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CORRECTION
For figures 4 and 5, pages 10-11, Bulletin 65

On pages 10 and 11, the figure captions are on the correct pages, but the
illustrations have been reversed. The correct illustration for figure 4 appears
on page 11, and the correct illustration for figure 5 appears on page 10.
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A "Random-Walk" Solute Transport Model
for Selected Groundwater Quality Evaluations

by Thomas A. Prickett, Thomas G. Naymik, and Carl G. Lonnquist

ABSTRACT

A generalized computer code is given that can simulate a
large class of solute transport problems in groundwater. The
effects of convection, dispersion, and chemical reactions are
included. The solutions for groundwater flow include a fi-
nite difference formulation. The solute transport portion of
the code is based on a particle-in-a-cell technique for the
convective mechanisms, and a random-walk technique for the
dispersion effects.

The code can simulate one- or two-dimensional nonsteady/
steady flow problems in heterogeneous aquifers under water
table and/or artesian or leaky artesian conditions. Further-
more this program covers time-varying pumpage or injection by
wells, natural or artificial recharge, the flow relationships
of water exchange between surface waters and the groundwater
reservoir, the process of groundwater evapotranspiration, the
mechanism of possible conversion of storage coefficients from
artesian to water table conditions, and the flow from
springs.

In addition, the program allows specification of chemical
constituent concentrations of any segment of the model in-
cluding, but not limited to, injection of contaminated water
by wells, wvertically averaged salt-water fronts, leachate
from landfills, leakage from overlying source beds of differ-
ing quality than the aquifer, and surface water sources such
as contaminated lakes and streams.

Further features of the program include variable finite
difference grid sizes and printouts of input data, time
series of heads, sequential plots of solute concentration
distributions, concentrations of water flowing into sinks,
and the effects of dispersion and dilution or mixing of
waters having various solute concentrations.

The discussion of the digital technique includes the nec-
essary mathematical background, the documented program list-
ing, explanations of job setup procedures, sample input data,
theoretical versus computer comparisons, and one field appli-
cation.



INTRODUCTION

Presently, there are four classes of
problems of concern in studies of
solute transport in groundwater:
1) chemical problems such as predicting
TDS, CI, nitrates, etc., as when deal-
ing with sea water intrusion, excessive
fertilizer applications, hazardous
waste leachate, and injection of chemi-

cal wastes into the subsurface using
disposal wells; 2) bacterial problems
associated with cesspools, artificial
recharge, sanitary landfills, waste

injection wells, etc.; 3) thermal prob-
lems involving injection of hot water
into the groundwater reservoir, devel-
opment of geothermal energy, and in-

duced infiltration of surface water
having varying temperatures; and
4) multi-phase problems arising from

such situations as development of
steam-water systems, secondary recovery
of water by air injection, and possible
air-water interfaces due to over-
pumping. Although this transport pro-
gram may be extended, the emphasis of
this report is placed on the chemical
problems.

One form of the governing equation
for solute transport in one dimension
is

s {0 8¢ v, LA
3% (R—ﬁ) goaw e = o (1)
DISPERSION - CONVECTION + PRODUCTION = QUALITY
ACCUMULATION
where

V = interstitial velocity
D = coefficient of hydrodynamic
dispersion
D= d,V + D*, where dy =
longitudinal dispersivity
and D* = coefficient of
molecular diffusion (neg-
lected in the following
development)
X = space dimension
Rg4= retardation factor
CsQ= source or sink function
having a concentration C;
C = concentration

Problems including solute transport in
groundwater involve solving equation 1
in one, two, or (rarely) three dimen-
sions. For the derivation of the equa-
tion and further explanation, refer to
Freeze and Cherry (1979), Bear (1972),
and Ogata (1970).

A popular numerical technique used
for solving equation 1 is the method of
characteristics (MOC), or the particle-
in-a-cell method. MOC treats the equa-
tion in two parts. First, the convec-
tive term containing the velocity (V)
is solved with an adaptation of the
usual finite difference flow type of
model. Then the dispersive term is
solved by wusing another finite differ-
ence grid associated with the concen-
tration distribution. A large number
of computer—generated particles move
about by the velocity vectors which are
solved in the flow model and which
carry the concentration information
between the convection and dispersion
terms during the solution of the equa-
tion. The description of the MOC is
straightforward, but the computer code
is highly involved and very expensive
to operate, and it requires a large
computer to effect a solution. There-
fore, researchers have been looking for
a more efficient and more direct way to
solve problems concerning solute trans-
port in groundwater. The conceived
"random-walk" method follows.

The random-walk technique is based
on the concept that dispersion in po-
rous media is a random process. On a
microscopic basis, dispersion may occur
as shown in figure 1. As indicated in
figure 1C, dispersion can take place in
two directions even though the mean
flow is in one direction to the right.
A particle, representing the mass of a
specific chemical constituent contained
in a defined volume of water, moves
through an aquifer with two types of
motion.  One motion is with the mean
flow (along streamlines determined by
finite differences), and the other s
random motion, governed by scaled prob-



Mean Flow

TRANSVERSE
DISPERSION

A B

cD.'"aO = ;0.0.'_ +— Particle ‘gog?c;‘o!;_(;;‘ S

Mean Flow

LONGITUDINAL
DISPERSION

Random
Component

——

Convective
Component !\“’f’“a'.
Distribution
Curves for
Dispersion

Cc

Figure 1. Basic concepts of "random-walk" computer program

ability curves related to flow length
and the longitudinal and transverse
dispersion coefficients. Finally, in

the computer code, enough particles are
included so that their locations and
density, as they move through a flow
model, are adequate to describe the
distribution of the dissolved constitu-
ent of interest.

The advantages of this random-walk
technique over the MOC or, for that
matter, over many other numerical
schemes are many:

1) There is no dispersion equation
to solve. The dispersion part of
equation 1 is solved in the com-
puter code by the addition of
only 11 Fortran statements at-
tached to the solution of the
convection part of equation 1.

2) There is only one finite differ-
ence grid involved in solving the
convective portion of equation 1.
The particle movement takes place
in continuous space.

3) Concentration distribution needs
to be calculated only when it is
of interest. In the MOC, after
each particle is moved, new con-
centrations are assigned on the
basis of the solution of the dis-

4)

5)

6)

7)

8)

persion term in the above equa-
tion for every time step of the
sim ulation.

Computer CPU time is drastically
reduced. The simulations in
Part 4 of this bulletin took no
more than a few seconds, includ-
ing compiling and loading on a
CDC CYBER 175.

Particles are needed only where
water quality is of interest.
These particles are not needed
everywhere in the model, as with
the MOC.

Solutions are additive. If not
enough particles are included for
adequate definition in one run, a
second run can be done and the
results accumulated. This is not
true of the MOC, where possible
sparse areas of particles may
occur, causing loss of accuracy.
This method is particularly suit-
ed to time-sharing systems where
velocity fields can be stored and
manipulated in conjunction with
an on-line particle mover code.
In the traditional sense of the
words, finite differencing phe-
nomena associated with "over-
shoot" and "numerical dispersion™
are eliminated.



Although there are numerous advan-
tages to this technique, there are also
some disadvantages:

1) As with the MOC, concentrations
greater than initial conditions
are possible, especially  when
coarse discretizing is used.

2) A printout of concentrations may
not be pleasing to the eye when
the number of particles is small.
(A Calcomp plotting and smoothing
routine could be added to this
model to eliminate this problem;
however, this is beyond the scope
and objectives of this report.)

3) The method may take an unusually
large number of particles to pro-
duce an acceptable solution for
some problems. No more than
5,000 particles are wused in this
report, however.

4) Engineering judgment is an abso-
lute requirement in arriving at
an acceptable solution. This is
because of the "lumpy" character
of the output. Therefore, expe-
rience with this technique is
needed before one can apply the
code successfully to a field sit-
uation.

The main objective of this report is
to present a generalized computer code
that will simulate a large class of
solute transport problems involving

convection and dispersion. In the
present version, the effect of density-
induced convection is not included.
This complication is necessary only
when a vertically averaged concentra-
tion distribution is inadequate. The
class of problems that require a verti-
cal averaged concentration distribution
is sufficiently large, and the effects
of density differences will be ad-
dressed in a later publication.

Acknowledgments

This report was prepared under the
general supervision of Dr. William C.
Ackermann, former Chief, and Stanley A.
Changnon, Jr., present Chief of the
Illinois State Water Survey. Richard J.
Schicht, Assistant Chief, and James P.
Gibb, Head of the Groundwater Section,
made particularly useful suggestions
with regard to this material.

The helpful comments of Adrian P.
Visocky, Hydrologist, and Robert A.
Sinclair, Head of the Data and Informa-
tion Management Unit, are appreciated,
as is the support from the Analytical
Chemistry Laboratory Unit.

Thanks are also due Pamela Lovett
for typing the manuscript and the
camera copy; Gail Taylor for final
editing; and John W. Brother, Jr.,
Linda Riggin, and William Motherway,
Jr., for preparing the illustrations.



PART 1.

The computer code contained in this
report can be broken into two parts.
The first part relates to the "flow
model” and the second part to the par-
ticle moving section which is termed
the "solute transport model."

Some sort of model is needed to pro-
vide the wvelocity vectors of an aquifer
flow system in order to calculate the

convective movement of particles. In
most of the situations to follow, a
finite difference scheme is wused to
generate the head distribution. From

this head distribution a velocity field
is derived. The velocity field then
provides the means of moving the parti-
cles advectively in the aquifer.

Calculations of Flow

Three methods for head calculations
are written into the computer code in
order to generate a head distribution
which can then be used to calculate a
velocity field. Two of these head cal-
culations are analytical and the third
is a finite difference method. A brief
background of the finite difference
scheme for producing a head distribu-
tion follows.

The partial differential equation
(Jacob, 1950) governing the nonsteady-
state two-dimensional flow of ground-
water may be expressed as

&h

, . 2h 3 ... sh _ . 2h
(R 32 =5 7+ R (2)

4
T (Kb E) + T

Kyb= T4 = aquifer transmis-
sivity in the x direction
Kyb= T, = aquifer transmis-
sivity in the y direction

Ky= aquifer hydraulic conduc-
tivity in the x direction

Ky= aquifer hydraulic conduc-
tivity in the y direction

S = aquifer storage coefficient

MATHEMATICAL BACKGROUND

head above bottom of aquifer
saturated thickness of aquifer
time

= source or sink functions ex-

pressed as net flow rates per
unit area

o~ o=
11

A numerical solution of equation 2
can be obtained through a finite dif-
ference approach. The finite differ-
ence approach involves first replacing
the continuous aquifer system parame-
ters with an equivalent set of discrete
elements. Second, the equations gov-
erning the flow of groundwater in the

discretized model are written in finite
difference form. Finally, the result-
ing set of finite difference equations

is solved numerically with the aid of a
digital computer.

A finite difference grid is super-
posed over a map of an aquifer, as
illustrated in figure 2. The aquifer
is thus subdivided into volumes having
dimensions bAxAy, where b is the satu-
rated thickness of the aquifer. The
differentials odx and 0y are approxi-
mated by the finite lengths Ax and Ay,

DELX(!)
T 0T X ith COLUMN NODE
r L,4-1
Jjory T
. . Ay
S|ath [i-1,4 i, i*1,
= | ROW -+
-
=t
by
7,4%1 J
Ax,y | AXo
DELX{I1} = %{ax, + &x;)
DELY{J} = H{ay, + Ay,)

Figure 2. Finite difference grid



respectively. The area AxAy should be
small compared with the total area of
the aquifer to the extent that the dis-
crete model is a reasonable representa-
tion of the continuous system. The
intersections of grid lines are called
nodes and are referenced with a column
(i) and row (j) coordinate system coli-
near with the x and y directions, re-
spectively.

The general form of the finite dif-
ference equation governing the flow of
groundwater in the discretized model is
then given by

T L(h, h. T-)/:lxz + T

i"l,j)- ‘L-l.-_?l'.' T

1,41 (hr,._ it 'h{ hj)/a)- + T

= 51’ ,j(hi ,_;"h'bf, ,_}‘}/:‘At * Q?;n_}./ax&y ( 3)

i, 2By gy plexT
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where

Tij1= aquifer transmissivity
between nodes i, and
i,j+ 1 calculated as
PERM; j itimes h where
PERM is nydraulic conduc-
tivity
Tij2 aquifer transmissivity
between nodes i,j and
i+l,j calculated as
PERM; times h where
PERM is hydraulic conduc-
tivity
hi ;= calculated heads at nodes
i,j at the end of a time
increment measured from
an arbitrary reference
level
hi; ;= calculated heads at nodes
i,j at the end of the
previous time increment
measured from the same
reference level defining
hi'j
At = time increment elapsed
since last calculation of

heads
Sij= aquifer storage coeffi-
cient at node i,
Qij= net withdrawal rate if

positive, or net accre-
tion rate if negative, at
node i,

Since there is an equation of the
same form as equation 3 for every node
of the digital model, a large set of
simultaneous equations must be solved
for the principal unknowns h;;. The
modified iterative alternating direc-
tion implicit method (MIADI) given by
Prickett and Lonnquist (1971) is used
to solve the set of simultaneous equa-
tions.

Briefly, the MIADI method involves
first, for a given time increment, re-
ducing the large set of simultaneous
equations down to a number of small
sets. This is done by solving the node
equations, by Gauss elimination, of an
individual row of the model while all
terms related to the nodes in the two
adjacent rows are held constant. After
all row equations have been processed
row by row, the node equations are
solved again by Gauss elimination for
an individual column while all terms
related to the two adjacent columns are

held constant. After all equations
have been solved column by column, an
"iteration™ has been completed. The

above process is repeated until conver-
gence is achieved, completing the cal-
culations for the given time increment.
The calculated heads are then wused as
initial conditions for the next time
increment. This total process is re-
peated for successive time increments
until the desired simulation is com-
pleted.

Equation 3 may be rewritten to
illustrate the general form for calcu-
lations by rows. As a first simplifi-
cation it is assumed that the finite
difference grid is made up of squares
such that Ay = Ax. (The case where Ay
does not equal Ax is treated by
Prickett and Lonnquist, 1971.) Equa-
tion 3 is then expanded, the signs are
reversed, and terms of h;; are grouped
together to yield

gt T T T st T a0

. T, v 5. LAXT/AL) - T, & 5h

L0101 i.d P aES )

2.
= Sy A eue, o Ty b gl
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Equation 3 is of the form

‘Mhi-l,j + BBhi,j + CChi+1,j = DD
where

AR = _Ti"l ,jyz

BB =T, ) so+T; 5o+ T; oy

2
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B 2
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A similar set of equations can be
written for calculations by columns.
One of the flow calculations used in

this report, which pertains to the
above mathematical description, is the
"composite aquifer simulation program”

given by Prickett and Lonnquist (1971).
The report by Prickett and Lonnquist is
a companion to this report, as many
details of flow modeling are taken
directly from it for use in this re-
port.

Let us emphasize again that several
methods can be used to produce head
distributions from which velocities can
be calculated. As will be explained
later, heads can be entered from theo-
retical distributions, field data, or
other techniques involving totally dif-
ferent methods for numerically genera-
ting heads.

Once a head distribution is defined
for all the nodes of the finite differ-
ence grid, then the wvelocity distribu-
tion is calculated according to

K1
Vo= = (5)

where

V = interstitial velocity
K = hydraulic conductivity
I = hydraulic gradient
n = effective porosity

Since the model in this report in-
cludes nonhomogeneous aquifer proper-
ties and variable grid dimensions, the
calculation of the velocity distribu-
tion by equation 5 accordingly takes
this into account. Velocities are thus
stored on the basis of either

V(l,J,1) V defined midway between
nodes I,J and I,J+1, or

V(1,J,2) = V defined midway between
nodes I,J and I+1,]

These velocities are wused as the
input to a rather elaborate interpola-
tion scheme to provide velocity vectors
for the movement of each particle in
continuous space.

Solute Transport Calculations

The basis for the transport calcula-
tions of dissolved constituents in this
computer code is that the distribution
of the concentration of chemical con-
stituents of the water in an aquifer
can be represented by the distribution
of a finite number of discrete parti-
cles. Each of these particles is moved
by groundwater flow and is assigned a
mass which represents a fraction of the
total mass of chemical constituent in-
volved. In the limit, as the number of
particles gets extremely large and ap-
proaches the molecular level, an exact
solution to the actual situation s
obtained. However, it is our experi-
ence that relatively few particles are
needed to arrive at a solution that
will suffice for many engineering ap-
plications .

There are two prime mechanisms which
can change contaminant concentration in
groundwater: dispersion, and dilution
and mixing. The effects of mechanical
dispersion as the fluid spreads through
the pore space of the porous medium are
described by the first and second terms
on the left side of equation 1. The
effects of dilution and mixing are ex-
pressed in the second and third terms
on the left side of equation 1.



Dispersion

To illustrate the details of the
random-walk technique as it relates to
dispersion, consider the progress of a
unit  slug of tracer-marked fluid,
placed initially at x = 0, in an infi-
nite column of porous medium with
steady flow in the x direction. With
C,Q -equal to zero, equation 1 de-
scribes the concentration of the slug
as it moves downstream. Bear (1972)
describes the solution as

2
I S {x-vt)

L
where
C = concentration
d_. = longitudinal dispersivity
V = interstitial velocity
t = time
x = distance along the x axis

The shapes of the curves C(=x',t) are
shown in figure 3 where x' = x-Vt.
Based upon concepts found in compre-
hensive statistics books (for example,
see Mood and Graybill, 1963) a random

tributed if its density function, n(x),
is given by

2
_ 1 (x~u}
n(x) = == exp I:-———] (7)
VZna 542
where
0 = standard deviation of the dis-
tribution

u = mean of the distribution

Now, let us equate the following terms
of equations 6 and 7 as

g = fiﬁfﬂ (8
u= Vt (9)
n{x) = C(x,t) (10)
With the identities of equations 8

through 10 taken into account, it will
be seen that equations 6 and 7 are
equivalent.

The key to solute transport as de-
scribed in this report is the realiza-
tion that dispersion in a porous medium
can be considered a random process,

variable x is said to be normally dis- tending to the normal distribution.
M/n=1.0 L I
After Bear, 1972
0.8
0.6
4
C
0.4
0.2
3>t
0 —=—n
—5 —9 3 4 5

Figure 3. Progress of a slug around the mean flow



There are no new concepts here, as very
complete discussions of statistical
models of dispersion and the way dis-
persion affects water quality have been
given by others, including Bear (1972)
and Fried (1975). The method by which
this statistical approach gets into the
computer code and is applied to trans-
port problems is new.

Figure 4A represents the way par-
ticles are moved in the computer code
when the flow is in the x direction and
one considers only longitudinal disper-
sion. During a time increment, DELP, a
particle with coordinates xx,yy is
first moved from an old to a new posi-
tion in the aquifer by convection ac-
cording to its velocity at the old
position V. Then, a random movement
in the +x or -x direction is added to
represent the effects of dispersion.
This random movement is given the mag-
nitude

VZdLDX X ANORM(0) (11)

where
v2d,DX = ¢ = v2d vV DELP

ANORM(0) = a number between -6
and +6, drawn from a
normal distribution
of numbers having a
standard deviation of
1 and a mean of zero

The new position of the particle in
figure 4A is the old position plus a
convective term (Vyx DELP) plus the
effect of the dispersion term,

VZdLDX ANORM(0)

If the above process is repeated for
numerous particles, all having the same
initial position and convective term, a
map of the new positions of the parti-
cles can be created having the discrete
density distribution

Cix,t) + n(x) ~ aN;

) NO ) exp ‘{X'vx DELP)~ (12)
T VInvid,px VT

X

where

dyx = incremental distances over
which N particles are found
N, = total number of particles
in the experiment

Equations 6, 7, and 12 are equiva-
lent, with the exception that equa-
tions 6 and 7 are continuous distribu-
tions and equation 12 is discrete. As
illustrated in figure 4A, the distribu-
tion of particles around the mean posi-
tion, VxDELP, is made to be normally
distributed via the function ANORM(0).
The function ANORM(0) is generated in
the computer code as a simple function
involving a summation of random num-
bers. Probable locations of particles,
however, are considered only out to 6
standard deviations either side of the
mean. On a practical basis, the proba-
bility is low of a particle moving
beyond that distance.

One further emphasis is appropriate
concerning the so-called "density func-
tion" of equations 6, 7, and 12. The
equivalent density functions C(x,t) and
N/dy provide the means for relating
the concentration of a contaminant in a
field problem to the concentration of
particles found in portions of a finite
difference  model. Various density
functions will be defined Ilater, by
example, as they are needed for appli-
cation purposes.

Figure 4B illustrates the extension
of the random-walk method to account
for dispersion in a direction trans-
verse to the mean flow. Figures 5A and
5B illustrate the algebra involved when
the flow is not aligned with the Xx-y
coordinate system. Finally, figure 6
shows both longitudinal and transverse
dispersion taking place simultaneously,
and the appropriate vector algebra.

Dilution, Mixing,
and Radioactive

Retardation,
Decay

Consider the one-dimensional flow
problem in figure 7A in which the flow
and concentrations of the sources are
given. With dispersion set to zero and
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(A} LONGITUDINAL DISPERSION

d >0
Old particle
position
XX, yy . x
004,
DY = V,*DELP e
» /2d, DD
DD = /DX2 + DY? o
+ DISPERSE RL*DD
DX = V *DELP
RL*DY ~ New particle
y RL*DX position
XX YY
Where:

RL*DD = /2d, DD ANORM {0}

New position = Qld position + Convection + Dispersion
= XX + DX + RL+DX

XX =
+ DY + RL+DY

Yy = YY

{B) TRANSVERSE DISPERSION

= 0 (to avoid a zero divide in code —

DISPL = 10 —30)
dp >0

dy

DX = V,+DELP

0O1d particle
position ~

DY = VV*DELP

DISPEF{SE {RT*DD
- 5 R ad
oD = ,/DX? + DY {_ _r1ox

l RT*?_\S
4 = \/2d;DD

Where:
RT+DD =/2d{DD ANORM {01

New position = 0ld position + Convection + Dispersion
XX = XX + DX + RT*DY

Yy = vy + DY — RT=«DX

Figure 4. Computer code scheme for convection and longitudinal

and transverse (B) dispersion along x axis

(A)



(A) LONGITUDINAL DISPERSION

d, >0

tr = 0
0L 0 =4/2d, DX
Normal distribution of probable
naw position iny x direction
Example new
Old particle position particle position

XX, Yy X

———

CONVECT DISPERSE

DX=V,*DELP  RL+DX
V, *DELP
y

Where:
RL*DX=+/2d| DX +*ANORM(0)

New position = Old position + Convection + Dispersion
XX = XX + DX + RL#DX
\ad = Yy

(B} TRANSVERSE DISPERSION

d, = O (to avoid a zero divide check SET to 10 ~30)

d; >0
Example
new particle
RT+DX XX,yY position
Old particle /9 ~
position DISPERSE 4 4 1I. o,
XX,YY J X
} 9r = V2d;BX
CONVECT

DX =V, *DELP

Y
Where:
RT*DX =,/2dTDX ANORM {0}

New position = Qld position + Convection + Dispersion
XX = XX + DX + 0
Yy = Yy + O — RT+*DX

Figure 5. General scheme for convection and longitudinal (A)
and transverse (B) dispersion
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LONGITUDINAL AND
TRANSVERSE DISPERSION

Old position
XX, YY ™

RL*DX RT*DY

Y ¥ New position
x> xxiyy

TR Loy |

DY

—RT*DX

.

RL*DD = /2d, DD ANORM (0}
RT*DD = \/2d;DD ANORM {0)

Longitudinal  Transverse

New position = OId position + Convection + Dispersion * Dispersion
XX = XX + DX + RL*DX + RT*DY

vy = vy + DY + Rt*DY — RT*DX

Figure 6. General scheme for convection and dispersion



Q = 200,000 gpd 0 = 160,000 gpd

of 300 magfl at ? concentiation
{A) PROBLEM 4 }
I N A N
{ _ ! -
Q = 200,000 gpd o= a7 Q=
at concentration ~* C=2 PR —* Concentration = 7
at 100 mg/l L L v=?
T L]
v=? v=?
Relative velocity ) ]
Q = 200,000 gpd G = 100,000 gpd
= 300 mgdl C = 200 ma/l
(B) SOLUTION 4 }
| V=1 | V=5
Q - 200,000 gpd Q = 400,000 gpd Q - 300,000 gpd
- = C =200 mg/l
C = 1080 mo/l C = 200 mg/) V=16
V= 1 units V=2 ’
(c) M= 3+0fday M= l*Ofday
With 1 particle = 10 o/l | | I |
-+ —— N = 10/day ——wt-4———— N = 4D/day At N = 30/day —_

Time density of particles in computer model as they pass by particular goints in space

(D)

- — NN =10 4=

N/V=20 -

-+ N/V = 20

-~

Space density of particles in computer model on any particular day

Figure 7. Mixing and dilution effects in water quality problems
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retardation set to one, the distribu-
tion of concentrations in the system is
simply a result of pure mixing as
illustrated in figure 7B.

Now, let us assume that in the com-
puter model one particle represents 10
mg/l. Figure 7C shows the time density
of particles that would be used for in-
put data in the computer model. Figure
7D shows the space density of particles
in the computer model that would be
simulated. Once the space density of
particles is known, a multiplication by
the particle mass yields the concentra-
tion of the flowing water.

In equation 1 the retardation factor
(Rd) is wused to represent the change
in the solute concentration in the
fluid caused by chemical reactions with
the medium. These reactions include
adsorption, organic fixation, etc.
Chemical reactions between the dis-
solved constituent and the medium tend
to retard the movement of the constitu-
ent relative to the groundwater veloci-
ty. The retardation of a concentration
front in groundwater relative to the
bulk mass of water is described by the
relation

V - -
v—=]_+n"}\d=Rd (13)
C

where

V = interstitial velocity of the
groundwater

14

V. = velocity of the C/C, =
0.5 in the concentration
front

P = bulk mass density
n = effective porosity
Kq = distribution coefficient
Ry = retardation factor

The transport code herein can take
either Ky or Ry as input in order
to incorporate the effects of chemical
reactions. Later, in figure 42, exam-
ple output will be shown for t = 1000
days wusing Ry = 1.0 and Ry; = 2.0.
Determining Ky or Ryq for a constit-
uent in groundwater requires a great
deal of information regarding the com-
position of the groundwater and the
interaction of the constituent with the

medium. To pursue this, one should
consult other references, such as Helf-
ferich (1962), Higgins (1959), Baetsle

(1967,1969), Freeze and Cherry (1979),
and Borg et al. (1976).

Radioactive decay may be added to
the model if desired. The statement
"PM = PM*(0.5)**(TIME/HL)" should be
added to subroutine ADVAN(DELP) after
the statement "TMAP = TMAP+DELP." In
the statement, HL is the half-life of
the isotope in days. The number of
days can either substitute for HL or be
made an input parameter.



PROGRAM TRANS (OUTFUT, TRIN, TROUT, TAPES=TRIN, TAPEl=TROUT,
X TAPE6=0UTPUT, DEBUG=0UTPUT)
cC
c***  TLLINOIS STATE WATER SURVEY
C*%%  MASS TRANSPORT CODE WITH
C***  OR WITHOUT DISPERSION AND RETARDATION.

cC

C*** THE TRANSPORT {ODE 1S THE FOLLOWING:

Crxx DISPERSION--RANDOM WALK

Crx® CONVECTION--PARTICLE IN & CELL

C

C*** THE MAJOR FLOW SUBROUTINE IS THE POLLOWING:
Ch*x COMPOSITE AQUIFER SIMULATION PROGRAM

Cx** LISTING FROM PAGES 51-52 OF "SELECTED
Chax DIGITAL COMPUTER TECHNIQUES FOR GROUNDWATER
Chx% EVALUATION®, ILLINOQIS STATE WATER SURVEY
Ch*k BULLETIN 55, 1971, BY T.A. PRICKETT AND
Ch*k C.G., LONNQUEIST. THE FPLOW CODE HANDLES
CHex HETEROGENEOUS AQUIFPERS WITH LEAKY AND/OR
Crxk NONLEAKY, IWDUCED INFILTRATION, EVAPOTRANS-
Chxk PIRATION, ARTESIAN TO WATER-TABLE STORAGE
Chxk COEFFICLIENT CONVERSION, ARTESIAN AND/OR
CHk* WATER TABLE CONDITIONS, AND VARIARLE NET
C**& WITHDRAWAL RATES. 1IN ADRDITION, PRINTOUT
Cr*k OF INPUT DATA, VARIABLE GRID IWTERVALS,
ChEk AND VELOCITY CALCULATIONS ARE PROVIDED.

C

C

C*** DEFINITION OF VARIABLES
C***  VARIABLE

C***  NAME DESCRIPTION

Chkk _———- e e ——————

Ct**

C***  APOR ACTUAL POROSITY

C**%x  ARRAY ARRAY TISED IN SYSTEM SUBROUTINE CALL

Ce%x B PEACEMAN-RACHFQRD B ARRAY

C¥**  BOT ELEVATION OF BOTTOM OF AQUIFER (FT)

Cx*x  BOTT DEFAULT ¥ALUE FOR BOT

C**x* (CCH DEFAUOLT VALUE FOR CH

Cc*** (CH ELEVATION OF TOP OF AQUIFER (FT)

C**x%  CONSOR CONCENTRATION, IN MG/L AT THE SOURCE

Cc*** DELP TIME INCREMENT PARTICLES ARF ALLOWED TO MOVE(DAYS).
cC**%x  DELTA TIME INCREMENT (DAYS)

C**%  pRLY MODEL GRID INTERVAL, IN FEET, IN THE X DIRECTION
C*** DELY MODEI, GRID [NTERVAL, IN FEET, IN THE ¥ DIRECTION.
Ck** DISPL LONGITUDINAL DRISPERSITY IN FEET

cE*%  DISPT TRANSVERSE DISPERSIVITY IN FEET

cCk¥r DX SPACIAL INCREMENT ADDED TO X COORDINATE

C**% OVER WHICH PARTICLES WILL BE PLACED OR MOVED
C*** DY SPACIAL INCREMENT ADDED TO Y COORDINATE OVER WHICH
Crax OVER WHICH PARTICLES WILL BE PLACED OR MOVED
C*** BEPOR EFFECTIVE POROSITY

C*xx G PEACEMAN~-RACHFORD G ARRAY

CExk [ HEADS AT END OF TIME INCREMENT (PT)

Cx** HH DEFAULT VALOE FOR HEADS

C***  HO HEADS AT START OF TIME INCREMENT

Ck*k T INDEX VARIABLE

CcC*** TN LOGICAL UNIT NUMBER FOR INPUT

C***x TP X COQORDINATE O)F PUMP

Ch*x ISTEP INDEX VARIABLE

Crx*x INDEX VARIABLE

C**x  Jp Y COOQRDINATE OF PUMP

CH**x K INDEX WARIABLE

C*** KD DISTRIBUTION COEFFICLENT

Cx** M INDEX VARIABLE

C*** MARK TARBLE OF SINK COQRDINATES. THE VALUE STORED
Crx® IN MARK IS THE SINK NUMBER., IF MARK IS 0, THERE
Ch*x IS NO SINK,

Figure 8. Listing of the transport program
(See Part 2)
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C*** MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM,

Cr**x  NC NUMBER OF COLUMNS IN MODEL

C*** NP TOTAL NUMBER OF PARTICLES IN SYSTEM

C**%* NPITS NUMBER OF RANDOM WALK TIME STEPS PER FLOW

Cx** TIME STEP

C*** NPUMP NUMBER OF PUMPS IN SYSTEM,

Cc*** NR NUMBER OF ROWS IN MODEL

C**+ NRT NUMBER OF RATES IN PUMPING SCHEDULE

C*** NEP NUMBER OF TIME INCREMENTS PER PUMPAGE CHANGE
Ck**  NSTEPS NUMBER OF TIME INCREMENTS

C**+  QOUT LOGICAL UNIT NUMBER FOR OUTPUT

C*** PERM HYDRAULIC CONDUCTIVITY OF AQUIFER (GAL/DAY/SQ.
C***  PM PARTICLE MASS

C**x g CONSTANT WITHDRAWAL RATES (GPD)

Cr** 00 DEFAULT WITHDRAWAL RATES (GPD}

C**x R RECHARGE FACTOR (GAL/DAY/FT)

C%** RD ELEVATION OF BOTTOM OF STREAMBED OR

Cxxx ELEVATION BELOW WHICH EVAPOTRANSPIRATION CEASES (FT)
C***  RD) VECTOR RETARDATION FACTOR

C*** RH ELEVATION OF LAND OR STREAM SURFACE (FT)

C*%x*  RHO BULK MASS DENSITY

C*** RR DEFAULT RECHARGE FACTOR

Cx%* RRD DEFAULT VALUE FOR RD

C***  RRH DEFAULT VALUE FOR RH

Cxék  gp} STORAGE CONDITIONS FOR ARTESIAN CONDITIONS (GAL)
CE**x  3SF2 STORAGE CONDITICNS FOR WATER TABLE CONDITIONS {GAL/FT)
C*** SOR VOLUME OF WATER TO BE ACCOUNTED FOR BEFORE NEXT
Ch*% PARTICLE IS EMITTED

Cx*x 3] DEFAULT VALUE FOR SF1

C**x G2 DEFAULT VALUE FOR SF2

Cx*x T BRQUIFER TRANSMISSIVITY {GAL/DAY*FT}

Chx* TIME TIME RLAPSED DURING STMULATION

CH**x%x  TMAP TIME SINCE PARFTICLES WERE FIRST ALLOWED TO MOVE (DAYS)
Ce*x TP DEFAULT VALUE FOR TRANMISSIVITY

C**x ¢ ARRAY CONTAINING COMPONENTS OF VECTOR VELOCITIES
CHax ¥] TEMP VARIABLF

C***x  y] TEMP VARIABLE

CHx%x 3 TEMP VARIABLE

C

C

C*** DECLARATIONS

C

DIMENSION IP{L00),JP{100),P{100,12)
COMMON /RETARD/ RDL,KD,RHO

REAL KD

COMMON /EXTRA/PERM (30,29, 2) ,7(30,29,2),

1 SF1(30,29),5F2(30,29)
COMMON/EXTRA3/ITER, NSTEPS, DL (30,29} , ISTEP
COMMON /POR/APOR, EPOR, CONSOR (30, 29)

COMMON /VEL/NC, NR, ANC, ANR, V{30,29, 2)
COMMON /TRACE /NP, MAXP, PM, DISPL,BISPT, X (5001) ,

1 Y(5001} ,MARK(30,29),TMAP
COMMON /EXTRA2 /CH{30,29} ,HO(30,29),

1 G{(30),B(30),R(30,29),TIME, ERROR, E, ARRAY ()
COMMON /AQUI/H(30,29) ,RH(30,29},

1 DELTA,Q{30,29} ,SOR(30,29)

COMMON /VAR/DELX {50) ,DELY (50)
COMMON /RQUI2 /RD {30, 29) ,BOT{30,29)
COMMON/POL/X1,DX,¥1,DY,DELP

C***x DEFINE INPUT AND OUTPUT DEVICE NUMBERS

INTEGER OUT
DATA IN,OUT/5,6/

DATA B/30*0/

DATA ARRAY/6*0.0/
CALL SYSTEMC(11l5,ARRAY)

Figure 8. Continued



C***
Ct**
C***
Chk*xx
Ch*%
Ch*k
Chdk
Ck*xx
Chrid
Ch4k
Chxk
Ch*x

C**i
C*x

140

cC
LT 2

c
20
30
40
50

60

70

C
ChhE

L

80

ok

120
130

C
Chkk

c

THE RANDOM NUMBER GENERATOR FOR THE CPC 6400/CYBER SYSTEM
FORTRAN I3 CALLED RANF. WHEREVER RANF OCCURS IN THIS
PROGRAM, IT CAN BE REPLACED WITH THE APPROPRIATE FUNCTION
CALL FOR ANY OTHER SYSTEM. THE RANDOM NUMBER GENERATOR
MUST BE INITIALIZED, AND SUBROUTINE RANSET DOES THIS.

THE CALL OF RANSET WITH ARGUMENT T CAUSES T TO BE USED AS
THE SEED POR THE RANDOM NUMBER GENERATOR. SUBROUTINE
SECOND WHEN CALLED WITH A PARAMETER OF T RETURNS THE
NUMBER OF SECONDS PAST MIDNIGHT IN T. THE FOLLOWING

2 STATEMENTS INITIALIZES THE SEED OF RANF TO BE

THE NUMBER OF SECONDS PAST MIDNIGTH AT TIME OF EXECUTION.
THIS PROVIDES FOR BETTER RANDOMNESS.

CALL SECONDI(T)
CALL RANSET(T)

RERD PARRMETER CARD AND
DEFAULT VALUE CARD

READ(IN, 10) NSTEPS,DELTA, ERROR,NPITS,
1 N¢,WR,TT,S1,HH,QQ,RR,RRH,RRD,S52,CCH, PP,BOTT
FORMAT(16,2F6.0,I6/216,11F6.0}

WRITE OUT PARAMETER AND DEFAULT VALUES

WRITE (QUT, 20)

FORMAT (/" VALUES ON PARAMETER CARD")

WRITE (OUT, 30}

FORMAT( /" NSTEPS DELTA ERROR NPITS")
WRITE(OUT, 40} NSTEPS, DELTA, ERROR, NPITS
FORMAT(1X,17,2X,E7.2,2X,87.2,1%,17)

WRITE (OUT, 50)

FORMAT (/" VALUES ON DEFAULT VALUE CARD")
WRITE(OUT, 60)

FORMAT{/" NC NR TT s1 ",
1" 52 HH Q0 RR ",
2 " RRH PP BOTT RRD CCH")

WRITE{QUT, 70} NC, R, TT,81,52,HH,Q0,
1. RR,RRH,PP,BOTT, RRD,CCH
FORMAT{2I3,6F11.3,2F7.0,3F7.2)

READ PUMP PARAMETER CARD

READ(TIN,B80) NPUMP,NSP,NRT
FORMAT {316}

WRITE PUMP PARAMMETER CARD

WRITE (OUT, 20}
FORMAT (/" PUMP PARAMETER VALUES")
WRITE{OUT, 100}
FORMAT{/" MNPUMP  NSP NRT"}

" WRITE(QUT,110)NPUMP,NSP, NRT
FORMAT (316}

READ PUMPING SCHEDULES
Do 130 1=),NPUMP
READ{IN,120) IP(I),JP(I),
1 (P(1,K) ,K=1,NRT}
FORMAT (213, 12F6.0}
CONTINUE

WRITE PUMPING SCHEDULES

Figure 8. Continued
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WRITE (OUT, 140}
140 FORMAT{/" PUMPING SCHEDULES")
WRITE (QUT, 150)

150 FORMAT{" 1P JP Pl P2 P3",
1 " P4 PS5 6 P7",
2 " P8 P9 PLO PL1",
3 L} P12")

DO 170 I=1,NPUMP
WRITE{OUT,160}IP(I),JP(I), (P(I,M),M=1,NRT)
160 FORMAT{213,2X,12F10,3/}
170 CONTINUE
175  CONTINUE
C
C*** READ VARIABLE GRID SIZES
c
READ{IN,190) (DELX (1) ,1=1,NC)
180 PORMAT(10F8.0)
READ({IN,180) (BELY (J) ,J=1,NR)
WRITE (OUT, 190)
190 FORMAT (/" VALUES OF ROW J AND DELY")
PO 210 J=1,NR
WRITE(QUT, 200) J,DELY {J)
200  FORMAT{t4X,I5,F8.0)
210  CONTINUE
WRITE (OUT, 220)
220 FORMAT(/" VALUES OF COLUMN I AND DELX")
DO 240 I=1,NC .
WRITE (OUT, 230) I,BELX{T)
230 FORMAT{14X,I5,¥8.0)
240  CONTINUE
C
C*** PILL ARRAYS WITH DEFAULT VALUES
c
DO 260 I=1,NC

DO 25¢ J=1,NR
T(1,J,1) =TT
T(I1,J,2) =TT
PERM(I,J, 1) =PP
PERM(I,J,2)=PP
SFLl(1,J) =51
SP2(I,J) =82
H(I,J)=HH
HO{I,J} =HH
R(I,J}=RR
RH(I,J)=RRH
RD(I,J)=RRD
CH(I,J}=CCH
BOT(I,J) =BOTT
DL(I,J}=0.0
Q(I,F)=0Q

250 CONTINUE
260  CONTINUE
c
DELX (NC+1} =0.0
DELY (NR+1)=0,0

C*** READ AND WRITE POLLUTION INITIAL CONDITIONS

READ(IN,270)X1,DX,Y1,DY,DELP
270 FORMAT (5F10,0)

WRITE (QUT, 280)
280 FORMAT(/" INITIAL LOCATION OF PARTICLES"}
WRITE (OUT, 290)
290 FORMAT{" AND TIME INCREMENT DELP")
WRITE (OUT, 300)
300 FORMAT(" X1 DX Y1,
1 v DY DELP")

WRITE(OUT,270)%1,DX,YL,DY,DELP

Figure 8. Continued



" C*** READ AND WRITE POLLUTION PARAMETERS

READ{IN, 310) PL,MAXP,PM,DISPL, DISPT, EPOR, APOR, RDL, KD, RHO
310 FORMAT(F7.1,17,8F7.1)

CALL RDSOLV{EPOR, RHO,KD,RD1)

WRITE (OQUT,320)
320 FORMAT(/" VALUES OF POLLUTION PARAMETERS")

WRITE{OUT, 330)

330 FORMAT(/" PL MAXP PM",
1 " DISPL  DISPT EPOR APOR RD KD*,
2 " RHO™)

WRITE{OUT, 340} PL,MAXP,PM,DISPL,DISPT, EPOR, APOR, RD1 , KD, RHO
340 FORMAT({1F10.0,I10,3F10.3,5F10.3)})
CALL INIT

c
C*%* READ AND WRITE SINK LOCATION AND
C*** IDENTIFYING NUMBER.

C
WRITE(OUT, 343)
343  FORMAT(/" LOCATION OF SINKS AND IDENTIFIER")
WRITE (QUT, 343)
345 FORMAT(/" I J MARK")
350 READ(IN,360)1I,J,MRK
360 FORMAT({3I3)
IF {I.EQ.0.AND.J.EQ.0)GO TO 390
MARK (I,J} =MRK
WRITE (OUT, 360) I,J,MARK(I,J)
GO TO 350
390  CONTINUE
C
C*** READ AND WRITE SOURCE CONCENTRATION DATA
c
WRITE (OUT, 400)
400 FORMAT({/" LOCATION OF SOURCES AND THEIR",
1 ™ CONCENTRATION")
410 READ(IN,420}1,J,CONSOR(I,J)
420 FORMAT(2I3,1Fl4.4)
1F (1.E0.0.AND.J.EQ.0}GO TO 430
WRITE(OUT, 420) I,J,CONSOR{I,J)
GO TO 410
430  CONTINUE
C
C*** READ AND WRITE NODE CARDS
C
WRITE (OUT, 440)
440 FORMAT (/" NODE CARD VALUES")
WRITE (OUT, 450)
450 FORMAT(/" I J Tl T2 SF1",
1 SF2 H 0 R",
2 v RH PERML PERMZ BOT RD CH")
460 READ(5,470)I,J,%7(I,J,1),T{1,J,2},
1 SF1(I,J),H(I,J},0{I,J},R(I,J),RH(I,J},
2 RD(I,¥),S$F2(I,J),CH(I,J),PERM(I,J, 1},
3 PERM{I,J,2),BOT{I,J)
470 FORMAT{2I3,2F6.0,2F4.0,9F6.0)
IF ( EGF ( 5 ) .NE. 0 } GO TO 490
WRITE(OUT,480)1,J,T(¥,J,1),T{I,J,2),SF1(I,d),
1 SF2(1,J) ,H(I,)),0(I,F¥ ,R{I,J) ,RH{I,J},PERM(I,J,1),
2 PERM{I,J,2),BOT{I,J) ,RD(I,J},CH(I,J)
480 FORMAT(2I13,2F10.0,2F10.5,2FL0.0,1F10.3,6F7.0)
GO TO 460
490 CONTINUE
C
C*** ADJUST AQUIFER PARAMETERS FOR VARIABLE GRID
C

Figure 8. Continued
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510
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c
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DG 510 I=1,NC

DO 590 J=1,NR
viI,J,1)=0.
viI,J,2)=0.
T(¥,J,1l)=T(L,J,1}*2*DELX({(I) /(DELY(J)+DELY (J+1))
T(I,J,2)=T{I,J,2)*2*DELY({J) /(DELX{I)+DELX{I+1))
SF1(f,J}=SF1(I,J)*7.48*DELX(I) *DELY{.J)
SF2{1,J)=8F2{1,J)*7.48*DELY (J) *DELX(I)
R(I,J)=R{I,J}*DELY (.J)*DELX (I}
PERM{I,J,1}=2*PERM(I,J, )} *DELX(I) /{DELY (J) +

1 DELY (J+1))

1

PBRM(I,J,2}=2*PERM(I,J,2)*DELY(J]/(DELX(I]+
DELX (T+L} )
CONTINUE
CONTINUE

START OF SIMULATION
TIME=0

DELI=DELTA

KC=1 -

DO 630 ISTEP=],NSTEPS

ENTER PUMPAGE SCHEDULES

C*** IF 'THERE ARE WO PUMPS, SKIP THE NEXT SECTION OF CODE,

C

520

530
535

540

C

CHhkx

C
550

560

570
580

581
582

C

cC

e b

IF { NPUMP .EQ. 0) GO TO 535
2=(ISTEP-1.0) /NSP+1,0
IF { 2 - KC ) 540 , 520 , 540
CONTINUE
DO 530 K=1,NPUMP
I=IP(K)
J=JP(K)
Qi{L,J3)=P(K,KCQ)
CONTINUE
CONTINUE
DELTA=DELI
KC=KC+1
CONTINUE

CALL CLEAR
CALL HSOLV4

PRINT VALUES QF HEAD

WRITE{QUT, 550) TIME, ITER,E
FORMAT{////" TIME ELAPSED SINCE PUMPING ",
"STARTED=",F6.2,1X, "DAYS"/IX, "NUMBER OF ",
"ITERATIONS FOR THiS PIME INCREMENT=",
I5/1%,"SUM OF CHANGES IN HEAD FOR ALL NODE",
" POINTS=",E20.7,"FT.")
WRITE{QUT,560)
FORMAT{ /40X, "WATER LEVEL ELEVATIONS"/
40X,22("*"})
I1=NC/10
IF {MOD(NC,10).GT,0) TI=IT+l
DO 582 ITI=1,II
IJ={I1I~1)*10
ITF=MING (10,NC-1J}
DO 580 J=1,NR
WRITE (OUT,570) (H(1+1J,3},I=1,11J)
FORMAT(1X,10F10. 2)
CONTINUE
WRITE (DUT, 581)
PORMAT(//)
CONTINUE

Figure 8. Continued



C***
c***

C

600
610

Chkk
Ched

620
c

630
C

Crhhr
Chekh
Chrk
Rk
Ch*k

CALCULATE INTERSTITIAL VELOCITIES
FOR NODES OF MODEL.

DO 610 I=1,NC
DO 600 J=1,NR
IF {J.NE.NR)V(I,J,1)=—PERM(I,J,1)*(H(I,J+1)-

1 H(I,J})/(DELX(I) *EPOR*7.48052)
IF (I.NE.NC)})V{I,J,2)=-PERM(I,J,2)*{H(I+1l,J)~
1 H{I,J)} /(DELY{J) *EPOR*7.48052)
CONTINUE
CONTINUE

CALL APPROPRIATE SUBROUTINES
FOR AQUIFER SITUATION

DO 620 I=1,NPITS
CALL SUMMRY
CALL SNKCON
CALL CLEAR
CALL ADVAN (DELP)

CALL GENP4
CALL MAP
CALL CONMAP

CONTINUE

DELTA=DELTA
CONTINUE

STOP

END
X RS SRR E RS SIS R ER R R ST ISR 2L 2L T RS RSS2SR 2SST SRS LSS 22

AR S 2R Rt s R Rt R e st s ssst R RS )]
Ak

SUBROUTINES AND FUNCTIONS ko
2T

C*****i********i**ti***i**********t**i********************i***t**i***
C*************t******i*******i*********t********i**t***i*******t*****

c

[ot. B .04
Ck&*
Crhk
Cha*
Chan
Chhk
Chr%

C

C
CRAR

cC

Chre
C***
Crhx
fodd * %k
Chrx
(ot 2.2
Chid
Cehx
Ches
C***
Ches
fod 224
Ckkk

CERX

ARkt hhhbtrhh kbt

THIS SUBROUTINE IS CALLED WHEN PARTICLES
ARE TO BE ADDED TO THE SYSTEM. [IF
NUMBER OF PARTICLES TO BE ADDED IS
GREATER THAN MAXP THEN PM CHANGES WHILE

NP STAYS THE SAME.
Y il Lt T T T T Y P Y

SUBROUTINE ADD(XX,YY})

DEFINITION OF VARIABLES:

NAME DESCRIPTION

DISPL LONGITUDINAL DISPERSIVITY IN FEET

DISPT TRANSVERSE DISPERSIVITY IN FEET

K INDEX VARIABLE

MARK TABLE OF SINK COORDINATES. THE VALUE STORED

IN MARK IS THE SINK NUMBER, IF MARK IS O,
THERE IS NO SINK.

MAXE MAXIMUM NUMBER OF PARTICLES IN SYSTEM

NP NUMBER OF PARTICLES IN SYSTEM

M PARTICLE MASS

TMAP TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE (DAYS}.
DECLARATIONS :

COMMON /TRACE /NP, MAXP, PM,DISPL,DISPT, X (5001) ,
1 Y(5001) ,MARK (30,29} ,TMAP

Figure 8. Continued
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cC
C*** BEGIN SUBROUTINE ADD:
C
NP=NP+1
X {(NP) =XX%
Y (NP} =¥Y
IF (NP.LT.MAXP)RETURN
K=RANF (D) *MAXP+1.0
X (K) =X (NP}
¥ (K) =Y (NP}
PM=PM*MAXP/ (MAXP-1}
NP=NP-1
RETURN
END

Chkk kkkrhkkhkhkhkkbkhkkhhkhkhkhtkhkkrhrhkkkhkkhkhhhkhkhkhhrkhhx

C*** THIS SUBROUTINE ADVANCES ALL PARTICLES
C*** T0Q THEIR NEW POSITIONS DURING TIME

C#*x INCREMENT DELP
L Ty e T T Ty LT T A T Y
C

cC
S{IBROUTINE ADVAN{DELP)
c
C*** DEFINITION OF VARIABLES:
c
C#*x*x  NAME DESCRIPTION
CxEH ———— e e ——————
C***
C*** DELP TIME INCREMENT PARTICLES ARE ALLOWED TGO MOVE (DAYS).
C**x* DISPL LONGITUDINAL DISPERSIVITY IN FEET
C*** DISPT TRANSVERSE DISPERSIVITY IN FEET
C*x** K INDEX VARIABLE
C***  MARK TABLE OF SINK COORDINATES, THE VALUE STORED
Chan IN MARK IS THE SINK NUMBER. 1IF MARK IS 0,
Chnx THER IS NO SINK.
Cx%+x  MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM
Cx*% NP NUMBER OF PARTICLES IN SYSTEM
Cx*% PM PARTICLE MASS
Ca*x  TMAP TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE (DAYS).
C
C*** DECLARATIONS:
c
COMMON/TRACE /NP ,MAXP, PM,DISPL,DISPT,X(5001),
1 ¥(5001) ,MARK{30,29) ,TMAP
g
C*** BEGIN SUBROUTINE ADVAN:
C
TMAP=TMAP+DELP
K=0
1 K=K+l
2 IF (K.GT.NP) RETURN
C

C*** TF A PARTICLE GOES INTO A SINK, THE LAST
C#*** PARTICLE (NP} COORDINATES ARE THEN STORED
C*** TN THE THUS VACATED X(K) AND Y{(K) POSITION.

IF (MOVE(X (K} ,Y¥{K),DELP).EQ.0) GO TO 1
K(K}=X(NP)

¥ (K} =Y (NP}

NP=NP~-1

GO TO 2

END

Cxxh khkhkkhhkhhkhhhkhhhxhhhhhhhhbhhh bbbt hiii

C*** THIS FUNCTION PRODUCES A RANDOM
C*** NUMBER BETWEEN -6 AND +6,

C*** FOLLOWS A NORMAL DISTRIBUTION, AND
C*#** HAS A STANDARD DEVIATICON OF 1 AND A

C*** MEAN OF ZERO.
Okl AR AR bR R AR AR RIS IR R AR AR AN AR RN R R AR
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C

C
Ch%x

c

Chk
CFkx
Ckkk
Chk¥
Chk¥
Chkx
cC

Chk*
L

L11]

OFkx
Chsh
Ch*%x
Crak

Qkxk

ChRk
ChAk
ChAk
Ck4k
ChAk
[od 2
Chik
C***
(ot 2
CRxk

Ohxx

4
CHrk
C

10
20

30

Chnk
Chik
Ch*x
Chis

FUNCTION ANORM{K)

DEFINITION OF VARIABLES:

NAME DESCRIPTION

ANORM RANDOM NUMBER (-6,6) WITH NORMAI, DISTRIBUTION, ETC.
I INDEX VARIABLE

K INDEX VARTABLE

BEGIN FUNCTION ANORM:

ANMORM=-6.0

Do 10 ¥=1,12
ANORM=ANORM+RANF { 0)

CONTINUE

RETHRN

END

hhkhkkhhkhktbhkbdhkhhdhhhhhkhhdkhkhkhkkhhbthkhbhhbdhkdthik

THIS SUBROUTINE CLEARS OUFT NPART

AND TABLE
R s I e T2y

SUBROUTINE CLEAR

PEFINITION OF VARIABLFS:

NAME DESCRIPTION

I INDEX VARIABLE

F INDEX VARTABLE

NC NUMBER OF COLUMNS IN THE MCDEL

NPART NUMBER OF PARTICLES AT EACH NODE

NR . NUMBER OF ROWS IN MODEL

TABLE MASS OF PARTICLES IN SINKS

v ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
DECLARATIONS:

COMMON /VEL/ NC,NR,ANC,ANR,V(30,29,2)
COMMON /FORMS/TABLE(50) ,NPART(30,29)

BEGIN SUBROUTINE CLEAR:

DO 20 I=1,RC
DO 10 J=1,HR
NPART{I,J}=0
CONTINUE
CONTINUE
Do 30 I=1,50
TABLE(I)=0,0
CONTINUE
RETURN
END

Kk hkkkkkhkhhhgthhhkohhbhhkhtbdhhiAhhhdhhkhtdiit

THIS SUBRQUTINE CONVERTS NPART

TO A CONCENTRATION MAP
R T T L e Y sy

SUBRCUTINE CONMAP

Figure 8. Continued
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Chhh

CHrk
Chak
ChAx
C***
Chsx
C***
Chxk
Chxk
ChkE
OhEn
ChkR
Chkh
Otkk
Chhx
C*Rk
CHEE
ChkX
C***
Chkix
Chex
CkkN
Chkx
ChAx
Chah
Ch*x
CkeR

CHkk

Cc

DEFINITION OF VARIABLES:

NAME

APOR
BOT
CONC
CONSOR
DELTA
DELX
DELY
EPOR
H

I

J
MAXP
NC

NP
NPART
NR

PM

Q
RD

RH
TABLE
v

DECLARATIONS:

DESCRIPTION

ACTUAL POROSITY

ELEVATION OF BOTTOM OF AQUIFER (FT)
CONCENTRATION OF PARTICLES (MG/L) AT EACH NODE
CONCENTRATEON AT THE SOURCE

TIME INCREMENT (DAYS}.

MODEL GRID INTERVAL, IN FEET, IN THE X DIRECTION
MODEL GRID INTERVAL, IN FEET, IN THE Y DIRECTION
EFFECTIVE POROSITY

HEADS AT END OF TIME INCREMENT (FT)

INDEX VARIABLE

INDEX VARIABLE

MAXIMUM NUMBER OF PARTICLES IN SYSTEM

RUMBER OF COLUMNS IN MODEL

NUMBER OF PARTICLES IN SYSTEM

NUMBER OF PARTICLES AT EACH NODE

NUMBER OF ROWS IN MODEL

PARTICLE MASS

CONSTANT WITHDRAWAL RATES (GPD)

ELEVATION OF BOTTOM OF STREAMBED OR

ELEVATION BELOW WHICH EVAPOTRANSPIRATION CEASES (FT).
ELEVATION OF LAND OR STREAM SURFACE (FT)

MASS OF PARTICLES IN SINKS

ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES

COMMON /AQUIZ/RD (30, 29) ,BOT{30,29)

COMMON /AQUI /H{30,29) ,RH(30,29) ,DELTA,Q{30,29
COMMON /VEL/NC, NR, ANC, ANR, V (30, 29, 2}

COMMON /FORMS /TABLE (50} ,NPART (30, 29)

COMMON /POR/APOR, EPOR, CONSOR (30, 29)

COMMON /VAR/DELX (50) , DELY (50)
COMMON /TRACE /NP, MAXP , PM

DIMENSION CONC(30,29)

INTEGER QUT
DATA OUT/6/

C*** BEGIN SUBROUTINE CONMAP:

cC
1

10
20

40

50
60

65
70

1
30

WRITE{6,1)

FORMAT (" MAP SHOWING CONCENTRATION IN PPM"/}

Do 20 I=1,NC

Do 10 J=1,HR
CONC(I,J)=0.0

CONTINUE

CONTINUE

DO 40 I=1,NC

DG 30 J=1,NR
CONC (1,.J)=NPART(I,J)*PM*1E6/ (APOR* (AMINLI(H(I,T),

CONTINUE
II=NC/10

RD(I,J)}=-BOT{I,J}) *(DELX () *DELY{J)) *62.4)
CONTINUE

IF {MOD(NC,10).GT.0) II=II+l
DO 70 I1I=1,TI
IJ=(ITT=1)*10
I1.J=MINO {10,NC-1J)
Do 60 J=1,NR
WRITE(QUT, 50} (CONC(I+IJ,J),T=1,TLJ}
FORMAT (1%, 10E10.3)

CONTINUE

WRITE(6,65)
FORMAT ( / /)

CONTINUE
RETURN
END

Figure 8. Continued



Chkd ke dd bk bkt thh kb kbbbt hbhbhhhkkhh

C*** THIS SUBROQUTINE ENABLES PARTICLES
C*** TO BE INITIATED IN X, Y SPACE AND OVER

Cc*** TIME DELP RANDOMLY
ChEk  kERARARA SRRk Rk kA k kN AR ARk Rk Rk AR RN

c
SUBROUTINE GENP(PL)
C .
C*** DEFINITION OF VARIABLES:
c
C*** NAME DESCRIPTION
C*** = m et em s
fad 2.2
C***x pE RANDOM PORTION OF DELP
C*** pDELP TIME INCREMENT PARTICLES ARE ALLOWED TO MOVE (DAYS).
C*x*%* pIsSPL LONGITUDINAL DISPERSIVITY IN FEET
Ck** DISPT TRANSVERSE DISPERSIVITY IN PEET
Ck** DX SPACIAL INCREMENT ADDED TO X CODRDINATE
Cr*x OVER WHICH PARTICLES WILL BE PLACED OR MOVED..
Ch*k* DY SPACIAL TNCREMENT ADDED TO Y COORDINATE
Cha* OVER WHICH PARTICLES WILL BE PLACED OR MOVED.
C*** MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM
Cx** NP NUMBER OF PARTICLES IN SYSTEM
C*#*%  PpL TOTAL AMOUNT OF POLLUTANT
Chhx DM PARTICLE MASS
C
C*** DECLARATIONS:
c
COMMON /TRACE /NP ,MAXFP, PM,DISPL, DISPT
COMMON/POL/X1,DX,Y1,D¥,DELP
ol
C*** BEGIN SUBROUTINE GENP:
c
P=PL
1 IF {(RANF({0).GT.P/PM) RETURN
P=P-PM
XX=X1+DX*RANF (0}
YY=YL+DY*RANF (0}
DE=DELP*RANF { ()
IF {MOVE(XX,YY,DE).EQ.0) CALL ADD{XX,YY)
GO TO 1
END
c

ChNE L2 22T S LR AR R RS LRES R E R ERZS

Ck** THIS SUBROUTINE GENERATES PARTICLES
C***  ALONG COLUMN 30. IT IS USED IN

C*** THE EXAMPLE PROBLEMS IN THIS REPORT.
e A A s T e T e e T e

c
SUBROUTINE GENP2
c
C*** DEFINITION OF VARIABLES:
c
C***  NAME DESCRIPTION
Ckkk —m——— e e m—m————
Chkd
CHra* I INDEX VARIABLE
c
C*** BEGIN SUBROUTINE GENPZ:
c
DO 10 I=1,29
XX=30.
YY=30.-1

CALL ADD(XX,YY)
10 CONTIKUE
RETURN
END

Figure 8. Continued
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C*** THIS SUBROUTINE EMITS 51 PARTICLES
C*** AT COORDINATES (1,2). IT IS OUSED IN

C*** THE EXAMPLE PROBLEMS OF THIS BULLETIN,
Chek kAR E R R I ERER R RNRR AR Ik Rk Rk kAR A R Rk Rk AR R &k R

C
SUBROUTINE GENP3
C
C*#* DEFINITION OF VARIABLES:
C
C*** NAME DESCRIPTION
Cxx% —_——— | e ———
C***
Cx4+ T INDEX VARIABLE
c
C*#+ BEGIN SUBROUTINE GENP3:
C
Do 10 I=1,51
Y¥=2,
%X=1.
CALL ADD(XX,YY)
10  CONTINUE
RETURN
END
c

Chxk Addhkkhkkdhkk kb kdddhbdbhb kb ARtk bk btk

C*** THIS SUBROUTINE GENERATES PARTICLES ARGUND
C*** A CIRCLE CONCENTRIC WITH THE WELL AT CENTER,
c*** THIS PARTICULAR SUBROUTINE GENERATES 360

C*#** PARTICLES IN A CIRCLE AT A DISTANCE

C***  OF 0.7 GRIDS FROM THE CENTER OF THE INJECTION
C*** WELL AT MODEL COQRDINATES (15,15} AND

C*** RANDOMLY DURING DELP.
et I L e Ty Y

c
SUBROUTINE GENP4
C
C*** PEFINITION OF VARIABLES:
C
C***  NAME DESCRIPTION
C*** ————-— e ———
C***
C***  ANG CONVERSTION FACTOR FROM ANGLES TO RADIANS
C***  ANGS ANGLE IN DEGREES
C*** DE RANDOM PORTION OF DELP
C***  DELP TIME INCREMENT PARTICLES ARE ALLOWED TO MOVE (DAYS).
C*** DISPL LONGITUDINAL DISPERSIVITY IN FEET
C*** DISPT TRANSVERSE DISPERSIVITY IN FEET
C***  pX SPACIAL INCREMENT ADDED TO X COORDINATE
CHH*® OVER WHICH PARTICLES WILL BE PLACED OR MOVED..
C**+ DY SPACIAL INCREMENT ADDED TO Y COORDINATE
Cha* OVER WHICH PARTICLES WILL BE PLACED OR MOVED.
cxxr I INDEX VARIABLE
C*** MARK TASLE OF SINK COORDINATES. THE VALUE STORED
CHan IN MARK IS THE SINK NUMBER. IF MARK IS 0,
CHer THERE IS NO SINK.
C*#*  MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM
cer N NUMBER OF DEGREES IN A CIRCLE
CH#** NP NUMBER OF BARTICLES IN SYSTEM
Ch**  PM PARTICLE MASS
Cr** TH ANGLE IN RADIANS
CH**  TMAP TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE (DAYS).
c
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C*** DECLARATIONS:
C
COMMON /TRACE/NP ,MAXP, PM, DISPL,DISPT, X {5001) ,
1 ¥(5001),MARK (30,29} ,TMAP
COMMON/POL/X1 DX, ¥1,DY,DELP
C
C*** BEGIN SUBROUTINE GENP4:
C
XX=15,
Yy=15.
ANG=2*3,141593
RR=0.7
ANGS=0
N=260
ANG=ANG /N
Do 10 1=1,M
TH=ANG*I+ANGS
XX=15,+RR*SIN(TH)
Y¥=15.+RR*COS { TH}
DE=DELP*RANF (0}
IF (MOVE(XX,YY,DE) .EQ.0)CALL ADD (XX, YY)
10  CONTINUE
RETURN
END

Chkd Ahkhkkkkhhkhkhhhhh kb khdhddh bbbk ki ik

C**%* THIS SUBROUTINE GENERATES PARTICLES AROUND
C*** A CIRCLE CONCENTRIC WITH THE WELL AT CENTER.
Ct** THIS PARTICULAR SUBROUTINE GENERATES 101

C*** PARTICLES IN A CIRCLE AT A DISTANCE

Cc***  OF 0.7 GRIDS FROM THE CENTER OF THE INJECTION
C*** WELL AT MODEL COORDINATES (15,15} AT THE

C*** (ONSET OF THE CALL STATEMENT.
CREk EAkkhh Rk kR R R R kAR Rk R Rk Rk k

C

SUBROUTINE GENPS
C
C**%* DEFINITION OF VARIABLES:
c
CH*%  NAME DESCRIPTION
C*** ————— o ———————
C***
C**  ANG CONVERSION FACTOR FROM DEGREES TO RADIANS
CHk:  ANGS ANGLE IN DEGREES
g*** DISPL LONGITUDINAL DISPERSIVITY IN FEET
C***  DISPT TRANSVERSE DISPERSIVITY IN FEET
Chkx¥ I INDEX VARIABLE
C***  MARK TABLE OF SINK COORDINATES. THE VALUE STORED
CHhex IN MARX IS THE SINK NUMBER, I¥ MARK IS 0,
Crrx THERE IS NO SINK.
CH**  MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM
Chhx N NUMBER OF DEGREES IN A CIRCLE
Cxrx NP NUMBER OF PARTICLES IN SYSTEM
C***  PM PARTICLE MASS
Cr**x  TH ANGLE IN RADIANS
C***  TMAP TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE {DAYS).
c _
C*** DECLARATIONS:
C

COMMON /TRACE /NP, MAXP, PM,DISPL,DISPT,X (5001),

1 Y{5001),MARK(30,29),TMAP
c
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c***

C

1o

Ch4x
ot 224
Chax
Chxx
Chix

Chix

Char
Chin
ChAk
Ch*xk
Ak
Chi*x
[ 2 24
Ok
ChRk
Cktk
Chdk
CkkE
feb 224
CHxk
Chik
Chhx
Chkk
Chkk
Chak
Cei¥
Chek®
Chhk
CHhk
CkkE
Chkn
Crxx
Qe
[ kg
Qhkk
Chex
Cedk
Ohkn
Chek
ik
Chuk

BEGIN SUBROUTINE GENPS:

#X=15,

¥Yy=15.

ANG=2%3.141593

RR=0.7

ANGS=0.

N=101

ANG=ANG/N

pO 10 I=1,N
TH=ANG* I+ANGS
¥X=15.+RR*SIN(TH)
Y¥=15. +RR*COS (TH)
CALL ADD{XX,YY)
CONTINUE

RETURN

END

L2 s F AR LSS R SRSt st Sl g

THIS SUBROUTINE SOLVES FOR THE HEADS OF THE
AQUIFER SITUATION., THIS CODE COMES DIRECTLY

FROM BULLETIN 55,
RRAKKERAREIRREN I AR E AR ARARARRAKRNARI R IR NSRS

SUBROUTINE HSOLVE

DEFINITION OF VARIABLES:

NAME DESCRIPTION
AR USED TO CALCULATE PEACEMAN-RACHFORD ARRAYS
B PEACEMAN-RACHFORD B ARRAY
BB USED TCO CALCULATE PEACEMAN-RACHFORD ARRAYS
BOT ELEVATION OF BOTTOM OF AQUIFER {FT)
cC USED TO CALCULATE PEACEMAN~RACHFCRD ARRAYS
CH ELEVATION OF TOP OF AQUIFER
D USED TC CALCULATE PEACEMAN-RACHFORD ARRAYS
Db USED TO CALCULATE PEACEMAN-RACHFORD ARRAYS
DELTA TIME INCREMENT {DAYS).
B USED TO CALCULATE PEACEMAN-RACHFORD ARRAYS
F USED TO CALCULATE PEACEMAN-RACHFORD ARRAYS
G PEACEMAN=-RACHFORD G ARRAY
H HEADS AT END OF TIME INCREMENT (FT)
I INDEX VARIABLE
ISTEP INDEX VARIABLE (FROM 1 TO NSTEPS).
ITER NUMBER OF ITERATIONS
J INDEX VARIABLE
N INDEX VARIABLE
NC NUMBER OF COLUMNS IN MODEL
NR NUMBER OF ROWS IN MODEL
NETEPS NUMBER OF TIME INCREMENTS FOR MODEL
PERM HYDRAULIC CONDUCTIVITY OF AQUIFER (GAL/DAY/SQ. FT.)
Q CONSTANT WITHDRAWAL RATES (GPD)
R RECHARGE FACTOR (GAL/DAY/FT)
RD ELEVATION OF BOTTOM OF STREAMBED OR
ELEVATION BELOW WHICH EVAPOTRANSPIRATION CEASES (FT}.
RH ELEVATION OF LAND OR STREAM SURFACE (¥T)
SF1 STORAGE CONWDITIONS FOR ARTESIAN CONDITIONS (GAL)
SF2 STORAGE CONDITIONS FOR WATER TABLE CONDITIONS {GAL/FT)
T BROUTFER TRANSMISSIVITY {(GAL/DAY/FT)
TIME TIME ELAPSED DURING SIMULATION ‘
v ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES

Figure 8. Continued



C*** DECLARATIONS:

c
COMMON/EXTRA3/ITER,NSTEPS,DL[30,29},ISTEP
COMMON /EXTRA2 /CH (30, 29) ,HO(30,29) ,G(30) ,B{30},R{30, 29},
1 TIME,ERROR,E
COMMON/EXTRA /PERM (30, 29, 2) , (30, 29,2} ,SF1 (30,29} ,SF2(30, 29)
COMMON /RQUT /H(30,29) ,RA(30,29) ,DELTA,Q (30,29}
COMMON /AQUI2/RD (30, 29) ,BOT(30,29)
COMMON /VEL/NC , NR, ANC, ANR, V (30,29, 2)
c
C*** BEGIN SUBROUTINE HSOVLE:
C
o

C**+ PREDICT HEADS FOR NEXT
C**k* TIME INCREMENT

TIME=0.0
10 DO 40 I=1,NC
DO 30 J=1,NR
D=H{I,J}-HO(I,T)
HO{I,J)=H(I,J)
F=1.0
iF (DL(I,J)}.EQ.0.0}GO TO 20
1P (ISTEP.GT.2)F=D/DL{I,T)
IF {F.GT,.5)F=5.0
IF (F.LP.0.0)F=0.0
20 DL{I,J) =D
H{I,J)=H{I,T)+D*F
IF (H(X,J).LE.BOP{I,J})H(I,J)=BOT{I,J)+0.01
30 CONTINUE
40  CONTINUE

C**+ REFINE HEADS

C*** yPDATE TIME AND INITIALIZE ERROR
C**+ AND TTERATION COUNTER

c
TIME=TIME+DELTA
ITER=0
50 E=0,0
ITER=ITER+1
c
C*** COLUMN CALCULATIONS
c
DO 230 II=1,NC
I=11 ,
IF (MOD(ISTEP+ITER,2).EQ.1} I=NC-I+1
DO 200 J=1,NR
c
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C***
C***

c

60

70

80
20

100

110
120

130

140
150

160
170

180
190

200

cC
oLz L]

C

210

220
230

CALCULATE PEACEMAN-RACHFORD
B AND G ARRAYS

AA=0.0
IF (H(I,J).LT.BOT(I,J)}}H(T,J)}=BOT(1,J)
IF (H{I,J).LT.RD(I,J))GO TO 60
RE=0.0
RB=1.0
GO TO 70
RE=(RH(I,J)-RD(I,J)}*R({I,T)
RB=0.0
IF (H(I,J).LT,CH(I,J})GO TO 80
S=SF1(I,J)
GO TG 20
§=5F2(I,J)
BB=S/DELTA+R(I,J) *RB
DD=BO{I,J} *S/DELTA-Q{I,J)+RE
IF {(BO(I,J)-CH{I,J})*(H(I,J)-CH(I,J))
.LT. 0.0} DD=DD+ (HG(T,J) ~CH(I,J) ) *(SFL(T,J) -
SF2(1,J})/DELTA
cCc=0.0
IF {(J-1)100,110,100
AR=-T{I,J-1,1}
BB=BB+T(I,J-1,1)
IF (J-NR)120,140,120
IF (PERM(T,J,1).EQ.0.0)}G0 TO 130
T(1,J,1)=PERM(I,J,1) *SQRT((AMINL(H(I,J),
CH(I,J})-BOT(I,J))* (AMIN) (H(I,J+1),CH(I,J+1))~
BOT(I,J+1)))
CC=-T(I,J,1)
BB=BB+T(I,J,1}
IF {I-1)150,160,150
BB=BB+P(I-1,J,2)
DD=DD+H{I-1,J} *T(¥-1,J,2}
IF {I-WC)}17¢,190,170
IF (PERM(I,J,2).EQ.0.0)GO TO 180
T(I,J,2)=PERM(I,J, 2) *SORT( (AMIN1 (H(T,J),
CH(I,J))-BOT{I,J))}*(AMINYI{H(I+1,3),CH({(I+1,3))~
BOT(1+1,3)))
BB=BB+T{I,J,2)
DD=DD+H({I+1l,J) *T{1,J,2)
IF (J.GT.l) W=BB-AA*B(J-1)
IF {J.EQ.l) W=BB
B{J) =CC/W
IF (F.EQ.1) G({J)=DD/W
IF {J.GT.1) G{J)={DD-AA*G(J~-1)}/W
CONTINUE

RE-ESTIMATE HEADS

E=E+ABS {H(I,NR)~G{NR))
H({I,NR}=G (NR)
N=NR-1
HA=G {N) —B (N) *H({I,N+1)
E=E+ABS {HA-H{I,N)}
H{I,N)=HA
N=H-1
IF (N.GT.0)GO TO 210
DO 220 N=1,NR
IF {H(I,N).GT.BOT(I,N})GO TO 220
E=E+BOT{T,N) +0.01-H(I,N)
H{I,N)=BOT{I,N}+D.01
CONTINUE
CONTINUE
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Chxx

c

240

250

260
270

280

290
300

310

320
330

340
350

360
370

380

ChkEk

c

390

400

410

ROW CALCULATIONS

DO 410 JJ=1,BR
J=JJ
IF (MOD(ISTEP+ITER, 2).EQ.1) J=NR-J+1
DO 380 I=1l,NC

AA=0.0
IP (H{I1,J) .LT.BOT{I,N)R{I,J}=BOT{I,D
IF (H{I,J).LT.RD{I,T) IGO0 TOQ 240
RE=0,0
RB=1.0
GO TO 250
_RE=(RH{I;J)"RD{I,J))*R(I,J)
RB=0.0
IF {(H(I,J).LT.CH(I,J})GO TO 260
S§=8F1(I,J)
GO TO 270
§=SF2(L,J)
BB=S/DELTA+R(I,J) *RB
DD=HO(I,J) *S/DELTA-Q(T,J) +RE
IF {({HO(I,J}-CH(I,J)}*{(H{I,J)-CH(I,J))
LLT,.0.0)DD=DD+{HO(L,J)-CH{T,J))*{SFL(I,d)-
SF2(I,J)} /DELTA
cCc=0.0
IFP {J-1)280,290,280
BB=BB+T(L,J-1,1}
DD=DIMHH(I,J-1) *T{[,J-1,1)
IF (J-NR)300,320,300
IF (PERM({I,J,1).EQ.0.0)G0 TO 3i0
T(I,Z7,1)=PERM({I,J,1)}*SORT( (AMINL(H(I,J},
CH{I, ) -BOT(I, T} * {AMINL(R(L,J+1) ,CH(I,J+1}}-
BOT{I,J+1}})
DD=DD+H(I,J+1) *T(I,J, 1)
BB=BB+T(I,J,1)
IP (E-1)330,340,330
BB=BB+T(i-1,J,2}
AA=-T(I-1,J,2)
IF (I-NC) 350,370,350
IF (PERM(I,J,2).EQ.0.0)GO TO 360
T(I,¥,2y=PERM(I,J,2) *5QRT{ (AMIN1 (H(I,J},
CH{I,J})~-BOT(I,J))*{AMINL{H(I+1l,J) ,CH{I+},J))-
BOT{I+1,J)})
BB=BB+T(1,J,2)
cC=-T(1,J,2)
IF (I.GT.l) W=BB-AA*B(I-1)
IF (I.®Q.1) W=BB
B{I)=CC/W
IF {1.EQ.1) G(I)=DD/W
IF ({.GT.1) G(I)={DD-AA*G({I-1})/W
CONTINUE

RE-ESTIMATE HEADS

E=E+ABS(H(NC,.J) =G(NC})
H{NC,J) =G (NC)

N=NC=-1

HA=G (N} =B (N) *H(N+1,J)

E=E+ABS {H(N,J) -HA}
H{N,J)=HA

N=N-1

IF (H.GT.0)GO TO 390

DO 400 N=1,NC

IF {H{N,J).GT.BOT{N,J))GO TO 400
E~B+BOT{N,J) +0.01-H(N, J)
H(N,J) =BOT (N,J) +0.01

CONTINUE

CONTINUE
IF (E.GT.ERROR) GO TO 50

420 CONTINUE

Figure 8. Continued
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[ad k]
Chhx
Ched
Chix*x
Chtk
Chix
Chrk
Chen

c

c
Chxn

C

Chrx
Chtx
ot b d
ChhH
ChAd
CEkR

c
Chex

C
c

Chxa
cC

10
20

Che
Chnh
C***
Chak
Chak
[t hd
Chik
lod 224
Chxx
Chan

C***

C***
C***
ChRt
c***
Chid
ot X 24
s 224
Chik
Chex
[od k2

Chix
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THIS SUBROUTINE DEFINES THE HEADS FOR A

30 BY 29 MODEL HAVING UNIFORM

FLOW WITH A VELOCITY OF 1 FT/DAY.THE

GRID INTERVAL IS 10 FEET. THE HYDRAULIC
-CONDUCTIVITY IS 10000 GPD/FT**2, AND THE

EFFECTIVE POROSITY IS (.2,
Y T 2T e T R R R R T TR R T g

SUBROUTINE HSOLWV2

DEFINITION OF VARIABLES:

NAME DESCRIPTION

H HEADS AT END OF TIME INCREMENT (FT)
I INDEX VARIABLE

J INDEX VARIABLE
DECLARATIONS:

COMMON /AQUI/H(30,29)

BEGIN SUBROUTINE HSOLV2:

Do 20 1=1,30
Do 10 J=1,29
A{X,J)=.044883-I*,00149¢6
CONTINUE
CONTINUE
RETURN
END

2 T3NS ESELS R ESEEYSESESERE RS RS S

THIS SUBROUTINE PROVIDES THE PROPER

HEADS FOR THE GRID OF THE MODEL DUE TO A SINGLE
INJECTION WELL AT THE RODE COORDINATES 15,15

AT A RATE OP 1,622,387 GPD, THIS IS THE

THEIM FORMULA AT WORK WITH A HEAD OF 0.0 AT
10,000 FEET FROM A WELL OF RADIUS 208 FEET.

THE INJECTION WELL IS PRESSURIZED TO 10 FEET

OF HEAD,
EhkkER RN ARAR R ARk kA Ak ko ko h ke k ko ddhdok ok ok ok ddok

SUBROUTINE HSOLV4

DEFINITION OF VARIABLES:

NAME DESCRIPTION

H HEADS AT END OF TIME INCREMENT (FT)

I INDEX VARIABLE .

J IRDEX VARIABLE

NC NUMBER OF COLUMNS IN MODEL

NR NUMBER OF ROWS IN MODEL

R DISTANCE TO (15,15}

v ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
DECLARATIONS :

COMMON/AQUI/H{30,29)

COMMOMN/VEL/NC, NR,ANC, ANR,V (30,29, 2)

Figure 8. Continued



C*** BEGIN SUBROUTINE HSOLVE4:
c
DO 30 I=1,NC
DO 20 J=1,NR
X=I-15.
¥y=J-15.
R=SQRT{X**2+Y**2) *1000
IF (R.EQ.0.}GO TO 10
H(I,J)=(1622387*2.302585%ALOGLO(10000/R)) /
1 (2*3.141593*1E5)
10 H(15,15)=10,
20 CONTINUE
30  CONTINUE
RETURN
END

CHrkk kkkkkkdk btk kdd kbbb bbb bbb kbt dhhdhhii

Cc**% IN THIS SUBROUTINE THE MARK ARRAY,
C*** TMAP AND NP ARE ZEROED OQUT AND ANC

C**+ AND ANR ARE INITIALIZED,
Chhk  hrkh bk kAR AR R AR R R AR R RRRRE AR R AR R hokhkk

c
SUBROUTINE INIT
c
C*** DEFINITION OF VARIABLES:
c
C***  NAME DESCRIPTION
C*** _————— e ——————
C***
C***  APOR ACTUAL POROSITY
C*** B PEACEMAN-RACHFORD B ARRAY
C**% CH ELEVATION OF TOP OF AQUIFER (FT)
C*%%* CONSOR CONCENTRATION AT THE SOURCE
C*** DELTA TIME INCREMENT [(DAYS).
C*x*x* EPOR EFFECTIVE POROSITY
Cr%% | HEADS AT END OF TIME INCREMENT (FT)
Cx*x* T INDEX VARTIABLE
C*kx T INDEX VARIABLE
C*** MARK TARLE OF SINK COORDINATES. THE VALUE STORED
Cxr* IN MARK IS5 THE SINK NUMBER. IF MARK IS O,
Chaw THERE IS NO SINK.
C*** MAXP MAXIMOM NUMBER OF PARTICLES IN SYSTEM
Crx*x  NC NUMBER OF COLUMNS IN MODEL
Cr*x* NP NUMBER OF PARTICLES IN SYSTEM
C*** NR NUMBER OF ROWS IN MODEL
Chit  PM PARTICLE MASS
CHx* CONSTANT WITHDRAWAL RATES (GPD)
C*#**  SOR VOLUME OF WATER TO BE ACCOUNTED FOR BEFORE
Cxn NEXT PARTICLE IS EMITTED
C*x** TMAP TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE (DAYS).
Crrw Y ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
c
Crt** DECLARATIONS:
c
COMMON /TRACE /NP ,MAXP, PM,DISPL,DISPT, X {5001},
1 Y({5001),MARK(30,29),TMAP
COMMON /AQUI /H(30,29) ,RH{30,29}) ,DELTA,Q{30,29)
1 ,SOR{30,29)
COMMON /EXTRA2/CH(30,29) ,HO(30,29},G(30),
1 B{30),R{30,29),TIME,E
COMMON /VEL/ MNC,NR,ANC,ANR,V(30,29,2)
COMMON /POR/APOR, EPOR, CONSOR {30, 29)
c
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Chrk
c

10
20

Chrd
Qrhn
[od 0
C***

Crre

Chrde
Chrs
Crxx
Ch*xk
Chhx
ChEr
Chax
C***
[ol A
Chx*x
Che®
Ckx*
Ot
CHrr
C***
Che
Odedek

C***

cC
Ok
C

10

20

30
40

34

BEGIN SUBROUTINE INIT:

TMAP=0,
NP=0
ANC=NC+0. 5
ANR=NR+0, 5
DO 20 I=1,NC
DO 10 J=1,NR
SOR(I,J)=0.0
CONSOR(I,J) =0.0
MARK (T, J} =0
CONTINUE
CONTINUE
RETURN
END

kbR ANN AN ARk b bk bk kA hh

THIS SUBROUTINE PRINTS THE NPART MATRIX

WHERE NUMBER OF PARTICLES ARE STORED,
I s 2R e T E T T E T T T Y

SUBROUTINE MAP

DEFINITION OF VARIABLES:

NAME DESCRIPTION
I INDEX VARIABLE
J INDEX VARIABLE
MARK TABLE OF SINWNK COORDINATES. THE VALUE STORED
IN MARE IS THE SINK NUMBER. IF MARK IS 0,
THERE IS NO SINK.
MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM
NC NUMBER OF COLUMNS IN MODEL
NP NUMBER OF PARTICLES IN SYSTEM
NPART WUMBER OF PARTICLES AT EACH NODE
NR NUMBER OF ROWS IN MODEL
FM PARTICLE MASS
TABLE MASS OF PARTICLES IN SINKS
TMAP TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE (DAYS).
v ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
DECLARATIONS:

COMMON /TRACE /NP, MAXP, PM,DISPL, DISET, X (5001) ,
1 ¥(500l),MARK{30,29),TMAP

COMMON /FORMS/TABLE({50) ,NPART(30,2%9)

COMMON /VEL /NC, NR, ANC , ANR, V (30,29, 2)

BEGIN SUBROUTINE MAP:

WRITE (6,10)

FORMAT (" MAP SHOWING NUMBER OF PARTICLES"
," RESIDING IN THE MODEL GRIDS")

WRITE (6,20} PM, NP, TMAP

FORMAT{" PARTICLE MASS= ",E15.4/
" NUMBER OF PARTICLES IN SYSTEM
" TIME = ",F8.2," DAYS"/)

PO 40 J=1,NR
WRITE(6,30) (NPART(X,J), I=1,NC)
FORMAT({9X,3013)
CONTINUE

RETURN

END

1

1
2

" I5/
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C***
C***
C***
C***
C***
Ckxx
C***
C***
C***
C***
Ck**
Chxk
Ct**

Chxk

C***
Ci**
C***
C***
C***
Ct**
[l 2
C***
Ci**
C***
C**i
C***
C***
C***
C***
Chkx
C***
C***
C***
C***
C***
C***
C***
ct**
C***
Ct**
c**i
C***
C***
C***

Chhx

C

khkkkkhhhkhkhkkhhhhhhkhkhkhkhhkkhkhhkehhhAidkhhhirhhkkxhhik

THIS FUNCTION MOVES THE PARTICLES TO NEW
LOCATIONS AS CALLED ON BY SUBROUTINES
ADVAN OR GENP. IT ALSO KEEPS TABS ON THE
SINKS AND TABULATES WHEN PARTICLES

ENTER SAME.

ALSO LIMITS MOVEMENT QF

PARTICLES TO 0.2 GRIDS BEFORE USING NEW
VELOCITIES TO CONTINUE MOVEMENT

ALONG PLOW PATH. FINALLY, THIS FUNC-
TION COLLECTS INFORMATION ON

NUMBER OF PARTICLES IN VOLUMES OF

AQUIFER.

kkkkh kbt kb hkddhh kbbbt Rhhhihkhhd

FUNCTION MOVE(XX,YY,DEL)

DEFINITION OF VARIABLES:

NAME

DD
DEL
DELX
DELY
DISPL
DISET
DX

DY

KD
MARK

MAXE
MOVE
NC
NP
NR
PM
RD1
RHO
TABLE
TMAP
v

X
vY

DECLARATIONS:

DESCRIPTION

pAYS MOVED FOR THIS PARTICLE

DISTANCE PARTICLE HAS TRAVELLED

TIME INCREMENTS THIS PARTICLE IS ALLOWED TO MOVE
MODEL GRID INTERVAL, IN FEET, IN THE X DIRECTION
MODEL GRID INTERVAL, IN FEET, IN THE Y DIRECTION
LONGITUDINAL DISPERSIVITY IN FEET

TRANSVERSE DISPERSIVITY IN FEET

SPACIAL INCREMENT ADDED TO X COORDINATE

OVER WHICH PARTICLES WILL BE PLACED OR MOVED..
SPACYAL INCREMENT ADDED TO Y COORDINATE

OVER WHICH PARTICLES WILL BE PLACED OR MOVED.
DISTRIBUTION COEFFICIENT

TABLE OF SINK COORDINATES. THE VALUE STORED

IN MARK IS THE SINK NUMBER. IF MARK IS 0, THERE IS NO SINK.
MAXIMUM NUMBER OF PARTICLES IN SYSTEM

NUMBER OF SINK THAT GRABS THIS PARTICLE

NUMBER OF COLUMNS IN MODEL

NUMBER OF PARTICLES IN SYSTEM

NUMBER OF ROWS IN MODEL

PARTICLE MASS

RETARDATION FACTOR

BULK MASS DENSITY

MASS OF PARTICLES IN SINKS

TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE (DAYS).
ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
VELOCITY IN THE X DIRECTION

VELOCITY IN THE Y DIRECTION

COMMON /VAR/DELX {50) , DELY (50)

COMMON /TRACE/NP, MAXP, PM, DISPL, DISPT, X {5001},
1 ¥{5001),MARK(30,29),TMAP

COMMON /FORMS/TABLE{50) ,NPT (30,29}

COMMON /VEL/ NC,WR,ANC,ANR,V(30,29,2)

COMMON /RETARD/ RD1,KD, RHO

REAL KD

C*** BEGIN FUNCTION MOVE:

c

C***
C***

D=DEL

DMIX=1/{2*DISPL}
IF (D.LE.0.0) GO TO 2
CALL VELO(XX,YY,VX,VY)

LIMIT DISTANCE PARTICLE CAN MOVE BEFORE
USING NEW VALUES OF VELOCITY
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IX%=x%
IYY=YY
T=AMINL (D, . 2*ABS {DELX ( 1XX} /VX)} ,

1 L2*ABS{DELY (I¥Y} /V¥})
IF {VX.EQ.0.)T=AMINL (D, .2*ABS (DELY (IYY) /VY))
IF {VY.EQ.0.)T=AMINL (D, .2*ABS (DELX (IXX) /VX))
IF {(VX.EQ.0..BND.VY.EQ.0.)T=D
p=D-T
DX=VX*T
DY=VY*P

SIGNX=1.0

SIGNY=1.0

IF{DX.LT.0.0)SIGNX=-1.0

IF(DY.LT.0.0) SIGNY=-1.0

IF(DX.EQ.0.0) DX=1E-30

IF(DY.EQ.0.0)DY=1E-30

PHI=ATAN (DY /DX)
DD=SQRT(DX**2+DY**2} /RD1
IF (DD.EQ.0.0)DD=1E-30
RL={SQRT ( 2*DISPL*DD) /DD)} *ANORM (0}
RT=(SQRT( 2*DISPT*DD} /DD) *ANORM{0)
IXX=MINO ({NC, INT(XX+.5))
IYY=MINO {NR, INT(YY+.5))

DX=DD*ABS (COS{PHI} ) *SIGNX

DY=DD*ABS (STN{PHI) ) *SIGNY
AX=XX+ (DX+RL*DX+RT*DY) / (DELX ( IXX} )
YY=YY+ (DY+RL*DY-RT*DX) / (DELY (IYY))

C*** THESE NEXT TWO STATEMENTS LIMIT THE

C***  MOVEMENT OF THE PARTICLES TO THE

C***  PLAYING FIELD DEFINED BY GRID COORDINANTS
cCx** 1,1: 1,MR; NC,1; AND NC,NR

XX=AMINY (ANC, AMAX1 {XX,1.0})
YY=AMINI (ANR, AMAXL{YY,1.0})

Cc*** CHECK TO SEE IF PARTICLE GOES INTO A SINK,
C**%* IF S0, SUM PARTICLE MASS INTO TABLE.

IX=MINO (NC, INT (XX+0.5})
IY=MINO (NR, INT({YY+0,5))
MOVE=MARK (IX, IY)

IF (MOVE.EQ.0}GO TQ 1

TABLE (MOVE} =TABLE {MOVE) +PM
RETURN

c*** APTER PARTICLE 15 MOVED DELP DAYS,
C**% THIS SECTION TABULATES IN WHICH GRID THE
C**% PARTICLE RESIDES

2 IX=XX+0.5
IV=YY+0.5
NPT{IX,IY)=NPT{IX,IY)+1
MOVE=(
RETURN
END

Chidx dkdhkkhkhkhhehhhhxrhhbhhhhehkkerthhthrrxh ks

C** THIS SUBROUTINE CALCULATES THE RETARDATION

Ch*x FACTOR {(RDl) FOR USE IN MOVE. 1IP AN RD VALUE HAS BEEN
Ch*® READ IN, THEN THAT IS USED. OTHERWISE, RD IS CALCULATED
Ch*® FROM KD AND RHC VALUES,

C*** (222 R 43RS S TEE S SRSE A EEEEE PRI RRS RS SRS Y XY
C
SUBROUTINE RDSOLV(EPOR, RHO,KD, RD1}
C
C*** DEFINITION OF VARIABLES:
c
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C**t
[kl
C***
C**t
C***
ChEx
Chx®

CRex

Chkd
Chks
C***
Chis
Chex
Ch*x*%
Ch*xx
Cha*x
Chad
Chax
Ct**

Chid

ChE®
fsd 2.2
okk%
Ohksk
ChRk
Ch*k
Rk
ChEx
Chax
Ch*i®
ke
Chhk
fal 22
Chik
Chkk
ChEk
ik
COkkik
Ched
fal 2 20
CrEkh
Chrs
ChEk
Ch*d
Che*
[l 224
Crk
Ch*k

NAM DESCRIPTION

EPOR EFFECTIVE POROSITY

Kp DISTRIBUTION COEFFICIENT
RD1 RETARDATION FACTOR

RHO BULE MASS DENSITY

BEGIN SUBROUTINE RDSOLVE:

REAL KD

IF {RD1.NE.0) RETURN
RD1=1+ (RHO/EPOR) *KD
RETURN

END

kb hh kb bbb khbhkihkkhhhid

THIS SUBROUTINE PRINTS OUT THE CONCENTRATION
IN THE WATER FLOWING INTO SINKS SO DESIGNATED
BY SPECIFYING A VALUE IN MARK(I,J}). TWO
TYPES OF SINKS ARE ALLOWED, THE FIRST TYFPE
IS A NODE THAT IS PUMPING (A VALUE IN THE'
Q(I,J) ARRAY FOR THIS NODE EXISTS). THE
SECOND TYPE IS A NODE THAT REPRESENTS
NON-PUMPED LINES OF DISCHARGE SUCH AS A

RIVER.
IR e 222 s Ly

SUBROUTINE SNERCON

DEFINITION OF VARIABLES:

NAME DESCRIPTION

CH ELEVATION OF TOP OF AQUIFER (FT).

CONSNE CONCENTRATIONS OF WATER FLOWING INTO THE SINKS

DELP TIME INCREMENT PARTICLES ARE ALLOWED TO MOVE (DAYS).
DELTA TIME INCREMENT ({DAYS).

DISPL LONGITUDINAL DISPERSIVITY IN FEET

DISPT TRANSVERSE DISPERSIVITY IN FEET

DX SPACTAL INCREMENT ADDED TO X COORDINATE

OVER WHICH PARTICLES WILL BE PLACED OR MOVED..

DY SPACIAL INCREMENT ADDED TO Y COORDINATE

OVER WHICH PARTICLES WILL BE PLACED OR MOVED.
MARK TABLE OF SINK COORDINATES. THE VALUE STORED

IN MARK IS THE SINK NUMBER. IF MARR IS 0O,
THERE IS NO SINK.

MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM

MOVE

NC NUMBER OF COLUMNS IN MODEL

NP NUMBER OF PARTICLES IN SYSTEM

NR NUMBER OF ROWS IN MCDEL

PM PARTICLE MASS

Q CONSTANT WITHDRAWAL RATES (GPD)

RH ELEVATION OF LAND COR STREAM SURFACE (FT)

TABLE MASS OF PARTICLES IN SINKS

TIME TIME SINCE START OF SIMULATION

TMAP TIME SINCE PARTICLES WERE FIRST ALLOWED TO MOVE (DAYS).
v ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
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C*** DECLARATIONS:
c
COMMON/EXTRA2 /CH (30, 29) ,HO (30,29} ,G (30},
1 B(30),R(30,29),TIME,E
COMMON/VEL/NC, NR, ANC , ANR, V (30,29, 2)
COMMON /TRACE/NP, MAXP, PM, DISPL, DISPT, X {5001},
1 Y(5001) ,MARK(30,29) , TMAP
COMMON /AQUI /H{30,29) ,RH(30,29) ,DELTA,Q{30, 29}
COMMON /FORMS /TABLE (50)
COMMON/POL/%1,DX, Y1, DY, DELP
DIMENSION CONSNK (30,29)
c
C*** BEGIN SUBROUTINE SNKCON;
c
DO 20 I=1,NC
Do 10 J=1,NR
CONSNK (I,J)=0.0
10 CONTINUE
20 CONTINUE
DO 70 I=1,NC
po 60 J=1,NR
IF {MARK(I,J}.LT.1)GO TO 60
MOVE=MARK (I ,.T)
IF {TABLE(MOVE) .EQ.0)GO TO 60
IF {0(I1,J3).GT.0.0)GO TO 30
IF (R(I,J).EQ.0.}GO TO &0
IF ((H(I,J)-RH(I,J}).EQ.0.0)GO TO 60
CONSNK (I,J) =TABLE (MOVE) *1E6/ ({H(I,J) -
1 RH(I,J)) *DELP*R(I,J) *8.3453)
GO TO 40
30 CONSNK { I,J) =TABLE {MOVE) *1E6 /
1 ({Q(I,J) *DELP*3, 3453})
40 CONTINUE
IF (TABLE(MOVE) .G?.0.0)WRITE{6,50)1,J,CONSNK(T,J)
.50 FORMAT (/" SINK COORDINATES",2I13,2X,F10.4)
60 CONTINUE
70 CONTINUE
RETURN
END

Ch*® Thkkkhrkhhkrthhhhhkhhhhhhrdhk bkt rrhhkddhiktd

C¥*** THIS SUBROUTINE EMITS PARTICLES WHENEVER

C*** FLOW FROM A SOURCE IS DETECTED.
b L L Y T T L

c
SUBROUTINE SORGEN
C
C*** DEFINITION OF VARIABLES:
c
C*** NAME DESCRIPTION
C*** ———— e e
C***
Ck** APOR ACTUAL POROSITY
C***  CH ELEVATION OF TOP OF AQUIFER (FT).
C**%  CONSOR CONCENTRATION AT THE SOURCE
C*** DELP TIME INCREMENT PARTICLES ARE ALLOWED TO MOVE (DAYS).
C*#*%x DELTA TIME INCREMENT ({DAYS).
C**% DX SPACIAL INCREMENT ADDED TO X COORDINATE
CHax OVER WHICH PARTICLES WILL BE PLACED OR MOVED..
C*** DY SPACTIAL INCREMENT ADDED TO Y COORDINATE
Crrx OVER WHICH PARTICLES WILL BE PLACED OR MOVED.
C*** EPOR EFFECTIVE POROSITY
Ck** NC NUMBER OF COLUMNS IN MODEL
Ck** NR NUMBER OF ROWS IN MODEL
Cx*x  P[, TOTAL AMOUNT OF POLLUTANT
Cx** CONSTANT WITHDRAWAL RATES (GPD)
Ck** R RECHARGE FACTOR (GAL/DAY/FT)
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C**%* RATE RATE OF POLLUTANT ENTRY AT A SOURCE

C*** RH ELEVATION OF LAND OR STREAM SURFACE (FT)

Cir* ¢ ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
c

C*** DECLARATIONS:

cC

COMMON/POR/APOR, EPOR, CONSOR (30, 29)
COMMON/AQUT /H(30,29) ,RH (30,29},
1 DELTA,Q(30,29)
COMMON/EXTRAZ /CH(30,29) ,HO(30,29),
1 G(30),B(30},R{30,29}
COMMON/POL/X1,DX,Y1,DY,PELP
COMMON /VEL /NC, NR, ANC, ANR, V (30,29, 2)
c
C*** BEGIN SUBROUTINE SORGEN:
c
DO 20 I=1,NC
no 10 J=1,NR
RATE= (RH{I,J)-H(I,J))*R{I,T)
I (Q{(I,J).LT.0.0)RATE=-Q(I,J}
IF {(RATE.LE.0.0}GO TO 10
IF (CONSOR(I,1).EQ.0.0)GO TO 10
PL=RATE*DELP*CONSOR(I,J) *8.3453/1E6
CALL GENP(PL)
10 CONTINUE
20 CONTINUE
RETURN
END

C*** kb hk kbbbt tt bbb hbdbiid

Cx** THIS SUBROUTINE ALLOWS PARTICLES TO BE
C*** GENERATED FROM SPECIFIED SQURCES OF
C***  POLLUTION AT A RATE GOVERNED BY FPLOW FROM

C*** THE SOURCE INTO THE AQUIFER.
ChEx  Rr kAR kR kAR R Ak kk ke k kAR AARRRR AR RS

c
SUBROUTINE SOURCE
C
C*** DEFINITION OF VARIABLES:
c
Cr&*  NAME DESCRIPTION
Chrk e~
Chxk
CH** NUMBER OF PARTICLES ADDED
C***  CH ELEVATION OF TOP OF AQUIFER (FT).
C*** CONSOR CONCENTRATION AT THE SOURCE
Ck*k  DE RANDOM PORTION OF DELP
C*** DELP TIME INCREMENT PARTICLES ARE ALLOWED TO MOVE ({DAYS).
C*** DELTA TIME INCREMENT (DAYS).
Ch**x DX SPACTAL INCREMENT ADDED TCO X COORDINATE
Chrx OVER WHICH PARTICLES WILL BE PLACED OR MOVED..
ChAx Dy SPACTIAL INCREMENT ADDED TO Y COORDINATE
Ches OVER WHICH PARTICLES WILL BE PLACED OR MOVED.
C*** EPOR EFFECTIVE POROSITY
C*k* MAXP MAXIMUM NUMBER OF PARTICLES IN SYSTEM
Cx**  NC NUMBER OF COLUMNS IN MODEL
C**% Np NUMBER OF PARTICLES IN SYSTEM
C*%* NR NUMBER OF ROWS IN MODEL
Cw®x PM PARTICLE MASS
Ch** o CONSTANT WITHDRAWAL RATES (GPD}
C*** R RECHARGE FACTOR (GAL/DAY/FT)
C*** TFRH ELEVATION OF LAND OR STREAM SURFACE (FT)
C***  ZOR VOLUME OF WATER TO BE ACCOUNTED FOR BEFORE NEXT
Cr*% PARTICLE IS5 EMITTED
Ch*x ¢ ARRARY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
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C

ChxR
C

¢
C***
C

10

20

30

410
50
60

CERE
ChRn
Chaw
CkRx
kAR

Ch*k

Ok
Chik
Chkk
Chxx
Qhkk

Chkx

40

BECLARATIONS:

COMMON/EXTRAZ /CH{30,29) ,HO(30,2"),
1 G(30),B(30),R(30,29)
COMMON/AQUI/H(30,29) ,RH{30,29),

1 DELTA,Q(30,29),S0R(30,29)

COMMON /VEL/NC, NR, ANC, ANR,V (30,29, 2)
COMMON /POR/APOR, EPOR, CONSDR({30,29)
COMMON /POL/X1,DX,¥Y1,DY,DELP
COMMON /TRACE /NP, MAXP, PM

BEGIN SUBROUTINE SOURCE:

DO 60 I=1,MC
Do S0 J=1,NMR
aA=0,
DELSOR=DELP
RATE=(RH({T,J}-H(I,J})*R(I,J)
IF (Q{I,J).LT.0.0)}RATE=-0(I,J)
IF (RATE.LE.0.0)GO TO S0
IF (CONSOR(I,J).EQ.0.0)GO PO 50
DELR=SOR(I,J) /RATE
1F (DELR.GT.DELP}GQO TO 40
DELSOR=DELSOR-DELR
XX=I*1.
YY=J*1,
DE=DELSOR
IF {MOVE{XX,YY,DE).E0.0.0)CALL ADD(XX,YY)
A=A+l
IF {A.GT.1)G0O TO 20
P=RATE* { DELP~DELR) *CONSOR(I,J) *8.3453/1E6

K=P/PM
IF {K.LT.1)GO TO 30
P=P-BM
DELR=PM*1E6/(CONSOR (I, J) *8.3452*RATE)
GO TO 10
SOR{I,J)=(PM-P) *1E6/(CONSOR({I,.J) *8.3453)
GO TO 50
SOR(I,J}=SOR(I,J)—DELP*RATE
CONTINUE
CONTINUE
RETURN
END
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THIS SUBROUTINE PRINTS THE NUMBER OF
PARTICLES CAPTURED BY SINK DURING

TIME INCREMENT DELP.
T Ry T P T T Ty e

SUBROUTINE SUMMRY

DEFINITION OF VARIABLES:

NAME DESCRIPTION
I INDEX VARIABLE
TABLE MASS OF PARTICLES IN SINES

DECLARATIONS :

COMMON /FORMS /TABLE {50)

Figure 8. Continued
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BEGIN SUBROUTINE SUMMRY:

DO 20 1=1,50
JIP {TABLE(Y).GT.0.0)WRITE(6,10) 1, TABLE(T}
FORMAT(" SINK#",12,F10.4)
CONTINUE

RETURN

END
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THIS FUNCTION PROVIDES PROPER

VELOCITIES TCO SUBROUTINE VELO,
RERARRRARERERRREAARK AR TR RNk Rk kAR RN R

FUNCTION V{I,J, K}

DEFINITION OF VARIABLES:

NAME DESCRIPTION

I INDEX VARIABLE

J INDEX VARIABLE

K INDEX VARIABLE

NC NUMBER OF COLUMNS IN MODEL

NR NUMBER OF ROWS IN MODEL

v ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
vV ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES

DECLARATIONS:
COMMOW /VEL/NC,NR,ANC,ANR,VV(30,29,2)
BEGIN FUNCTION ¥:

v=VV(I,J,K)
RETURN
END

dkkdk bk hhddhhhkdd bbbk bbb bthkbdiidk

THIS SUBROUTINE CALCULATES VELOCITIES OF
PARTICLES BY DOUBLE INTERPOLATION

OF NODAL VELOCITIES, CHECKS BOUNDARIES
TC XEEP PARTICLES INSIDE MODEL, AND

INSURES PROPER VELOCITY DETERMINATIONS.
ERARE IR ETARR RN R Rk A ke kR TR AR AR RN AR

SUBROUTINE VELO(XX,YY,VX,VY}

DEFINITION OF VARIABLES:

NAME DESCRIPTION

I INDEX VARIABLE

J INDEX VARIABLE

NC NUMBER OF COLUMNS IN MODEL

NR NUMBER OF ROWS IN MODEL

v ARRAY CONTAINING MICROSCOPIC VELOCITIES OF PARTICLES
X VELOCITY IN THE X DIRECTION

vY VELOCITY IN THE Y DIRECTION
DECLARATIONS:

COMMON /VEL/NC,NR,ANC, ANR,V{30,29,2)

Figure 8. Continued
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C¥*** BEGIN SUBROUTINE VELO:
C
LIJ(NR,J,¥)=MINO (NR-1,MAXO {1,J+
1 IFIX(SIGN(1.0,Y-0.5)))}
I=XX
IF (I.LE.0)I=l
IF (I.GE.NC) I=NC-1
J=YY
IF (J.LE.0)J=1
IF {J.GE.NR)YJ=NR-1
X=X%~-I
Y=Yy~
VX=Y*V(I,J+1,2)+{1. =¥} *V(I,J,2)
VY=X*V{I+l,J,L)+{1l.-X}*V(I,J, 1)
JY=LTJ(NR,J,Y)
IX=LIJ(NC,I,X)
IF (ABS{VY).LE.1E-30} GO TO 10
IF (JY.EQ.J) GO TO 10
YZ=ABS{Y~0.5)
VY=UY*(1.0-YZ) +¥YZ*
1 (X*V(E+1,TY,1) +{1.0-X) *V{I,JY, 1)}
10 IF (IX.EQ.I} GO TO 20
IF (ABS(VX).LE.1E-20) GO TO 20
X2=ABS(X-0,5)
VX=VX*(1.0-%%) +X7*
1 (Y*V(IX,T+1,2) +{1.0-Y) *V{IX,J,2})
20 CONTINUE
IF {ARS(VX).LE.1E-30)VX=1E=-30
IF (ABS(VY).LE.lE-30)VY=1E-30
RETUEN
END

Figure 8. Concluded



PART 2. RANDOM-WALKSOLUTE TRANSPORT PROGRAM

The solute transport code |listing
given in figure 8 was coded in FORTRAN
IV to solve the sets of equations in-
volved. This section illustrates what
parameters are included and how to set
up a simulation model. The operational
sequences of the computer code are
given later in Part 3.

Figure 9 illustrates some important
parameters included in the program.
Briefly, the program can simulate one-
or two-dimensional nonsteady/steady
flow problems in heterogeneous aquifers
under water table and/or artesian or
leaky artesian conditions. Further-
more, this program covers time-varying
pumpage or injection from or into
wells, natural or artificial recharge
rates, the relationships of water ex-
change between surface waters and the
groundwater reservoir, the process of
groundwater evapotranspiration, the
mechanism of possible conversion of
storage coefficients from artesian to
water table conditions, and the mecha-
nism of flow from springs. In addi-
tion, the program allows specification
of the water quality concentrations of
any part of the model including, but
not limited to, injection well water,
salt-water fronts, leachate from land-
fills, leakage from overlying source
beds of different quality than the
aquifer, and surface water sources such
as lakes and streams. Further features
of the code allow variable finite dif-
ference grid sizes and printouts of in-
put data, time series of aquifer heads,
and sequences of maps of aquifer water
concentration, concentration of water
flowing from sinks, and the effects of
dispersion and mixing of water of vari-
ous concentrations.

The program listing of figure 8 is
written in such a way as to be in the
gallon-day-foot system of units. How-
ever, this code can be converted to a
consistent set of units by simply re-
placing the constants, 7.48 gallons/
cubic foot and 8.3453 pounds/gallon, by

the equivalent measure of the units

desired.
Job Setup

The computer job setup will be ex-
plained in general first, and then in
more detail as necessary.

The aquifer system properties are
discretized by superposing a finite
difference grid over a map of the aqui-
fer system as shown in figure 10. The
total dimensions of the grid are de-
fined by NC, the number of columns of
the model, and by NR, the number of
rows of the model. Next, a parameter
card (line) and default value card
(line) are prepared according to the
formats illustrated in figures 11A and
11B. The default value card (line)
provides data for simulating an NC by
NR aquifer system model having homo-
geneous properties with identical ini-
tial heads and net withdrawal rates.
Then, pumping and parameter schedule
cards (lines) are prepared according to
the card (line) format illustrated in
figures 11C and 11D. Next, a group of
cards (lines) is prepared which define
the sizes of the variable grid in the x
and y directions according to the for-
mat shown in figures HE and 11F. Fol-
lowing this are the cards (lines) per-
taining to the water quality aspects of
the problem. Included are the card for
initial conditions of pollution (see
format in figure 11G) and the card for
the particle information, aquifer dis-
persivities, and porosity of the aqui-
fer (see format in figure 11H). The
sink location cards are then prepared
according to the format illustrated in

figure HI, and the source concentra-
tion cards are prepared according to
figure 11J. Finally, a node card deck
is prepared according to the format
illustrated in figure UK. The node

card deck contains one card for each
node that has any aquifer system prop-
erties differing from those defined on
the default value card.
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Figure 9. Generalized aquifer cross section showing simulation
program parameters
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Figure 10. Plan view of finite difference grid over majority
of sample aquifer system

The program deck and data decks are
assembled in the order illustrated in
figure 12. Appropriate control cards
are included for the particular com-
puter installation, and the program is
ready to run.

Preparation of Data
Parameter  Card

Enter numerical values for NSTEP,
DELTA, ERROR, and NPITS according to
the format given in figure 11A. A gen-
eral rule for choosing an initial DELTA
is to decide at what minimum time draw-
downs or heads of interest occur and
then precede this time by at least six
time increments. Choose an initial
value of ERROR from the following for-
mula:

ERROR = Q x DELTA/(10 x DAX
x DELY x 7.48 x s) (14)

where
total net with-
drawal rate of
model, in gpd
DELTA = initial time in-
crement, in days
S = average storage
coefficient of
model, in gpd/ft
DELX and DELY= typical grid
spacing in cen-
ter of model
The computer program is then "tested"
by making a few preliminary runs with
different values of ERROR, with a final
value being chosen at the point where
reduction in that term does not signif-
icantly change the solution.

To produce a steady state head dis-
tribution, set NSTEPS equal to 1, DELTA
equal to 10'°, and ERROR equal to 0.1.
A water balance subroutine may be added
here to further check on the accuracy

O
I
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NODE CARDS
FORMAT (213, 2F6.0, 2F 4.0, 9F6.0)
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VARIABLE GRID CARDS—DELY
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Figure 11. Data deck setup for a mass transport problem
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/NODE CARDS I
/BLANK CARD M
Y
/ SOURCE CONCENTRATION CARDS A
/BLANK CARD 1\
“
/' SINK LOCATION CARDS B
/ POLLUTION PARAMETER CARD h
/ POLLUTION INITIAL CONDITIONS CARD N
™
/ VARIABLE GRID CARDS — DELY ™
2 N
/ VARIABLE GRID CARDS — DELX ™ |/
pd Yy
/ PUMPING SCHEDULE CARDS ™y -/
PUMP PARAMETER CARD ™ _)
/ DEFAULT VALUE CARD ™y _)
/ PARAMETER CARD ) |/
o ~ L
/ APPROPRIATE SUBROUTINES Y »
i ™)
/ TRAANSPORT MODEL MAIN PROGRAM DECK ™ /_)
7

Figure 12. Order of input

of a steady state solution. Otherwise,
the solution should be tested by print-
ing out the head distribution every 10
iterations or so to check to see if the
heads have reached a steady value.
NPITS is the number of times parti-
cles will be advanced in the transport
simulation during each DELTA. There-
fore NPITS x DELP = total simulation
time over which transport occurs in a
steady-state flow situation.

Default Value Card

After entering values of NC and NR
on the card (line), enter the most com-
monly occurring values of the aquifer
system parameters.

Pump Parameter Card and
Schedule Cards

A stepwise pumping schedule, as il-
lustrated in figure 13, is set up for

Pumping

cards for job setup

each well of the model. The computer
program can manipulate positive (pump-
ing), negative (recharge), or zero

withdrawal rates for the total number
of wells (NPUMP). Between changes in
pumping rate, the computer program

operates with nonuniform time steps
within each period of pumping. How-
ever, the initial DELTA is reset at
each change in pumping rate for the
reasons outlined in the nonuniform time
increment section of this report.

As an example, figure 13 shows four
pumping rate changes (NRT =4). Each
pumping rate is in effect for 11 time
increments (NSP = 11), and the total
number of time increments is 44 (NSTEPS
= 44). The length of time that each
pumping rate is effective is the same
for all wells.

Once the pumping schedules have been
set up, the pump parameter card is in-
cluded to define NP, NSP, and NRT ac-
cording to the format shown in figure
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Figure 13. Example variable pumping rate schedule
11C. Next the rate and well location detailed area of interest will also
coordinates are entered on pumping simplify the interpretation of the com-
schedule cards according to the format puter output.
shown in figure 11D.
Pollution Initial Conditions Card

Variable Grid Cards

The varying lengths, DELX(l) and
DELY(J), of the finite difference grid,
as illustrated in figures 2 and 10, are
prepared in accordance with the formats
shown in figures HE and 11F. Although
it is not necessary, it is suggested
that large jumps in grid sizes be held
to a minimum to maintain accuracy. It
is recommended that length changes from
one node to the next be less than dou-
ble. Having a uniform grid size in the
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There are several mechanisms avail-
able in this computer program for gen-
erating particles which represent water
of various chemical concentrations.
There are two principal parameters of
concern here: the area and the time
period over which the particles spread.
Figure 14 illustrates the types of
areas for which the computer program
can generate particles. The most com-
monly used area for field problems is
the rectangle shown in figure 14C.



(A) GENP3

XX
00 > X
Yy POINT
¥
Y
(C) GENP(PL)
X1
00 X
< DX
Y1 o D
D) ORI
J-. .-...-:0 .. i
RECTANGULAR
(RANDOMLY SPACED)
IN X, Y, AND DELP
¥
Y
(E)} GENP4 {RANDOM DURING DELP)
GENP5 (BEGINNING OF DELP)
XX
0 . > X
R
YY

CIRCLE OF RADIUS R GRIDS
(UNIFORMLY SPACED AROUND)

¥

(B) GENP2
0 XX
0 X
YY '
3
L ]
| ]
L
L ]
LINE - b
(UNIFORMLY SPACED)$
| ]
YY d
!
¥
(D) SORGEN
X1=1
0U > X
THIS SUBROUTING
USED TN CONJUNCTION
WITH GENP(PL)
¥1=J
AREA MIDWAY
BETWEEN NODES
(RANDOMLY SPACED)
IN X, Y, AND DELP
+ VALUE IN CONSOR (I,J)
! REQUIRED
' (
(F) SOURCE
XX=1
of— — X
YY=a4 AREA MIDWAY

BETWEEN NODES

PARTICLES EMITTED
ON BASIS OF FLOW RATE

Figure 14. Definition of particle emitting subroutines
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Since this type of area would be used
most frequently, it is made part of the
card input data as opposed to changes
being made in some subroutine. The
data to be entered on the pollution
initial conditions card are thus de-
fined in figure 14C.

At this point, it is essential to
realize that in_ this model the parti-
icles are moving on the basis of an Xx-y
coordinate system congruent with and on
the same scale as the 1-J numbers of
the finite difference qrid. In other
words, if a particle is generated at
the location x = 15, y = 4, this parti-
cle is at grid coordinates I = 15, J =
4 even though the actual field distance
measured from the origin is something
else. For instance, refer to figure 10
where the sample discretized area of a
streambed is assigned to node | = 7, J
= 6. To generate particles within that
area you would enter XI = 6.5, DX =
1.0, YI = 5.5, and DY = 1.0 on the pol-
lution initial conditions card. Oof
course, by a change in DX or DY the
size of the rectangle can be adjusted
from a point (DX = DY = 0) on up to an
area the size of the remainder of the
model (DX = NC - Xl, DY = NR - YI).

The last entry on the pollution ini-
tial conditions card is the time inter-
val DELP over which particles will be
generated. In general, DELP governs
the time the particles are allowed to
move and goes hand in hand with the
time increment DELTA of the flow
model.

Further reference to figure 14 will
be made later in this report when other

ways of generating particle locations
will be explained.
Pollution  Parameter Card

In most cases, the total pollutant

load (PL), which is the total mass of
pollutant at 100 percent concentration,
is calculated on the basis of the par-
ticle mass (PM) and the flow rates or
number of particles desired within vol-
umes of the finite difference grid
chosen to represent the concentration
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of the solute. The usual way to pro-
ceed is the following:  Assume an ini-
tial concentration of total dissolved
solids (TDS) of 200 mg/l. You suspect
that, because of the effects of disper-
sion and dilution, the concentration
will reduce eventually to no more than
1 mg/1. Then, calculate the mass (PM)
of a single particle according to the

following formula:

Concentration » Weight of water
PM = § (15)

10~ = Number of particles

In terms of the computer model, equa-
tion 15 is written

. CONC x (DELX * DELY x (H-BOT) x APOR % 62.4)

PM
10% x NPART (16)

where
APOR

actual porosity of
aquifer
pounds per cubic
feet of water
CONC= ppm = mg/1
H-BOT = saturated thickness
of aquifer
NPART= number of particles
representing con-
centration of TDS
in the pertinent
volume
DELX, DELY = dimensions of typi-
cal finite differ-
ence grid
PM= pounds of TDS per
particle

62.4

Good resolution of the distribution of
the TDS as this water moves through the
aquifer can be obtained if we arrange
to have 200 particles per grid space in
the model. (Choice of the number of
particles per grid depends upon the
resolution desired.) The distribution
of the TDS through the aquifer may be
obtained from the particle distribution
in the model by the following formula:

PM = 106° x NPART

CONC = BELX X DELY x (H-BOT) ~ APOR x 62.4 (17)




The computer code has I,J subscripts
on all of the parameters of equation 16
except PM and APOR such that the vari-
able nature of the aquifer parameters
is accounted for.

The value of PL to be filled in then
is the total number of particles wanted
times PM. Under most circumstances, PM
is the only calculation to be made, and
the computer will determine a PL.

The maximum number of particles,
MAXP, should seldom exceed 5000. There
may be problems that require more, but
experience indicates that 5000 is wusu-
ally adequate.

Values of longitudinal dispersivity,

in feet, d. = DISPL; transverse dis-
persivity, in feet, dr = DISPT; ef-
fective aquifer porosity EPOR (frac-

tion); actual porosity (APOR); the re-
tardation factor (RD1); the distribu-
tion coefficient (KD) for the solute in
the particular aquifer material; and
the bulk mass density of the aquifer
material should then be entered on the
pollution parameter card according to
the format indicated in figure 11H.

Cards

Prepare a card with the 1,J coordi-
nate for each sink desired, according
to the format of figure 111. On each
of these cards is a location for enter-
ing an integer, other than zero, termed
MARK. All sinks with the same number
in MARK will be treated as a common
sink when reporting concentrations. |If
separate reports on all sinks are
wanted, enter different integers on
each of the sink location cards in the
field MARK.

Sink  Location

Cards

Each node of the model that has a
source of water with a concentration
different from zero needs a source con-
centration card with the 1,J coordi-
nates and concentration CONC, in mg/l,
listed according to the format shown in
figure 11J.

Source Concentration

Node Card Deck

It should be emphasized that the
node deck (lines) contains one card
(line) for each node that has any
aquifer system properties differing
from those defined on the default value
card (line). If a node card (line) is
included, all values must be punched on
it even if some of the values are equal
to the default values. It is essential
to have a copy of the report of Prick-
ett and Lonnquist (1971) to fully
understand the details of setting up
the flow model.

Barrier Boundary Conditions. Bar-
rier boundaries are simulated by set-
ting PERM (1,J,1) and PERM (I,J,2)
equal to zero on individual node cards.

Conditions. For
leaky artesian conditions calculate the
recharge factors (R;;) in gallons per
day per foot (gpd/ft) from the follow-
ing formula:

Leaky Artesian

= 1 t
Ri,j (P'/m") AxAy
where
P' = vertical hydraulic conductiv-

ity of confining bed, in gal-
lons per day per square foot
(gpd/ft?)

thickness of confining bed,
in feet

m!

The recharge factor defines the slope
of the line given in figure 9C.

Appropriate source bed heads (RH),
elevations of the top of the aquifer
(CH), and recharge factors are entered
on the default value card, and any dif-
fering values are entered on the node
cards.

Induced Infiltration. For in-
duced infiltration calculate the re-
charge factors (in gpd/ft) from the

following formula:

R?:,j = (P'/m')AS

where
P' = hydraulic conductivity of the
streambed, in gpd/ft?

o1



m' = thickness of streambed, in
feet

A; = fraction of the area of the
streambed assigned to full
area node, a fraction

The recharge factor defines the slope
of the line shown in figure 9E.

Appropriate values of stream water
surface elevations (RH), elevations of
the bottom of the streambed (RD), and
recharge factors calculated from the
above equation are entered on node
cards.

Constant Head Conditions. If a
constant head is desired in the model,
and the concentration of the water
flowing into that node to maintain the
head is of zero concentration, then set
SFI(1,J) at that node equal to 10°%°.
If the concentration is other than
zero, set R(1,J) equal to 10'° for that
node card. This is done to maintain a
small resistance to flow from the
source to the aquifer enabling the flow
rate to be measured.

Storage Factors. In the program
described by Prickett and Lonnquist
(1971), storage factors were entered on
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the node cards. This is not necessary
here. Just enter the artesian and
water table storage coefficients di-
rectly into SF1(1,J) and SF2 (1,J)
positions on the node and default value
cards.

Evapotranspiration. Evapotran-
spiration is defined by the slope of
the line shown in figure 9D and is cal-
culated from field data (Prickett and
Lonnquist, 1971). The value of the
slope of that line is then entered on
node cards in the space reserved for
the recharge factor. Set values of
both RD and RH equal to one another.
RD is defined as the elevation of the
water table below which the effects of
evapotranspiration cease.

Flow from Springs. Determine a
recharge factor (slope of the line
shown in figure 9D) from field data of
flow versus head changes in the vicini-
ty of the spring. A recharge factor
may also be found empirically by match-
ing simulated with observed spring
flows. The elevation at which water
flows from the spring is recorded in
both RH and RD.



PART 3.

The basic operation of the computer
program is explained in the following
discussion according to the [listing
given in figure 8 and the flow charts
and associated explanations given in
figures 15 through 36.

The computer program consists of a
MAIN section, 20 subroutines, and 3
functions. As illustrated in figure
15, it first reads and writes all input
data.  After this, the MAIN program
calls a sequence of subroutines, as
needed, that 1) solves for the heads

READ AND HRITE
PARAMETER CARD
DEFAULT YALUE CARD
PUMPING PARAMETERS
VARTABLE GRID 51ZES

}

FILL ARRAYS
WITH DEFAULT VALUES

¥

READ AND WRITE
POLLUTION PARAMETERS
X1, DX, ¥i, DY, DELP
PL, MAXP FH, DISPL
DISPT EPOR APQOR,

RDI. YD RHO

CALL IN]T T0
ZERD OUT ARRAYS

PROGRAM OPERATIONAL SEQUENCES

for a particular time increment DELTA;
2) prints the heads; 3) generates par-
ticles and inserts them in the flow;
4) allows the particles to move a time
step DELP; and 5) prints maps and sum-
maries of particle locations and con-
centration distributions. The sequence
of subroutines called by the MAIN pro-
gram can be changed according to the
particular flow and mass transport
problem under study. After the desired
sequence of subroutines is called, the
MAIN program cycles to the second time

HATN

READ AMD NRITE SIHK
LOCATION AND JDENTIFIER
, J, CONSOR

READ AND WRITE
SOURCE CONCENTRATIONS
AND LOCATIONS
» J, CONSOR
READ AND WRITE
AQUIFER NODE CARDS
13

ADJUST AQUIFER
PARAMETERS FOR
VARIABLE GRIDS

I

Figure 15.

L4
START SIMULATION
INITIALIZE TIME
AND PUMPAGE COUHTER KC
'

_(—— | ERTER OR CHANGE
PUMP [NG RATES

CALL HSOLVE OR ANY
OTHER SUBROUTINE TO:
PROVIDE HEADS AT A
NODES OF MODEL FOR
PARTICULAR TTME
IHCREMENT DELTA

{
| PRINT HEAD vALUES ]
¥
CALCULATE
INTERSTITIAL
VELOCITIES BETWEEN
NODES OF HODEL

¥

TYPICAL SEQUENCE OF|
SUBRGUTINE CALLS
TO SOLVE A MASS
TRANSPORT PROBLEM:

CALL CLEAR
CALL GEWPS
00 620 j=1,NP1TS | [P B
CALL MAP

CALL SUMMRY
CALL CLEAR

CALL ADVAN{DELP}
CALL CONMAP

620 CONTINUE y.

RLL
TIME
IHCREMENTS

Flow chart for MAIN program
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increment of the flow model and per-

forms the above 5 steps repeatedly
until all time increments are proc-
essed.

There are 5 required subroutines and
3 required functions. There are also
15 optional subroutines to choose from,
depending on the transport problem of
interest. Of these, there are 3 sub-
routines for producing the head distri-
bution for the flow model, and 7 sub-

routines that generate different con-
figurations and numbers of particles.
There is 1 subroutine to calculate

retardation, and 4 subroutines that
print out various maps of particle lo-
cation, concentration distributions,
and summaries of concentration of water
flowing into sinks. Table 1 provides
brief descriptions of the subroutines
and functions. The details on how to
mix and match the wvarious subroutines
will be given in the example problems
section (Part 4).

Required Subroutines and Functions

Function ANORM(0)

Figure 16 gives the flow chart for
this function.  This function produces
a number between -6 and +6 from a nor-
mal distribution of numbers having a
mean of zero and a standard deviation
of one. In figure 8 it can be seen
that this function uses yet another
function called RANF(O), which is a CDC
system subroutine that produces a ran-
dom number between 0 and 1. If other
systems are used, an appropriate sub-
stitute random number generator that
produces numbers in the same range can
be used.

Function V(1,J,K)

As shown in figure 17, whenever
calls are made to this function, it is
the node-to-node interstitial velocity
that is supplied. These velocities are
the basis for which an elaborate inter-
polation scheme is applied to provide
velocities anywhere in x-y space.
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Subroutine INIT

This subroutine could just as easily
have been placed as a part of MAIN.
However, Dby its nature it can be useful
as a subroutine for some special appli-
cations. As shown in figure 18, this
subroutine merely zeros out the TMAP
and NP variables and the SOR(I,J),
CONSOR(I,J), and MARK(I,J) arrays.

CLEAR

As illustrated in the flow chart in
figure 19, this subroutine zeros out
the NPART(l,J) and TABLE(l) arrays.
This is like erasing the blackboard in
preparation for keeping track of parti-
cle locations each time particles are
going to be moved.

ADD(XX,YY)

Any time that a new particle is
added to the simulation, you must -call
ADD(XX, YY) and supply the XX, YY coor-
dinates of the particle that you want
added. As indicated in figure 20, the
particle counter NP is incremented and,
as long as NP is less than the maximum
number of particles allowed MAXP, the
particle XX, YY coordinates are stored
in the X and Y arrays. In the event
that you are attempting to add parti-
cles beyond the limits of the X and Y
arrays, the code is written in such a
way as to eliminate an addressing
error. For many cases, you don't know
how many particles will be needed for
your simulation since, for instance,
the rate of flow from a nearby pollu-
tion source may be unknown. In this
case, the flow may be sufficient to
require a number of particles far in
excess of the dimensions of the X and Y
arrays. If this happens, the program
is written to randomly remove a parti-
cle somewhere in the model and make
room for the new one. It may be that
even the new particle itself gets
thrown out. In any case the particle
mass (PM) of all other particles s
then proportionately increased to main-
tain  conservation-of-mass  principles.
The variables NP and PM should be
checked as the simulation progresses to

Subroutine

Subroutine



Table 1. Srief Descriptions of Subroutines and Functions

ADD(XX,YY): add single particle at coordinates (XX,YY)
ADVAN(DELP): advances all particles DELP days

ANORM(O): produces a single number from a normal distribution of mean
0, =1, range +6 to -6

CLEAR: clears arrays NPART and TABLE

CONMAP: prints concentrations at all nodes of model

GENP(PL) : produces PL/PM particles randomly in a rectangle XI, YI.DX,DY
and randomly in time increment DELP

GENP2: generates 29 particles along column 30 of model, 1 particle
per node

GENP3: generates 51 particles, all at coordinate XX = 1, YY = 2

GENP4: generates 360 particles around an R = 0.7 circle with center

at coordinates (15,15), randomly during DELP

GENPS5: generates 101 particles around an R = 0.7 circle with center
at coordinates (15,15), at the onset of the call

HSOLVE: ISWS Bulletin 55 (Prickett and Lonnquist, 1971), composite
program

HSOLV2: calculates linear heads per grid left to right

HSOLV4: Thiem equation, radial flow from an injection well at coor-

dinates (15,15)

INIT: initializes or zeros out arrays TMAP, NP, ANC, ANR, SOR,
CONSOR, and MARK

MAP: prints number of particles residing in each zone for whole
model

MOVE(XX, YY, DEL) : moves particles and tabulates in which zone particle
resides and removes particles when captured by a sink

RDSOLV(EPOR,RHO,KD,RDI): calculates retardation factor from input data

SNKCON: for time DELP, prints concentration at sinks specified by
MARK
SORGEN: produces particles based on either head dependent flow rates

or injection wells randomly in space in time during DELP

SOURCE: produces particles when particle mass has sufficiently accu-
mulated from any source

SUMMRY: prints out number of particles captured by a sink during
time DELP
V: provides proper velocities to subroutine VELO

VELO(XX, YY, VX, VY): calculates interpolated velocities for particle movement
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FUNCTION ANORM (0)

l

SUM INTO
ANORM 12 RANDOM
NUMBERS BETWEEN

0 AND 1

¥

( RETURN )

Figure 16. Flow chart for
Function ANORM(0)

FUNCTION V (I,J,K)

UPGN CALL FROM

SUBROUTINE VELO,
PROVIDE THE INTERSTITIAL
VELOCITY BETWEEN NODES

1

{ RETURN )

Figure 17. Flow chart for
Function V(I,J,K)

SUBROUTINE INIT

INITIALYZE T0 ZERO
TMAP, NP, SOR, CONSOR
AND MARK

L i

( RETURN }

Figure 18. Flow chart for
Subroutine INIT

SUBROUTINE CLEAR

SET NPART
ARRAY TO ZERO

Y

SET TABLE
ARRAY TO ZERO

k

(RETURN )

Figure 19. Flow chart for
Subroutine CLEAR

SUBROUTINE ADD (XX, YY)

1

INCREMENT
PARTICLE COUNTER
NP=NP+1

L

STORE PARTICLE
COORDINATES IN
X AND Y ARRAYS

ARE THE
NUMBER OF PARTICLES
LESS THAN
AXP 7

YES

RANDOMLY REMOVE
ONE PARTICLE FROM
THE STMULATION AND
INCREASE PROPORTIONATELY
THE MASS OF ALL
REMAINING PARTICLES

-+

k

(RETURN )

Figure 20. Flow chart for
Subroutine ADD(XX,YY)




see if this is happening. If it is,
back up the simulation and make neces-
sary changes such that PM stays con-
stant. Suitable changes might be to
increase PM or MAXP and the X,Y array
dimensions.

Subroutine VELO(XX,YY,VX,VY)

This subroutine (see figure 21) pro-
vides velocity vectors for the parti-
cles as they move anywhere within the
bounds of the model. It is very impor-
tant that an accurate scheme be em-
ployed to produce a continuous velocity
field from discrete velocities provided
from Function V(I,J,K). One of the
main drawbacks of the MOC is its ina-
bility to handle the strongly divergent
problem. For instance, in the vicinity
of injection wells the flow is entirely
divergent away from the center of the
well.

This divergent flow problem is
avoided in the code by borrowing an
idea from the finite element method. A
set of Chapeau functions is defined for
the purpose of interpolating wvelocities
anywhere in the model on the basis of
the discrete velocities between nodes.
The explanation of how these Chapeau
functions work is shown in figures 22
through 24.

The interpolation of wvelocities is a
three-step procedure. The first inter-
polation involves the wuse of the four
inter-node velocities in the immediate
vicinity of the x,y position of the
particle, as illustrated in figure 22.
The second step of the interpolation is
illustrated in figure 23, where the
next closest four inter-node velocities
are used. The third interpolation is
shown in figure 24, where the final
velocity vectors VX and VY are calcu-
lated.

In the event that the particle is
near the model boundaries, the vectors
used for interpolation are as shown in
figure 25.

The result of this interpolation
scheme is a continuous velocity field
that provides accurate velocities even
for the strongly divergent problem (see
figure 42, for example).

SUBROUTINE VELO (XX,YY,VX,VY)

DEFINE ONE LINE
SUBROUTINE TG PICK UP
PROPER VELOCITY
LIJ{NR,J, Y}

T

TRANSFORM PARTICLE XX, YY
COORDINATES TO INTEGERS BY
TRUNCATION

l

CHECK TO SEE IF INTEGER FORM
OF PARTICLE COORDINATE IS ON MODEL
EDGE _AND APPROPRIATELY SET SUBSCRIPTS

1
MAKE FIRST YELOCITY INTERPOLATION
ON THE BASIS OF CHAPEAU
FUNCTION WEIGHTING

CALCULATE VALUE OF LIJ(NR,J,Y) WHICH
PRODUCES VALUES OF 1Y JY FOR
SECOND INTERPOLATION

{

MAKE FINAL VELOCITY INTERPOLATIONS
ON THE BASIS OF CHAPEAU FUNCTIONS

NO _/ VELOCITY
LESS THAN

1E-30
?

YES

SET VELOCITY EQUAL TO 1E-30
TO PREVENT ZERC DIVIDE CHECK

( RETURN )

Figure 21. Flow chart for Subroutine
VELO(XX,YY,VX,VY)
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J+l

&

[

s VX

I-.IA

'-."(I,.J+1,2)|
B

X 1-x

1
I-1 I [+]

CHAPEAU FUNCTEONS FOR
VELOCITY VECTORS BETWEEN

ROWS J AND J+1

‘_:.-."V(I,IJ,Z)

Y
¥ v ‘xpmﬁde V(I+1,J,1)

1-y V(1,d,1) _¢

CHAPEAL FUNCTIONS FOR
VELOCITY VECTORS BETWEEN
COLUMNS T AND T+1

VY = 6XV(I,J,1) + al_xv(1+1,d,1)
since;
Sx = 1~-x
élﬁx = X
VY = (1-x)V(I,J,1) + xV(I1+1,3,1)
stmilarily:
VX = (1-y)V(I1,0,2) + yV(I,J+1,2)

Figure 22. First step in calculating x and y velocity
vectors for particle



CHAPEAU FUNCTIONS FOR
VELOCITY VECTORS BETWEEN
COLUMNS T1-1 AND 1

X 1-x
|._) [ +1 vy = xV(I+1,9Y,1) + (1-x}V¥(I,Jd¥,1)
) vx = yV(IX,J+1,2) + (1-y)}V(IX,J,2)
c & X ¢’
X t
é
3 1-x%
l | (— 0
I-1 | 1+]

CHAPEAU FUNCTIONS FQR
VELOCITY VECTORS BETWEEN
ROWS J-1 AND J

Figure 23. Second step in calculating x and y velocity
vectors for particle

59



60

Fl

- + 0
y I-1 1
J-1 ~ J-1
vy
.4 ;Th F O\ ES
050X 10.5
= 0-5] 1y
ENE 4
£y VX VX | X3
1-YZ
J+1 = J+1
L F
F CHAPEAU FUNCTIONS FOR
y DIRECTION VELOCITY VECTORS
Xz 1-%X2Z
£ FINAL x AND y
VELOCITY COMPONENTS:
£ E! = VY(1-YZ) + YZ-vy
= WX{1-XZ) + XZ-wx
1 l ™ 0
I-1 I I+1

CHAPEAU FUNCTIONS FOR
x DIRECTION VELOCITY VECTORS

Figure 24. Third step in calculating x and y velocity
vectors for particle



INTERTOR OF MODEL
I-1 I I+1 “

J-1 L l I ! ] I
0.5
0.5
J._ - - =
J¥1 B I ! 1 -
SIDES OF MODEL
I-1 : 1+1 I=1 I=NC
T ] ]
+—t>4 11 + .
bl 1 )
< - ' -
J=NR
CORNERS OF MODEL
1=1 I=NC I=NC 1I=1
t

et i
——

-_;-_-_
-

Figure 25. Node to node velocity vectors used in
interpolation scheme



Subroutine ADVAN(DELP)

This subroutine controls and ad-
vances all particles presently in the
flow field and does some bookkeeping on
particle x,y coordinate locations as
some particles disappear in sinks. The
flow chart in figure 26 indicates the
sequence of events. The particles are
all allowed to move for a time period
defined by DELP. For most cases DELP
is equal to the flow model time incre-
ment DELTA.

However, if it is desired to move
the particles more often between DELTA
time steps, call ADVAN(DELP) more often
and such that the sum of the DELPs
equals DELTA. Steady state flow prob-
lems are an example, as illustrated in
the examples section of this report.

Function MOVE(XX,YY,DEL)
Every time that this function s
called, a particle is moved. Calls

will be coming from subrouting ADVAN
(DELP) and certain particle generation.
As mentioned previously, the particles
move on the basis of the I,J coordinate
system numbers. The flow chart for
function MOVE is given in figure 27 and
should be studied along with the list-
ing in figure 8.

The function MOVE moves a particle
on the basis of its velocity vectors as
calculated from subrouting VELO. New
velocity vectors are computed at least
5 times during the time a particle is
moving across 1 grid of the model. This
is done to maintain high accuracy.
There are cases where this restriction
can be relaxed, and some cases where it
can be tightened up. However, 5 times
is a good number for most problems. It
is advised that the flow chart in fig-
ure 27, the listing in figure 8, and
the vector algebra in figure 6 be stud-
ied to see how the sequence of events
occurs when the function MOVE is
called.

The function MOVE performs two other
tasks besides moving a particle. First,
it checks to see if the particle goes
into a sink; i.e., within half a grid
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SUBROUTINE ADVAN(DELP)

ADD TIME INCREMENT
DELP INTO TMAP SO AS
TO OBTAIN CUMULATIVE TIME
PARTICLES MOVED

\

SCAN PARTICLES
FROM 1 TO NP

¥

RETURN

CALL MOVE
TO ADVANCE THE
PARTICLE TO NEW
X,Y LOCATION

!

DID-
PARTICL
GO INTO A
SINK
2

NO
(MOVE=0}

YES
(MOVE >0)

TRANSFER LAST(NP}
PARTICLE X,¥ COORDINATES
INTO THE THUS VACATED

LOCATION

Figure 26. Flow chart for
Subroutine ADVAN(DELP)

of MARK(I,J). If so, the mass of the
particle is tabulated in the TABLE(I)
array. Secondly, after the particle
moves its assigned DELP time, if it
doesn't go into a sink, its x,y coordi-
nates are used to tabulate its position



FUNCTION MOVE (XX,YY,DEL)

DEFINE TIME ALLOTED
TO MOVE PARTICLE
D=DEL

IS D

YES
. ZERO
?

NO

CALL SUBROUTINE VELO
T0 OBTAIN VELOCITIES

Y

CHOOSE TIME T TO MOVE
PARTICLE ON BASIS OF NO
MORE THAN 0.2 GRIDS

A

SUBTRACT T FROM D. D IS
NOW THE TIME REMAINING
TO MOVE PARTICLE DURING DEL

¥

MOVE PARTICLE BY CONVECTION
AND DISPERSION TRANSFORMED TQ
THE BASIS OF MODEL GRID SYSTEM

¥

MOVE PARTICLE BACK WITHIN
BOUNDS OF MODEL GRID IF WECESSARY

—
SUM PARTICLE TABULATE PARTICLE
MASS INTO TABLL IN NPART

Figure 27. Flow chart for
Function MOVE(XX, YY,DEL)

in the NPART (1,J) array. The NPART and
TABLE arrays are printed when a map of

particle positions and sink histories
is desired.
Optional Subroutines That

Produce Head Distributions

A set of heads must be obtained for
all nodes of the flow model from which
to compute the velocity field. The
three subroutines discussed here can be

used to fill in the head array H(I,J),
However, it should be realized that
almost any means can be wused to do

this. A new code could be written,
someone else's code could be wused, or
field data for the head array could be
inserted. The three following methods
are just examples.

HSOLVE

This subroutine comes
SWS Bulletin 55 (Prickett and Lonn-
quist, 1971) and is a portion of their
" Composite Aquifer Simulation Program."
The section of Part 2 of this report
entitled "Job Setup” is based upon
using this subroutine as the means to
fill in the H(I,J) array. The flow
chart in figure 28 is thus abbreviated.
A copy of SWS Bulletin 55 is needed to
fully understand this. The "Job Setup”
section of this report, however, is
adequate for a start.

Subroutine

directly from

SUBROUTINE HSOLVE

SOLVE FOR HEADS OF
AQUIFER SITUATION
FOR TIME INCREMENT
DELTA BY BULLETIN

55 COMPOSITE AQUIFER
SIMULATION PROGRAM

(RETURN )

Figure 28. Flow chart for
Subroutine HSOLVE

63



HSOLV2

This subroutine calculates heads as
a function of column number such that a
uniform flow of 1 foot per day in the X
direction is realized. Refer to the
listing in figure 8 and the flow chart
in figure 29 for the details.

This is one example of generating a
head distribution directly without the
need of solving some complex matrix

Subroutine

problem associated with finite differ-
ence formulation.
Subroutine HSOLV4

This subroutine fills the H(l,J)
array with a solution to the steady-

state Theim formula with the center of
the well at x = 15 and y = 15. The flow
chart in figure 30 and the subrouting
code in figure 8 show how this was
done. The idea here is to waste no
time in producing a head distribution
when you know exactly what you want.

SUBROUTINE HSOLV2

SCAN MODEL NODES
IN ORDER OF COLUMNS

 J

CALCULATE HEADS FOR
MODEL ROWS TGO PRODUCE
A UNIFORM GRADIENT

RETURN

Figure 29. Flow chart for
Subroutine HSOLV2
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SUBROUTINE HSOLV4

SCAN MODEL NODES

Y

SPECIFY CENTER
LOCATION OF INJECTION
WELL WITH COORDINATES

XX=15., YY¥=15.

k 4

CALCULATE RADIAL
PISTANCE FROM WELL
CENTER ON BASIS OF

1000 FOOT GRID INTERVAL
BY SCANWING ALL MODEL
GRIDS

4

CALCULATE HEADS FOR
ALL MODEL NODES
ON BASIS OF THEIM
EQUATION

Figure 30. Flow chart for
Subroutine HSOLV4

Optional Subroutines That
Generate Particles

Seven  different  subroutines are
included as examples of ways particles
can be generated in various configura-

tions. Configurations available are
points, lines, rectangular areas, and
circles. Throughout the following dis-
cussion, repeated reference will be



made to figure 14, as this figure indi-
cates the needed input data for gener-
ating particles for the various sub-
routines.

In general, the particle generating
subroutines merely generate X,y coordi-
nates in various configurations and
then call the subroutine ADD(XX,YY) to
get the particle into the flow.

GENP2

The flow chart in figure 31, the
listing in figure 8, and the illus-
trated definition in figure 14B shows
how to place one particle at each node
of the flow model in a line. Again X,y
coordinates are generated and then the
subroutine ADD(XX,YY) is called.

Subroutine

Subroutine GENP3

Figure 14A and the listing in figure
8 illustrate how one or more particles
can be placed at a particular point in
the model at one instant of time. The

FLOW CHART FOR
SUBROUTINE GENP2

l

SPECIFY MODEL
COLUMN ALONG WHICH
YOU WANT PARTICLES

AT T =30 = XX

SCAN MODEL ROWS
FROM 1 TG 29
TO DEFINE YY AND
CALL ADD
(XX, YY)

) A

(RETURN )

Figure 31. Flow chart for
Subroutine GENP2

flow chart is given in figure 32. Suit-
able changes in the xx,yy coordinates
of this subroutine could enable the
generation of particles at any point in
the model.

Subroutine GENP(PL)

This subroutine generates any number
of particles randomly located within a
rectangular area of configuration given
by figure 14C. The necessary Xl, DX,
Yl, DY, DELP coordinates may be speci-
fied by the initial pollution condi-
tions card or by a call from another
subroutine such as SORGEN. The total
pollutant load PL can also be specified
in the pollution parameter card or by a
call to another subroutine such as

FLOW CHART FOR
SUBROUTINE GENP3

SPECIFY NUMBER

OF PARTICLES TO

BE GENERATED AT
51

¥

SPECIFY XX, YY
COORDINATES WHERE
PARTICLES SHOULD
BE PLACED
XX =2, Yy =1

CALL ADD (XX, YY)
TO GENERATE PARTICLES
51 TIMES

( RETURN )

Figure 32. Flow chart for
Subroutine GENP3
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SORGEN. The idea here is that once PL
is supplied, the subroutine breaks up
the total into parts PL/PM and spreads
particles randomly in the rectangular
area specified and randomly over the
time increment DELP specified until the
total PL is accounted for. The listing
in figure 8 and the flow chart in fig-
ure 33 give more details.

Subroutines GENP4 and GENP5
The flow chart and listing in fig-
ures 34 and 8, respectively, illustrate

how a circle of particles is generated
according to the configuration shown in
figure 14E. Here again, the x and vy
coordinates are generated and ADD(XX,
YY) is called to create the particles.
GENP5 generates 101 particles in a
circle uniformly spaced at R = 0.7 at
the beginning of the time increment
DELP. Subroutine GENP4 is the same as
GENP5 except that 360 particles are
generated randomly during the time in-
crement DELP. The listing in figure 8
shows that this is done by calling
RANF.

Subroutine SORGEN

This subroutine is similar to SOURCE
in that particles are emitted on the
basis of flow rates from sources having
a concentration different than zero. A
value in the array CONSOR(I,J) is all
that is necessary to actuate a particle
when this subroutine is called. Both
subroutines SORGEN and SOURCE calcu-
late the total mass (PL) involved in
the water flowing from the wvarious
sources of the model on the basis of
the specified particle mass (PM) and
the flow rate. As shown in the listing
in figure 8, the flow chart in figure
35, and the area definition in figure
14D, particles are emitted by calling
GENP(PL) on the basis of calculated PL
values. Thus, particles are emitted by
subroutine SORGEN randomly in both
space and time (DELP) .
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FLOW CHART FOR
SUBROUTINE GENP (PL)

INPUT TOTAL MASS
GF POLLUTANT PL

HAS

TOTAL

POLLUTANT

*(BEEN DISTRIBUTED

TO PARTICLES
?

RETURN

DEFINE PARTICLE
COCRDINATES XI, Y1
DISTRIBUTED RANDOMLY
OVER DX, DY
AREA AND OVER TIME
INCREMENT DELP

CALL MOVE.
IS PARTICLE IN
SYSTEM?

NO

1 YES

CALL ADC (XX,YY)
AND THUS STORE
PARTICLE CODRDINATES

|

Figure 33. Flow chart for
Subroutine GENP(PL)

SOURCE

This subroutine is similar to SORGEN
with the exception that particles are
emitted right at the 1,J coordinates of
the source and by calling subroutine
ADD (XX, YY) only when a sufficient quan-
tity of water has left the source in
the amount of PM. In other words, the
particle is emitted at the beginning of
the front and then no other one is
emitted until the specified PM has
flowed from the source. Thus, the par-
ticles are emitted in uniform lumps at
various times during the interval DELP

Subroutine



SUBROUTINE GENPS5

SPECIFY THAT PARTICLES
WILL BE GENERATED ABOUT
AN ORIGIN COORDINATE
XX=15, YY=15 AT A

GRID DISTANCE R=0.7

Y

SPECIFY NUMBER OF

PARTICLES DESIRED
N=101

¥

DISTRIBUTE PARTICLES
AROUND CIRCLE, EVENLY
SPACED, AND DEFINE
XX, YY COORDINATES

4

CALL ADD{XX,YY) TO
GENERATE PARTICLES

ALL

PARTICLES

ADDED
?

RETURN

Figure 34. Flow chart for
Subroutine GENP5

when using the subroutine SOURCE. The
flow chart, listing, and area configu-
ration are shown in figures 36, 8, and
14F, respectively.

Optional Subroutine for Calculating
Particle Retardation

RDSOLV

RDSOLV is a simple subroutine which
can be used to calculate a retardation

Subroutine

SUBROUTINE SORGEN

CALCULATE RATE QF FLOW

FROM ANY SOURCE WHICH

HAS A VALUE OF CONSOR
OTHER THAN ZEROQ

4

L 2

DEFINE COORDINATES OF
SOURCE AND SPACE LIMITS
IF DIFFERENT THAN X1,DX,

Y1,DY, READ FROM POLLUTION
CARD

¥

CALCULATE TOTAL MASS OF
POLLUTANT TO BE INJECTED
INTO AQUIFER PL

i

CALL GENP{PL) TO
GENERATE APPROPRIATE
NUMBER OF PARTICLES

ALL

SOURCES

CONSIDERED
?

RETURN

Figure 35. Flow chart for
Subroutine SORGEN

factor. It solves the equation

RDL = 1 + (RHO/EPOR) x KD (18)

only when RD1 is set equal to zero. |If
RD1 is known and entered as input, the
code will use that value. IF KD is
known then RD1 will be calculated if
0.0 is the initial value of RD1.
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SUBROUTINE SOURCE

SEARCH MODEL NO
FOR SOURCES OF [
PARTICLES

k

CALCULATE RATE
OF FLOW FROM

SEARCH
COMPLETE

RETURN

SOURCE
SUBTRACT FLOMW
FROM RESIDUAL
A PARTI OF LAST TIME
EMITTEBLE INCREMENT
?
YES
GENERATE PARTICLE
AND MOVE TIME
GELSOR BY A
CALL ADD(XX,YY)
CALCULATE TOTAL
MASS P REMAINING
TO BE GENERATED
DURING TIME INCREMENT
CALCULATE
QUANTITY OF
MASS REMAINING

TO BE ACCOUNTED
FOR IN NEXT
TIME INCREMENT
STORE IN SOR

SUBTRACT PM FROM
TOTAL P AND CALCULATE

TIME TO ALLOW PM
TO FLOW

Figure 36. Flow chart for Subroutine SOURCE



Optional Subroutines That
Print Results

There are four subroutines that can
be called which will print summaries of
concentrations, maps of particle loca-
tions, and concentrations of water
flowing into sinks. Any of these can
be called at any time for a report of
where and what is going on.

Subroutine MAP

This subroutine prints out PM, NP,
and TMAP and the NPART(I,J) array so
that the location of particles in the
grids can be noted. This map, however,
does not report the location of parti-
cles within each grid. (It would be
necessary to print out the X,Y arrays
to obtain this information.) This is a
convenient map to contour to get an
overall picture of the situation. Fig-
ure 37 gives the flow chart for this
subroutine, and figure 8 gives the
listing.

Subroutine CONMAP

On the basis of equation 16, the
concentration distribution is calcu-
lated and printed out in numeric table
form. Figure 38 shows the flow chart
and equation 16 can also be found in
the listing in figure 8.

Subroutine SUMMRY

The flow chart for this subroutine
is given in figure 39. Any time during
the time increment DELP that a particle
falls within the capture area (half of
a grid either side of a specified
sink), the particle is removed from the
flow system and is summed into the
TABLE(l) array. This subroutine prints
out a summary of this action in terms
of sink number and total mass deleted
during any particular time increment
DELP.

FLOW CHART FOR

SUBROUTINE CONMAP
¥
ZERO OUT
CONC ARRAY _ FLOW CHART F
FLOW CHART FOR su;O CHA.Zu;ﬁ;v
SUBROUTINE HMAP r ROUTINE
l CALCULATE CONCENTRATION
OF POLLUTANT IN ALL
PRINT HEADING GRIDS OF MODEL PRINT SINK NUMBER AND
P, NP, AND TMAP NUMBER OF PARTICLES
l (IN TERMS OF MASS)
! CAPTURED DURING TIME
PRINT NPART PRINT CONC INTERVAL DELP
ARRAY ARRAY

|

¥

k 4

( RETURN ) { RETURN ) { RETURN )

Figure 37. Flow chart for Figure 38. Flow chart for Figure 39. Flow chart for

Subroutine MAP Subroutine

CONMAP Subroutine SUMMRY
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Subroutine SNKCON
This subroutine calculates the con-
centration of water entering sinks on

the basis of whether the sink is pump-

DELP time increment
over which parti-

cles were deleted,

ing (value in the Q array) or is an days
area of runoff (value in R array). The
appropriate formula for pumping sinks
is The appropriate formula for area
3 runoff is
: TABLE (MOYE) = 10
Concentraticn = I, = DELP X 5.34 (19)
Concentraticn =
where TABLE(MOVE) x 10°
TABLE(MOVE) = mass of particles 3TN, - RACL T« DEP < RT3y (20)
deleted by this
sink, mg/l, during Figure 40 illustrates the flow chart
DELP for this subroutine. The listing in
Q(1,J) = pumping rate of figure 8 contains the code for equa-
sink, in gpd tions 19 and 20.
FLOW CHART FOR
SUBROUT [NE SNKCON
INITIALIZE CONSNK
ARRAY T0 0.0
SEARCH MARK ARRAY
FOR SINKS
COMPLETE
?
YES
YES
{5 THIS MO
A PUMPING
SINK
?
¥
CALCULATE CALCULATE
CONCENTRATION CONCE
O PUMP IRG NTRAT | ON
BASIS ON AREA BASIS
PRINT SINK
COORDINATES AND
CONCENTRAT [ ON
IN PPM
Figure 40. Flow chart for Subroutine SNKCON
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PART 4.

The following group of example prob-
lems was chosen to illustrate how the
computer code is assembled and applied.
Where possible, theoretical solutions
are compared with the computer output
so the reader can observe the accuracy
of the technique and gain confidence.
Each of the examples includes a de-
scription of the problem, a list of the
required data input cards, the chosen
sequence of subroutine calls, and a
comparison of the results with theory.

Divergent Flow from an Injection
Well in an Infinite Aquifer without
Dispersion or Dilution

This example problem is a convection

EXAMPLE PROBLEMS AND COMPARISONS WITH THEORY

the velocity VELO works for a severely
divergent problem. The problem is also
chosen to demonstrate how a circular
distribution of particles appears when
reported on the basis of the square
grid configuration produced by the sub-
routine MAP.

Figure 41 gives the input data nec-
essary to do this problem. In actual-
ity, the only data used in the input
cards come from the parameter card
(NSTEPS = 1), the default value card
(NC 30, NR = 29), the variable grid
cards [DELX(l) and DELY(J) = 1000
feet], the pollution initial conditions
card where DELP 100 days, and the
pollution parameter card where MAXP
5000, DISPL = 1E-10, DISPT = 1E-10, and

problem chosen to demonstrate how well EPOR = 0.2. All other data are read
Al 1E10 .1 30
30 29 1E5 1lE-4 0.0 0.0 0.0 0.0 -30 I1E-1 -30 1E4 -40
1 2 1
25 3 0.0
1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
1000 1000 1000 1000 1000 1000 10600 1000 1000 1000
1000 1000 1000 1000 1000 1000 1000 1000 1000
X, 0. 2. 0. 100.
100. 5000 500, 18-10 1E-10 .2 .2 0.0 0.0 2.0
30 2 1
BLANK LINE
BLANK LINE
B CALL HSOLV4
C*** CALL APPROPRIATE SUBROUTINES
C*** FOR AQUIFER SITUATION
c
CALL GENP5
nO 620 I=1,NPITS
CALL SUMMRY
CALL SNKCON
CALL CLEAR
CALL ADVAN{DELP)
CALL MAP
CALL CONMAP
620 CONTINUE
Figure 41. Input data for divergent flow problem (A) and

subroutine sequence (B)
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and written but not used since all this
information is supplied by subroutines
HSOLV4 and GENP5. Refer to figures 8
and 42 for these other data. The extra
data cards are included to avoid re-
writing the code in MAIN .

Figure 41B gives the sequence of
subroutine calls that will solve this
problem. The subroutine calls in fig-
ure 15A and B are merely replaced by
those in 41B. Subroutine HSOLV4 pro-
duces the steady-state head distribu-
tion, GENP5 generates 101 particles in
a circle around the injection well, and
the DO 620 loop prints out the particle
distribution as the particles follow
along the velocity vectors every 100
days.

Figure 42 shows some of the results
of the particle positions as produced
by subroutine MAP as a function of
time. The theoretical solution of par-
ticle location and density is also
given in figure 42. One should recall
that MAP is reporting on the basis of
particles found in an area 1/2 grid
either side of the 1,J coordinates. If
the X,y coordinates of the particles
themselves were printed, a smooth curve
drawn through them would still be a
circle. A Calcomp subroutine would be
useful here, but that is left to the
user to implement.

Pumping from a Well Near a Line
Source of Contaminated Water, with
Dilution but without Dispersion

Consider pumping 1 million gallons
of water per day from a well located
5000 feet from a constant line source
of contaminated water of concentration
200 mg/l greater than the resident
groundwater. Assume a semi-infinite
aquifer and steady-state flow. Also
assume that the Iline source becomes
polluted at time zero and that you are
interested in the time-concentration
curve for the pumped well. A cross-
sectional view of this situation s
shown in figure 43 along with other
data.

Subroutine HSOLVE and the input data
(figure 44) were used to solve this
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problem. An NC = 30 by NR = 29 vari-
able grid model was used and a pumping
well located at I = 25, J = 15 was

specified. A time increment DELTA =
1E10 was used to produce the steady-
state head distribution; a sink was
specified at I = 25, J = 15 and MARK =
1; and source concentration data were
prepared along column 30. Node lines
were prepared specifying recharge fac-
tors R(I,J) of 1E10 to obtain a con-
stant head along column 30 and a means
of measuring flow from that source.
The particle mass PM was calculated
from equation 15 as 500 so that 50 par-
ticles found in one of the 1000° x
1000' grids would represent 200 mg/1.
This was judged to be sufficient for
resolution of the distribution of the
concentration.

Figure 44B shows the sequence of
subroutines that was chosen to solve
this problem. Here again, the subrou-
tine calls in figure 15A and B are re-
placed by those in figure 44B. Subrou-
tine HSOLVE produces the steady-state
head distribution, subroutine SORGEN
generates the correct number of parti-
cles on a node-for-node basis according
to their individual flows, and the
printout subroutines give reports on
concentration and particle locations as
the simulation progresses DELP days at
a time.

Figure 45A shows the results of the
sink concentration as a function of
time as compared to theory. (See func-
tion MOVE in figure 8 for the defini-
tion of D.) Note the lumpy character
of the output. Engineering judgment is
needed in drawing a curve through the
computer data. From a simple knowledge
of the aquifer conditions, it should
follow that the concentration curve for
this well should be a smooth monoton-
ically increasing function of time
approaching 200 mg/1. Knowing in gen-
eral what the solution should look like
greatly aids drawing curves through the
computer data. If no idea is known of
what the solution should look like,
simply decrease the particle mass and
time increment DELP until the computer
answers achieve the desired smoothness.



Initial location of
1017 particles at Y = 700 feet

Number which appears
/ on printout

—— 2(1.6 rounded}

A
Theory

Theoretical circle number of particles = —2-“1]? X tan @

where N = 101 initially
‘ Q=1.62x 10° gpd

d =0

dr-0

Ax = Ay= 1000 {t

T = 1E5 gpd/ft

n=02

Figure 42. Outward radial flow of particles from an injection well
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1

Line source
TIME

Consiant head

Y4 AV

Reterence level 0 e

* CONSOR = 200 mg/i
.. . - ... ..

Top of aquifer —30

Bottom of aquifer —40 ——

Sharp front e

L«
|

PERM = 10,000 gpd/it?

n=02

5000 ft |

Figure 43. Cross section view of well pumping near a
line source of pollution

This may be an expensive method to use,
however.

With practice and some experience,
it may be possible to obtain a wvalid
solution from very few particles and
rather large time increments DELP. For
instance, the above problem was run
with PM = 500 and DELP = 100 days, as
shown in figure 45B. Another run was
made with PM = 1500 and DELP = 100
days, as shown in figure 45C, and an-
other was made with PM = 2497 and DELP
= 200 days (figure 45D). An examina-
tion of the differences between the
computed results of figures 45A through
45D indicates what is really needed to
define the concentration curve.

Figure 45E shows that some loss of
accuracy occurs when velocities of par-
ticles are computed only 2.5 times per
grid movement.

Figure 46 shows a plan view of the
same aquifer condition as would be de-
picted by the subroutine MAP just at
the time of breakthrough to the well.
The map was produced with the same data
input as was shown in figure 44A, but
with a different sequence of subrou-
tines, as shown in figure 47.
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In the plan view the difference be-
tween the actual x,y location of the
particles and the method of printing
out the NPART matrix on a square pat-
tern must be realized. This explains
most of the printed numbers less than
50 along the front depicted in figure
46. Here again a Calcomp routine would
eliminate the need of interpretation.

A third example of the same condi-
tion is given by calling the sequence
of subroutines shown in figure 48. The
question of interest answered in this
example is the shape of the interface
as the front moves from the source to
the well as a function of time. The
subroutine GENP2 is called, which gen-
erates a single particle per node along
the line source. Then the sequence of
calling subroutines MAP, CLEAR, ADVAN
(DELP) produces a series of maps as
shown in figure 49. The front is easi-
ly described in this fashion with only
29 particles. An excellent definition
of the front can be obtained by adding
more particles through calls to GENP
(PL) with XI = 30, DX =0, Yl =1, DY =
29, PL = 5000, and PM = 1 and printing
out the X,Y coordinate history of the
particles.



A 1 1E16 .1
30 29 185 1E-4
1 2 1
25 15 1E6
64000 32000
1000 1900
1000 1000
64000 32000
1000 1000
1000 1000
0. 0.
100, 5000 500.
2515 1
BLANK LINE
30 1 9.
30 2 200,
0 3 200,
30 4 200.
30 5 200,
30 6 200.
30 7 200.
30 8 200,
30 9 200.
30 10 200.
30 11 200.
30 12 200.
30 13 200.
30 14 200,
30 15 200,
30 16 200,
30 17 200.
30 18 200.
3¢ 19 200.
30 20 200.
30 21 200.
10 22 200,
30 23 200.
30 24 200,
36 25 200.
30 26 200,
30 27 200.
30 28 200.
30 29 200.
BLANK LINE
30 1 1E5 LRS1E-4
30 2 1ES - 1ES51E-4
30 3 1B lES18-4
30 4 1BS  LES1E-4
30 5 1B5S 1ESIE-4
30 6 1E5 LlESIE-4
30 7 1E5 1ESLE-4
30 8 1E5 LES1E-4
310 9  1B5  1E51E-4
10 10 1E5 1E51R-4
30 11 1E5  1ES51E-4
30 12 185 1R5LA-4
30 13 1E5 1EStE-4
30 14 1BS5  1ESLE-4
30 15 1B 1%51E-4
30 16 1ES 1ES1E-4
30 17 1E5 1ES1E-4
30 18 1E5  LR518-4
30 19 IBS  LESLA-4
30 20 1ES  1E51E-4
30 21 1S 1E51E-4
30 22 1BS  1ESLE-4
30 23 185  1E51E-4
30 24 1E5 1ES1E-4
30 25 1E5 1ESlE-4
30 26 LES  1RS\E-4
30 27 1B5 1E51lE-4
39 24 1RS  LES1E-4
30 29 1ES  1BE51E-4
Figure 44.

Input data for
line source (A)

16000
1000
1060

160040
1000
1000

I ]

R

DOoOCROOoLOLO LoD RLoRODoOoCOoOoOoOo D
DoOooOLoIoooOCCLoOooO0OoODDacoooooo

0.0

8000
1000
1000
s0ed0
1000
2000
1.

1E-10

]

. .o
OO OQOoOoOQOLODL oo IO CO

LI

s e o [ Y o T e i e B e S e R e (e (e B e e e e e e e R o R O )
s . + .

0.0

4000
1000
1000
4000
1000
4000

5.

Ck*k
Chd*

1E10
1EL0
1E10
1ELY
1E10
LB
1E10
1214
LELD
1El0
LELD
1ELO
1810
1ELQ
LELD
1ELQ
1E1Q
1E10
1ELD
1810
1EL)
1E1Q
1ELQ
1E10
1ELQ
1E10
1LELO
1E10
LEL1O

pumping

0.0

)

I

R

LoD OoOQLLLLL oo oLOoDLoooo oo oSO
COOROQoRLLIoLOOCORIDIICOROCDIDOO

0.0 -30 1lE-1 =30 1E4

2000 1000 1000 1000
Loop 1000 1p00 1300
Loog 1000 1000 1000
2000 leo00 1900 iop00
1000 1600 1000 1400
8000 16000 32000 64000

30.

.2 n.0 0.0 2.0

CALL HSOLVE

CALL APPROPRIATE SUBROUTINES
FOR AQUIFER SITUATION

DO 620 I=1,NPITS

CALL BUMMRY
CALL SWKCON
CALL CLEAR

CALL ADVAN(DELF)
CALL SORGEN
CALL MAP

CALL CONMAP

CONTINUE

-30 1lE30 -30 1e4 1E4
-30 1E30 -30 1e4d ied
-30 1lE30 -30 1E4 124
-30 1E30 =30 184 1E4
-30 1E30 -30 g4 124
-310 1E30 =30 1E4 1E4
-30 lE30 -30 Lsq 1E4
-30 1830 =30 1E4 184
-3 1830 -39 1E4 1E4
-30 1E30 =30 1E4 1g4
-39  1LE3D -30 1E4 1E4
-30 1E30 -30 1E4 124
-30 1B30 =30 1E4 1E4
-30 1830 -0 L84 1E4
=30 1230 =30 1E4 1F4
=30 18390 -30 1E4 1E4
-30 1E30 =30 LE4 L4
-39 1E30 =30 1E4 14

~30 1E30 =21 LE4 Lol
~30 1E3D =30 1E4 1E4
-30 1830 -in 124 1E4

-30 1E30 =30 1E4 1E4
-30 1230 -30 1E4 1E4
-30 1E30 -30 1E4 184
-30 1E30 =30 1E4 1E4
-30 1E30 =30 184 1E4
-30 1E30 -390 (X2 124
-30 1830 -30 184 1E4
-30 1E30 =30 1E4 1E4

1000
1000
1000
1000
1000

~-40
-39
-40
-40
-40
-49
-40
490
-40
-40
~-40
=40
-44Q
-40
-40
-40
=13
-40
-40
-40
-40
-49Q
~40
-490
-40
~40
-17
-40
-40

in the vicinity of a polluted
and subroutine sequence (B)
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CONCENTRATION, mg/I

80 | = 1 I
A B
60— THEORY — L —_
D = 0.2 grids D = 0.2 grids
40 — DELP =50 days —t |}— DELP =100 days —
PM = 500 X PM = 500
COMPUTED
20— - —
. | | |
80
c | | D | | —"'/
60— - —]
D =0.2 grids D =10.2 grids
40— DELP = 100 days — t— DELP = 200 days —
PM = 1500 PM = 2497
20— —— - / —
o L] L]
0 500 1000 1500
TIME, days 80 l !
Theoretical Curves are all identical and 3 |
were derived from Kirkham & Afflech, 1977 & 00
z D= 0.4 grids
2
r=1480a% | f2\[_ 1 (1 _iccotma)| 40— DELP = 200 days —
Ps fw J|5in“7c § PM = 2497
where: ¢ = C/Cg and Cg = 200 ppm =
_ 2 S 20 ]
P = 10,000 gpd/ft 3]
s =6.11 ft (drawdown) for Q = 10° gpd £
a = 5000 ft to line source Q l |
ro = well radius = 208 ft 0
n = 0.2 {porosity) 0 500 1000 1500
: 4 TIME, days

Figure 45. Concentration of water derived from a well pumping
near a line source of pollution



DELX =« DELY * (CH—BOT}«n « .

gari

200 ppm = 60 particles in one grid

50 x 500
MASS/grid

MA,_%S= 1000 x 1000 x 10 x 0.2 x 7.48 x 8.3453 = 25

= 200 ppm

Model Number
node of particles
P ¥
d ¢ 0 0 0 0 © 8§ 5
0 0 0 0 0 0 O 7
0 0o 0 0 0 0 O 39
0 0 0o 0 0o 0 0 k9
o 0 o 0 0O 0 O 50
0 0 0 Theoryfrom O 50
0 0 0Muskat, 1949 \ 7 49 Position of line
o o 0 0 0 46 48 source with
0 0 0 3 4] 48 head = 0.0
0
el Cq = 200 ppm
0 Locationof 0 O\ 46 48
0 Ppumpedwell g ¢ 49
Steady state head

0 0 00 00 50 at well = —6.11

0 0 0 20
0 00 n=0.2
0 0 0 0 o0 o0 49 Ax = Ay = 1000
6 0 0 0 0 0 39 5 T = 100,000 gpd/f2t

P = 10,000 gpd/ft

o0 0 0 0 00 7 PM = 500 Ibs
G 0 0 0 0 o0 8

lbs
gal

*

Ibs
grid

Figure 46. Distribution of particles in the vicinity of a well
pumping near a line source of pollution
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?ALL HSOLVE

C*%%  CALL APPROPRIATE SUBROUT [NES

C***  FOR AQUIFER SITUATION

Dg 620 r=1,3PITS

CALL SUMMRY
CALT, SNEOON
CALL CLEAR

CALL ADVAN(DELP)
CALL SOURCE
CALL MAP

CALL CONMAP

620 CONTINUE

Figure 47. Subroutine sequence to

produce figure 46

Pasition of

Time = { days well \

0 00000 O0DO0OCWOODO0ODQOO0OD0O0OD0O0
000 00CO0OO0O0OOD0OD 0/N0deofmodel0
9 000O0O0C0CO0O0OCO0O0O0OO0O0ODO0OCO0CTOQ
0000000G0CO0O0 0 g /ndicatesy g

location

0 0 oTheoryg 0 0 0 0 0 of one particle 0
PRI PP o S Y

Pasition of line source

Time = 400 days
00000 0COWODODOO0D0O0DD0

0Oo0o0O0CO0OCOODO0DO0DODO0ODO0OODDODO0OD
00000CG0C0C0CO0O0O0DO0O0CO0 0 U

0000000 0 0 Theory 0 0
01 110001 1 10

1 000000G0CO0O0CDO0ODO0OO0CDO0O0O0D01

Time = 800 days

0000 0O0O0COQ 00000000

G oco0o0o0oaD0oD 00008 OO0

0 00DO0OCGO 0 P(Theory g
00 D0 100010 Do o

1100000000000 T11

0 00COO0CO0O0ODO0O0OO0OG0CO0OCOO0
DL=0 ooe Muskat, 1949, page 667 for theoretical position
Dy =0

(CALL HSOLVE

C**%  CALL APPROPRIATE SUBROUTINES
Cx**  POR AQUIFER SITUAC{ON

CALL GENP2
DO 620 I=1,NPITS

CALL SUMMRY
CALL SNRCON

CALL CLEAR

CALL ADVAN(DELP)
CALL MAP

CALL CONMAP

620 CONTINUE

Figure 48. Subroutine sequence
to produce figure 49

Time = 150 days

6 0000O0OCHOWDOOO0O0OOD0O0TUD
0000CO00CO0OQOQO0DO0CO0OO0D0DO0O0DO0GOCD0
0000DO0OO0OCDOQO00O0QCO0DO0O0BOD0OD
000000000 O0OD0O0Q ‘FhGnOI‘Vn 00
000000 Gg0 0 0 0 0

Time = 550 days
0 00000O0WDODODODODOOUWD

00000O0CO0DO0DDO0ODO0D
0000
0

o o o o
e R e T s R ]

0
000
000
000

[ TR R o B e N o

=]
=]
=]
o=

¢co000O0CO0ODO0CO0ODO0ODD0D

Time = 2400 days
o000 00

o

[ T

0 Theory ﬂ(]

000CO0DDOCGD
0c0oDO0OOODOO
cC 000000

0

o o o

= o

L= B e R e}

o o o o

o o o

e B e I e B =]

=]

o= == R

o oo oo o o

Figure 49. Advance of a front toward a well pumping

near a

line source



Longitudinal Dispersion in Uniform
One-Dimensional Flow with Continuous
Injection at X = 0.0

The data deck for this situation is
shown in figure 50A. An NC = 30 and NR
= 3 flow model is used for this prob-
lem. Longitudinal dispersivity is set
at 4.5 feet and the transverse disper-
sivity at zero. The total pollutant PL
is set at 100. The sequence of subrou-
tine calls for this problem is shown in
figure 50B. The subroutine HSOLV2 is
used to provide the head distribution
such that the x-direction velocity of
flow is 1 foot/day. A grid interval of
10 feet is used to map the distribution
of particles as they are generated at X
= |,y = 2 randomly over the time incre-

A 1 1E10 .1 20
30 3 1E5 1E-4 0.0 0.0
1 2 1
25 3 0.0
10 14 10 10
10 10 10 10
10 10 10 10
10 10 10
1. 0. 2,
100, 5000 L. 4.5 1E-10
30 2 1
BLANK LINE
BLANK LINE

B CALL

Cc*** CALL

ment DELP. This approximates the con-
tinuous injection scheme desired and
fully randomizes the flow.

The resulting set of maps provided
the necessary data to plot the graphs
of figure 51. The theoretical curves
were derived from equations given by
Fried (1975). Again, note the lumpi-
ness of the results. Remedies could
include using more particles than 100
per time increment, and smaller grid
sizes. Likewise, application of engi-
neering judgment would allow fewer par-
ticles. Notice in figure 51 that there
is no "overshoot" in the traditional

0.0 0.0 -30 1E-1 -30 1E4 -40

10 10 10 14 10 10
10 10 10 10 10 10
10 10 10 10 10 10
G. 10,

.2 .2 0.0 0.0 2,0
HSOLV2

APPROPRIATE SIFBROUTINES

C#*** POR AQUIFER SITUATION

DO 620 I=1,NPITS

CALL
CALL
CALL
CALL
CALL
CALL
CALL

SUMMRY
SHECON
CLEAR
ADVAN (DELP)
GENP (PL)
MAP

CONMAP

620 CONTINUE

Figure 50. Input data for dispersion in a uniform one-dimensional flow
with continuous injection at x=0 (A) and subroutine sequence (B)
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Figure 51. Longitudinal dispersion in uniform one-dimensional flow
with continuous injection at x=0



mathematical sense of the word. An
increase in the number of particles of
the simulation will reduce the magni-
tude of the C/C, > 1 phenomenon shown
in figures 51B and 51C. No number of
additional particles would cure such a
phenomenon in the MOC.

Statisticians note that it is possi-
ble to express the probability of the
variation in magnitude of the number of
particles either side of the number
actually printed. With this type of
simulation, the possible range in the
number of particles printed varies
according to a Poissan distribution,
and the magnitude of that possible
variation would vary according to the
square root of the number printed.
Thus, if the number 10 shows up, its
actual value could range from (10-10%)
to (10+10”), or 6.8 to 13.2. This fact
helps in deciding what may be signifi-
cant when interpreting printout in this
type of simulation. Use of this con-
cept, applied to the theoretical curve,
shows that nearly all simulated values
of figure 51C fall within the expected
range.

Longitudinal Dispersion in Uniform
One-Dimensional Flow with a Slug of
Tracer Injected at X = 0.0

The data for this problem are the
same as those used in figure 50. The
only difference between the previous
continuous injection scheme and this
problem of an injected slug is in the
sequence of subroutines called. Figure
52 shows that GENP3 is called once to
get the slug injected and the remainder
of the subroutine calls advance the
particles and print out the results as
the slug moves downstream.

Figure 53 gives the results of this
simulation compared with the theoreti-

cal results derived by an equation
given by Bear (1972). The effects of
injecting slugs of increasing numbers

of particles are illustrated by compar-
ing figures 53A, 53B, and 53C. Figures
53A through 53C can actually be pro-
duced with a single simulation by call-
ing GENP3 applicable to three separate

rows of the flow model. Then, the con-
centration curve of figure 53A would be
plotted on the basis of the first row
data. Figure 53B would be plotted by
superposing data from rows 1 and 2.

And finally, figure 53C would be plot-
ted on the basis of the sum of all
three rows.

Longitudinal Dispersion in a
Radial Flow System Produced
by an Injection Well

Figure 54A gives the input data for
an NC = 30 by NR = 29 model with longi-
tudinal dispersivity set to 450 feet (a
high dispersivity like this is unheard
of in the traditional sense of disper-
sion theory; however, it could be at-
tributed to the effects of aquifer
stratification). A grid interval of
1000 feet is used to give a severe test
to the discrete particle technique.

Figure 54B illustrates the choice of
subroutine calls to solve this problem.
The subroutine HSOLV4 defines the head
distribution by the Theim formula, and
GENP4 generates the particles in the
vicinity of the injection well.

Figure 55 gives the results of this
problem compared with theory derived
from an equation given by Bear (1972).
A plan view map of the concentration
distribution at time = 350 days is
given in figure 56 along with the
theory for comparison. If more infor-

CALL HSOLV2

Cx**  CALL APPROPRIATE SUBROUTINES
C***  FOR AQUIFER SITUATION

CALL GENP3
DG 620 I=1,NPITS

CALL 3UMMRY
CALL SNKCON
CALL C.FAR

CALL ADVAN(DELP)
CALL MAP

CALL CONMAP

620 CONTINUE

Figure 52. Subroutine sequence for

longitudinal dispersion in a uniform

one-dimensional flow field with a
slug of tracer injected at x=0
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BLANK LINE
BLANK LINE
[3 CALL HSOLV4
C***  CALL APPROPRIATE SUBROUTINES
C***  POR AQUIFER SITUATION
c
DO 620 t=1,NPITS
CALL SUMMRY
CALL SNKCON
CALL CLEAR
CALL ADVAN{DELP)
CALL GENP4
CALL MAP
CALL CONMAP
620 CONTINUE
Figure 54. Input data for longitudinal dispersion in a radial

flow pattern (A) and subroutine sequence (B)
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70 | Injection rate = 1.62 x 108 gpd
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_ —1.0
«» 60— n =102 -~ 0.9
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DISTANCE FROM CENTER
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Where:
r = average radius of injected water
Relation of C/Cgq to number of particles
c 360 particles 1000 x 1000 x 7.48 x 0.2 gal 66 particles
- X =
0" 162x 106 gal/day x 50 days grid grid

Figure 55. Radial dispersion from an injection well



Injection rate = 1.62 x 10° gpd Number of

d, =450 ft Node ¢ particles
dy =0 1Y 4 0 i
Pe 0.2 Theoretical

T=105 gpd/ft ¥ (See equation in Figure 55)

Ax = Ay = 1000 ft
t = 350 days

1 1 1

EXPLANATION
R = 0.7 grids from center node where initially 360 particles per time step {50 days} are emitted.
d_ =450 feet, dy = 0, time = 350 days.

Figure 56. Map of theoretical versus computed radial dispersion
from an injection well
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mation is desired to better define the
concentration  distribution in  figure
56, the simulation should be rerun with
a finer grid interval and more parti-
cles .

Longitudinal and Transverse
Dispersion in Uniform One-
Dimensional Flow with a Slug of
Tracer Injected at X = 0.0

Figure 57A gives the input data for
this problem with a longitudinal dis-
persivity of 4.5 ft and a 1.125-ft
transverse dispersivity. The subrou-
tine calls are given in figure 57B,
showing that HSOLV2 is used to produce
the head distribution and GENP3 is
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called once to generate the slug.
Before this problem is run, GENP3 has
to be modified to the following: 1) DO
10 1 = 1,200; 2) YY = 15; and 3) XX =
5. Figure 58 gives the computer re-
sults compared with a theoretical solu-
tion derived from an equation given by
Fried (1975). In this example, concen-
tration is replaced simply by the dis-
tribution of particles found in the
model. The agreement between computer
results and theory is excellent.

Figures 59 and 60 illustrate in plan
view the output for this problem as
produced by subroutine MAP when the
number of particles is varied between
500 and 2000.



A 1 1IELO .1 20
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BLANK LINE

BLANK LINE

B GALL ASOLVZ

C**%  CALL APPROPRIATE SUBROUTINES
SHE* O FOR AQUIFER SITUATION

~
JALL GENPY
no 520 1=1,NPITS
CALL SUMMRY
CALL SNKCON
CALL CLEAR
CALL ADVAN(DELP)
CALL MAP
CALL, IONMAP

620 CONTINIE

Figure 57. Input data for longitudinal and transverse
dispersion (A) and subroutine sequence (B)
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89



1 0 0 0 0 6 0D 0 0 0 O

c 0 0 0 0 00 0 0 00

0 0o 0 0 0 0

1

6 0 0 0 1

0 011

0 0 0 0 1

0

0 0O

1

0

1
0 0 0 28 5 12

6 0 2

MEAN

1

1

=2
e
o
x

b 61 59 47 K5 2

2 9 @9 2 4A4 51

FLOW

=
=}
Lo
<O
o~
i

0
0 0 0

0 0 0 0 O

0 0
0 6 0 0 0 0 0 0 00

location of
2000 particles

1

0
6 0 0 00 O O 0 O

1 0 0
1

1

0 00 0 O

0 0o 0 0 0 0

0

Theoretical

{A}

o
=
=
L 2
£ E
=
=
O N
‘=
an
2
T
@
[1+)
g w
o3
<
=
2
[
=
w
V.. ﬂs
T
T 3§
ﬂ%JO
- — N
non
I S
ST D -

of particles

DOUUDOUOGDODOOG’UODE{DU

Node
o 0 0 o 0O 0OO O OODUODODODODODODOOOODODO0O OO0 Q

<
s
wi
=

FLOW

0 0 0 0 0 00O

1

of 500 particles 3 o g 0 9 0 0 0 0 0 O

Initial focation 0 0 0 O

0 000 O OOUOGTOOOTDOO®OOCTODOOODODO

(B)

Figure 60. Map of the number of particles of the model

uniform flow compared with theory

grid 70 days after injection of a slug into a

90



PART 5. FIELD APPLICATION; MEREDOSIA, ILLINOIS

The field problem is located in acterize the newly developed ground-
Morgan County, Illinois, south of Mere- water condition in order to recommend
dosia, near the [Illinois River (figure corrective measures.
61). The area is industrialized, with
petroleum and agricultural  chemical G dwat Fl Svst
companies occupying most of the proper- roundwater Flow oystem
ty. The contamination problem was The site outlined in figure 62 is
first detected in 1978 at a distribu- about 850 ft (257.4 m) by 625 ft
tion terminal for liquid ammonia ferti- (189.2 m). The major structures are
lizer. — This facility requires 1000 gpm the terminal, the office building, and
(5420 m?/day) groundwater supply to two large storage tanks. Underlying
operate condensers in the refrigeration the site is 90 ft (27.2 m) of uncon-
system. The water is fed directly into solidated sand and gravel on top of
the system from high capacity produc- Pennsylvanian age bedrock (Heigold and
tion wells. During 1978 the pump bowls Ringler, 1979).  There is a gentle
of the production wells started binding slope (.006 ft/ft) in land surface from
during operation because of calcium east to west across the site. The
carbonate precipitation.  The purpose water table, contoured from data for 12
of this study was to identify and char- wells (figure 62), reflects a gentle,

Ashland
4 _
L Myl -{_’j‘%\

SITE
LOCATION
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Jacksanvillz

b | T | T
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123 .
1
T
Jacksonville | 15
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Figure 61. Location of field site
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Figure 62. Water table contours and control wells at the field site
(The zero datum for the contours is the water
table level inferred at the source)

natural gradient toward the [Illinois
River (west) and illustrates the cone
of depression from the production well,
PW4. Aquifer transmissivities range
from 150,000 gpd/ft (1863 m?/day) to
300,000 gpd/ft (3727 m?/day) in this
part of the [Illinois River bottom-
lands .

The pump binding problem first de-
veloped in two wells housed in the west
end of the office building (figure 62).
Leached chemical constituents from an
uncovered chemical fertilizer bin
(SOURCE) migrated down-gradient, tothe
west-northwest, and were drawn into the
cone of depression of the production
wells in the office building, which are
now abandoned. The source consisted of
ammonium sulfate, nitrates, and traces
of inorganic phosphates salvaged from
fire-damaged fertilizer processing
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plants. It had been in place for at
least a year prior to the development
of pump-binding problems and nearly
three years before this study was in-
itiated .

Quality of Native and
Contaminated Groundwater

The native groundwater at the site
is of good chemical quality. The par-
tial chemical analysis in table 2 shows
that the water is only moderately min-
eralized although levels of nitrate are
somewhat higher than the USEPA primary
standard of 10 mg/1.

On the site, ten sand-point wells--
SP1 through SP10 (figure 62)--were
driven to check groundwater quality and
levels. Wells SP1, SP4, and SP10 were



Table 2. Chemical Composition of The groundwater in the plume inte-

Uncontaminated Groundwater rior had ammonia concentrations ranging
from 285 mg/l to 2100 mg/l (figure 63).
(mg/l) Nitrate ranged from 570 mg/l1 to 1885
mg/l in the interior, while calcium and
Calcium 68.0 magnesium  concentrations were  well
Magnesium 24.0 below concentrations of native ground-
Sodium 7.5 water. Sulfate, potassium, chloride,
Potassium 2.0 phosphate, and iron were found in con-
Iron 0.4 centrations above background (figure
Manganese 0.14 64). The pH of the interior plume
Ammonia 0.04 water ranged from 8.6 to 8.9. The pH
of the native groundwater is 8.0 or
Bicarbonate 278.0 slightly less.
Sulfate 33.0 The groundwater on the margins of
Chloride 11.0 the plume was identified as having con-
Nitrate 13.4 centrations noticeably above back-
Fluoride 0.10 ground, but considerably lower than
interior concentrations (figures 63 and
64). Observation wells to the north,
permanently installed for the purposes farthest from the source, had the low-
of tracer experiments and monitoring. est concentrations and were termed
Two production wells, PW3 and PW4, were distal.
also used as monitoring wells. PW4 was A. chemical analysis was made on the
producing 1000 gpm (5420 m?®/day) dur- scale deposit which bound the pump.
ing the study, while PW3 was pumped Calcium carbonate was the major con-
only for sampling and a groundwater stituent (95 percent), and magnesium
tracer experiment. On the basis of the carbonate comprised 0.5 to 5 percent of
chemical analysis of groundwater taken the scale sample by weight. The rapid
from 11 wells (table 3), the ground- precipitation of CaCO; on the pump
water quality was classified into three bowls was probably caused by the high
groups: 1) interior plume, 2) marginal pH and by degassing due to the agita-
plume, and 3) distal or native ground- tion of the groundwater in the pump
water. bowls.

Table 3. Chemical Composition of Groundwater Samples from Study Site (mg/l)

SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 SP10 PW3
Potassium K 60.0 34.0 42.0 62.0 22.0 65.0 31.0 6.00 2.00 8.00 25.0
Calcium Ca 2.80 6.40 440 68.0 104.0 10.8 84.0 64.0 68.0 104.0 108.0
Magnesium Mg 3.90 5.10 11.0 34.0 39.0 8.20 27.0 27.0 24.0 150.0 150.0
Iron Fe 0.60 2.00 0.55 0.20 0.30 0.25 0.27 0.40 0.40 0.30 <0.02
Chloride cr 59.0 26.0 29.0 47.0 14.0 49.0 12.0 5.00 7.00 6.00 13.0
Sulfate SO 196. 141. 140. 112. 89.0 159. 103. 49.0 33.0 42.0 90.0
Phosphate PO 20.7 12.3 8.80 3.60 <0.10 16.5 <0.10 <0.10 <0.10 <0.10 <0.10
Nitrate NO~  1380. 680. 1280. 570. 480. 1180. 390. 60.0 55.0  220. 440.
Ammonia NH°  2114. 457. 801. 282. 187. 967. 191. 1.30 0.04 11.6 137.

(total)
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A plume configuration was developed
based on the chemical data. Considera-
tions of chemical equilibria involved
then provided insight into the trans-
port and transformation of ammonia and
minor constituents of the chemical fer-
tilizer.

Contaminant Plume

The ammonia concentrations were used
to determine a two-dimensional configu-
ration for the plume. By contouring
ammonia values (figure 65) two conclu-
sions were drawn: 1) the plume was
migrating in a generally western direc-
tion, and 2) part of the plume was
being drawn into the cone of depression
of PW4. Wells SP1, SP4, SP10, PWS3, and
PW4 were sampled periodically over nine

79 mg/l (N = 6). Concentrations in the
other wells showed no significant
change (<10 percent) in ammonia concen-
tration during the same period. Peri-
odic flushing events are probable, but
at the scale of the study site, a
steady-state groundwater quality condi-
tion prevailed.

Two additional investigations were
carried out to improve the characteri-
zation of the plume: 1) a study of the
source solubility, and 2) tracer exper-
iments near the two production wells,
PW3 and PW4. To assimilate the ammonia
concentration in the groundwater be-
neath the source, samples of the solid
fertilizer were brought into the labo-
ratory and washed with distilled water,
and successive washes were analyzed for
total ammonia. Leachate concentrations

months. Concentrations at SP1 averaged averaged from 2000-2200 mg/1. A more
2020 mg/l with a standard deviation of elaborate leaching experiment would
-
%
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Figure 65. Ammonia concentrations (mg/l) in the
groundwater at the field site




have revealed no more information be-
cause the variables affecting the leach

rate at the source are unknowns.
Therefore, concentrations encountered
in the observation well nearest the

source (SP1) were used as the source
concentration.

Two tracer experiments were per-
formed to determine groundwater flow
rates near the production wells: one
near PW4 at an injection distance of 50
ft (15.2 m) and one near PW3 at 82 ft
(25 m) injection distance. Rhodamine
WT, a fluorescent dye developed specif-
ically for tracing work, was used
because of its low adsorption on miner-
al and organic materials (Smart and
Laidlaw, 1977; Aulenbach, Bull, and
Middlesworth, 1978). The dye was in-
troduced and flushed into SP4 and SP10
while PW3 and PW4 were producing 1000
gpm (5420 m?®/day) each. Wells PW3
and PW4 were sampled at 10-minute in-
tervals. The initial breakthrough time
of the dye was 150 minutes at well PW3
and 40 minutes at PW4. The peak con-
centration at PW4 occurred at 65
minutes, and the tracer concentration
was still increasing slightly in PW3
after the termination of the experiment
(200 minutes). Assuming that the in-
terstitial velocity (V) can be calcu-
lated from the average arrival time of
a nonreactive tracer, then V equals
0.77 ft/min (0.23 m/min) between SP10
and PW4.

The Meredosia Solute Transport Model

The model developed for the study
area south of Meredosia, Illinois, cov-
ered an area of 56.7 acres (22.95 ha).

The model (figure 66) was 1770 ft
(539.6 m) along the x-axis, roughly
north-south, and 1395 ft (425.3 m)
along the y-axis. It contained 61

cells in the x-direction and 36 cells
in the y-direction, progressively in-
creasing in size beyond the site toward
the north and west boundaries of the
model.

The boundary conditions for the
groundwater flow portion of the model

consisted of fixed head and flux condi-
tions. Head conditions were taken from
the water table map which was con-
structed from field data, and flux con-
ditions used along the north and west
boundaries were calculated from gradi-
ents in the unconsolidated aquifer
material. A flux withdrawal of 1000 gpm
(5420 m®/day) was used at PW4. Cali-
bration of the flow portion of the
model was not difficult because of the
high density of data in this small
area. From the contoured data, fixed
head values were wused on the model
boundaries. The flow model was cali-
brated and wused in the steady-state
mode. The steady-state flow computa-
tion was chosen because: 1) there was
no appreciable change in the concentra-
tion of contaminants in the groundwater
throughout the study time (9 months),
thus reducing the importance of flush-
ing events at the source, and 2) the
hydraulic gradient remained constant
during the study time. The second con-
dition seems reasonable, with only 5 ft
(1.54 m) of topographic relief within
the site and a hydraulic conductivity
of about 3000 gpd/ft (1.42 x 10°°
m/sec) in the unconsolidated material.

The boundary conditions for solute
transport were: 1) a constant influx
at the source of 2000 mg/l, as cali-
brated against observed ammonia concen-
trations; and 2) sink conditions at PW4
and along the down-gradient boundaries
(north and west), in order to observe
the ammonia concentrations in the
groundwater exiting from the model
boundaries.

Ammonia was used as the contaminant
plume indicator and for the purpose of
transport calibration. Figure 67 dem-
onstrates the nature of computer output
after 400 days of transport simulation.
The numbers within the model boundaries
represent the number of particles re-
siding in each cell, with one particle
per cell equaling a concentration of
200 mg/1l ammonia. As shown, the plume
has migrated mainly in the down-
gradient direction, but it also has
been drawn toward production well PW4,
The larger numbers of particles near
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Figure 66. Particle cells superposed over the study area

the west boundary reflect the increase
in cell size. The model was calibrated
to known ammonia concentrations with a
series of simulations in which the
longitudinal and transverse dispersiv-
ity were varied.

Solute Transport Simulations

The approach used in the transport
simulations was: 1) to calibrate the
model and to investigate the unknowns--
longitudinal and transverse dispersiv-
ity, 2) to obtain the steady plume con-
figuration within the boundaries of the

model, and 3) to investigate the most
feasible remedial action scheme to
flush the aquifer of the undesirable
water.
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The first step in the transport
model calibration involved sorting out
the parameters to which the model was
sensitive. This was done within the
range of uncertainty of the parameters
at this particular site. Most of the
parameters were well-known because of
the existing data and field experi-
ments. The model was most sensitive to
longitudinal and transverse dispersiv-
ity. Even the effects from varying the
recharge rate were small when compared
to those caused by dispersivity varia-
tion. Longitudinal dispersivity (d.)
was varied from 0.0 to 11 ft (3.35 m)
and transverse dispersivity (di) from
0.0 to 6.5 ft (1.98 m). The most rea-
sonable ranges for calibration to the
field-measured plume geometry were 7 ft
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Figure 67. Distribution of particles residing in the
model at 400 days of simulation



(2.13 m) < d. < 11 ft (3.35 m) and 2
ft (0.61 m) < dr < 3 ft (0.915 m).

The second issue addressed was
whether or not the plume had reached a
steady-state configuration within the
boundaries of the model or was increas-
ing in concentration with time toward
the down-gradient boundaries. Long-
term (1500 days) simulations were made
within the range of reasonable d_. and
dr values, and the -concentration of
ammonia entering the sink boundaries
was plotted against time. A steady
concentration appeared after about 360
days at the down-gradient boundaries
and production well using the smallest
reasonable d,, and dy values, 7 ft
(2.13 m) and 2 ft (0.61 m), respective-
ly. This represents the upper limit or
longest time it would take the contami-
nants to establish a constant plume
geometry within the boundaries of the
model. In other words, the contamina-
tion problem will remain the same at
the site until a source or sink bounda-
ry condition is altered.

The most likely change in the bound-
ary conditions and the one that would
produce the most desirable results is
removal of the source. This was inves-
tigated using the model and evaluated
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in terms of ammonia concentration at
the down-gradient boundaries and the
production well (PW4). With a steady-
state plume condition existing at 360
days from the start of the simulation,
the source flux was removed from the
model at the next time step, 390 days.
The ammonia concentrations at the sinks
diminished to nearly zero at 810 days
(figure 68). Therefore, 420 days is
approximately the time it would take
for the study area and production well
to naturally flush itself of the con-
taminant.

The application of solute transport
modeling to this groundwater contamina-
tion problem has been useful in deter-
mining the extent of the problem. It
seems unlikely that the present condi-
tion will worsen at the study site, and
natural processes should flush the
plume within fourteen months of source
removal.

As part of continuing investiga-
tions, the effect of the contaminant
plume at down-gradient wells will be
emphasized. Additional sampling and
modeling efforts will serve to further
define controlling subsurface processes
and to improve the usefulness of the
approach.
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