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SUMMARY:

Proposed is a procedure for incorporating solute
tranaport as linear constraints within computer models
for optimizing regignal groundwater extraction
strategies. MCDCON procedurs usges linear goal
programmingr embedded linearized squations for flow and
solute transport, and HOC simulation model. Assumed iz 2D
tlow and Solute tranesport, and a dispersed consarvative
contaminant.
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[INTRODUCTION

Developing optimal regional guantitative waler management gtrategies has
been accomplished with increasing frequency in recent years. Consideration of
groundwater quality constraints is not common in such models however. This
results from the fact that when optimizing groundwater extraction (rather than
injection), mass flux of contaminant extraction is the product of unknoun
concentrations and unknown extraction rates. In other words, constraint
equations describing extraction are nonlinear.

There are many commercially available codez that can solve optimization
problema having nonlinear constrainta. However.» depending on the problem.
*optimal’ golutions regulting from problems incorporating nonl inear
constraints may not be globally optimal. Such solutions may be merely locally
optimal in the decision space. It is possible to perform enough repetetive
nonlinear optimizations. using different initial feasible solutions. to become
somewhat sure that one has attained a true global optimal strategy. Depending
on the number of variable, it may be impractical or uneconomic to do so.

Some researcherg advocate linearizing nonlinear equations to derive
globally optimal solutions. This tack has ita oun weakness. Such solutions are
merely optimal for a linear surrogate of the original nonlinear problem. Their
adequacy depends on the degree to which the linear formulation appropriately
represents the nonlinear sSystem.

The purpeose of this paper ig to deascribe a MODCON (}10Del for NODifying
CONtaminant CONcentrations) approach for developing globally optimal
groundwater management strategies that include congideration of groundwater
quality. MODCON relies on the repetitive use of linear coptimization/simulation
goal—-programming- modeis and an externally developed nontiner solute transport
model.

RELATION TO PREVIOUS WORK

Several techniques have been used to represent solute transport in
optimization models (Gorelick, 1883). Each method has limitations. Gorelick
(1984) represented solute transport as nonlinear constraints.  However. when
nonlinear water quality constraints are used it is difficult to assure global
optimality. A ws=econd category of models use gradient control and velocity
influence coefficients (Calarullo et al.,1884, Gorelick and Lefkotff, 1985).
Such models may be overly restrictive if gome contaminant movement (in
addition to dispersion} is acceptable; ar impractical for regional uss if the
area of contamination is large. A third method utilizes influence
coetficients describing the effect of a change in potentiometric head on
steady state contamination (Datta and Peralta. 1986). This approach is also
overly restrictive, since it takes a very long time for steady state
concentrations to davelops and impractiéal. if groundwater guality constraints
must be considered for many locations. Other approaches also have been
utilized ( Louie et al.. 18984), No previously reported techniques seem uell
suited for the task of developing volumetrically optimal regional strategies
while simultaneously considering groundwater quality constraints.

PROCEDURE
Hodelling Methodology Overview and Functions

Ve assume: 1} an unconfined isotropic heterogeneous aquifer in which the
change in water levels with time will cause Iinsignificant change in



trangmissivity, 2) two-dimensional groundwater flow, 3) two-dimensional solute
transport and insignificant vertical density gradients, and 4) conservative
digpersed contaminant. Although anisotropic hydraulic conductivity can be
readily considered. isotropic conductivity is assumed here.

The purpose of the proposed model is to develop a regional groundwater
extraction strategy that will. a8 much as posaibler. maintain an existing
petentiometric surface. while assuring that future groundwater contaminant
concentrations are acceptable. [t is assumed that the developed annual pumping
strategy will be unchanging with time during the planning peried. In order to
achiave these goals the itsrative optimization and simulation process
described below is used {(Figure 1 cgontaina a flouwchart).

The complete modslling procedure {HODCON) congsists ot four
optimization/simulation modules {(A.B.D.E):, and an externally developed solute
transport model (module C). Components A, B and E incorporate tha two-
dimengional linearized Boussinesq equation to model groundwater flow. Hodules
D & E incorporate linearized sclute transport equations. In this paper. module
C is the method of characteristics (MOC) model of Konikow and Bredehoatt
{1978). The functions of each part of MODCON are discussed beiow. Their most
important characteristics are summarized in Table l.

Model A uses steady-state asimulation and weighted linear goal-programming
(LGP) optimization to determina acceptable boundary flux rates for the
subsystem. This function is important when it is impractical to model an
entire aquifer gystem. It aids developing a pumping stratagy for only a
partion of the aquifer in such a way as to prevent diasruption of flow outside
that subsystem. To do thiss one assumes that aquifear stimuli outside the
aystem during the mansgement period will maintain the regional flow paiterns
that exist at the beginning of the era (t=@)}, as long as pumping within the
subsystem does not induce more groundwater flow into the subsystam than
oecurred initially. The recharge fluxes computed for boundary cells by
submodel A are used as upper limits on recharge in subsequent optimization
models.

Submodel B uses unsteady simulation and weighted LGP optimization to
compute a pumping strategy that will cause future potentiometric heads to be
asg close to current heads as possible. 1t does not consider solute transport.

In modules C; a nonlinear solute transpcrt model provides multi—time-step
nonlinear 8simulation. It computes the future concentrations that will result
from implementation ot the pumping strategy developed by model B. Assuming
tfuture concentrations will be unacceptable in some locations, the pumping
stratagy will need to ba modified. To accomplish strategy modification. solute
- transport must be appropriately included in a model similar te modsl B.

The next step is to create an adequate linear representation of solute
transport. Submodel D uses LGP to calibrate two—dimensional linear solute
transport equations so that they can replicate concentrations predicted by the
nonlinear model. By including oniy a single time-step,» model D avoids using
unknown concentrations (final concentrations are assumed known from module C)
in its solute transport equations and is able to be linear. (Transmissivities
are computed for both beginning and final heads.)

Module E inecludes the objective function and unstesdy volumetric
gimulation of model B. as well as the calibrated linear solute transport
equations otf model D. It develops a modified pumping strategy that considers
grounduwater gquality constrainta. is objective function is the same ag that
for medule B.

Because of the bold assumptions made in the linearized solute transport
constraints, one should verify the concentrations predicted by model E. The
MOC model ig used for this purpose. Figure 1 shows that iteration through



Mocdule Type. Output

{ inear goal-programming (LGP).

Boundary fluxss (@) that Dest
maintain initial heads (hao)

LGP. Pumping strategy (q; ) that
best maintains initial subsystem
hesds {(he.) at future time T.
Predicted heads (hr]).

Nonlinear MOC solute transport.
FLture concentrations {CT9) and

heads (AY) resulting from q’ . (used
to 1d. unacceptable Canc verify hr.)

{ GP. Calibrated coefficients so}%nearly

predicted concentrations (Cr}=Cr.

LGF. Modified pumping strategy that

mest maintains he at time T with
acceptable concentrations.

Table 1.

Constraints
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Significant characteristics cf HODCON modules

Aquifer parameters, initial conditions,

bounds Qn variable

4

A Compute 5SS boundary fluxes
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Compute aoptimal US strategy
Wo considering water quality

3

Compute concentratians
resulting fromoptimal strategy

acceptable”

Calibrate coeff. for linear ‘

solute transport eguations

<

Compute modified optimal strategy
while cansidering water guality

Figure 1. Flowchart of module functions in HODCON



models D, E and the nonlinear model i8 continued wuntil concentrations
predicted by model E are acceptable and close to those predicted by nonlinear
model .

MNodel Development
For an n cell subsystem the objective function for models A, B, D and E

is (Yazdanian and Peralta., 1986):

minimize y=(W){D }+ (W) {D 1} L0111

+ -
where
{ W) =al x n vaector of weighting factore, (dimensionleas)
{ D }tand { D }arem x 1 column vectors of over— and under-achievement

' ) variables, respectively, units of L for modules A, B,

& E« units of ppm for module D.

Optimal solutions for submodels A and B ara constrained subject to the
following, simply described for either steady-state flow (A) or a single time

atep of unsteady flow (B). (For t time steps, array dimensions of magnitude n
become n x t.) +

{L }Y<{R ¥y=1(B}Y —[LA1{H } (U} «[2]
q * * q

iL ¥ < {H } {8 1} ..[31
h * h

{H }»-{(D 3 +{D } = {H } ..[4]
* + - o

{D } (D} 2 0.0 «.[5]
+ —

where:

fL } and (U } = n x | column vectors of lower and upper bounds.

q a 3
regpectively, on pumping (or recharge}, L

a3} =n x |l column vector of optimal net annual steady pumping (or
* 3
recharge) rates, where discharge i positive valued. L

{B} = n X 1 vector describing initial heads., effective porogities, cell
3

and time step sizes. L



2

Al n x n aymeetric banded matrix of aquifer properties, L

]

{H 1} n x 1 cojumn vector of optimal final or interpmediate heads.

depending on the number of time steps. L

{L Yand {U }=n x 1 column vectors of lower and upper bounds on head. L
h h

{(H } = initial heads, L
o

Note that +the objective function considers all cells, not merely internal
cells. Thuss in this example boundary cells are treated as variable
head/restrained flux boundary conditions (equation [21). rather than as
claepical constant head (Dirichlet) or constant flux (Neumsnn). The use of
weights of large magnitude for boundary cells etfectively forces heads to
approximate desired values.

The constrainta for module D reflect ita function of calibrating
coefficients contained in linearized solute transport equations. [t uses
ocbjective function fl1]1] 8subject to conditions mentioned belaow, including
conestraint {61 for each cell. Note that over- and under-achievement variables
have dimensions of concentration in equation [6]1, as they do in equation [1]
when it is applied to model D. Based on simulation using the MOC model. future
heads and.concentratione are knoun. Equation [£6] reflects the fact that these
future concentrations are functions of initial concentrations, intermediary
fluxes, advective and dispersive processes. The F coefficients and over— and
under-achievement variables are determined by the model through optimization.

C + £ (F .Qq:.C,v) + £ (F sH,CsT»V) + £ (F ,H:CsP»V}) - D + D =¢C

o 1 2 3 + - T.N0C

+.0B1]

shere
c.C = initial and intermediate concentrations

a
Cc = final concentrations predicted by MOC model in module C

T.NOC
F +»F »F = linear coefficients for processes of accretion, advection and

1 2 3

dispersion

v = volume
T = transmissivity and other problem specific parameters
P = dispersivity and other parameters

gubject to bounds on F values to aid realistic representation of~tranéport.



£(C.,C ) < F < f(cC,¢C ) L I71

o T»HOC 1 o T.MOC
8.0 < F < 1.0 ..[81
2
‘2.0 <1 F < 1.0 ..[91]
3

Module D also contains bounds [5]. As a result, it determines the coefficient
values that cause best replication of concentrations predicted by nonlinear
simulation.

Module E uses objective function [1], calibrated F coefficients and
congtraint equations [2-5] and (18], which isB a vectorized constraint form of
[61.

{f (F +C,Q,V+H.TsP}2 = (D } + (D } ¢ (U } L1081
# + - c

This final model computes a puaping strategy that will cause futura heads to
be aB close as popgible to initial heads, while simultaneously assuring that
future grounduwater contaminant concentrations are acceptable.

APPLICATION AND RESULTS

Flow assumptions are as mentioned previously. The study area aquifer is
unconfined, consiating of uncongolidated sands and gravela uith a hydraulic
conductivity of 250 ft/day and a specific yield of 9.25. A longitudinal (an
tranaverse) dispersivity of 1320 ft is assumed in the NOC model for a
dispergsed contaminant and large cell size. Diffusion is assumed to be
ingignificant.

2

Figure 2 shouws a grid of | mi cells taken from the Bayou Bartholomeu
bagin in Arkansas. The displayed potentiometric surface ia one that would
evolve from implementation of one of the optimal sustained yield pumping
gstrategies developed by Peralta et al (1885). Cells in which future (25 year)
concentration are to be modified are framed in this and subsequent figures.
Current (assumed initial) concentrationa of NaCl are shown in Figure 3
(Fitzpatrick., 18985).

Modules A provides boundary fluxes needed to prevent disruption of the
regional flow regime. MNeodule B computes optimal steady pumping valuee needed
to most closely maintain heads of Figure 2 after 25 years. The HNHOC model
predicts the  25-year concentrations that will result from strategy
implementation (Figure 4). Note that predicted concentrations in cells (13,5)
and (14,5) are 300 and 339 respectively.

Assumned future development plans make it desirable that 25-year
concentrations in cells (13:5) and (14.5) be no greater than 250 and 275 ppm
regpectively. Module D <calibratem the F coefficients to permit linear
expression of the mass density changes predicted by MNOC model. HNodule E uses
those results to compute a revisged optimal pumping strategy. Consequences of
implementing the revised strategy are tested using MOC model. Figure 5 shows
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Figure 2. Assumed initial potentiometric surface. in ft above gea level.
Critical cells are framed.
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Figure 3. Assumed initial NaCl ¢encentrations in groundwater. in ppm.
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Figurs 4. Twenty-five year concentrations,
- to result from
modulae B.

. in ppms predicted by MOC model
implementing pumping s8trategy computed by
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Figure 5, Tuwenty-five year concentrations., in ppm. predicted by HOC model

to result from implementing optimal pumping strategy computed by
module D.
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that HNOC-predicted future concentratione resulting from pumping strategies
implementation achiaves acceptable future concentrations.

SUNNARY

A linear finite-difference equation is presented to approximate two-
dimensional solute transport by advection and diapersion. The equation is
calibrated and wused within an optimization/simulation procedure (HODCON).
MODCON develops optimal pumping strategies that will as much as posseible
maintain present potentiometric surface elevationa. while satisiying future
water gquality constraints. The procedure seems promising. but judgement and
experience in optimization/simulation procedures are important for successful
application.
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