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OFTIMAL CONTAMINANT PLUME
MANAGEMENT WITH US/WELLS

Alaa H. Aly' and Richard C. Peralia®

Bbstract

A micro-computer based software package developed at Utah
State University for computing optimal pumping strategies for well
systems (US/WELLS) is demonstrated. US/WELLS is used to determine
the optimal time-varying sequence of extraction and injection rates
when only limited data is available. The software determines the
extraction/injection rates, in pre-specified locations, needed for
immobilizing and/or extracting a groundwater contaminant plume. In
the optimizatien problem, the cobjeetive function can be either to
minimize the extraction/injection rates needed (linear) or to
minimize the hydraulic power used for lifting water (guadratic). In
either case, different weights can be assigned to emphasize any time
pericd. Gradient control pairs of observation wells are placed
arcund the perimeter of the plume to assure that final hydraulic
gradients are toward the center of the plume.

Introduction

US/WELLS is a simulation/optimization (5/0) model. US/WELLS
combines: (1) detailed simulation of the effect of extraction or
injection of groundwater on resulting hydraulic heads and gradients
and {2) cperations—research model formulation and solution teo
determine the optimal distribution of extraction and/or injection in
space and time.

US/WELLS ceonsists of two modules. The first, the simulation
module, is awvailable in two different formulations, deterministic
and stochastic. The simulation module uses analytical solutions to
determine the influence of extraction or injection at spegified well
locations on the groundwater system. The second, the optimization
medule, employs linear, gquadratiec, or non-linear programming to
determine the pptimal magnitudes of extraction and injection rates
for the specified locations. In this paper, only the deterministic
medel is presented and discussed,.

Assymptions

The 8imulation module in US/WELLS uses the Theis (1935)
equation te determine transient effect of pumping on groundwater
hydraulic head. Because of the use of the Theis equation, US/WELLS
ig most suitable for homogensous isotroplc confined acuifers.
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However, the effect of anisotropy of the hydraulic conductivity can
be approximately considered. Furthermore, the model can be used for
uwneonfined aguifers by cycling. This will be explained later in
greater detail. Only a single layer aguifer can be considered. The.,
effect of multiple wells is addressed using superposition, which.
agsumes that the system is linear. The wells are assumed to.
penctrate the entire depth of the aquifer. Entrance losses to the
wells are neglected. : I
The effect of a river that is in hydraulic connection with the
aguifer is addressed using image well theory. Depletion from the
river, due to extracting water from the agquifer via wells, is
evaluated using an analytical solution {Glover and Balmer, 1954)..
The analytical solution considers that the river flows in a straight
courgse which extends for a considerable distance both upstream and’
downstream from any well location. The river can represent a
constant head boundary (such as a lake.) US/WELLS doeg not cons:ider:
the effect of nearby interfering impervious boundaries. ’
US/WELLS employs GAMS {Brooke et. al., 1988) to formulate the
optimization problem. MWINOS (Murtagh and Saunders, 1987) is chosen,
to Solve the optimization problem because it has been effectiv¢ fm:;

a wide range of groundwater management applications. .

The Simglation Module S
The Theis well function is used te predict the influence of.
extracting or injecting a unit pumping rate on the groundwater)
system for two time periods. The duration of the two time periods
car differ. By using a shorter time step initially and a very long
time step later, the user can Simulate both transient and eventual
steady state conditions in the planning era. Appropriate use of the
weighting coefficients (discussed in the optimization module) can
permit emphasizing either of the two perieds. )

The use of the Theis analytical solution iB chosen for several
reasens. The analytical solution is simple, does not reguire as
much data as finite difference or finite element models, and
requires less computer memory and processing time.

An analytical expressicn is used to evaluate the well function
(clazrke, 1987). This is used because it gives an accurate
approximation to the well functien. }

In the ecase where a river exists in the study area, an
analytical sclution {Glover and Ralmer, 1954) is used to evaluate
the river depletion resulting from extraction of water from the
aguifer. The term "river depletion” is explained as the decrease in
discharge from the aguifer to the river plus the increase in
recharge from the river to the agquifer caused by extraction of water
via a well. The simulation module calculates the response of river
depletion to either extraction or injection from any well. During
the process of computing an optimal strategy, the total rate of
river depletion for each time pericd is forced to be between user-
specified bounds.

The Optimization Module
The objective function of the optimization medule in US/WELLS

is generally applicable and easily used for a variety of situaticns,
The user can select either a linear or a guadratic form. The linear
objective function i given as, ! I

i
H !
i
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river depletion rate at time period x; LY/T

hydraulic gradient between locations &, and 8, at time
period x; L/L

hydraulic head at head controel location & at time period
X7 L

unmanaged head at location & at time periecd x; L
digtance between locations &, and &,; L
unit pumping used to generate the
coefficients; L¥/T

maximum allowed difference between total injection and
total extraction, defined as a fraction of total
extractiaon {maximum ratio of imported water);
dimensionless

maximum allowed difference between total extraction and

influence

total injection, defined as a fraction of total
extraction {maximum ratio of exported water);
dimensicnless

influence of unit pumping at extraction location j in
time period t on head at location & at time period x;
L per L*/T

influence of unit pumping at injection location k in
time period t on head at location & at time period x;
L per L*/T

influence of unit pumping at extraction location j in
time period t on depletion from the river at time period
x; L}/T per LYT

influence of unit pumping at injection leocation k in
time pericd t on depletion from the river at time period
x; L)/T per LY/T

superscripts denoting Lower and Upper  bounds,
respeactively;
subgeript dencting a head contrel location. This "

includes all extraction and injection welle in addition
to head control locations.
subgcript denoting time peried;

(X3
kS
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Equations 1 and 2 state that extraction or injection rate at
any well must be within uger~-specitied bounds (lower and upper
llmltsé‘.quation 3 states that hydraulic hgad at any .:i.r‘tjec:tion,
extraction, or ebservaticn well must be within user-gpecified lower
and upper bounds. For example, & lower bound may be used ttd:l
maintain adequate saturated thickness. BAn upper bound may be use
to prevent surface flooding or to eliminate the nleed for presl;sur:.zed
injection. These lower and upper bounds can differ for different
locations. The bounds are the same for both time periods.
Eguation 4 is the summation expression used to evaluate the head at
location & at time period x.

Equation 5 states that hydraulic gradient between any gradient
control pair of head centrol locations at any time period must be
within user-specified bounds. This can ensure that water is moving
only in the desired direction. The bounds can be different for
different time periods. This constraint is useful, ‘for example,
when U$/WELLS is used for groundwater ?cntamn.pant plume
immebilization or for any Situation where hydraulic gradient control
is desired. .
e Es;;uation 7 states that depletion from the river must be within
user-specified bounds (lower and upper limita.} This J.El‘in}’
applicable if a river exists in the considered sys‘tem. Bguation 8
is the summation expression used te evaluate the river depleticn at
the end of time period x. )

Equations 9 and 10 state, respectively! t!::at total import _and
export of water can be controlled to be within a user-.spec:.f:.ed
range. The optimization mcdule can cpticnally prevent import or
export of water or both. If no import or export of water 8
allowed, the total optimal extraction must egual the total optimal
injestion (R, = R, = 0).

The Unconfingd Agquifer Casg . ] .
The diffieulty of modelling an unconfined aquifer arises from

the fmct that the saturated thicknegs of the aquifex changes \:n.th
extraction or injection. Thus, the transm:‘..ssiv:.ty of the aqu:.;_‘.e:
changes and the assumption of system linearity can become inva:!.:.d.
The follewing procedure describes the use of US/WELLS for unconfined
aguifers.

1. consider the saturated thickness at any point to egual the
initial saturated thickness.

2. Run US/WELLS. )

3. Compare the resulting optimal heads (and their saturated
thicknesses) with the values used in step 1. If the

difference in transmissivity is within 10% and the difference
in the optimal pumping values is less than 5% thlen gquit.
otherwise compute the saturated thickness at any point to be
equal to that resulting from the cptimal head, and go to step
2.

Discussion of the Objective Fungtion .
The okjective function shown above ig linear. US/WELLS cany

eptionally, use a guadratic objective function. That isg; to
minimize

2 J J K
E [ CCpx E By x Hyx* Crx ;}: Ejx* Crx 1:21 Il
F=1 =1 =

x=1

where,
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B, = dynamic 1ift. The difference between ground surface elevation
and optimal potenticmetric head resulting at extraction well
{just ocutside the casing of the well) j at the end of the x"
time peried; L

Gy~ weight assigned to the power used for extraction in the x%
time period; § per LY/T.

The weighting factors can be used to emphasize different
criteria and different time periods. For example, assume a problem
cf minimizipng the total extraction using the linear objective
functicon. If the second time pericd is chosen to ke much longer
than the first time period and the weights assigned to extraction
and injection in the second time peried are larger than those used
for the first time period, then the solution will tend to minimize
steady state extraction/injection ratea and less attention will be
given to the short~term transient rates. :

If the intent is to maximize steady extraction subject to
bounds on heads, then a weight of zero can be given to both
extraction and injection in the first time period and injection in
the segcond time pericd. For example, US/WELLS will formulate the
objective function to minimize .

Z .
Tl EEM; .

Appilication of US/WELLS to a Contaminant
Plume Management Problem

US/WELLS can be used to determine the optimal time=-varying
sequence of extraction and injection of water in pre-gpecified
locations needed for immebilizing a groundwater contaminant plume.
In this example, the user specifies potential locations .of
extracticon and injection wells around the contaminant plume.
US/WELLS will then determine the extraction/injection rates from
different wells and for different time periods. If the user cannot
decide if a certain well should be used for extraction or injection,
he can locate one of each at the same location. US/WELLS will then
determine either an extracstion or an injection rate, or neither, for
that location. ;

In this problem, 4 extraction wells are placed outside the
contaminant plume in crder to achieve immokilization of the plume in
the first time period. In the second time peried, 3 extraction
wells are placed inside the plume in order to extract the
contaninated water from the plume. The first group of extraction
wells are inactive in the second time period while the second group
of extraction wells are inactive in the first time period. This
strategy is only for illustrative purposes. It is quite feasible to
capture the plume using the internal extraction wells in the first
time pericd,

For this situation, the objective function can be either to
minimize the extraction/injection rates needed ({(linear) or to
minimize the hydraulic power used for lifting water (gquadratic.) In
elther case, different weights can be assigned to emphasize any time
period.

The gradient constraint is very important in this situation. ',

Gradient control pairs should be placed around the perimeter of the
plume to assure that final hydraulic gradients are towards the
center of the plume. An optional conatraint assumes that neither
export nor import of water is allowed.

Figure {l1) shows the hypcthetical study area and the proposed
well system.
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i linear chjective
ral scenarios have been tested. When the <
funCtigiviE ugsed, the cptimization matrix includes 533 nog stc
elements. It includes 947 non-zero elements whEn‘the guadratic
objective function is uged. In the following discussicon, the linear
Sective function is used. . i
opaes ;zgure 2{a) shows the effect of changing the maximum alls;n.ed
export ratic (Equation 10) on the total optimal pump:{::;i.al Fz;timﬂ
i ort ratio increases,
problem, as the maximum BXp! : reane e Cotat when o
i decreases. This is expla:.m.zd_by.  fa :
E:ucr;g:l:zgof water is allowed, the total injection 15 :.ns:reased o‘xi\lytﬁo
prevent export of water. When some export of watix: Labeaclol::se ;bouz
i inj i i + ratio
timal injecticn decreases until }:he expor
ng. At thj.i.s point, the optimal injection 18 neaded to cont.rlc;-l th:
hg.rdraulic gradiente. Further allowed export of wat_elxi wi tg:t
improve the optimal strategy. An expert ratio qf 1.0 wi tmea:‘o at
no injection is needed. However, when the maximum expor r; i is
0.8 or higher, the optimal pumping st:j:-ategytdiei ;3:P§k;;ngem£;a:ha
" ] » - a .
ome indjection have to be used to minimlze TO 1
;aximum]import ratie is increased, the optimal puénpf:.ng :;F:tpeggbiggs
i i ire or i .
t change because no import of water is des.:.r
" Fj.gure 2(b) shows the effect of changmg the upper boundion
pumping (Eguations 1 and 2) on the tetal optimal g:.:m.mdwater pump r‘ui
(extracticn+injecticn) needed. When the upper limit on pump;ng :'Ln
300 w*/day, 4 extraction wells and 4 in:,ect:.on_w?lls are neede: ;:B
the first time periocd. When the upper 3..:.m:.'c on pump:.ggd e
increased, only 1 extraction well and 1 injecticn well are neede o
the first time periods. Total aptimal pumping decreases as

upper limit con pumping increases.
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Figure 2. Changes in Total Extraction+Injection

Sengitivity Apalvsia

It is important to notice that an optimal pumping strategy
predicted by US/WELLS is sensitive to the value of the hydraulic
conductivity. For example, when the hydrauliec conductivity is
reduced by one half, total optimal pumping is reduced from 4766 to
1493 m*/day {69% reduction}. The optimal pumping strategy is not as
sensitive to the wvalue of the specific yield. An increase in the
gpecific yield from 3x10° to 3x107 results in increasing total
optimal pumping from 4766 to 4786 m'/day (0.4% increase).

When the gquadratic objective function is used, total
extraction+injection increased from 4766 to 4780 m’/day. However the
,distribution of the pumping wells differs considerably between the
quadratic and the linear cbjective function’s strategies.

Summary

A simulation/optimization meodel is presented. Several
¢constraints and two forms of the objective function can be used flor
different groundwater management problems. The model is used ‘*to
solve a contaminant plume management problem. Results are presented
for different scenarics.
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