.tU.
(KB. E • J .
(K9.Fw.
CrUU.E'J

1
1
1

1
1
1
1
1
1
1
1
1
«>

] F
IF

l

)
)
)
}
)
)
3
)
)
1

1

tj

.

F
IF

i'u<

Am
*JK

rtt\

^K

•1i<

JVrt
^ l<

•i| K

AfV

X-SPAC [N

Y - S P A U [ M

INi

iia
n AL
TJAL

G IS UNIFuKH
G IS U i\i I F 0 K (> i
F K E 5 H iAi A T E R
INTERFACE EL

X-HYuKAULIC CONDUCT I
r-n Y»)R A U
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FOR
FOR
FO 1̂

FOR
FO*
FOR
FOR
FOR
FOR
FUR

F5 f F

X-SPACING
Y-hPACING
INITIAL FKE5H WATt'K HEAD
INITIAL INTERFACE ELEVATION
X-HYDKAULIC CONDUCTI
Y-HYUKAULIC COniDUCTI
SPECIFIC STOWAGE
F1LFVAT1UN OF AQUIFER
POROSITY
AQDiFEk THICKNESS

6,F /,F8,F9,F10

VITY
V I T Y

BASE

IF (Kl.Efj.l) GO in 4l>
READ liMR,7t>u) tuX (I) , 1 = 1 ,NX)
GO TO bO 

40 KEAt) (NK, 7bo) 0X1
DO 50 1=1,NX 

30 OX(I)=t.)Xl

B1060 
61070 
B1080 
B1090 
61100 
61110 
61120 
81130 
61140

61160 
81170 
BUBO 
61190 
B1200 
61210 
81220 
61230 
B1240 
612bO 
61260 
61270

61290 
61300 
61310 
B1320



60 DO 10 I = l
70 uX(I)=DX(

fc'RITt l^

IF CK^.fey.l 
READ (^R,7b 
GO TO KM; 

80 KEA1) (>SiK, /h 
DQ 9u J = 1,M 

90 DY(J)=DYi 
100 UO 110 J = 1, 
110 UYU)=OY(JJ

) tDXCI),1=1,NX)

'sU TO #0 
(UYUI) , J = l, NiY)

UY1

WRITE C«^f b30) CUYCJ) , J = 1,NY) 

INITIAL (-NH5H A-AlhK n

CALL WE AU ( HF , K .6 , r< Y , I--X , h 3 ) 
*************************

INITIAL ii'OtKf-ACfc"

CALL REALX'/If K4 f iaY,NX,F4)
*************************

X-HYDHAULIC UiHv«.)UC I I V ITY -
^INITt (ht«,570J
CALL « t Au ( X K , K b , N Y , h X , F 5 )
*************************

Y-nYORAuLlC COfvOUC T i V IT Y - 
IAJR1TE C^A,briOj
CALL REAUlYK,Kfa,fMYffMX,F6)
*************************

SPECIFIC S

CALL 
************************

ELtV A I 1»JI'M OF AyU1FEN
WklTE (W«,6^0)
CALL KfcAi.}(/B^h,)vY,^X r F>i)
*************************

POROSITY -
WRITE (ivfl f bl<»)
CALL « h A U ( H J H , K v*, M Y , N X , F 9 )
************************** 
NQ1E: POKlsSITY 1^ uShD TU
ou tao i = i,!MX 
DO 1^0 j = i, JY
ttHCI,J)=U.

IN filV ZLKO BLOCKS

61330 
81340 
813bO 
B1360 
81370 
81380 
B1390 
B 1 H 0 0

B1430

D1470 
B14BO 
B1490 
81500 
B1510

B1530 
81540 
Blb50

Hlb70 
d!580 
B1590 
BlbOO 
B1610 
01620 
81630 
31640 
B1650 
B1660 
d!670 
B16BO 
£1690 
B1700 
B1710 
ttl/^0 
81730 
B 1 7 fl 0 
61750 
B1760 
81770 
d!780 
61790 
dlBOO

B1830

120
81860 
B1870

It



AQUIFER iHlCKwF^b -
IF CAl. PHA.ki). 1 .0) b() !U 130
WRITE ( N tfi, fc d U )

CALL RE A I/ C TH , M 0 , is Y , NX , F HO
***************************

LEAKAGE -
IF ULiS.iL'M.O) bO TO 130
READ (NK,7bO) K 1 1 , Ni2
Kll - READ 1 U- CUNFlMlivG BED HEAD IS UNIFORM
K12 - KfcAD 1 If LUNFIsMjNfc BED LEAKAKiCE (K/B) IS UNIFORM

READ (fMH,7h(.n HI, Fie!
IF (Fll.ti).O.J Fli = 1.0
IF (F12.EW.O.) FJd=UO
Fll - MULTIPL ICATIOn FAUTflK FuR CIHMHNING BED HEAD
F12 - MiJtriPLicATiuN FACTOR FUR CDNFTMI^G BED LEAKAWCE
CONFINING rttD

B1890 
61900

CALL REAu(rfri,Ml,wr ,NX,Fll)
***************************

CONFINING iitlJ LtAKAiMCE -

CALL R£Au(t;L,Kl£, w Y , i^ X , F 1 2)
*************************** 

130 CONTINUE

UEi\iimifc3 ANU VIJ5CUS1TIES -
READ (NR,7bO) UtMF , F>fciMJ5 , VF , VS

DENS - bALr wATtH U 
VF - FhEdH ftAH* V1SCUSITY 
VS - :iALT waTt* VISi:USITy 
WRITE C^^(,bS(/) iJL^FrUtNS, VF, VS

WRITE (Nt^ 
READ (i\»fi,7hO) 
PRINf 770, 
DO 1*40 J = i,iN. 
DO 140 I=1,^ 
^Tl (I, J)=U.O

QTCIrJ)=u.Eu 
140 UF(I,J)=0.t<)

CUBIC Pfc.tr PER
SUUWCt/SlNK ('Jt 
IF (NF.Ei-J.D) GU 
(WRITE 0'-Jrt,b/0) 
WRITE (w ̂ ,btt0J

B1950

81970 
81980 
B1990 
6^000

82030 
W2040

B2060 
82070 
82080 
62090 
62100 
82110 
B2120 
62130 
82140 
82150 
B2160 
82170 
B21BO 
S2190 
B2200 
62210 
82220 
b2230 
B2240 
B2250 
82260 
022/0 
B22dO 
B2290 
62300 
B2310 
62320 
62330 
82340 
62350 
£2360 
B2370 
b2360 
B2390 
b2400 
B2410 
tt2420



DO 150 K = 1,WF-
«EAD (Mt?,7ou) I, J , UTl C, J ) , tN T 1 ( I, J ) ,-Ah 11, < 

150 PRINT 7 C,-JO, I, J,UTU, J) r-AiTl (I, J) ,^B(I, J) 
C Nil - FLtVATIiH UF TOP OF ^ELL SCREEN 
C /IB - ELEVAlTJiM uF iiuTTuM UF i^ELL SCKEEN 

160 CONTINUE 
READ (HK 
PRINT 810, 
IDELT - KFX.) 1 EbK Cur-JbTAFaT TIME 3TEP;

0 FUN AOTO TIME STEP (BASED ON A MAXIMUM CHANGE 
E ELEVATION OF ZMAX)

!UtlT,ZhAX

DU 170 1=1, MX 
UO 170 J = l,riY 

170 UHS(I,J)=0
IF (NnSC.eu.O)

H£AO -MODES

fU ISO

UO 160 K = l,i\hSC 
READ (.MK,7bo) f,J 
WHITE (Nrt,/OU) ir

160 NH5(1,J)=1
190 CONTINUE

'MT FKtbH ^ATt^ 
DO 200 t=l,NX 
UO 2uy J=1,!N!Y 
NHF (I, J)=0 
IF (NHFC.EU.O) GO TO

UG

HEAD NUDES -

fMHF tl, JJ=1 
CONTINUE

B HLOCKS -
MP(I,J) - G OF BLOCKS

DO
Do a
IF (POK(1,J) . GU TO

GO TO 2^0 
230 NPCI,JJ=0 
240 COiMT

250 CONTI-'MOt
fMB = IdfN*
IF (IUa.ME.1) BU TO 870
INCITE (i\i«,/20)
DO 2bO J = 1,.-MY 

260 SPRITE UMrt,7*(O (NP ( I , J ) , 1 = 1 , NX )

62450 
B24hO 
62470 
B2480 
82490 
82500 
B2510 
B2520 
82550 
82540 
B2550 
62560 
B2570 
B2580 
B2590 
ts2600 
82610 
B2620 
B2630 
B2640 
62650 
B2660 
B2670 
B2660 
B2690 
6270u 
B2710 
B2720 
82730 
B2740 
62750 
B2760 
62770

83790
B2800 
8281.0 
B2820 
B2630 
B2640

B2660 
02870 
828BO 
82890 
B2900 
62910 
62920 
62930 
D2940 
8(2950 
B2960 
B2970



610 FORMAT (/////,11X,6HPOKOSITY/I 1X,tf(1H-)/)
620 FORMAT (/////,1 1 X,17MAUUIFER THICKNESS/11X,17 (1H-)/)
630 FOKMA! (/////, l 1 X , lemCONF InlING HfO HfcAD/1 1 X,18 (1H-)/)
640 FOKMAT (/////, 1 1 X , dRnCO v»F ImlNG £El) Lfc AK AlMCfc/ 1 1 X , 22 ( lh») /)
650 FORMAT (/////, 1iX, 1 JnFKFSM ,MAT£R DE NS1 T Y , 6 t 2 . 4/ 1 1 X , 1 BHSALT VnATEH 0

l£NSITY,G13.4/UX,c:lHf-rtESH SKATER V I SCUSI T Y , G 1 0 .4/ 11 X r 20HSALT wlATER
i

660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810

FORMAT (/////, 1 AX,bHKECHARGE/11X,tt(lh-)/)
FORMAT (/////, 11X, llHSUUKCfc/SINK/1 IX,11 C1H-)/)
FORMAT C/,l3X,13hI J Gi T , 9 X , 3HWT 1 , 1 0 X .
FORMAT (/////,HX,40MCUNbTANT SALT «ATFJ< HEAD NOO£S/ 1 1 X , 30 ( 1H-) / )
FORMAT (HX,£fii=l4,4H, J=t4)
FORMAT (/////, 1 iX,MHCOM6TAM FKESH WATER HtAI) NODES/ 11 X , 3 1 ( 1 H">) /)
FORMAT (///HX , 12ribWlo NU'lbERS/1 I X , 12 (1 H-) )
FORMAT UlXflM 1})
FORMAT (2UA5)
FORMAT (161^4)
FORMAT (dGlU.'-O
FORMAT (//1UX, lrfh^EC»'iAK»,£ = ,G10.4)
FORMAT 1214,3610.4)
FORMAT (1 IX,^14,3(2*,H!u.3))
FORMAT (14, 610.-4)
FORMAT (//nx,7HluELl= , 14, 2X , bHZMAX= ,610.4)
fcNO

B3540 
S3550 
63560 
B3570 
83560 
B3590 
B3600 
63610 
83620 
63630 
B3640 
U3650 
83660 
B3670 
63680 
B3690 
83700 
rt3710 
63720 
B3730

B3760-
SUoRUUFIiME Rt Ai) (t/uh,Njl?£, NY, NX, F AC)
***********************************

CALLED FKOIW UUAIA
PURPOSE: Tu KfcMl) r^U-blMENSIOwAL ARRAYS

DlMfc'MSION 00^134,32)

l\iR = 7
NW = 6
IF (KUue,Eb-.l) GO TO 20
DO 10 J=1,NY
READ («\R,110) (OU^(I, J) ,I = 1,NX)
GO TO 40
READ (»H!<, 1 \ 0) LHI^l
DO 30 J=l,Ur
UO 30 l = i,i-X
UUMCI, J)=UUfv,l
DO 50 J = l,i'<Y
00 50 1=1, MX
PUMCl, J)=UU*KIr J)*F AC
IF (KOUt.F^.l) GO TH 70
DO 60 J = l,f«Y
if^RITfc (,M^,VO) J, (UUN(1, J) , 1 = 1, NX)
bo ro su
WRiTt (N»M, luO) OUM(1 , 1)
CONTINUE
RE f URN

FOKMAT (/7X, I2,2X,6(bi2.5,2X) , /, (HX,d(G12.5,2X)) )
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100 FORMAT (/UX,KJ2.b)
110 FORMAT (muo.O)

fcfou
SUBROUTINE fCALCU>Y,UX,PUK,XK,YK,TY,TX,NY,tyX,NYY,NXX)
*****************************************************

C A L L E 0 F K U to f- A I -v
PURPOSE: 10 CU^FUH. TKANSHISSIVITY TEN^S -

DIMENSION nYU), 1>M1), XK(34,32), YK(34,32), TY(34,33), TX(35,32)
1, P0tf(3a,32)

CU-viPUTt I«AiMbMI3MVlTY TERMS IN f'HE X-PIRECTION -
UO 10 J = i,»,Y
IF UtsiLY U;Mt COLuHixi, SKIP CALCULATIONS -
IF (MX.Ey.l ) t,u TO 10
UU 10 I=d,l^X
TX(I, J)=0.
IF (POKU,J).L&.U..O«.PU*(I-1,J).LE.O.) GO TO JO
TXC = OY(J)/UX U-l )
TXO = UYCJJ /t>X (I J
TXA=TXC*XK (1-1 , J)
Tx8=TXD*KK(l,JJ
TTT=1XA+1X h
PERMtABItl 1 Y Ifc^fi -
TX II, J)=a.o*rxA*TXti/lTl

10 CU^TIivUfc
20 CONTINUE

CUtaPUTE TKAi^S^iaSiVJ 1 Y TtKMJj 1*^ THE Y-DIRECTIQN -
U 0 30 1 = 1, i X
IF (MY.Ey.lJ bU "10 UM
uo 30 j=a,^Y
TYCI, J)=0.
IF (P0»(l, J3 .LE .O..i'^,POK! (I, J-l) .LE..C),) GO TU 30
TYC = t)XU)/DY (J-l)
TYD = DX(t) /\ji (J)
i YA=TYC*YKU, j-i)
TYfa=TYD*YK(l,J)
TTT=TYA+TYb
TYCI,J)=2.0*TYA*lYo/lTT

30 CONTINUE
40 CONTINUt

5E! TRANSMISblVlTY OF m)UN()AkY BLOCKS (REbULAtf RECTANGULAR MESH)
TO ZEHO (NU-FLlW) -
UO 50 I = l,|vx
TYtl, l)=u.fcO
TY(I,NYYJ=(;.Eo

50 CONTINUE

DO bO J = l,l-iY
T X ( 1 , J j = 0 . t 0
TX (NXX, JJ=O.E-«;

C
C
C
0
i\L/

0
U
Q
D
0
0
L)

0
0
0
D
U
0
0
0
D
0
0
D
0
D
D
D
D
P
0
I)
0
D
U
0
U
0
0
0
0
U
D
D
0
D
0
I)
P
0
0
0
0
D
0

3HO
330
340
10 
20
30
40
50
60
70
80
Q n" V

100
110
120
130
140
130
160
170
lao
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
460
490
500
510
520



c
c
c
c
c
c
p\*

c

c
c

c
c

60 CONTINUE
RETURN
fcNO
SU6KO-H J hit CUtf (L , ii>LLT,DZMX)
*****************************

CALLED FKUi'i MAIM
PURPUSL: i u CU^H

(01 H£W
AND f IN

UTH. (he. sn:sT OF THF: SPACE COEFFICIENTS
THAN THOSE COMPUTED IN TCALC)
E COFIFFICIENTS

COMMON /INPUT/ s ( 34, 32) , XK (34,32) , YM 34,32 ) , HF (34,32) , Hb( 34,32 ) , OX
1(34) ,OY (32) , Zb(34
? 3 4 , 3 2 ) , -M P ( 3 4 , 5 d )
COMMON /Cu t v T k t j / T

lY,iMXX,NYY,iv*,«Mrtb,
COMMON /wOhi\/ AX(

1 (34,33) ,1- (54,32) ,
2(34,32) , H I I 5 4 , 3 c5 )
334,32) ,iVB(34,32)

RAF = DEiMF/(l'»ifcF-.jt
K A S = 0 E <M $ / ( U t N F - 1) t
UZMXs-Uo
IF u.'vE.i) f-iu rn

INITIALIZE 3HAC6
00 10 1=1, NX
DO 10 J = l,f"Y
FT(I,J)=o.fc.o
sT(j,j)=o.eo
FT - COfcFFIClt-^T
ST - COtFFjdtM

10 CONTJNUF
20 CONTINUE

00 50 1=1, NX
00 50 J = UNY
IF (POKtl, J) .tw.O
K=NP(I, J)
riNFrnF (1 , J)
nhS=HS(l, J)

,32),ZI(54,32),OF(34,32),HT(34,32),POR(34,32),TH(

i; >ih , MELT , Dfc MS , DEMF , VS , VF , wT , ZMA X , ALPHA , rtO , NK , MX , N
«\T,MBA,MHt, JHT,NI'I , KLCHG
35,32),BX(3b,32),AY(34,33),BY(34,33),TX(35,32),TY
rf(34,32) ,C (34, 32), 0(34, 32) , FT (34, 32) , ST (34, 32) ,QH
, f\lHr»(34,32),NHF(34,32),l)NF(34,32),OQS(34,32),^Tl(

NS)
Nb)

20

CUKFFICIENTS -

FUH FRESH NATER
FOk SALI ^AFFR

,0) GU TO 5U

Z 1 1 = R A F * nHf"- R A b * h M b

C
C
C

IF Ult.L 1 .Zh(I, J
FTH=HHF-Z1E
IF (FTH.LE.O.J Fl
STH = ZIt-Zri(I,J)
IF (ALPHA. tig. UO)
TOF=ZB(I, J)+TH(1,
FTh=TOP-ZIt
IF (FTri.LT.O.) FT
STH=TN(I,J.)-H H

30 CONTlNJt

COMPuTfc Tlf-.fi CUhF

)) /IE=2B(1,J)

H = (/.

bU 10 30
J)

n = 0.

F IC1 HNTiJ -

0 530
0 540
0 550
E 10
£ 20
£ 30
£ 40
£ 50
E 60
E 70
£ U |\oo 
E 90
t 100
£ 110
E 120
£ 130
E 140
£ 150
£ 160
E 170 
E 160
E 190
E 200
E 210
£ 220
E 230
E 24u
£ 250
E 260
E 270
E 280
E 290
E 300
£ 310
£ 320
£ 330
£ 340
E 350
£ 360
E 370
t 380
E 390
£ 400
E 410
E 420
£ 430
£ 440
£ 450
£ 460
£ 470
E 460
E 490
E SOU
£ 510
t 520



c
c

c

c
c
c

c

c
c

c
c

c
c
c
c
pVx

pV

AREA=DX(I)*OY tJ)
FWfc'SH WAU> EwllAl TOM

FuESH WAffctf Ul- rtJVA'f IVh -
F (If J)=AKEAiaS(If J)*FrN-PtlK(I, J)*RAF + ALPHA*PQ«(I, J))

SAL.! ft A "l E H u F; U i V A T 1 V £ -
B ( I , J ) = A i^ h A * P 0 h ( I , J ) * K A 3

5ALI wATtK tfa.lAlIUN -
FRfcoH /MAftu DERIVATIVE -

C(lf J)=Af*EA*pnK( I, J)*ftAF
SALT rtAlHH i/tKlVATIVF -

0 ( I f J ) = ARE A * ( Ufc -\ib / i)h i\iF *S ( I , J ) *ST H-POK ( I , J ) *R A S )

COMPUTE SPACE COFFFlClfc W1S -
FTCI, J)-FTh
ST (I f J) =S fh*VF/»/5*Ol;.iN,$/0£NF
IF (L.ew.n GU rb ao
IF CIUtLr.KGi.lJ (»l> fU 40

COMPUTfc rihfc STtP IN'C^fiAJJlNU FACTOK -
DZI=ZI (If JJ-Zlh
IF (DX1.LI ,<».tuJ DZ1=-UZJ
IF (DZI.6T.DZwX) uZMXsuZl

40 CONTINUE
50 CONTINUE

HElUKN

END
SUBRUUI It\E FL.?ywEO(AFf ASf KFf KS)
*******************************

CALLED FKONi ^Af-s|
PURPOSE: Ff'Ri^. FINAL MATRIX EQUATIONS

DIMENSION AFtiJf Ati(l), kF(U, RS(l)
CUMMON /INPUT/ 6( 5^4,3?) ,XK (j§4 r 32) , YK 1^4,32) ,HF(34 r 32) ,HS(34,3<?) ,OX

1 (34) , DY (S/>) , Zh(54 r JS?) f ZHi4, 32) ,UF (34,32) f QT(34f 3?) , P0tf(34, 32) f TH (
234,32) , ivP( 54,32 J
COMMON /CON TRD / 1 J. ^E , OELT , OtNS , UENF , VS r VF , wT , ZMA X , ALPHA , wO , NK , MX , W

1 Y , NX X , N Y Y , We* , NHrt , h f , .vibW , Hrtfc , IPT f N IT , NECHG
COMMON /rtURK/ AX(35 r 5d),HX(35,32),AY(34 f 33),BY(34,J3) r TX(35,32),TY

1 (34, 33) , F U4,32) ftt (34,32) ,C(34, 32) f 0(34,32) ,FT(34f 38) ,ST(34, 33) ,BH
2(34,32) fHt(34,32) ,NHb(34,32) , NHF (34,32) ,OQF(34,32) , DOS (34 , 32) , w!Tl (
334,32) , hd(54,32)

kAF=l)tNF/ (l/t^F-.)t:'Mi>)
kAS = DE'M$/(DE«vF-')F:'>J&)
DO 10 K"l,Nb
RF(K)=0.
RS(K)=0.
DO 10 L=l,4
N=4* (K-1)
AF(M-»-L)-o.

10 AS(N^L)=0.
K 1 = 0
K = -3

E
E
E
E
£
£
E
£
E
E
E
E
E
£
E
£
E
E
£
E
E
E
E
E
E
E
E
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

530
540
550
bbO
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
74U
750
760
770
7 BO
790
10
^o
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
IdO
190
200
210
220
230
240
250
260
270
260
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c

c

c

c
c
c
c
c
rL*

r*w#

FRESH wATlirt
IF (iMHF (I, J) .KE.l) GO ID 4U
RHSF=0.
UIAF = DIAF*J .hlb

SALT ftAIHK
40 IF (NH3U, J) .'>»t. .1) GO IU 50

KHSS=0.
t)lAS = L> 145*1 .h Jb

50 CQNflMUK
CUMPLETE LOAHIiVf,

AF(K + l)=uuL'S-ts( U JJ/OELT
AS(K)s»U fJiH -C (I, J) /ufcLT
AF(K)=DIAF
ASlK-H)=ulA3
RF(Kl)=»HSh
RS(K 1 )=Hh3S

6U CONTINUE
KtlUkN
END
SUbKUUri.NJir. HbBA^MtAi, Aa,Bl,bc!,Cn l,CI12,CI2lf CI^2f NEU,NTf INTRY)
***************************************************************

CALLED FKUM HAJN
PURPOSE: FACTUH Hl'Jt* SYMM£lftIC MATRIX

FL'RWAKl> «f\iO nACK SUBSTJTUTh

DiMtwsioiM Aid), A2(i), BUD, natn, emeu, ciiad), ciaid), c
1122(1)

NR=NEQ-1
MlslVEN
IF (NFy.ty.l) bu IU bO
IF CIiMTRY.bQ.d) bu fu ^0
Il=-3

DO 10 1=1 ,N*
H = Ii+4
12=11*1
I3=li+a
ia = Il*3
Ll=Il+4
L2=Ll+l
IT = iMT + I
L = I-H

U1=A1(II)*A2(I2J-A1(I2)*A2(I1)
C1=1./D1
Pll=A2tId)*Cl
P12S-A1 (I2)*C1
P21=-A2(ll)*tl
P?2=A1 t!iJ*Cl
IF (L.GT.K'fcQ) r;ii 10 10
C11=Al(I3)*eiH-AlU4)*P21
C12=A1(13)*P12*41CI4)*H22
C21=A?( I3)*P1 l+Adtla)*P21
C22=A21I3)*P12+A2(X«)*P22
CI1HIT)=CH

F
F
F
F
F
F
F

F
F
F
F
F
F
F
F
F
F
F
F
G
G
G
G
G
G
G
G
G
9
6
fc
G
6
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
(3

6
G

840
65U
fcfcG
670
6«0
89 U
90U
910
920
930
940
950
960
970
980
990

1000
1010
10<?0

10
ao
30
40

50
60
70
80
90 

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
2«0
290
300
310
320
330
340
35u
360



CI12(IT)=C12 G 370
CI21 (I D=C?l & 380
CI22(lT)=r;22 G 390
Al (Ll)=Ai (U) + l-Ci 1*AU 13J-C12*A2(I3) ) & 400
AlCLei)=AHL2^(-CH*Al(I4)-C12*A2(I<l)) G 410
A2Ul)=Ad(Ll) + (-C21*A](I3)'C22*A2(I3)) 6 420
A2(L2)=Ad(L2)i-l-C21*AUI4)-i;22*A?U4)) G 430
DH=Hn*AHI3)+Pld*4£(I 3) G 440
D12 = PH*Al (J4)+P1<?*A2U4) G 450
D2l=P2l*AlU3)+P2c!*A<MI3) G 460
U22 = P21*Al(l<U+P2«?*Aa(l4) G 470
Al U3)~im G 480
AHI4)=iH2 G 490
A2(I3)siJ21 G 500
A2(I4)=02/e G 510

10 CONTlNUt G 520
RfclUKN G 530

C G 540
C*** FORWARD SUBS I1TU1ION G 550
C G 560

20 CONTINUE G 570
ll=-3 G 5BO
UO ao 1=1,M* 6 59u
11=11*4 G 600
12=11+i G 610
IT=NT-H G 620
L = m G 630
i)l=Al(Il)*A2H2)-Al(I2)*A2(ll) G 640
Cl=l./Dl G 650
P11=A2U2)*C1 G 660
P12=-A1(I2)*C1 G 6/0
P21=-A2(I1)*C1 G 6BO
P22 = A1 (Ii)*CJ G 690
IF (L.Gf.iJtv)) GO fO 3'» G 700
i3HL)=rtl (D-tl) H I f )*H1 (I)-CI12Cn)*82(I) G 710
d2(LJ=b2(U-Cl21 (IT)*dl (U-CI22(lT)*o2CI) G 720

30 b8l=Pll*»l li)+Pl2*t>d(I) G 730
bB2 = P21*dl (I)-HJ 2e!*d2CI) G 740
Bl(I)=BH1 G 750
tt2(I)=6H2 G 760

40 COiVlINuE G 770
C G 780

BACK/aKU oJUSmuTIbrJ G 790
	G 800

50 N1=4*MK+1 G 810
N2 = Nl-»-l G 620
ON = A1 (Ml) *A2t«Nirf J-A1 (iM2J*A2('U) G B30
CN-1./U*M G 340
B2N=(A1 (Nl)*b2C'^I)-Ac:CNl)*tJl (NI) ) *CN G 650
Bl^is(A2(«<2)*iil (VI J-Al Uv«J!)*ttf?(i\il))*CiV G 660
61 (IV I) =8 IN G 870
b2(Ni)=Bd*\l S 660
IF (NEU.K'-J.l) KtljKsv G 890
K3 = N2-H G 900
1)0 60 isl.NW G 910
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c

c
c
c
c
rv

C

c
c
c

MAP (I, J)=0
ZITsZIU, J)
1 R T = 1 R ( I , J )
IF (Zn.GT.Zbl)
IF (AHSUU-ZHT
THpsZBT+Thl If J)
IF (ALPHA. tU.l)
IF (ZI 1 .GT. MJP)
IF (ABS(/I1-TUP
IF (PURU,J).tu

60 CONTINUE
PPINT 140
DO 70 J=l,Nf

70 PR INI 15u, (NAP
80 C U N T 1 N U £

K E T U K N

90 FORMAT (///llx,
lr E 10.3/1 IX, 15 U
2/52X,lOHlk| UAYb

100 FORMAT (UX, Ibh
110 FORMAT (/7X,12,
120 FORMAT (//11X,1
130 FORMAT (//11X,1
140 FORMAT (//I IX, 4

1 (1H-J//1
150 FORMAT (MX, 401

END
SUBROUIlrth BAL(
***************

CALLED MOh NA1
PUKPost: lo cu

DIMENSION DEL M*'

CUMMO.N /bMPul/
1 ( 3 *O , 0 Y ( 3 2 ) , 2 cJ (
234,32) ,NP(34, 32
COrlMQN /CniMFKO/
1Y,NXX,MY Y ,fvB,NH
COMMON XiAiOkK/ A

1 (34, 53) rP (34 , 5C

2(34,32) ,dl_U4,3
334,32) ,Wb(34,32

COMPOTE TOTAL ^ASS
TMFsft = 0.
1 ^ w ̂  *•* 0 •

jj ̂  C- ^ jjjj 0

UMSA' = 0 .

0 M F ̂  £ — 0 •
OMS ̂E = 0 •
00 10 1=1, NX

HAPd, J)=l
) .Le.U.Ul) MAP (I, J)=0

TuP=nF (I, J)
MAPCIf J)=2
j.LE.0.01) MAP(I,J)=r>

.0.) FAP(1, J)=9

(I, J) ,1=1, NX)

llhfcTfcP NUMBFk, 14, 10X,26HSIMULATION TIHE IN SECONDS
i*J ,<?6X, 10HIN MINUTES, F10. 3/52X, 10HIN HOURS ,E10.3

,hlu.3/52X, 10HIN YEARS ,£10.3//)
rPfrSH KATfeR H£ AD/ 1 1 X , 1 6 ( 1 H-) // )
2X,d(blc?.5,2X) , /, (11X,6(G12.S,2X)) )
5h INTERFACE Lb VtL/ 1 1 X , 1 5 ( 1 H-) // )
5ntiAl.r nATER HE AD / 11 X , 1 5 ( 1 H- ) / / )
2hAAfE* DUALITY MAP: 0=FRESH, 1=MIX, 2=8ALT/ 1 1 X , 1 7

I)

Ux,nfcLHF, otlHS)
****************

•:\
MPUTE MASS BALANCE

UJf f.'£LHS(l)

8(3^,32) ,XK (34,32) ,YK (34,32 ) ,HF (34,32) ,HS (34,32 ) , OX
:54,32) ,/I (34,32) ,OF(3<*,32) ,U f(34,32) ,POR(34,32) ,TH(
)
T I Mt , i) t LT , DENS r 1>E NF , V S , \IF , WT , /MAX , ALPHA , #0 , NK , IM X , N

t:>,!\il ,^ri^,MHE,IPf,^IT ,K'ECHB
A ( 3b, 32) ,6X (35,32) , AY (34,33) ,bY (34,33) ,TX( 35,32) ,TY
) ,bl34,32),C(34,32),0(34,32) , FT (34 , 32) , ST (34,32),6H
2) , ;*HS(34,32) ,MHF(34,32) ,DQF(34,32) ,DQS(34,32) , i^Tl (
)

l(Nj fnt -SYSTEM AND CHANGE IN MASS

H
H
H
H
H
H
H
H
H
H
H
H
H
n
H
H
H
H
H
H
H
h
H
h
H

H
H
H
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
I
I
I
I
I
I
I
I
I

470
480
440
500
510
520
530
540
550
560
570
560
590
600
610
620
630
640
650
660
670
660
690
700
710
720
730
740
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
1/0
1 H Ai O U

190
200
210
220
230
240
250
260
270



00 ID jsl,NY I 2dO
IF (PU«(lf J) .LL.O.) bO TO 10 I 290
AHEA = OXU J*OY (J) 1 30U
PTh=FT(I,J) I 310
STH = ST lit .13 *vi>/vH*UENF/nfcNj> I 380
TMF«=T^Frt+FTh*POR(IfJ)*AKfcA I 330
TMSfll = Tv)Srt + i>fH*PUf< (I, J)*A*fcA I 340
IF (JCX.trt p O) GU TO in I 350
K=NP(I,J) I 360

C SUM TUTAL CHANfeL f-KlM EQUATION VIEWPOINT I 370
F'(l r J)*OtLHF tK)+«(I, J)*DELH3(K) I 380
CU , J )*UhLHF (K)+U(1, J)*i)ELHS(K) I 390

C SUM THE aTHjxAbt:- KAKl OF THE TRUE MASS CHANGE I 400
l f J)*F f H*I)£LHF(K)*AREA I 410

3 CI r J ) * Oth- i> / Uh NF * S T H * DH LHS (K ) * AKE A 1420
10 CONTINUE I ^30

IF (ICX.fc-^.O) iif) TO 50 I #40
CHF=0. I 4bO
CHS=0. I 480
KQ=0. I 470
HFt=0. I 480
«ST=U. I 490
C4LK = 0. I 500

C 8EG1N LOOP TO CALC-uLATt »<AT{-S OF OTHFK COMPONENTS I 510
PO 40 l=l,N< I 520
DO aO J=1,IMY I 530
IF (POft(I»J).LE.O.) bO Tu «0 I 540
KsNPCIrJ) I 550
AREA=DX(I)*DY(J) I 5bO

C CONSTANT HF.AI) FLUX—M«fcbri ^AThR I 570
IF (NHFCIf J) .Nt.l) «iU 10 ao I bBO
X=HF(TrJJ I 590
CHF = ChFtr>(I f J)/ :jt-LT*oeLhb(K)+AY(I,J-»-n*X + AY(I,J)*X + AX(Itl,J)*X*AX( I 600
1I,J)*X I 610
IF (J.GT.l) CHi -tn.F-AY ti, JJ*hF(i f J-l ) I 620
IF (J.LT,.\YJ CHF = CHF-AY (I, J>I)*HF (i, j + i) I 630
IF (I.Gr.l) CrifsCnF-AXCIf J)*HF(I-1, J) I 640
IF (I.LT.NX) CNF=CHF-AX(I + l,J)*HF(I-U,J) I 650

C CONSTANT HEAO FLIIX--SAL1 ifliATER I 660
20 IF (tMHSCI , J J .Nfr ,1) fiU 10 30 I 670

X=HS(1,J) I 6BO
CHS = ChS + C CI , J J/Ut.LI *t>LLnF (K ) +6 Y ( i , J) *X + t$Y ( I, J+ 1 ) *X+BX (I , J ) * X + tfX C 1+ I 690

11,J)*X I 700
IF (J.GT.U CnbsCM3-bY(I,J)*HS(IfJ-l) I 710
IF (J.Lr.^'Y) CH3 = CHS-'»Y(I,J"U)*HS(If J-M) I 720
IF (l.GT.l) CnS = tHi>-oX(I,J)*HS(I-lrJ) I 730
IF (I.LT.'VXJ ChS = Chb-iiX(m f J)*HS(Itl,J) I 740

30 IF OMhFU, J) .NE.l) ^0 = HQ-«-RfcCHG*AKEA I 750
C SOUKCE-31NK rfcKMS I 760

(If J)*OELhF (iO-H>QS(I,J)*nELHS(K) I 770
yFU,J)+bEL^ I 780

f ,|)-UF tl , J)-i)tLU I 790
C LtAKAGF TErfw I BOO

IF CiMHF (I, JJ.Nfc.l) yLK = (JLK+bL(If J)*(Bri(I, JJ-HF(I,J))*AREA I 810
40 CONTINUE I B20
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