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7 1

ABSTRACT

The capture zone of a groundwater extraction well can be defined as the portion

of the aquifer from which the well draws its water. The accurate delineation of the

capture zone is important in many groundwater remediation applications and in

defining wellhead protection zones. Hydrologists often simplify the mathematical

delineation of the capture zone by assuming the flow field is steady state and by using

time-weighted average pumping rates and background gradients. However, this

approach may not be adequate under actual transient flow conditions. A new approach

to the estimation of the capture zone under time-varying flow is developed. Using the

concept of capture efficiency, capture zones under time-varying flow conditions are

compared to those computed using steady state averages. This thesis investigates the

impact on the capture zone of intermittent pumping, time-varying background

hydraulic gradients, and nearby wells pumping at both intermittent and constant rates.
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CHAPTER 1

INTRODUCTION

The capture zone of a well may be defined as the portion of the aquifer from

which a well physically draws its water. This capture zone is of interest for several

reasons. In seeking to protect the aquifer from contamination originating at the ground

surface, a well owner might establish a wellhead protection zone. Within this zone,

potentially harmful activities such as raising livestock, landfilling, or crop fertilization

would be restricted. In fact, the United States Environmental Protection Agency

(USEPA), in the 1986 amendments to the Safe Drinking Water Act, mandated that

each state establish a wellhead protection program to assist communities in protecting

their drinking water quality (USEPA, 1987). In order to delineate such a protection

zone, one must have knowledge of where a well obtains its water. Conversely, in

remediation applications groundwater wells are often installed to collect a contaminant

to prevent its migration downgradient. Given the location of the contaminant, the

wellfield designer places wells in such a way as to intercept a contaminant plume. The

wellfield then acts as a hydraulic barrier protecting the surrounding aquifer and other

groundwater wells from degradation by the contaminant. In treatment scenarios where

more than a few parts per million of contaminant exceeds the maximum allowable

concentration, the capture well must maintain a high level of performance. This

requires an estimate of the well's capture zone geometry (that is, its size and shape).
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This geometry is mathematically estimated by hydrologists in these and other

groundwater management applications.

The latter example, in which wells contain contaminants in remediation

applications, is commonly referred to as "pump-and-treat." In pump-and-treat, a

pumping well removes the contaminated water from the aquifer, a treatment system

treats the water to an acceptable quality, and then the water is discharged. The pump-

and-treat method came into widespread use after the establishment of the Resource

Conservation and Recovery Act (RCRA), the Comprehensive Environmental

Response, Compensation and Liability Act (CERCLA) and the Superfund program. Its

favor has waned somewhat as persistent chemicals in groundwater often require more

than continuous flushing to clean the aquifer to required standards. During

remediation, the rate of removal of contaminants by groundwater pumping is highest

during the early stages of pumping. The mass removal rate then decreases as pumping

continues, making the restoration of the aquifer an uncertain and long-term result.

However, in certain situations such as the containment of contaminant plume

migration, the pump-and-treat method can still be applied with favorable results

(Zhang, 1994). A well's capture zone geometry is of first importance in pump-and-

treat, and it is the method of determining capture zone geometry that is the focus of this

thesis.

Several researchers, mentioned here and described in greater detail later in this

chapter, have investigated the topic of capture zone estimation. In the current

literature, researchers often perform capture zone analyses under average, steady state
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realizations of groundwater flow (Javandel and Tsang, 1986; Kinzelbach et al, 1992;

Grubb, 1993: Faybishenko et al, 1995; Bair and Lahm, 1996; Bakker and Strack, 1996;

Schafer, 1996; Zlotnik, 1997). Attempts at evaluating time-dependent performance of

capture zones are limited, with a few exceptions. to semi-analytical or numerical time-

of-travel models (Nelson, 1978; Shafer, 1987; Bair et al, 1990; Varljen and Shafer,

1991; Bair et al, 1991a; Lerner, 1992a; Bair and Roadcap, 1992; Bhatt, 1993; and

Ramanarayanan 1995). Several others have delineated capture zones using a

stochastic, steady state approach (Varljen and Shafer, 1991; Bair et al, 1991b; Bhatt,

1993; Franzetti and Guadagnini, 1996; Kinzelbach et al, 1996; van Leeuwen et al,

1998; Evers and Lerner, 1998 and Guadagnini and Franzetti, 1999).

However, all of the researchers mentioned above use a steady state analysis of

groundwater flow regime. This thesis examines the capture performance of a well in

actual, time-varying flow scenarios, a topic briefly examined by Bear and Jacobs

(1965), Grubb (1993), Yang et al (1995), and Musa and Kemblowski (1996). Its

objectives are to evaluate the accuracy of steady state models applied to transient

problems and to improve the understanding of capture performance under more

realistic flow scenarios. This is in an effort to better understand the geometry of a

well's capture zone under time-varying conditions.
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1.1 Definition of the Steady-State Capture Zone

Under steady state conditions and in two dimensions, a capture zone is defined

as the area contributing flow to a well (Fetter, 1993). This definition implies the

existence of a static streamline defining this area, known as the bounding streamline.

This streamline passes through the stagnation point, or the point of zero velocity at

which the hydraulic gradient induced by the well is canceled by the background

gradient. Javandel and Tsang (1986) presented an equation that gives the separating

streamlines for a fully penetrating well, located at the origin of a standard Cartesian

coordinate system, pumping in a homogeneous, isotropic, confined aquifer of infinite

extent under steady-state flow conditions

Q Q Yy = ± 
 2bU 27rbU 

tan

In this equation, Q is the well pumping rate, b is the aquifer thickness and U is the

Darcy flux. This equation is the solution to the stream function with iJ = 0 in an

infinite, isotropic and uniform aquifer with constant transmissivity. Similar analyses

can be found in Muskat (1937), De Weist (1965), Bear (1972, 1979) and Strack (1989).

From equation 1.1, it can be seen that the size of the capture zone, defined as the width

of the capture zone far from the well, is a function only of the parameter Q/bU. Figure

1.1 illustrates a set of curves for several values of the parameter Q/bU. Within the

curve for each value of Q/bU, all the water particles will flow towards the pumping

well.
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Figure 1.1
Analytical Capture Zones (after Javandel and Tsang, 1986)
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In the past, many other steady-state analyses have been performed investigating

the size and shape of capture zones in different types of aquifers. Grubb (1993)

presented a model using complex potential theory for determining two dimensional

capture zones in both confined and unconfined aquifers. Similarly, Bakker and Strack

(1996) presented a procedure for delineating capture zones from the location of the

stagnation point. They considered complex flow fields generated by multiple wells,

line sinks and areal infiltration. Several researchers have studied the effects of partial

penetration of wells in confined aquifers (Faybishenko et al, 1995) and in unconfined

aquifers (Bair and Lahm, 1996). By using a numerical model, the latter authors also

introduced vertical anisotropy into their analysis. They concluded that vertical

anisotropy was an important factor in partially penetrating systems and also presented

results evaluating the impacts of the degree of well penetration and the magnitude of

the background hydraulic gradient. Zlotnik (1997) arrived at similar conclusions

regarding vertical anisotropy using analytical equations and dimensional analysis (a

linear scaling of coordinates and the dependent variable, drawdown). In addition, he

offered guidelines on when the use of Javandel and Tsang's (1986) two-dimensional

method is appropriate in three-dimensional applications. The guidelines are based on

well pumping rate, the background flux, a vertical anisotropy coefficient, and the

aquifer thickness. He concluded that vertical anisotropy is important when the

pumping rate is small compared to the background flow and when the well has a low

degree of penetration. Kinzelbach et al (1992) examined the impacts of recharge and

background gradient magnitude on well catchment areas in two and three dimensions.
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Schafer (1996) also extended two-dimensional capture zone theory to three dimensions

by using analytical equations and a second-order Runge-Kutta particle tracking

algorithm. His work used forward particle tracking to determine the extent of three-

dimensional capture zones in homogeneous, anisotropic aquifers. He released particles

from many points to determine which particles were located inside the well's capture

zone. Among other techniques, he used a numerical grid to define the release points.

In other words, his approach was to test a large number of release points in an attempt

to locate the three-dimensional stream surface (a three dimensional equivalent to the

two-dimensional streamline, Bear, 1972).

However, each of these analyses provides insight only into the capture zone

geometry in steady state. In reality, a finite time is required for water particles to travel

to the well. Another group of researchers has investigated the capture zone problem

from a different point of view, one that incorporates a water particle's time-of-travel.

1.2 The Time-Related Capture Zone

The portion of the steady state capture zone that contributes to the well within a

certain time period (time-of-travel) is often referred to as the "time-related capture

zone" (USEPA, 1987). This area is often estimated by tracking particles in reverse

from the well for a given length of time using an analytical or numerical model. In

work pioneering this concept, Muskat (1937) and Bear and Jacobs (1965) investigated

forward front movement of water particles injected into aquifers of infinite extent. As
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noted by Bear and Jacobs (1965), the results are also applicable to extraction wells.

They presented an equation describing "the shapes of the curves representing the loci

of all water particles arriving at the pumping well at the same time under the combined

effects of the natural uniform flow and of the converging radial flow." The equation is

	

— -	 — x —
exp(x— t)= cos y +=. sin y

where the following dimensionless coordinates were used

— 27rUb 
xx= 	

— 27rUb
Y = 	 Y

- 2trU 2b 
tt =	 (1.6)

nQ

and n is the effective porosity.

Several researchers have taken semi-analytical or numerical approaches to the

estimation of time-related capture zones in different aquifer scenarios. Lerner (1992a)

investigated the issue of time-related capture zones in aquifers with recharge. Shafer

(1987) used a numerical technique to examine the effects of non-uniform, steady flow

on the shape of the time-related capture zone. Bair and Roadcap (1992) and Bair et al

(1990 and 1991a), in various site applications, presented comparisons of computer

models in their calculation of time-related capture zones. The time-related capture

zone approach provides useful information in the delineation of a well's capture zone,

but is computed with steady state realizations of the groundwater flow.

(1.3)

(1.4)

(1.5)
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Several models are available for the computation of the time-related capture

zone under steady state flow. First, a two dimensional, analytical flow model known as

CAPZONE (Bair et al, 1990; Bair et al, 1991a) computes drawdown at user-defined

grid nodes and passes the steady state drawdown distribution to a particle tracking

program. The particle-tracking program, GWPATH (Shafer, 1987, 1990), uses steady-

state particle tracking to generate the time-related capture zone. Another model,

RESSQC (Blandford and Huyakorn, 1989), listed by the USEPA in its guidelines for

the WHPA program (USEPA, 1987), uses the Thiem equation and a particle tracking

routine (Theim, 1906) to compute the time related capture zones in confined aquifers at

steady state. A more flexible model, GPTRAC (Blandford and Huyakorn, 1987), is

capable of incorporating a wide variety of boundary conditions, including confined,

unconfined, leaky confined aquifers, natural recharge, physical boundaries in the

aquifer and well interactions. GPTRAC is a semi-analytical, steady state model that

tracks particles moving in the aquifer by advection.

Other models such as ROSE (Lerner, 1992b), MWCAP (Blandford and

Huyakorn, 1989), and DREAM (Bonn and Rounds, 1990) use similar steady state

methods to calculate capture zones. The combination of MODFLOW (McDonald and

Harbaugh, 1988) and MODPATH (Pollock, 1989), implement the numerical method

and are capable of transient aquifer analysis. MODFLOW is a three-dimensional finite

difference flow model that simulates confined, unconfined or leaky-confined aquifers

under steady state or transient flow conditions. It can simulate other characteristics of

the aquifer as well, such as stream-aquifer relationships, areal recharge, and
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inhomogeneity with a variety of boundary conditions: specified head, specified flux, or

head-dependent flux boundaries. Combined with MODPATH, MODFLOW is the

most flexible of the deterministic models available for the calculation of the time-

related capture zone.

1.3 The Stochastic Capture Zone

Several researchers have taken a stochastic approach to the estimation of a

well's capture zone, arguing that inherent uncertainty in aquifer parameter values can

only be simulated with probabilistic analysis. Bair et al (1991b), Kinzelbach et al

(1996) and Evers and Lerner (1998), investigated the capture zone by simulating one or

more of the aquifer parameters, such as transmissivity, as a random variable. Varljen

and Shafer (1991) demonstrated a Monte Carlo methodology based on a conditional

transmissivity simulation. Using a slightly different technique, Franzetti and

Guadagnini (1996) and Guadagnini and Franzetti (1999) investigated the effects of

transmissivity heterogeneity using unconditional Monte Carlo simulations. Van

Leeuwen et al (1998) modeled transmissivity as a random space function to infer a

capture zone probability distribution. These methods for estimating the capture zone of

a well are useful when reliable estimates of aquifer parameters are unavailable or when

the aquifer is considered heterogeneous. They are mentioned here to more fully

describe the variety of methods available for capture zone estimation under steady-state

groundwater flow conditions.
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1.4 The Capture Zone Under Transient Conditions

The radial flow of groundwater toward a well in a horizontal confined aquifer

of thickness b is described by the flow equation (Jacob, 1950)

a2h ah s ah
+ = --

dr2 r ar T at
(1.7)

where T = Kb is the transmissivity, S = Sb, the storage coefficient, and r = x 2 + y 2 .

The solution is a function of time and in realistic flow scenarios, steady state may or

may not develop. Time varying aquifer stresses cause the concept of the bounding

streamline defining the capture zone to break down. A particle located within the

bounding streamline at some time may not be captured by the well due to changes in

flow conditions.

Several researchers address the issue of time-varying conditions in capture zone

delineation. Bear (1979) presented an equation describing the movement of the

stagnation point that develops from the startup at time 0 of a fully penetrating

extraction well

	( 	 2
Q	 Sx, 	U + 	 exp	 =o	 (1.8)

27-cx B	 4Tt

the solution of which gives the movement of the stagnation point with time, xs=x s(t).

Figure 1.2 gives a plot showing x(t) for different values of T/S, the diffusivity of the

aquifer. Note that as the diffusivity increases, less time is required for the stagnation

point to reach its steady state location of 76.59 feet. Musa and Kemblowski (1996)
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rewrote equation 1.3 to determine if a particle initially located within the calculated

steady state capture zone might escape before steady state develops. They determined

that the potential for particle escape exists. Grubb (1993) presented an equation

describing the non-steady state, time-of-travel capture zone at time t created by a single

well. His solution is a generalized form of equation 1.4, derived using the discharge

potential concept described in Strack (1989). However, the transient equation cannot

be solved explicitly, so the use of these equations is restricted to the infinite-time

(steady state) scenario. Yang et al (1995), following Bear (1979), used the geometric

similarity between the steady-state capture zone and the developing fronts to describe

the movement of the stagnation point between the start of pumping and steady-state.

These researchers address only the transient development of a well's capture zone.

None investigate the full time-varying nature of flow in an aquifer with variations in

background flow or well pumping rate. However, Ramanarayanan et al (1995) did

perform an analysis of the impact of transient flow on the geometry of the capture

zone. They used a numerical flow and transport model (MOC, Konikow and

Bredehoeft, 1987) to investigate seasonal variations in discharge rate in both the

extraction well and in nearby irrigation wells. His model included dispersion,

something that the previously mentioned analytical models do not, as well as the time-

varying nature of the background flow as impacted by nearby wells. Ramanarayanan

et al (1995) concluded that the area delineated by the time-related capture zone was

sensitive to seasonal variations in pumping rates and that "the effects of seasonal

variation in pumping do not average out with time." In fact, the capture zones
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calculated using transient flow conditions were larger than the capture zones calculated

using the analytical equations. To make these conclusions, they released particles from

a numerical grid, performed transient simulations, and included only those cells in the

capture zone that contributed flow to the well within a given amount of time. In this

way, they delineated a time-related capture zone using forward particle tracking (as

opposed to the more common method of reverse particle tracking). The important

feature of this study is the use of a fully transient numerical model to determine the

geometry of the capture zone. However, the grid they used was coarse and the MOC

model, while useful for simulating a number of wells, is not well suited to simulate

temporal variations in background gradient magnitude and direction. In addition, they

performed only a brief investigation on the impact of time-varying aquifer stresses on

the geometry of the capture zone. This thesis follows the work of Ramanarayanan et al

(1995) and reports the results of a more thorough investigation of the impact of time-

varying aquifer stresses on the geometry of the capture zone.

1.5 Approach

This thesis investigates the impact of time-varying flow conditions, arising

from the capture well itself, nearby wells and the natural background gradient, on the

geometry of the capture zone. It investigates three time-varying flow scenarios:

1. Intermittent pumping in the capture well

2. Time-varying background gradient
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3. Nearby extraction and injection wells pumping both at a constant rate and

intermittently.

The general approach is to isolate each of the above effects to determine the impact of

each in the capture zone geometry. Recently, other researchers have used a variety of

approaches to isolate the effects of other variables in capture zone delineation such as

spatial variability in transmissivity or uncertainty in aquifer porosity. The approach

taken here is a hybrid approach that combines the ideas used in several past

investigations.

Kinzelbach et al (1996) and van Leeuwen (1998) presented graphical results of

stochastic investigations of aquifer parameter variability by presenting the probability

of capture of a particle released from a point in a spatial domain. The investigation

presented here is deterministic and not stochastic, but a similar graphical presentation

technique will be used to communicate the results. The spatial distribution of capture

efficiency in this investigation, called a capture efficiency map (CEM), is the result of

forward tracking particles from finite areas represented by points on a numerical grid.

From each area a finite number of particles are released. Each particle travels through

the model domain under the influence of time-varying aquifer stresses. An accounting

routine records the fate of the particle (whether it escaped down gradient or was

captured) and upon completion of the released sequence, calculates the fraction

captured from the finite area represented by the node. The routine then moves to the

next finite area and repeats the procedure. The CEM concept is discussed further in

section 3.10. The CEM is analogous to the work performed by Evers and
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Lerner (1998) who, with respect to particle capture. described a zone of confidence and

a zone of uncertainty. The CEM containing a pumping well displays an area of perfect

capture efficiency (represented by the ratio 1.0. similar to the zone of confidence), a

transition zone between 1.0 capture efficiency and zero capture (analogous to the zone

of uncertainty) and a zone from which no particles were captured by the well.

In order to accomplish this investigation, a semi-analytical computer model was

written. A previously written model such as GPTRAC or MODFLOW was not used

for several reasons. First and foremost, the new code could be tailored to investigate

the geometry of capture zones in time varying aquifer scenarios. Generation of the

CEM required the creation of specialized algorithms and corresponding code. In

addition, readily available semi-analytical models like GPTRAC are capable of

modeling only steady state flow. While a numerical model such as

MODFLOW/MODPATH or MOC might have accomplished the task of modeling

transient flow, the transient particle tracking functions used by these programs do not

afford the flexibility and control in modeling time-varying background flow that was

desired. Secondly, the high cost associated with purchasing new software also

influenced the decision to write a new code.

The new model, called Trans_PT2, superimposes the drawdown due to

pumping (in one well or in multiple wells) calculated using the Theis equation (Theis,

1935) on a planar surface representing the background head. The groundwater head at

any point is given by the elevation of the planar surface and is a function of time. The

plane is capable of describing the direction and/or the magnitude of the background
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hydraulic gradient as a function of time. Transient particle tracking both forward and

backward in time is performed with a fourth/fi fth order Runge-Kutta integration

routine using groundwater velocities calculated from derivative of the Theis and plane

equations. The model is capable of generating the CEM created by a well or wells

pumping at a constant rate or intermittently. Further explanation of Trans_PT2 will be

found in Chapter 2.

1.6 The Standard Aquifer Scenario

This report will utilize, whenever possible, the results obtained from a standard

aquifer scenario. The aquifer has the following properties

K= 10 ft/day

b= 100 ft

"High Diffusivity:" S = 0.0001 (D = 2.5 ft2/day)

"Low Diffusivity:" S=0.15 (D = 67 ft2/day)

Average Background Gradient = 0.008 ft/ft

n = 0.3

In addition, the well flow rate, Q, is equal to 3,850 ft3/day, or 20 gallons per minute

(gpm). The extraction well's location is (x,y) = (2855, 500) feet.
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1.7 Outline

The general approach is to investigate three causes of transient flow:

intermittent pumping in the extraction well, time-varying background hydraulic

gradients, and nearby wells pumping both at a constant rate and intermittently. The

CEM is used as the primary investigative tool, and the description of its geometry in

each scenario is a primary goal. Using the results of the CEM investigation, an attempt

is made to quantify the impacts and derive a compensation technique to be applied to

steady-state solutions. The report outline is as follows. Chapter 2 outlines the

mathematics and assumptions inherent in Trans_PT2. Chapters 3, 4 and 5 describe the

three areas of investigation defined above. Chapter 6 describes the application of time-

varying flow analysis to the design of a containment system in central Arizona, and

chapter 7 presents the conclusions of the thesis.
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CHAPTER 2

DESCRIPTION OF THE SEMI-ANALYTICAL MODEL

The program Trans_PT2 was written by the author specifically to investigate

the geometry of the capture zone in aquifers with time varying stresses. The title is

descriptive of the program's capabilities: "Trans" because the model is transient, "PT"

for particle tracking, and "2" for two-dimensional. The code has six major functions

related to capture zone analysis. The functions are modular, meaning that the user has

control over which capabilities are utilized in any given simulation. The first function

is the calculation of drawdown and velocity due to a well pumping at a constant rate or

according to a step series. Second, the model is capable of simulating a time-varying

background hydraulic gradient, with changes in magnitude, direction, or both

magnitude and direction simultaneously. Next, the model performs both forward and

reverse particle tracking, locates the stagnation point as a function of time, and

generates a capture efficiency map (CEM). Finally, independent of the transient

functions of the program, Trans_PT2 delineates the steady state capture zone for a

given pumping rate and background gradient. The program does not incorporate the

influences of any physical boundaries, areal recharge or leakage conditions, nor

simulate aquifer heterogeneity or anisotropy. All the analyses performed in this

investigation are consistent with these limitations. This chapter describes the

applicable mathematics used in the code and the assumptions underlying the analytical

equations.
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2.1 Calculation of Drawdown Induced by Pumping

Of the many well functions available, the Theis equation (Theis, 1935) was

chosen to represent the drawdown induced by a pumping well for its simplicity and

ease of differentiation. This choice limits the analysis to confined aquifers, or

unconfined aquifers with limited drawdown and no delayed response. Flow in the

aquifer is described by the superposition of Theis-type drawdowns due to one or more

pumping wells under uniform background flow.

There are several assumptions inherent in the Theis equation. The first is that

the aquifer is isotropic, homogeneous and infinite in areal extent. Next, it is assumed

that the aquifer is of constant transmissivity (T) and storativity (S), implying also

constancy in aquifer thickness (b). Also, the Theis equation assumes that wells fully

penetrate the aquifer. A single pumping well therefore causes purely radial flow,

parallel to the confining beds. While the assumptions limit the range of aquifer

conditions Trans_PT2 can accurately simulate, the focus of this investigation is not the

model's ability to accurately simulate a specific aquifer system, but on the impacts of

time-varying flow on the capture zone of an aquifer.

For a fully penetrating well pumping at a constant rate, the drawdown, s, at time

t since the start of pumping is defined by the Theis equation as

s ho — h = 	 E1(u)
471.1'

(2.1)

where



42

r - S	 r 2

= 	
4Tt 471t

e -,
E(U ) = j 	

T = Kb	 is the aquifer transmissivity [L2/T]

is the aquifer hydraulic conductivity [L/T]

S Sb 	is the aquifer storativity [dimensionless]

is the aquifer thickness [L]

S s 	is the aquifer storage coefficient [1 /L]

is the radial distance from the well [L]

71 S
	 is the aquifer diffusivity [L2/T]

For wells pumping at non-constant rates, step function approximations can be

used to approximate an actual pumping history. For example, the drawdown at a

location (r,t) due to pumping given by the series shown in Figure 2.1 is calculated from

(Streltsova, 1988):

(2.2)

(2.3)
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(2.4)

This equation is implemented in the program Trans_PT2 to simulate the drawdown

caused by wells pumping according to a step-series history.

Trans_PT2 evaluates these equations for drawdown due to single or multiple

wells in any spatial configuration by superposition. The exponential integral (equation

2.3) is calculated by approximations given in Abramowitz and Stegun (1965, pg. 231),

equations 5.1.53 and 5.1.56 for the appropriate values of u

For	 0 < u <1

E , (u) = ao + a l (u)+ a2 (u) 2 a ( )3 (1 4 (04 + , (0 5 — 1n(u)+ e(u)	 (2.5)

where

6(0 <2x10 7

a o = —O.57721566 	a, = 0.055199668

a, = 0.99999193	 a4 = -0.00976004

a, = -0.24991055	as =0.00107857

and for 1 < u < oc



(u)" + ajuY + a,(u)2 + a3 (u)+ a, 
4(u) , 	,+E(u)

uexp(u)((ur +121 (03 +b2 (u)2 +b,(0+k)

where

le(u)i < 2x10'

a, = 8.5733287401 b, = 9.57332234540

a, =18.059016973 b2 = 25.6329561486

a, = 8.6347608925 b3 = 21.0996530827

a 4 = 0.2677737343 b4 =3.95849692280

The equations for drawdown above are used to generate hydrographs to

examine the water level fluctuations at a point. They can also be used, along with an

output-generating module, to present the instantaneous piezometric surface at any time

during the simulation.

To test the drawdown calculation routine, a simple drawdown test was

conducted. Trans_PT2 was programmed to record a hydrograph (drawdown versus

time) in two observation wells at radii of 10 and 50 feet. The data was analyzed in a

Windows-based Aquifer test interpretation program, Aqtesolv (Duffield, 1996). Using

the drawdown data generated in Trans_PT2, Aqtesolv correctly calculated the input

transmissivity and storativity of 1000 ft 2/day and 0.001, respectively.

45

(2.6)
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2.2 Equations of Groundwater Velocity

Darcy's Law describes the specific discharge or flux, q, of groundwater in a

porous medium in two dimensions as

q= —KVh = —K

where q has dimensions of velocity [LIT] and ah I ax, ah lay are the components of

the hydraulic gradient in the x and y directions, respectively. The specific discharge

represents flow through a unit bulk cross-sectional area that includes pore spaces and

soil grains. In reality, flow occurs only through pore spaces. Thus, a velocity that

describes only the flow through the voids is needed. This is obtained by dividing

equation 2.7 by the porosity, n, giving the seepage velocity, y

v = — = --V h = —
n	 n

This term represents the ratio of travel distance to travel time for an average particle in

the aquifer. In simulating pumping from a single well in the absence of background

gradient, the seepage velocity defined in equation 2.8 may be written in a coordinate r

as

K ah
V. =

nar

ah
ax
ah
ay

(2.7)  

ah
ax
ah
"537

(2.8)  

(2.9)
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which makes it negative when directed toward the well. The resulting radial velocity

may be decomposed into x and y components as in Figure 2.2 where

(2.10)

The following sections present the equations for the hydraulic gradient component of

equations 2.8 and 2.9 as induced by the background flow and well pumping.

2.3 Equations of Groundwater Velocity Induced by Well Pumping

The hydraulic gradients induced by a fully penetrating well pumping in an

aquifer are calculated from the derivative of the Theis equation. Defining the

drawdown, s, as in equation 2.1 and differentiating using the chain rule,

as as  au
ar	 au a r

(2.11)

one obtains the equation describing the hydraulic gradient at a point created by well

pumping

Q 	\exR—u)
27trT

(2.12)

For a well pumping according to a step-series history, the equation describing the

hydraulic gradient at a point in the aquifer is obtained by differentiating equation 2.4.

Writing the equation also in terms of radial velocity toward the well:
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(xw , yw )
n

Figure 2.2
Decomposition of the Radial Velocity Vector
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Q, —Q, 
21-trT

r 2
exp 	

417(t —tN _,)_

(2.13)

From equation 2.1, it can be seen that

ah 	 as	 (2.14)
ar	 ar

Substituting equation 2.12 into equation 2.9 by equation 2.14, we obtain the equations

describing seepage velocity at a point directed toward the well, induced by well

pumping

v,.(r,t)= 	 exp(—u)
2n nrb

(2.15)

For series pumping, the equation is obtained by substituting equation 2.13 into 2.9 by

2.14 to get the equation describing the radial seepage velocity at a point induced by

step series pumping



50

r-
4-77t )_..

r 2

417(t — )

 _}

_ 477 (t — t ,_,)1}

_
r2 

_
r

}
_ 411 (t — t N _,)

QN 	
r-exp

2n grb

v,(r,t)=

exp

(2.16)

Trans_PT2 uses either equation 2.15 or 2.16, depending on the nature of the pumping,

to define groundwater velocity at a point induced by a single well.

In order to combine the effects of multiple wells, the radial velocity vector is

broken into its components, x and y, according to Figure 2.2. The x and y components

of the velocity vector for a point (xp ,yp) due to a well pumping at (x w ,yw) are defined by

v k (x, y, t) = v,. sin 0 = v,. (2.17)

v, (x, y,t)= v, cos0 = v,  (2.18)      

where r is the radial distance from the well to the point (x p ,yp) and 0 is the angle made

between the resultant velocity and the positive x axis. This decomposition enables

Trans_PT2 to superimpose the effects of multiple wells and the background gradient

on the groundwater velocity at a point.
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2.4 Calculation of the Undisturbed Groundwater Level

A three-dimensional plane defines the groundwater piezometric surface in the

absence of well activity. With this plane, Tran_PT2 simulates background, regional

groundwater flow. The program superimposes the drawdown and velocity created by a

pumping well or wells onto the groundwater level and flow velocities calculated using

this plane.

The program is capable of simulating a background flow that varies as a

function of time by two methods. First, the gradient can be set up to vary sinusoidally

in direction, in magnitude, or both in direction and magnitude simultaneously.

Secondly, the gradient may vary according to a user-defined history of hydraulic

gradients, such as according to historical data collected at a site. The basic equations

describing planar motion, as well as the transient equations for the two gradient input

methods, are presented in the following sections.

2.4.1 Equations of a Three Dimensional Plane

To define the undisturbed groundwater level, one must first write the equations

describing the time-varying plane. Consider the plane passing through the point

Po(xo,yo,z0) and perpendicular to the nonzero vector n=[a,b,c1. The plane, shown in
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Figure 2.3, consists of all points P(x,y,z) for which the vector drawn from Po to P, FP,

is perpendicular to n. The mathematical description of this relationship is

n. Po P = 0	 (2.19)

—
Because P P =[x— x„, y — y„,z—z„] T 

, equation 2.19 can be rewritten as

a(x—x0 )+b(y— yo )+c(z—z 0 )= 0	 (2.20)

This form of the plane equation is known as the point-normal form. The constants a, b

and c, the components of the vector perpendicular to the plane, combine to become the

coefficients of x and y. Denoting the elevation of the plane as hydraulic head, h, and

rearranging yields

h(x,y)=—
a

(x0 — x)+ — ( y0 — Y)+zo = 0
C 

(2.21)

Groundwater flows in the direction of the negative hydraulic gradient, Vh ,

defined by

Vh = grad(h)= (2.22)  

The magnitude of the hydraulic gradient at any point is given by

Vh(x,y) 1=
\ah 2 'ah\ 2

— +
ay

(2.23)

Taking the derivatives of 2.21 with respect to x and y, one obtains
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Figure 2.3
Plane Passing Through Point (x0„y0 ,z0), Normal to Vector n
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(2.24)
b

C

Thus, the rate of change of hydraulic head in the x and y directions are functions of a,

b, and c. In order to describe a plane whose spatial orientation varies with time, one

simply writes equations 2.24 as a function of time,

V h(t) =

'
h 

(t)ax
ah
—(t)
ay

(2.25)   

Substituting equation 2.25 into 2.21 using equation 2.24 one obtains the equation

describing the head plane, h(x,y,t),

ah
h(x, y,t)=—

ah
(t )(x — xo )+—(t)(y— Yo)+ zo

ax	 ay (2.26)

Variations in background flow are created by defining the hydraulic gradient terms in

equation 2.26 as appropriate functions of time, as described below.

2.4.2 Sinusoidal Variations in Direction and Magnitude of the Background Gradient

The background groundwater flow velocity has direction a(t) and the hydraulic

V h =

gradient has a resultant magnitude of

hydraulic gradient is defined by

Vh(t)1 = R(t) , as shown in Figure 2.4. The
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Figure 2.4
Groundwater Flow - Variations in Direction
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R(t) sin a(t)

R(t)cos a(t)
(2.27)

To vary the direction sinusoidally, the angular direction a(t) is written as a function of

time according Figure 2.5 and the equation

=	 A, sinkoa (t —OA	 (2.28)

where

A,	 is the amplitude of angular change [radians] in gradient direction

is the average groundwater flow direction [radians]

co,

	

	 is the frequency of oscillation in the gradient direction [1/T]

is the simulation time [T]

Oa	 is the angular phase shift of gradient direction[radians]

To vary the magnitude of the hydraulic gradient, the magnitude R(t) is written

as a function of time according Figure 2.6 and the equation

R(t)= R„x + AR sin[roR (t —OR )i	 (2.29)

where

AR 	is the amplitude of gradient magnitude change [ft/ft]

is this average gradient magnitude [ft/ft]

con 	is the frequency of oscillation in the gradient magnitude [1/T]

is the simulation time [T]



   

5 7     
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is the angular phase shift in the magnitude change [radians]

Now, one may write the equation describing the undisturbed head at a point

(x,y) at time t. By using equation 2.37 and the definition of the gradient given in

equation 2.25, one may substitute equations 2.24, into equation 2.21 the general

equation of the plane, to arrive at the equation for undisturbed groundwater head. It is

h(x, y,t) R(t) sin [a(t)](x — xo )+ R(t)cos[a(t)1(y — yo )+ zo 	(2.30)

where (xo, Yo, zo) is a fixed point in space through which the plane must pass, according

to equation 2.19. Equation 2.30 describes the groundwater level in the presence of

sinusoidal variations in the magnitude and direction of the background hydraulic

gradient. Trans_PT2 evaluates this equation in its calculations of groundwater head

under sinusoidally varying background gradient. The user provides frequency,

amplitude and average value information to the program thus defining the sinusoid

functions.

2.4.3 User Defined Hydraulic Gradients

The second method of providing gradient input, with a time history, requires

the direct evaluation of equation 2.26. To implement equation 2.26 in Trans_PT2, the

user provides a three-column table containing the x and y gradients as a function of

simulation time. The first column contains the time, the second and third contain the x

and y-gradient corresponding to the time in column one. During a simulation,
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Trans_PT2 must search this table to find the gradients corresponding to the simulation

time. The program uses the bisection method (Knuth, 1973) to search the ordered table

of gradient information provided to the program. In addition, to prevent instantaneous

changes in the background gradient, the program uses one of two methods to

interpolate between two neighboring gradient values. The user has the option of

selecting either spline interpolation (De Boor, 1978) or linear interpolation. The spline

results in a smooth gradient function in time. However, because the routine seeks a

formula that is smooth in the first derivative and continuous in the second derivative,

the routine occasionally returns unrealistically high or low values of interpolated

gradient. This is a result of overshoot or undershoot of the actual data given the routine

and leads to misinterpretation of complex gradient histories. The alternative is a

piecewise linear interpolation scheme. By eliminating the possibility of overshoot or

undershoot, this technique gives a more reliable interpolation of the gradient history.

The linear interpolation is recommended and used in this thesis.

Comparing the first and second gradient input methods (sinusoidal gradient

variation versus a user-defined time history of gradients) the user-defined gradient

input method is more computationally intense. The sinusoidal variation method

requires only the evaluation of equation 2.30 to determine the background gradient and

direction for a given time. The search of the ordered table of gradient information and

the interpolation algorithms described above, although optimized, require a greater

amount of computational effort.
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2.5 Calculation of Undisturbed Groundwater Velocity

The groundwater velocity, equation 2.9, is calculated differently for the two

input methods. The difference is in the calculation of the hydraulic gradients.

2.5.1 Equations of Background Velocity: Sinusoidally Varying Gradients

The equations describing the sinusoidal variation of hydraulic gradient direction

and magnitude have been given in equation 2.27. Substituting equation 2.27 into

equation 2.8 and writing in terms of the x and y components, one obtains the equations

for groundwater velocity in the x and y directions

v,(t)=--
K

R(t)cos[a(t)]
	

(2.31)

v,(t)=--
K

R(t) sin [a(t)]
	

(2.32)

Note that as the background hydraulic gradients are not functions of spatial location,

nor are the velocities.

2.5.2 Equations of Background Velocity: Time-History of Gradients

The hydraulic gradients are defined by equation 2.25. Substituting the

hydraulic gradient equations into equation 2.8 and writing in terms of the x and y
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components, one obtains the velocity equations for the time history of hydraulic

gradients

K ah
n ax

v v (t)=--
K

(t)
n ay

(2.33)

(2.34)

The user provides as input to the program the hydraulic gradients as a function of time.

2.6 Total Drawdown and Velocity

Trans_PT2 superimposes the groundwater drawdown and velocities created by

well pumping on the groundwater level and velocities of the background flow.

Superposition of velocity is possible because the porosity is constant. The equation for

groundwater level at a point (x,y) at time t is

h(x, y,t)= hl, (x,	 k(x, y,t)
	

(2.35)
k=1

where hb is the background water elevation and sk is the drawdown from well k in a

spatial domain containing n wells. The equation of velocity at a point (x,y) at time t is

(x, y ,t) = v 1,(x, y, t) 	 (x, y, t)
	

(2.36)
k=1

(x , y , t ) =	 , y,t)	 ,k(x, y,t)
	

(2.37)
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where v x . b and Vy,b are the backgound velocities in the x and y directions and Vxk and

v y . k are the groundwater velocities induced by well k in a spatial domain containing n

wells. Trans_PT2 evaluates equations 2.35, 2.36 and 2.37 in determining the

drawdown and velocity.

2.7 Particle Tracking

Using the analytical velocity equations presented above, the program

Trans_PT2 moves particles numerically through a user defined spatial domain.

The process is Lagrangian and is accomplished by the analytical evaluation of

groundwater velocities at every time step followed by an incremental movement of the

particle. At each time step, the desired solution is the characteristic solution of the

differential equation describing the velocity field at and very near the particle's

immediate location. The particle is moved along the line defining the characteristic

solution for an incremental time defining a time step. The length of the time step is

adjusted by the numerical routine depending on the velocity of the particle and the

degree of change in the solution from one time step to the next. The routine limits the

time step size during periods or at locations of rapid change.

Under steady state conditions, the particle path traced by the numerical routine

is a streamline. Each particle path under steady state conditions has a unique solution

dependent on the initial location of the particle. Under transient conditions, the
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solution is also unique, but dependent on both the initial location and the starting time

of the particle. Thus, for transient particle tracking the numerical routine approximates

the solution of the differential equation for which analytical solutions exist for very few

cases. No convenient analytical form exists because groundwater velocity field is

determined from the interaction between several aquifer stresses. The exact form of

the numerically approximated differential equations and a summary of the numerical

routine are presented in the following sections.

2.7.1 Numerical Particle Tracking Equations

The position vector that describes a particle's location is

P=
X

Yp_
(2.38)  

where x p and y p are the x and y locations of a particle in standard Cartesian

coordinates. The Lagrangian derivative of the position of a moving particle defines the

velocity and is written

where

Dp ap
p

Dt k —
(2.39)

V p= (2.40)   
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The first term on the right side of equation 2.39 describes the rate at which a particle

passes by a stationary observer. The second part describes the change in velocity as a

function of spatial location. The characteristic equations, which can be used to

compute position for a given velocity, are

Dx

Di'

Dy p

V = 	
Di'

(2.41)

(2.42)

To determine the characteristic solution of these equations, one must integrate the

Lagrangian derivative over the time step:

t2 Dp
p 2 = 	 —dt + (2.43)

where

P,
	 is the initial particle location at ti

P2
	 is the particle location at time t2

For integration in two dimensions, equation 2.43 leads to a system of two first-order

ordinary differential equations that can be solved numerically using a variety of

numerical techniques. For this analysis, the Fehlberg Fourth-Fifth Order Runge-Kutta

method (Fehlberg, described in Atkinson, 1993) was used.
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Runge-Kutta (RK) methods of evaluating systems of ordinary differential

equations are an extension of more computationally intensive Taylor methods. While

Taylor methods require the evaluation of higher order derivatives to obtain an accurate

solution. RK methods rely on additional function evaluations to obtain higher order

accuracy (Atkinson, 1993). Conceptually, the method computes an average slope over

an interval and uses that estimate of slope to locate the solution of the system of

equations at the next point along the line defining the characteristic solution. In

particle tracking, this is the process of moving the particle to the next location using an

average slope of the system solution. The routine's ability to accurately locate the next

point along the particle path is dependent on the numerical scheme and the error

tolerance specified. The method solves the system using both fourth and fifth order

accurate schemes, and then uses the fifth order scheme to estimate the error of the

fourth order solution. Using this estimate, the routine adjusts its time step size to

control the global numerical error.

2.7.2 Particle Tracking with Trans_PT2

The program is capable of tracking particles by four different methods:

I. Steady state forward tracking

2. Steady state reverse tracking from wells

3. Transient forward tracking

4. Transient reverse tracking from wells
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Figure 2.7 shows an example of particle pathlines generated by method 3 in the

standard aquifer with a sinusoidal background gradient oscillation and three pumping

wells.

2.8 Stagnation Point Location and Capture Zone Delineation

Every well pumping in an aquifer containing a background gradient creates a

stagnation point downstream of the well at which the groundwater velocity is zero.

Location of this stagnation point is accomplished by way of a guided spatial search.

Bakker and Strack (1996) performed a similar investigation in which they located the

stagnation point by the analytical evaluation of the discharge vector, q, where the x

and y components represent "the discharges flowing in the x and y directions per unit

width of saturated aquifer." They note that "the discharge vector is nearly constant

along small circles surrounding the stagnation point, reaching a minimum at the

stagnation point (where it equals zero)." Their spatial search is guided by the

minimization of the magnitude of the discharge vector. In a similar way, Trans_PT2

locates the point of minimum total velocity.

The conceptual approach to the guided search is straightforward, and can be

broken down into two parts. The first is to locate the point of minimum velocity along

the circumference of circles of varying radius. The second part of the search process

involves determination of which circle of radius r contains the stagnation point.
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Figure 2.7
Example Particle Paths in 3-Well Scenario
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2.8.1 Finding the Minimum Velocity — The Stagnation Point

In the immediate vicinity of a pumping well flow is directed toward the well's

centerline. In the absence of a background gradient the magnitude of this flow velocity

is equal at all points at a given radius (equation 2.15). In the presence of a background

hydraulic gradient, however, this is no longer true. Vector addition of background and

well-induced groundwater velocities will produce, along the circumference of a circle

of radius r, a single point of minimum velocity. That is, the stagnation point of well m

out of n wells in the domain is found by locating the point (xm,Ym) at which the

following condition is minimized

	

min[v r (t)+V(v 	 0
	

(2.44)

where v, is the groundwater velocity induced by well m and Vx , m and vy , m are the

velocities computed from the effects of the background velocity and all wells in the

domain except the well m

n.k � in

	x, „,(x,y,t)= v	 y,t) — 	V (x, y,t)
	

(2.45)
k=1

n,k �m

	X, y,t)	 (2.46)
k=1

where n is the total number of wells in the domain. Figure 2.8 shows a polar plot of the

magnitude of radial velocity along a circle of radius r around a pumping well. The

shape of the plot is that of a circle with center offset from the origin. The point of

minimum velocity is marked on the plot. At this point, the radial velocity vector is
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Figure 2.8
Polar Plot of Velocity at a Radius r about the Extraction Well
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directed in exactly the opposite direction of the resultant background gradient vector.

Figure 2.9 shows the same velocities presented as a line plot of velocity versus theta,

the angular increment along the circumference. The location of this minimum velocity

along the circumference of a circle is the first step in the search process. The second

step is to evaluate the minimum velocity along the circumference of a circle with a

larger radius. The routine then moves through a range of radii, evaluating the

minimum velocity along each circumference, searching for the point of zero velocity

created by the well in question. An optimization algorithm is used to efficiently

conduct this search.

The optimization method is called Brent's Method (Brent, 1973), and works

within Trans_PT2 in the following way. The optimization is one dimensional, as the

search is a function either of radius or a function of angular location along a

circumference. Brent's Method uses inverse parabolic interpolation to locate a

minimum. As is seen from Figure 2.9, the function has a sinsoidal shape, the

descending portion of which may be approximated by a parabola. This makes inverse

parabolic interpolation an effective minimization method for this problem. Beginning

at a small radius, the program computes three velocities along the circumference and

passes them to Brent's algorithm. The algorithm initially fits a parabola to these three

points (Figure 2.9), and, using the equation of a parabola and keeping track of the

previous step, the algorithm iterates to locate the minimum of the function (Brent,

1973). The minimum of the one-dimensional function is determined within a given

error tolerance. This optimization process is nested within the same process used to
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locate the minimum velocity as a function of radius. Minimum velocities are

determined for three different radii, bracketing the stagnation point, and Brent's

Method applies the same parabolic interpolation to locate the minimum. Figure 2.10

shows the distribution of the local minimum velocities found in minimization along the

circumference as a function of radius. Note that the function dips to the stagnation

point of near zero velocity. This velocity was computed in a low diffusivity aquifer at

an early time. Thus, because the aquifer has not reached a steady state, the point of

minimum velocity will continue to move to the right until the aquifer reaches steady

state. Note also that the plateau on the right side of the curve indicates a portion of the

aquifer that the pressure pulse from the well has not yet reached. The use of Brent's

Method of minimization and the two step process locates the stagnation point with a

minimum number of iterations.

Figure 2.11 compares the analytical solution of the transient stagnation point

problem (Bear, 1979, Figure 1.3) to the stagnation point calculated with the numerical

stagnation point locating routine. In this simulation the well was located at the origin

of a standard Cartesian coordinate system with a background flow moving in the

positive x direction. Note that the numerical stagnation point locator gives the same

results as Bear for the stagnation point location as a function of time.
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2.8.2 The Numerical Capture Zone

Once the stagnation point is located, reverse particle tracking is used to define

the groundwater divide in the velocity field. That is, for the groundwater head surface

at time t, the curve divides water particles that are moving toward the well from those

moving away from the well. This curve represents the outline of the cone of

depression at time t. This "capture zone" is similar to the capture zone discussed by

Grubb (1993) and Yang et al (1995). This numerical capture zone is calculated using

the Theis equation, and as such it only approaches the steady state capture zone at large

time. To locate this groundwater divide, the program releases a user-specified number

of particles from points on a small circle surrounding the stagnation point, recording

the paths. This "capture zone" is subject to change as flow conditions change, as it

merely represents the groundwater divide at time t. An advantage to this method of

capture zone delineation is that the capture zone may be approximated in multiple well

scenarios with interacting capture zones.

2.9 Generation of the Capture Efficiency Map

The program is used to investigate the capture performance of the well in

transient flow scenarios by generating a Capture Efficiency Map (CEM). This map is

defined over a user-specified rectangular grid, and is generated using the particle

tracking capabilities of the program. The CEM is defined as follows. A grid
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containing N finite areas represented by N nodes is constructed. Each grid node is

located at the center of an area. A single finite area, designated by n, has capture

efficiency, E. The capture efficiency is defined as the ratio of the number of particles

captured to the number of particles released from the area, or

number of particles captured by a well
E„ = 	

number of particles released
node n

(2.47)  

A CEM is the spatial distribution of the capture efficiencies for N finite areas, and is

reported in grid file format compatible with the program SURFER (Golden, 1995).

The CEM routine works as follows. Using a frequency of particle releases

given by the user, the routine releases a sequence of particles from finite areas

represented by node points in the rectangular grid (Figure 2.12a). Each particle is

tracked until it leaves the model domain, either by encountering the user-defined

particle domain boundary or by entering a well. A particle accounting program records

whether or not the particle was captured by a well. After the sequence has been

released (for instance, after particles have been released every one-half day for 365

days and tracked to their final destination), the accounting program calculates the

percentage of particles captured for that node. This efficiency is recorded, and the

process is repeated for the next node. The resulting picture (Figure 2.12b) provides

insight into the overall impact of transient effects on the performance of a capture well.

It is important to note that the CEM is generated for a user-defined period of time. As

such, different realizations of transient groundwater flow will yield different CEMs.

The majority of the analyses presented in this thesis are CEMs generated in periodic
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flow scenarios (for instance if the background gradient direction changes periodically),

and will approach a single, unique CEM.

In order to speed the process of CEM generation, a simple algorithm divides the

grid into five node by five node blocks. The capture efficiency is calculated for the

nodes located at the corners of each block. If the capture efficiencies at the corner

nodes are the same, the routine fills the entire block with the common efficiency. This

is done without calculating the capture efficiency for each node within the block. For

example, within the contour defining the area from which all particles are captured, the

capture efficiency is 1.0. Instead of calculating the efficiency for every node in the

capture zone, the routine evaluates the efficiency for corner nodes of blocks 5

rows/columns square. Upon finding that the corner nodes are the same, the routine fills

the block with 1.0 without tracking particles from each node. If not, each node's

efficiency is evaluated individually. This method of blocking significantly reduces

computational effort.

The CEM is used as the primary analysis tool in this thesis. Figure 2.13

explains two of its key features. The contours of capture efficiency, zero to 1.0,

replace the traditional concept of the capture zone under transient conditions. Within

these contours, there often exists a transition region between zero and 1.0 capture

efficiency. This region is called the "capture efficiency transition zone," and is shown

in Figure 2.13. The width and shape of the capture efficiency transition zone is a topic

of investigation throughout this thesis. Secondly, a useful way to compare several

CEMs generated under different conditions is to compute capture efficiency versus
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location along a line. This "profile" of the CEM is illustrated in Figure 2.13. Capture

efficiency versus location is a useful visual aid to compare the results of time varying

flow scenarios to one another and also to compare them to the profile computed under

steady state conditions. The equation used to generate the steady state capture zone is

described in the following section.

2.10 Locating the Single-Well Steady State Capture Zone

The steady state capture zone is generated independently from the transient

functions of the model. It is generated using equation 1.2, the equation used by

Javandel and Tsang (1986). The steady state capture zone is generated for conditions

in which flow is in the positive x direction, represented by vb,,, according to Figure 1.1.

The routine evaluates equation 1.2 and reports the capture zone as a sequence of points

(x,y) along the line of the capture zone.
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CHAPTER 3

INTERMITTENT PUMPING OF THE EXTRACTION WELL

The first investigation of the impacts of time-varying flow on the capture zone

of a well concerns intermittent pumping of the capture well. In reality, containment

wells do not pump continuously or at a truly constant rate. Some of the scenarios that

can result in a time-varying extraction rate are disruptions in electrical service,

fluctuations in discharge backpressure, or periodic maintenance shutdowns to service

the pump or for the rehabilitation of the well. The question then arises, when designing

a wellfield, how does a designer account for unforeseeable well shutdowns? The

duration and frequency of well shutdowns are difficult if not impossible to predict.

One approach to the problem is to use an average pumping rate. An average pumping

rate can be used to compute a steady state capture zone using analytical methods such

as those described by DeWiest (1965) or Javadel and Tsang (1986). The use of

average capture zones is mathematically convenient as it allows the designer to

compute streamlines rather than pathlines. In addition, it is used in practice (HGC,

1999; Papadopulos, 1988) because of the uncertainty involved in the exact nature of

future wellfield operation. Also, the majority of capture zone analytical methods

presented in the literature are steady state (see discussion in chapter 1) and therefore

assume constant pumping.
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What is not clear, however, is how exactly does intermittent pumping affect the

capture efficiency of a well. Is a capture zone computed with an average pumping rate

representative of the true capture zone established in the aquifer? How is the integrity

of the capture zone affected by well shutdown? If a well is shut down for a long period

of time , contaminants may migrate past the well and through the downstream edge of

the capture zone. Thus, some limit to the well's shutdown time must exist in order to

maintain the integrity of the capture zone. The question arises: how long is too long

for a well to be inoperative? How does the capture zone decay around the well and

how does this decay affect fluid movement? The decay of the capture zone and the

subsequent migration of fluid in the background velocity field are balanced by a well's

ability to pull escaping fluid back to the well upon restart.

The goal of this chapter is to investigate the capture efficiency of an extraction

well that pumps intermittently. The problem is approached by investigating the capture

efficiency of an extraction well that pumps intermittently with a regular, periodic

on/off schedule. The first section introduces the concept of time-weighted average

(TWA, which takes into account the fraction of time a well is actually pumping. The

later sections compare the capture zone computed with a TWA pumping rate to the

CEM generated by a well that pumps intermittently at an equivalent TWA pumping

rate. A method to adjust the TWA pumping rate to better approximate the capture zone

is introduced, and an analysis of an actual pumping history concludes the chapter.
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3.1 Definition of Time Weighted Average

A TWA flow rate is defined as

QTWA (3.1)
tww,

where Q, is a constant pumping rate during the i th pumping interval and (tH.1 — t i) is the

duration of this interval, M being the number of pumping intervals.

To design a wellfield using steady state analysis and a TWA pumping rate, the

designer places and sizes wells to capture (or to not capture, as is the case in wellhead

protection zone calculation) contaminants in the aquifer. The design is based on

analytical solutions using an average direction and magnitude of hydraulic gradient,

estimates of aquifer hydraulic properties (hydraulic conductivity, thickness, storage

coefficient and porosity) and an assumed average pumping rate (the TWA pumping

rate, QTwA) constant over the operational lifetime of the well. The capture zone

computed from this scenario is called the "TWA capture zone." During the actual

operation of the wellfield the pumping rate must be higher to compensate for periodic

shutdowns. The capture zone is computed using the smaller pumping rate, QTWA, but

upon installation wells are operated at a rate equal to

Qoperation
QTWA 

'operation

(3.2)

where P- operation is the fraction of time that the well is operating. For design purposes,

the designer chooses this fraction a priori, based on a realistic average of shutdown
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times throughout a well's operational lifetime. This fraction is called the "operational

efficiency." For clarity and to distinguish between the operational efficiency of the

well and its capture efficiency (used to describe the well's performance), the

operational efficiency is expressed as a percentage. That is, a well pumping with a

90% operational efficiency is referred to as being 90% efficient, or a "90% TWA."

Figure 3.1 shows an example of an assumed pumping history with a 90% operational

efficiency and one-day well shutdown periods. Note that the TWA pumping rate is 90

gallons per minute, while the operational pumping rate is 100 gpm. A TWA pumping

rate of 90 gpm would be used with a steady state model to compute the capture zone.

However, the same TWA rate would be used if the shutdown period were one week out

of every 10 weeks.

3.2 Analysis Overview

In order to investigate the effects of intermittent pumping on the capture

efficiency of the well, the program Trans PT2 was used to track the motion of particles

in the vicinity of a well pumping intermittently. Analysis of intermittent pumping was

performed with three operational efficiencies: 80, 90, and 95%, and four well shutdown

periods: three days, seven days (one week), fourteen days (two weeks), and thirty days

(one month). The pumping schedules for these three scenarios are shown in Figures

3.2 — 3.13. Note that intermittent pumping begins after 2000 days of continuous

pumping at the TWA rate. As noted by Musa and Kemblowski (1996), the potential
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exists for escape of a particle initially located within the steady state capture zone to

escape the well during capture zone development. Beginning intermittent pumping

after 2000 days of constant pumping allows the capture zone to develop to nearly its

steady state size. This minimizes the initial transient effects of capture zone

development in the analysis and isolates the long-term on-off effects of the pumping

well.

Several analyses were performed in order to understand the performance of a

well pumping intermittently but achieving a predetermined TWA. The first analysis

was the generation of capture efficiency maps (CEMs, section 2.9). This analysis

describes the effect of intermittent pumping on the shape of the capture zone. Cross-

sections or profiles of the CEMs, taken through the transition zone between 0 and 1.0

capture efficiency aid in understanding the impact of TWA pumping. To compare the

capture zone delineated by the contour of 1.0 capture efficiency generated with

intermittent pumping to the TWA capture zone, the term "degradation" will be used.

The term degradation describes the scenario in which the contour of 1.0 capture

efficiency lies inside the TWA capture zone. In such cases, the intermittent pumping

has a detrimental effect on the capture performance of the well, relative to the TWA

capture zone. From this investigation a methodology was developed to help the analyst

understand and plan for the impacts of designing a wellfield using a TWA pumping

rate.
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3.3 Behavior of the Aquifer During Intermittent Pumping

The hydraulic response of the aquifer due to TWA pumping is determined by

the superposition of the Theis equation over many time periods, according to equation

2.4. The observed response depends on background hydraulic gradient, diffusivity of

the aquifer and observation well-monitoring well distance. For example, consider the

two aquifers considered in the standard aquifer scenarios referred to as high and low

diffusivity. Both have transmissivity equal to 1000 ft 2/day, but storativities of 0.15 and

0.0001, respectively. The background gradient was 0.008 ft/ft. Hydrographs

displaying the drawdown at distances of 5, 25, and 75 feet directly downstream of the

well for a pumping rate of 3,850 cubic feet per day (cfd), one month, 90% TWA

scenario are given in Figures 3.14 and 3.15. The drawdown is more pronounced in the

high diffusivity aquifer, showing fluctuations of up to 6 feet versus 3 feet in the low

diffusivity aquifer. As would be expected, the rate of increase in maximum drawdown

decreases with time. Over the period between 2000 and 2365 days the drawdown

increases just 0.05 feet, making this an appropriate time period for TWA pumping

analysis. Any effects due to a change in the overall size of the capture zone during

simulations are minimized.

Shown in Figure 3.16 are typical trajectories for particles moving under the

influence of intermittent pumping. The nearly linear breaks in the smooth particle

pathlines are created when the well shuts down.
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Figure 3.16
Particle Trajectories with Intermittent Pumping
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3.4 Capture Efficiency Maps from Intermittent pumping

Figure 3.17 shows the capture efficiency map (CEM) for a well that pumps

according to a 90% TWA with one month well shutdowns in an aquifer with T = 1000

ft 2/day, S = 0.0001, and b = 100 ft. The background gradient is to the right, in the

positive x direction at 0.008 ft/ft. This CEM illustrates a key point: the contour of 1.0

capture efficiency lies inside the TWA capture zone. Particles originating near the

edge of the contour of 1.0 capture efficiency, which would travel to the well under a

continuous pumping scenario (because they lie within the TWA capture zone), escape

downgradient. Figure 3.18 shows the particle trajectories for two particles originating

in the transition zone released at approximately 2050 days and 2200 days (Figure 3.12).

The well pumping intermittently captures the particle released at 2050 days, but does

not capture the particle released at 2200 days. This is due to the relationship between

particle release time, the temporal location in the pumping sequence and particle

release location. These issues are discussed further in the next section.

3.5 Particle Capture as a Function of Time

Based on the analysis above, whether or not a particle is captured depends on

where and when it is released into the flow domain. In order to demonstrate how

particle capture depends on time of release in a TWA pumping scenario, consider the

particles that are released from the locations described in Figure 3.19. Binary plots of
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capture success and pumping rates versus time were constructed using the following

aquifer properties: T = 1000 ft 2/day, S = 0.1, and b = 100 ft with a constant background

gradient of magnitude 0.008 ft/ft. These plots, for two-week well shutdown times and

90% operational efficiency, are presented in Figures 3.20 and 3.21. The capture plots

indicate pumping rate on the left axis and capture success on the right axis for particles

released from the points 2930 and 2933 feet along the x-axis, as indicated in Figure

3.19. The time in days is plotted on the bottom axis. In order to determine if a particle

released at a given time is captured, one reads the time on the bottom axis and the

capture success curve on the right axis. If the indicator of capture success is equal to 1

for the given time, the particle was captured by the well. If the indicator reads 0, the

particle was not captured.

To illustrate, the line corresponding to the release point at 2,930 feet in Figure

3.20 shows that for most times shown on the plot, the well captures the released

particles. Only particles released from 2,076 to 2,088 days and 2,216 to 2,238 days are

not captured by the well. These times are immediately before the well is shut down.

Without the well pumping, the particles are allowed to travel outside the well's domain

of influence and they escape downgradient. Conversely, Figure 3.21 indicates that the

majority of particles released from 2933 feet are not captured. However, during short

time windows, from 2,097 to 2,115 days and from 2,239 to 2,255 days, particles are

captured by the well. Only those particles released at the beginning of the pumping

period are captured by the well. Nearly the entire pumping period is required to draw a
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particle from such a great distance, from this point located outside the TWA capture

zone.

3.6 Profiles of TWA Capture Efficiency Maps

The CEM given in Figure 3.17 is useful to provide an overall picture of the

well's capture efficiency. However, to both simplify and refine the analysis, profiles of

the CEM were calculated along the line illustrated in Figure 3.17. The profile line is

parallel to the direction of natural groundwater flow and, if extended, would pass

through the extraction well. These profiles are referred to as "parallel profiles." The

use of the parallel profiles allows for the simple comparison of several CEMs

calculated under different scenarios.

Figures 3.22 through 3.27 show capture efficiency versus location along the

parallel profile line for 80, 90, and 95% TWA pumping, both for low and high

diffusivity aquifers in each case. Several features of these plots are noteworthy. First,

all the profiles demonstrate a distinct capture efficiency transition zone between zero

and 1.0 capture efficiency. That is, while the TWA capture zone displays an abrupt

transition between 1.0 and 0 capture efficiency, the TWA pumping scenarios display a

more gradual transition. This occurs because of the intermittent pumping of the

capture well. Particles travel under the influence of the background gradient and any

residual drawdown remaining from the last pumping interval. Particles released near

the downstream edge of the TWA capture zone may travel outside the TWA capture
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zone, but are then pulled back to the well upon restart of pumping at the operational

pumping rate. An additional result of the increased operational pumping rate is that

particles released at points outside the TWA capture zone (such as x=2,933 feet) near

the start of a pumping interval can be drawn to the well. This was shown in the binary

capture plot analysis of the previous section. However, in other cases, such as the case

of the particle release near the beginning of a well shutdown period from a point within

the TWA capture zone (x=2,930 ft), a particle originating inside the TWA capture zone

travels beyond the well's domain of influence and escapes downgradient. This escape

is due purely to advection. Second, all the profiles show a nearly linear transition

between zero and 1.0 capture efficiency. This line is not exactly linear as the

groundwater velocity induced by well pumping decreases as r increases. The transition

line, however, generally passes through the TWA capture zone line at approximately

0.5 capture efficiency (see Figure 3.22). The capture efficiency transition zone width

plotted versus well shutdown time is linear (Figure 3.28). The width of the capture

efficiency transition zone is like dependent on the distance a particle travels under the

influence of only the background gradient during the time a well is off. To illustrate,

under the influence of a 0.008 ft/ft gradient, in soil with hydraulic conductivity equal to

10 ft/day and a porosity of 0.3, a particle travels approximately 8 feet in one month.

This, shown in Figure 3.23, is the width of the capture efficiency transition zone for the

one-month well shutdown scenario. This predictable characteristic of the capture

efficiency profile in the transition zone allows an analyst to predict its size for an

arbitrary design scenario.



119

(pap	 auoz uomsuelj, Saualauja aInvie3



120

The question arises: how does the profile of the capture efficiency transition

zone change with the magnitude of the background gradient? In accordance with the

transition zone's dependence on the distance traveled during a well shutdown, a

broadening of the transition zone is expected as the background gradient magnitude

increases. Correspondingly, because a particle travels a smaller distance during a well

shutdown, the transition zone will become narrower as the background gradient

magnitude decreases. Figures 3.29 and 3.30 demonstrate that this hypothesis is correct.

Shown are the profiles obtained in aquifers with background gradients of 0.003 and

0.016 ft/ft for the 90% TWA pumping scenario. The two-week well shutdown scenario

is given as an example. Note that the width of the transition zone in the low gradient

scenario is 1.4 feet, the distance the particle would travel under background gradient

conditions in two weeks.

The high gradient profile deviates from this trend, however. The transition

zone is not linear. From Figure 3.30, one can see that the total width of the capture

efficiency transition zone is 6 feet. The distance a particle would travel under the

influence of a 0.016 ft/ft gradient in two weeks is 7.47 feet. Note, though, that the

distance between the contour of 1.0 capture efficiency on the left side of the capture

efficiency transition zone and the TWA capture zone is 3.7 feet. This is approximately

half of the 7.47-foot width that is predicted. Thus, in the transition zone inside the

TWA capture zone, the transition curve passes approximately through 0.5 capture

efficiency on the TWA capture zone as expected. Outside the TWA capture zone,

some additional particles are lost, however, causing the transition zone curve to deviate
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from linearity. This is due to the decrease in radial groundwater velocity induced by

the well as radius increases. The larger background gradient magnitude overwhelms

the gradient induced by the well and carries additional particles downgradient, out of

the well's influence. This occurrence is seen in other profiles (Figures 3.26 and 3.27,

for instance), but always outside the TWA zone. For this reason, the deviation is not

significant when compensating for capture zone degradation due to intermittent

pumping.

The location of the profiles examined in the previous sections is important.

According to the CEM in Figure 3.17, the capture efficiency transition zone is broadest

near the stagnation point, where the profiles were constructed. This is because the

stagnation point is closest to the well, giving the greatest hydraulic gradient magnitude.

This fact allows the conclusion that the discrepancies between the constant pumping

capture zone and the contour of 1.0 capture efficiency are greatest along this line.

From this conclusion, a strategy to compensate for TWA pumping in wellfield design

is developed.

3.7 Compensating for Intermittent Pumping in Wellfield Design

From the analysis above, in order to obtain the full capture zone predicted by

assuming TWA pumping over the operational lifetime of the wellfield, additional

pumping is required. The goal is to make the TWA capture zone and the contour of 1.0

capture efficiency coincident. To do that, one must shift the capture efficiency
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transition zone outward from the well, eliminating particle escape from within the

TWA capture zone. The amount of additional pumping may be estimated with the

equation for locating the stagnation point of a single extraction well under steady flow

and pumping conditions, given by (Strack, 1989):

XSP
2zUb

(3.3)

where U is the Darcy flux due to the background gradient.

One must shift the contour of 1.0 capture efficiency outward from the well to

make it coincident with the TWA capture zone. This shift is approximately equal to

one-half the width of the capture efficiency transition zone. Discussed above, the

transition zone has a width equal to the distance a particle travels under the influence of

the background gradient during the well shutdown time. Capture efficiency versus x is

shown in Figure 3.31 for the 90% TWA, two week well shutdown scenario (K=1

ft/day, S=0.0001, n=0.3, b=100 ft, gradient magnitude = 0.008 ft/ft). In this case the

required shift distance is 1.9 feet. This shift can be accomplished by pumping at a

higher rate, one that results in a stagnation point shifted outward 1.9 feet. This

required shift distance, Ax, can be found plugging Ax in for xsp and solving equation

3.3 for Q, the additional pumping required:

Q =addi 	  K —
Toperaan	 dx

2zA,yb ( dh

where P- operation acts as a safety factor to compensate for the decrease in groundwater

velocity induced by the well as the stagnation point is shifted away from the well by

(3.4)
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additional pumping. The result is an additional 0.61 gpm added to the operational

pumping rate of the well. Shown also in Figure 3.31 is the capture efficiency versus x

curve with pumping rate compensation. Note that the contour of 1.0 capture efficiency

is now coincident with the TWA capture zone. From this equation and estimates of

required shift distance, a plot of additional pumping versus well shutdown time can be

generated. Figures 3.32 and 3.33 show the additional pumping curves for low and high

diffusivity aquifers, respectively. Note the approximate linearity. These plots can be

created for any scenario and used to adjust the design pumping rates of a well that

pumps intermittently.

3.8 Well Shutdowns During Field Operation

The same principles used to compensate for the TWA in wellfield design are

easily applied to the estimation of contaminant release during wellfield operation. For

instance, contaminant is thought to be present near the downstream edge of a capture

zone. The question arises: how will a well shutdown affect the capture of these

particles? For the release points described in Figure 3.19, a plot of capture efficiency

versus well shutdown time is presented in Figure 3.34. Compiled from the profile plots

(Figures 3.22 and 3.23), Figure 3.34 is prepared for a low diffusivity aquifer and an

80% operational efficiency. Figure 3.34 represents results from the high diffusivity

aquifer and a 90% operational efficiency. Each line represents the fraction of particles

released from that point that were captured by the intermittent pumping well. Taking
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the line representing results from the 2,932-foot release point in Figure 3.34 as an

example, a well shutdown of 14 days will result in a 0.38 capture efficiency of particles

released from that point. Therefore, 62 out of every 100 particles will escape,

assuming the periodicity of pumping is sufficiently maintained. Note that particles

released from the stagnation point are captured with a 0.50 capture efficiency for all

shutdown times.

3.9 Averaging Applied to an Actual Pumping History

In order to investigate the impacts of intermittent pumping with a realistic

pumping history, actual pumping rate data was taken from a plume containment system

in the northwestern United States. The pumping rates were normalized to achieve a

TWA pumping rate of 20 gpm. That is, the duration of all well shutdowns and

fluctuations in daily production rate were retained but the operational pumping rate

scaled so that the complete pumping history achieved a TWA pumping rate of 20

GPM. This analysis therefore provides information on the actual performance of a

remediation well designed using the TWA. Inherent in the data are the actual well

shutdowns that occurred at the site. Figure 3.35 shows the normalized pumping history

implemented in Trans_PT2. The maximum operational pumping rate to achieve the

TWA of 20 gpm in this simulation was 22.9 gpm and the resulting operational

efficiency was 87.2%. Note that the simulation, like all previous intermittent pumping

simulations, is adjusted to begin at 2000 days.
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In addition to a successful implementation of intermittent pumping to give a

predetermined TWA, two scenarios were created to simulate an unsuccessful

implementation. In operation, an intermittently pumping well can fail in two ways: by

frequent and uncompensated well shutdowns or by reduced maximum pumping rates.

To model these scenarios, two simulations were conducted. First, for every two years

of operation, one 45-day well shutdown was inserted into the pumping history. This

was to simulate the effects of an abnormally long well shutdown period. The pumping

history achieved a TWA pumping rate of 19.36 gpm, slightly below the 20 gpm target.

Second , the maximum pumping rate was reduced from 22.7 gpm to 18.3 gpm. Thus,

the incorrect maximum pumping rate is 80% of the correct maximum pumping rate.

This was done to simulate the effect of an extraction well that is incapable of achieving

its design pumping rate. This pumping scenario achieved a TWA pumping rate of 13.5

gpm, well below the target of 20 gpm. The pumping histories for these two

simulations are given in Figures 3.36 and 3.37.

Figure 3.38 shows the profile of the capture efficiency transition zone obtained

from these three realistic TWA pumping scenarios, along with the constant pumping

capture zone and the two-week, 90% TWA simulation (T=10,000 ft 2/day, S=0.0001,

b=100 ft, and n=0.3). The incorrect maximum pumping rate scenario shows the

greatest reductions in capture ability, followed by the long well shutdown scenario.

However, the most striking feature of Figure 3.38 is the large capture efficiency

transition zone in the correct TWA scenario. Even a successful implementation of the

TWA leads to a significant (approximately 20 feet) area in which particles are lost from
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within the constant pumping capture zone. Interestingly, the linearity of the transition

zone described in section 3.6 is lost, replaced with two distinct segments: one with

shallow slope extending into the capture zone, and the second with steep slope

extending outward from the constant pumping capture zone. The downgradient section

(to the right of the TWA line in Figure 3.38) reduces the amount of additional particle

capture by the well beyond the TWA capture zone. The former serves to enlarge the

transition zone within the constant pumping capture zone, reducing the well's capture

effectiveness. The two segments join at the TWA capture zone. These characteristics

of the capture efficiency profile are most likely due to the lack of periodicity in the

pumping sequence. Particles near the edge of the constant pumping capture zone move

away during the well shutdowns, but are not consistently drawn back to the well by

pumping.

These analyses reveal the shortcomings of using average values of pumping

rates in the design of capture wellfields; that pumping according to a TWA does not

assure 1.0 capture efficiency within the capture zone established under continuous

pumping conditions. Thus, the designer and operator of a remediation system should

be cautious of intermittent pumping. In addition, this analysis reveals the importance

of following a regular maintenance schedule to avoid prolonged, non-periodic,

shutdowns.
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CHAP I ER 4

VARIATIONS IN BACKGROUND HYDRAULIC GRADIENT

At a recently remediated industrial site in Iowa near the des Moines River, the

background gradient was observed to oscillate regularly over 60 degrees, as shown in

Figure 4.1a. During one year, 1993, the background gradient reversed direction

(Figure 4.1b). For sites near rivers or other time-varying recharge zones, this behavior

is common. The site presented as an example in chapter 6 of this thesis is near a river

and shows a distinctly periodic oscillation in the regional background gradient.

Designing remediation systems at sites such as these requires an understanding of a

well's capture performance in aquifers with a time-varying background hydraulic

gradient.

Variations in the background gradient affect the capture zone of a well. Due to

lack of information regarding the background gradient at a site, however, an average

value of the hydraulic gradient is often used in modeling. Long-term water level data

are difficult and expensive to obtain. Even given accurate data, the past does not

necessarily indicate what will occur in the future. However, an understanding of the

undisturbed groundwater flow regime is essential for the design of a remediation

wellfield. The hydrologist can interpret even scarce data to obtain an idea of the

direction of flow and the magnitude of background gradient present at the site. Even in

aquifers that do not display periodic changes in background gradient, an understanding
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of how changes in the direction and magnitude of the background gradient affect the

capture zone will aid in the design process. In this chapter, the program Trans_PT2 is

used to evaluate the impact of a time-varying background gradient on the capture zone

of a remediat ion well. The concept of capture efficiency, displayed by a capture

efficiency map (CEM), will be used as the primary analysis tool.

Trans_PT2 simulates a varying background gradient by an oscillating two

dimensional plane (see section 2.4.1). The motion of the plane is controlled by a

sinusoidal equation to which the user assigns an average direction and magnitude, a

period of motion, and an amplitude of oscillation, according to equation 2.30. The

period of oscillation, TOE, for the background gradient direction, is related to wa of

equation 2.28 by

Ta 
27r	

4.1
(Da

The period of oscillation of the magnitude of the background gradient is related to coR

of equation 2.29 by

2
TR —r

(DR

4.2

By way of review, a change in direction is described here as an amplitude, or half-

angle change in direction, (A„ according to equation 2.28 and shown in Figure 2.5).

For example, if A, is equal to 25 degrees, then the full change in direction is 2A„, or 50

degrees. Thus, the regional background gradient in such an example oscillates over 50

degrees. A phase shift (as defined by Oa and OR of equations 2.28 and 2.29,
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respectively) can also be applied to investigate the impact on the CEM of in-phase/out-

of-phase relationships between the temporal oscillation of background gradient

magnitude and direction. For example, the question may be asked: how is the CEM

affected by a sinusoidally oscillating background gradient that consists of the

maximum magnitude occurring at the same time as the maximum angular change in

direction? The minimum magnitude corresponding to the maximum change in

direction of the background gradient? Before investigating the effects of variation of

both direction and magnitude together, the impacts of variations in each will be

investigated. The impacts of a change in direction of the background gradient will be

discussed first, followed by an investigation of variations in the gradient magnitude.

Before continuing, a brief description of the terminology used in this chapter is

appropriate. The term "average gradient capture zone" (AGCZ) is used to describe the

capture zone computed under steady state conditions with an average background

gradient direction and magnitude. The AGCZ is superimposed on the CEM in Figure

4.2 (aquifer properties described in figure). Next, in order to describe the capture zone

delineated by the contour of 1.0 capture efficiency generated in the time-varying

background gradient investigation, the terms "enhancement" and "degradation" will

again be used. Enhancement describes the scenario in which the contour of 1.0 capture

efficiency lies outside of the average gradient capture zone. That is, the contour of 1.0

capture efficiency indicates that the capture zone generated under transient aquifer

conditions lies outside the AGCZ. The term degradation describes the scenario in
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which the contour of 1.0 capture efficiency lies inside the AGCZ. Areas of

enhancement and degradation are indicated in Figure 4.2.

4.1 Impact of a Background Gradient Direction Change

Figure 4.2 presents the CEM for an extraction well pumping in an aquifer with

a time varying background gradient. The CEM shown was computed with a large

gradient of magnitude 0.02 ft/ft and a large A, of 75 degrees (with T=1000 ft2/day,

S=0.0001, b=100 feet). It illustrates the general shape of the GEM in with a large

change in background gradient direction. In general, as the background velocity

increases, the contours of capture efficiency tend to this fluted, scalloped-edge shape.

Due to this fluted shape, the contour of 1.0 capture efficiency is enhanced in some

areas and degraded in others. Depending on the spatial location of interest, significant

enhancement or degradation of the capture zone as described by the contour of 1.0

capture efficiency is possible. Note that in areas where the contour of 1.0 capture

efficiency is degraded relative to the AGCZ, the transition zone is wider. That is,

particle capture occurs at low efficiencies farther into the aquifer than profiles at which

the contour of 1.0 capture efficiency is degraded. Note also that degradation is most

severe near the well. This effect is due to the background gradient moving particles

away from the well immediately after their release. Another notable feature of the

GEM in Figure 4.2 is that particle capture, although at efficiencies less than 1.0, occurs

well outside the AGCZ. This, again, is due to the broad capture efficiency transition
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zone. Thus, the well captures particles that it otherwise would not without the

variations in background gradient.

Figures 4.3a and 4.3b demonstrate capture performance of a well pumping

under a background gradient of constant magnitude 0.008 ft/ft and A, of 25 and 75

degrees, respectively. For A, equal to 25 degrees (Figure 4.3a), the capture zone

delineated by the contour of 1.0 capture efficiency coincides almost exactly with the

AGCZ. For an A„ of 75 degrees, however, the capture zone described by the contour

of 1.0 capture efficiency is dramatically enhanced.

Figure 4.4a and b show similar CEMs for a higher gradient magnitude of 0.016

ft/ft and A„ of 25 and 75 degrees. In Figure 4.4a (A, = 75 degrees), the capture zone

described by the contour of 1.0 capture efficiency is degraded, not the same size as the

AGCZ as seen in Figure 4.3a. In addition, the transition zone is broader. These

phenomena are discussed in detail in the next section. In Figure 4.4b, the capture zone

described by the contour of 1.0 capture efficiency is again enhanced. The

enhancement is not as great as was seen in Figure 4.3 for the smaller gradient

magnitude. It is evident from this introduction to the CEM for oscillating background

gradient scenarios that a relationship exists between the change in gradient direction

and the shape of the CEM. An examination of profiles through the CEM at strategic

locations will provide insight into the nature of this relationship.

For the profile analysis that follows, the following methodology was used.

Two profiles were investigated. First, a profile parallel to the average direction of flow

("parallel profile," similar to the profile used in the TWA analysis) along the x-axis and
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second a profile perpendicular to the average direction of flow ("perpendicular

profile ."). The two profiles are indicated in Figure 4.2. As in the TWA pumping rate

analysis, the profiles allow a quick comparison between CEMs calculated for different

scenarios. They show capture efficiency as a function of location along the axis. For

this analysis, all components of the flow system were assigned fixed values except the

direction of the background gradient, which was allowed to vary sinusoidally. The

standard aquifer scenario described in chapter 1 was used in the simulations (K=10

ft/day, b = 100 ft, n = 0.3, S = 0.15 or 0.0001 for flow and high diffusivity aquifers,

respectively). The extraction well pumped at a continuous rate of 20 gallons per

minute (gpm) and the magnitude of the hydraulic gradient was a constant 0.008 ft/ft.

The following AŒ were evaluated in detail: 7.5, 15, 25, 40, 60, and 75 degrees. A one-

year period of oscillation (T OE , TR)was used in all simulations, except where noted.

4.1.1 Perpendicular Profiles

Figures 4.5 through 4.8 give capture efficiency as a function of y along the

perpendicular profile" indicated in Figure 4.2. The primary characteristic of these

curves is a transition between capture zone enhancement and degradation resulting

from a change in AŒ. For a gradient of magnitude 0.003 ft/ft, the profiles demonstrate

enhancment of the capture zone for all A, (Figure 4.5). The greatest enhancement

occurs with the greatest AŒ, and the smallest enhancement with the smallest A.

Figure 4.9 displays percent enhancement of the capture zone relative to the AGCZ
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versus A, for the four gradient magnitudes evaluated. Percent enhancement, PE 1S

calculated from the following equation:

152

(
c (»Your of 1.0 capture efficiency	 Y AGCZ 

Y AGCZ

(100)	 (4.3)

where y„ is the y coordinate of the well and where the x-axis is parallel to the average

flow direction. A similar trend of enhancement occurs for a gradient of 0.008 ft/ft, but

as the gradient increases beyond this, the profiles show a degradation of the capture

zone. In Figure 4.7 it can be seen that directional variations in the range of 0 to 40

degrees demonstrate a degradation of the contour of 1.0 capture efficiency.

Conversely, for A ce equal to 60 and 75 degrees, an enhancement is seen. As the

gradient is increased further, this effect of enhancement is amplified.

Examining Figures 4.3 and 4.4, one may reach an important conclusion

regarding the location of the profile. First, in Figure 4.3, where one draws the profile is

not of great importance in discerning enhancement or degradation along the AGCZ. A

profile drawn at x=2,750 feet or x=2,800 feet, results in a similar plot of capture

efficiency versus y. The contour of 1.0 capture efficiency follows the parabolic shape

of the constant gradient capture zone. In lower gradients (less than or equal to 0.008

ft/ft), the CEM does not display the fluted shape that is observed in higher background

gradients. In Figures 4.4a and b, however, capture zone degradation near the well can

be seen. This results from the fluted shape of the capture efficiency contours first

illustrated in Figure 4.2. The profile at x = 2,750 is located very close to this area of

capture zone degradation near the well. If one calculated the profile through x = 2,800
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in Figure 4.4a, however, the profile would reveal greater degradation. This is an

important conclusion: capture efficiency enhancement or degradation is point specific.

In many cases, especially for higher gradient aquifers, a profile taken at one x location

will exhibit different patterns of capture zone enhancement and degradation than

another x location. The location-specific enhancement or degradation of the 1.0

capture efficiency contour relative to the AGCZ is one difficulty involved in

considering time varying background gradients.

Figure 4.9 presents the percent enhancement of the contour of 1.0 capture

efficiency versus Ac, at x = 2,750 for four background hydraulic gradients. The curves

for percent enhancement versus Ac, increase monotonically for low gradients,

indicating the capture zone enhancement is observed for all Ac, at this location. For

higher gradients (above 0.008 ft/ft), however, the curves dip below the 0%

enhancement line into the degradation range, then increase to indicate enhancement as

A„,, increases. Thus, at x =2,750 for the given aquifer parameters, an analyst can expect

capture zone enhancement for all Pic, if the background gradient is below 0.008.

One objective of this analysis is to determine why particles are lost from within

the AGCZ for some Ac, and not others. The answer lies in the relationship between the

period of oscillation, the gradient magnitude and the location of the particle.

Examining the pathlines of several particles reveals the processes that govern this

behavior. Particles were released in the capture efficiency transition zone of an aquifer

of gradient magnitude 0.016 ft/ft with a directional variation, Aa , of 25 degrees and a
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one year period of oscillation (T=1000 ft 2/day. S=0.0001, b=100 feet). The particle

trajectories in this aquifer with no well pumping and Aa directional variations of 25

and 75 degrees are shown in Figure 4.10a and b, respectively. With pumping initiated,

the particles in Figures 4.10c and 4.10d were released at the point where the direction

sine curve crosses zero, at time 2008.8 days (points labeled c and d, respectively), as

shown in Figure 4.11. This figure provides a graphical representation of the gradient

direction with time. Thus, upon release of the particles shown in Figures 4.10e and

4.10d the gradient and the particle motion are parallel to the x-axis. In this case, all but

one of the particles was captured. In Figures 4.10e significant particle release occurs

for Aa equal to 25-degrees and a particle release time of 2100.1 days (points e and f).

For the same release time, the A., equal 75-degrees captures all of the particles. In this

case, the release time corresponds to the extreme negative direction change where a(t)

is negative. Thus, the particle initially moves toward the well. Figures 4.10g and h

shows the particle paths for the particle release time of 2282.8 days (points g and h), at

the other extreme of the direction change where a(t) is positive. Here the particle

initially moves away from the well. Note that the particles are all captured in the Aa

equal to 75-degree case, while in the AŒ equal to 25-degree case the well captures only

about half of the particles. In the former case, the gradient direction cycles to bring the

particles back toward the well. In the latter case, the sinusoidal change in direction

occurs after the particles have moved out of the well's domain of influence and some

of the particles escape. The particles lost in 4.10g are lost because the gradient
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direction shifts to push the particles out of the well. Thus, particle capture depends on

the direction of the gradient as the particle approaches the well.

Particles are lost due to the background gradient pushing the particle out of the

capture zone at a key point in its movement toward the well. Figure 4.11 includes a

binary plot describing the capture of particles released from point A (described in

Figure 4.12). From that point, only 22.6% of particles released are captured by the

well in the A„ equal 25 degrees scenario. Particles are captured from this point only if

released at such a time that the gradient will move them toward the well as it nears the

well. As another example, the well does not capture the particle released from point B

in Figure 4.12 because the gradient moves the particle out of the capture zone as it

approaches the well.

A final word on the perpendicular profiles of Figures 4.5 through 4.8. The

transition zone between zero and 1.0 capture efficiency becomes broader as the

background gradient magnitude increases. Figure 4.5 shows a profile calculated in an

aquifer with a background gradient of 0.003 ft/ft with a very sharp transition between

zero and 1.0 capture efficiency. A similar profile that was computed for a high

gradient aquifer shows a much more gradual transition from zero to 1.0 capture

efficiency. This is also a result of the greater lateral movement of particles

perpendicular to the average direction of motion, as described in the previous

paragraph. Also, in the larger background gradient scenarios (>0.008 ft/ft), the

background gradient has a greater influence on the particle relative to the strength of

the well's influence.
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More work is required to better understand the relationships that exist between the

background gradient, the particle path, the pumping rate of the well, and the aquifer

properties. For now, a site and location specific analysis is required to determine the

impacts of sinusoidal variations in the background gradient.

4.1.2 Parallel Profiles

The profiles shown in Figures 4.13 through 4.16 illustrate parallel profiles for

several A, and background gradient magnitudes. Also shown in each figure is profile

of the AGCZ for the corresponding background gradient magnitude. The location of

the parallel profile is shown in Figure 4.2.

Many features of the parallel profiles are similar to the perpendicular profiles.

The transition zones become broader with increasing A, and the capture profiles show

significant enhancement of the contour of 1.0 capture efficiency relative to AGCZ.

There is one significant difference, however, and that is that all the 100% capture

profiles indicate enhancement. Thus, any periodic direction change in the background

gradient leads to the enhancement of the capture zone downgradient of the well, in the

vicinity of the stagnation point. For this to happen, a well must pull particles from

downgradient of the stagnation point computed with the average gradient. The next

section illustrates how this is possible.
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Examining particle trajectories and instantaneous velocity vector fields one can

understand how a well draws a particle from downgradient of the AGCZ stagnation

point in background gradients that vary sinusoidally. Figures 4.17 and 4.18 each show

the trajectory of a particle released from the same location downgradient of the AGCZ

stagnation point. The particle in each figure was released at a different time. The

particle shown in Figure 4.17 was released at time 2008.8 days, corresponding to point

d in Figure 4.11. The particle shown in Figure 4.18 was released at time 2100.1 days,

corresponding to point f in Figure 4.11. Each figure indicates the direction of the

background gradient at the time of particle release. Both particles begin at the same

location outside the AGCZ, yet the well captures both. Shown with the particle

trajectories are the instantaneous capture zones at the corresponding release times.

These curves represent the capture zone formed if the instantaneous velocity field was

stationary. This illustrates how the orientation of the capture zone changes with a

different background gradient direction. Also shown are the velocity fields generated

at the particle release times. The velocity fields illustrate how it is possible for the

particle to travel in a direction opposite to the average background gradient direction in

areas outside of the AGCZ. The velocity vector plot and particle trajectories in Figure

4.19 were generated with the average gradient direction and magnitude. It illustrates

that the velocity vectors immediately outside the AGCZ are nearly parallel to the

boundary of the AGCZ. While the well does not capture a particle just outside the

capture zone (particle 1, Figure 4.19), that particle will travel along a path bending

toward the well roughly parallel to the AGCZ. Particle 1 escapes downgradient.
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Hydraulic Gradient Direction, Magnitude = 0.008 ft/ft
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Particle 2 is released inside the AGCZ, bends around the inside of the AGCZ.

approaches the stagnation point and then turns back to enter the well. It too follows a

path roughly parallel to the curve of the AGCZ. It is the velocity vectors immediately

outside the constant gradient capture zone that are nearly tangent to the capture zone

curve that enable a well to capture particles outside the AGCZ. Note the direction of

the velocity vectors in the area labeled "A" (Figure 4.18). The x-component of the

vectors is directed opposite the average background gradient direction. Note also the

paths of the particles in Figure 4.18: the particles are moved toward the well by this

same x-component of the background gradient. At times when the gradient is directed

nearly parallel to the x-axis, such as the time indicated by point d) in Figure 4.11, the

particle moves away from the well. At times when the direction of the background

gradient is most different from the average direction, such as the time indicated by

point 0 in Figure 4.11, the particle moves toward the well. The locations of the

particle at the times indicated by points d and f (Figure 4.11) are indicated on the

trajectory in Figure 4.17. In conclusion, the gradient induced by the well outside the

AGCZ moves the particle starting outside the AGCZ toward the well. This movement

toward the well occurs when the angular deviation from the average direction is the

greatest. These velocities lead to enhancement of the contour of 1.0 capture efficiency

immediately downgradient of the well under time varying background gradients.

In the same way the percent enhancement curves were calculated for the

perpendicular profiles, percent lengthening curves were calculated for the parallel

profiles. A positive percent lengthening indicates that the capture zone is enhanced
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relative to the AGCZ along the parallel profile. The term "lengthening" is used to

better describe the enhancement in the length of the capture zone. Percent lengthening,

PL, is given by:

-tontour I 0 capture etpcie ncr — X AGCZ (1 00)	 (4.4)
xAGCZ X w

where x is measured along Cartesian coordinate x-axis and x, is the x-coordinate of the

well. Figure 4.20 shows that percent lengthening of the capture zone increases with

A„. Figure 4.21 shows that percent lengthening decreases as the magnitude of the

average background gradient increases. Thus, the greatest enhancement of the capture

zone along the parallel profile occurs when the magnitude of the background gradient

is small (<0.008 ft/ft) and the A, is large. Figure 4.22 illustrates the combined effects

of A, and background gradient magnitude on the percent lengthening of the contour of

1.0 capture efficiency along the parallel profile.

4.1.3 Impact of a Change in the Sinusoidal Period of Oscillation of the Gradient

Direction

Seasonal variations in rainfall or in groundwater pumping are common. These

seasonal influences can lead to variations in background gradient direction similar to

that shown in Figure 4.11. That is, a single rainy season per year may cause rivers and

groundwater levels to rise causing a change in the direction of the background gradient

that occurs once a year. In Figure 4.11, T a of equation 4.1 is equal to 1 year. A site

PL =
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having two rainy seasons might result in a 6-month period. As will be explained in the

following paragraphs, the primary effect of a variation in Ta , is a change in the width of

the capture efficiency transition zone.

Figures 4.23a shows a CEM calculated for a change in direction of the

background gradient (Au =25 degrees) with a period of oscillation, Tu, of 1 month.

The aquifer properties for this simulation were T= 1000 ft 2/day, S= 0.0001, b= 100 ft,

n= 0.3 and hydraulic gradient of magnitude 0.008 ft/ft. Figure 4.23b shows a CEM

generated under similar conditions, except the period of oscillation in the direction of

the background gradient, T OE, was 6 months. Figures 4.24a and 4.24b show similar

CEMs for the same aquifer properties a 75-degree Au. Note that the CEMs look very

similar to those calculated for the one-year period of oscillation (Figures 4.3a and 4.3b)

in that they encompass roughly the same area. However, the transition zone from zero

to 1.0 capture efficiency decreases in width as the period decreases. Figure 4.25 is a

plot of the perpendicular profiles computed under the aquifer conditions mentioned

above for both 25 and 75-degree Au. The width of the transition zone for both

scenarios decreases with Au linearly, as shown in Figure 4.26. Note, however, that the

average size of the capture zone (as defined by the center of the capture efficiency

transition zone) is not a function of the period, but of Au. At this point the

enhancement in the capture zone seen in time-varying background gradients may be

explained.

The enhancement of the CEM observed in time-varying background gradients

occurs due to the additive effects of the regional background velocity and the
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groundwater velocity induced by the well. To explain, the background gradient that

varies sinusoidally alternatively moves a particle toward and away from the well. The

particle paths in Figure 4.10a and 4.10b demonstrate this. The well, however, draws

the particle to itself at all times. Thus, when the background gradient attempts to move

the particle away from the well, the velocity induced by the well counteracts it.

Conversely, when the background gradient is directed in such a way as to push the

particle toward the well, the velocities add vectorially to move the particle toward the

well. Figure 4.27 shows particle paths in a sinusoidally varying background gradient

(K=10 ft/day, S=0.0001, b=100 feet, n=0.3). Note that the distance traveled is greater

as the particle approaches the well than it is when the particle is moving away from the

well. For this reason, the greatest enhancement of the contour of 1.0 capture efficiency

is observed at low background gradient magnitudes (<0.008 ft/ft). In these scenarios,

the velocity induced by the well is large relative to the velocity induced by the

background gradient, allowing the well to overcome the background gradient. In short,

the distance a particle travels away from the well due to the background gradient

direction is smaller than the distance traveled toward the well due to the combined

effects of the background gradient and the well. This is the reason that changes in the

period do not affect the average size of the capture zone as defined by the contours of

capture efficiency.

As previously mentioned, the period affects the width of the capture efficiency

transition zone (Figure 4.25). Figure 4.27 illustrates the curved path taken by particles

under the influence of a time-varying background gradient. Note that the amplitude of
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the particle's motion, the deviation from the path the path the particle would have

followed if the direction of the background gradient was constant, is greater as the

period increases. Particles near the edges of the capture zone that would have escaped

the well's influence are moved into the well by the background gradient direction

change. Conversely, particles near the edge of the capture zone that the well would

have captured escape downgradient. This affects the width of the transition zone, and

as a result impacts the capture zone as defined by the contour of 1.0 capture efficiency.

4.2 Impact of a Background Gradient Magnitude Change

In continuing to examine how each individual component of gradient variation

impacts the capture efficiency of a well, the impact of a magnitude change is now

investigated. For these analyses, all other components of the flow system, including

the direction of the background gradient, were held constant while the magnitude of the

hydraulic gradient was allowed to vary sinusoidally. Two examples of magnitude

variation are shown in Figure 4.28. The term AR in equation 2.29 describes the

variation in magnitude. AR is the amplitude of oscillation. For simplicity, the direction

of the gradient was aligned parallel to the x-axis according to the standard well

configuration previously discussed. The aquifer parameters for the following

simulations were T=1000 ft 2/day, S=0.0001, n=0.3 and b=100 feet.
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4.2.1 Impact of Variations in the Sinusoidal Amplitude of Oscillation of the Gradient

Magnitude

Figures 4.29a and 4.29b give CEMs for the two magnitude variation scenarios

described in Figure 4.28. Both scenarios have an average gradient magnitude of 0.008

ft/ft. The CEM shown in Figure 4.29a was calculated with AR = 0.002 ft/ft, while

Figure 4.29b was calculated with AR = 0.005 ft/ft. The effect of the magnitude

variation was to widen the efficiency transition zone downgradient of the extraction

well. The capture efficiency transition zone remains centered on the AGCZ. Since a

wider capture efficiency transition zone leads to a smaller capture zone as delineated

by the contour of 1.0 capture efficiency, a time-varying magnitude results in a

degradation of the contour of 1.0 capture efficiency relative to the AGCZ.

Figure 4.30 shows capture efficiency versus x along the parallel profile (Figure

4.2) for a range of AR (from 0.001 to 0.008 ft/ft). Note that the width of the capture

efficiency transition zone increases as AR increases. This increase is linear, as shown

in Figure 4.31. This behavior of the transition zone is due to the particles' proximity to

the edge of the capture zone and the conditions in the aquifer when the particle is

released. If the particle is released at the beginning of a low gradient cycle (time ta ,

Figure 4.28), the extraction well draws the particle to the well. If a particle is released

in the transition zone at the beginning of a high gradient cycle (time tb , Figure 4.28),

the background gradient overwhelms the gradient induced by pumping and the particle

escapes.
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4.2.2 Impact of Variations in the Sinusoidal Period of Oscillation of the Gradient

Magnitude

Figure 4.32 shows capture efficiency versus x along the parallel profiles

constructed for four values of TR (the period of oscillation in the background gradient

magnitude): two weeks, one month, six months, and one year. In this scenario, the

average magnitude was 0.008 ft/ft, with AR equal to 0.005 ft/ft with aquifer properties

T=1000 ft 2/day, S=0.0001, n=0.3 and b=100 ft. The capture efficiency transition zone

widens linearly with period as shown in Figure 4.33. This width increase caused by

similar processes as described in the previous section, except that well captures/loses

additional particles due to the longer period of oscillation. That is, each sinusoidal

cycle lasts longer as the period increases, allowing either the well to draw additional

particles or the background gradient to move the particle out of the well's area of

influence.

4.3 Combined Effects of Gradient Magnitude and Direction Variations

How do simultaneous changes in the direction and magnitude of the

background gradient impact the CEM? An infinite number of combinations exist when

considering simultaneous changes in the magnitude and direction of the background

gradient. However, a representative example provides insight into how relationships
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between background gradient magnitude and direction variation impact the CEM. In

fact, the analysis that follows will show that the relationship between magnitude and

direction variations can result in significantly different contours of 1.0 capture

efficiency relative to the constant gradient capture zone.

Shown in Figure 4.34 is an example of sinusoidal functions representing the

change in the gradient direction and magnitude with time. Two scenarios are

investigated. In both scenarios, the direction variation is the same. The variation in

the direction of the background gradient is defined by a 	0, T„ = 365.24 days, A„.=

75 degrees, and Oa, = 182.62 days according to equation 2.28 and Figure 4.34. The

variation in background gradient magnitude is defined by Ra ,,, = 0.008 ft/ft, TL =

182.62 days, AL = 0.005 ft/ft and two values of the phase shift variable OR of equation

2.29. In the first scenario, OR = 136.96 days. In this case, the peak magnitude occurs

when the background gradient is directed in the average direction (indicated in Figure

4.34). In the second scenario, OR = 45.65 days. In this case, the peak magnitude

occurs when the background gradient direction is experiencing its greatest angular

deviation from average (also indicated in Figure 4.34). The two scenarios result in

different CEMs.

Figures 4.35a and 4.35b show the CEMs for the two scenarios. Note that the

capture zone delineated by the contour of 1.0 capture efficiency is enhanced for both

scenario 1 (Figure 4.35a) and scenario 2 (Figure 4.35b) relative to the AGCZ. For

comparison purposes, Figures 4.35a and 4.35b also show the contour of 1.0 capture
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efficiency generated by a background gradient direction change as described above

with a constant magnitude of 0.008 ft/ft. The CEM for this scenario was presented in

Figure 4.3b. Note that the enhancement relative to the AGCZ is greatest in scenario 2.

This is scenario in which the peak magnitude coincides with the greatest angular

deviation from the average direction. The reason for this is that the additive velocity

drawing the particle toward the well is greater due to the increased magnitude during

times of peak direction change.

The magnitude/direction phase interaction can lead to unexpected changes in

the capture zone orientation. Figure 4.36 gives a scenario in which direction variation

is as described above but the magnitude variation is defined by	 0.008 ft/ft, TL =

365.24 days, AL = 0.005 ft/ft, and OR =182.62 days. Thus, the only differences

between this scenario and scenario 2 are the period, TL and the phase shift, OR . This

simple change in the background gradient variation results in a capture zone as

delineated by the contour of 1.0 capture efficiency that is skewed to one side, as shown

in Figure 4.37. This is due to the peak magnitude occurring at a time when the

direction of the background gradient is at its greatest angular deviation form the

average direction. As the background gradient direction approaches positive 75

degrees, the gradient magnitude increases to its maximum of 0.013 ft/ft (Figure 4.36).

This causes particles to move a greater distance while the direction of the background

gradient is to one direction, a(t) = 75 degrees. This example demonstrates the
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Figure 4.37
CEM for Magnitude/Direction Interaction Shown in Figure 4.35
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importance of understanding the nature of the background gradient variation in the

design of a remediation wellfield.

4.4 Compensating for Sinusoidally Varying Background Gradients

Figure 4.2 describes the complex shape of the capture zone delineated by the

contour of 1.0 capture efficiency. In light of this complexity, compensating for the

effects of sinusoidally varying background gradients is location specific. At many

locations, depending on the aquifer parameters, the variable background gradient

enhances the capture zone as described by the contour of 1.0 capture efficiency relative

to the AGCZ. At other locations, the capture zone is degraded. Thus, the designer

must identify critical locations in the spatial domain of a contaminated site and ensure

that the contour of 1.0 capture efficiency encompasses that location. The method is

simple.

Using capture efficiency versus location along a profile computed at the

location of concern, calculate the percent enhancement with Equation 4.3. If the

percent enhancement is positive, the capture zone is enhanced. If the percent

enhancement is negative, some compensation is required to expand the capture zone

and contain the contaminant. Considering that the capture zone width is linearly

proportional to Q, according to

W =
b U
	 (5.2)
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where U is the background Darcy flux, the analyst may increase the pumping rate by a

percentage equal to the percent enhancement. Check the improvement by recalculating

the CEM profile. The CEM may require an additional increase in pumping rate to

achieve 1.0 capture efficiency, but the analyst can make a good initial guess by this

approximation. Figure 4.38 shows the Pia equal to 25 degrees, gradient magnitude

equal to 0.016 scenario with the pumping rate adjusted in this manner. Sinusoidally

varying gradients degrade the capture zone at X=2,750 feet by 17.4%. A

corresponding increase in pumping rate brings the pumping rate to 23.5 GPM. Note

that the adjusted contour of 1.0 capture efficiency extends to meet the AGCZ, thus

containing the target location with a capture efficiency of 1.0.
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CHAPTER 5

IMPACTS OF PUMPING IN NEARBY WELLS

The program Trans_PT2 is capable of simulating the effects of any number of

wells in any configuration. Thus, nearby wells pumping according to any pumping

history are easily incorporated into a design analysis. It is useful to understand the

general effects of nearby wells on a remediation system. Thus, several analyses were

performed and are described in this chapter.

The effects of a nearby well are complicated by many factors. The primary

complication is that most often the well is not under the remediation well operator's

control. Municipal drinking water wells, other remediation activity, or irrigation wells

often exist near sites requiring remediation. In any case, no guarantee exists that the

nearby well will continue pumping consistently, a reason why it is important to

understand the impacts of intermittent pumping in the nearby well. In addition to the

consistency of pumping issue, the geologic conditions that exist between a remediation

well and a nearby well significantly impact the CEM of the containment well. The

presence of low permeability zones or the pinching out of stratigraphic layers can

decrease the impact of a nearby well on the performance of the capture well. Two

investigations were performed to evaluate the impacts of nearby wells on the CEM.

First, CEMs were generated for a single extraction well with a nearby well pumping at
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a constant rate. This was done for several pumping rates in the nearby well. Secondly,

this chapter discusses the impacts of an intermittently pumping nearby well on the

CEM of a remediation well.

5.1 Capture Zones with Nearby Well Interference

The capture zone of a remediation well becomes distorted when influenced by

nearby well pumping. Figure 5.1 shows the CEM for two extraction wells. The

remediation well is located at (2855, 500) and extracts at a rate of 20 gpm. The nearby

well is located at (2855, 1000) and extracts at the rate of 75 gpm. The aquifer

properties for this simulation were T=1000 ft2/day, S=0.0001, n=0.3 and b=100 feet

with a constant background gradient in the positive x direction of magnitude 0.008 ft/ft.

As can be seen in Figure 5.1, the capture zone is pushed away from the nearby well. If

the nearby well was an injection well, the capture zone will be drawn toward that

nearby well. The displacement distance is a function of the pumping rate of the nearby

well, the distance to the well and the background gradient.

Referring again to Figure 5.1, note that the "capture zone — with nearby

interference" curve was drawn using the stagnation point/capture zone locating routine

of Trans PT2. This routine, as discussed in chapter 2.8, locates the stagnation point

numerically, then traces the bounding streamline backward. It is capable of drawing

capture zones in any well configuration, using an instantaneous realization of the
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groundwater velocity. In this case, it accurately located the capture zones for both the

remediation well and the nearby well. The shaded area in the figure represents the area

encompassed by the contour of 1.0 capture efficiency and was calculated using the well

capture efficiency map (CEM) routine. This illustrates that the contour of 1.0 capture

efficiency as computed by the CEM routine coincides with the numerical capture zone

locator in steady-state. Thus, the numerical capture zone locator is adequate for

steady-state location of the 1.0 capture efficiency contour in multiple well scenarios. It

is also requires much less time to compute. The numerical capture zone locator

completes the evaluation of the capture zone in a matter of seconds, whereas the CEM

requires computation time on the order of several hours to evaluate the many particle

trajectories.

The capture zone of the 75 GPM nearby pumping well makes contact with the

smaller capture zone of the 20 GPM remediation well, pumping in the standard

aquifer/pumping conditions. The 500-foot distance between the wells is not large

enough to prevent significant capture zone degradation by the nearby well. A source of

contamination initially located in the "Capture zone, no nearby well interference" curve

will begin to contribute contaminant to the nearby well. To better understand the

relationship between remediation well/nearby well distance (as measured along the

same x-coordinate by the difference in y-coordinates), its pumping rate, and the

degradation of the capture zone, a profile analysis was performed.
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5.2 Perpendicular Profiles Illustrating the Impact of Nearby Wells

Indicated in Figure 5.1 is the location of the perpendicular profiles. This

location is similar to previous perpendicular profiles.

At this location, for nearby well pumping rates of 5, 10, 20, 40, 75, 100 and 200

GPM and for nearby well distances ranging from 100 feet to 1320 feet, profiles were

calculated and are given in Figures 5.2 through 5.8. The profiles show the

displacement of the contour of 1.0 capture efficiency relative to the capture zone

calculated without any nearby well interference.

In order to understand the effects of nearby well interference (NWT), a quantity

referred to as the capture zone degradation percentage (CZDP) is calculated,

(Y C7 No NW1 Yw) (Y1.0, w I NW1	 w) CZDP =	 (100)
(Y . CZ ,No NW1	 )

(5.1)

The CZDP is plotted as a function of nearby well pumping rate in Figure 5.9 and as a

function of nearby well distance in Figure 5.10. Two trends are clearly visible. First,

as the nearby well pumping rate increases, the CZDP also decreases. This relationship

is linear, as shown in Figure 5.9. Second, as the distance to the nearby well increases

the CZDP decreases. Figure 5.11 shows these two relationships on a single contour

map.
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Figure 5.11
Capture Zone Degradation Percentage versus Remote Well Distance and Pumping Rate
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5.3 Intermittent Pumping of Nearby Wells

Two analyses were performed to investigate the effects of intermittent pumping

in nearby wells. First, shown in Figure 5.12 is the CEM for a scenario in which the

nearby well pumped according to a 90%, two-week time weighted average of 75 GPM.

The CEM for this scenario does not differ significantly from that of the constant

pumping nearby well. The only effect is a slight reduction in the capture zone

degradation. Figure 5.13 shows the perpendicular profile of the capture zone compared

to the constant nearby well capture zone. Next, Figure 5.14 shows the CEM for a

nearby well pumping seasonally. In this scenario the nearby well pumped for six

months, then was off for six months. This CEM does differ from the GEM obtained

from the constant pumping nearby well. The effect is to reduce the capture zone

degradation by approximately 50%. A transition zone is also present. The

perpendicular profile is given in Figure 5.13.
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Figure 5.12
CEM Showing Effects of a Nearby Well Pumping Intermittently
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CHAPTER 6

SITE EXAMPLE — A LAUNDRY FACILITY IN CENTRAL ARIZONA

The objective of this analysis is to demonstrate the methods outlined in

previous chapters at an actual field site. The field site chosen is located under a

laundry facility in Phoenix, Arizona in a thick, unconfined alluvial aquifer. The aquifer

became contaminated with Tetrachloroethylene (PCE), Trichloroethylene (TCE) and

Dichloroethylene (DCE) as a result of dry cleaning operations performed from 1970-

1995. Significant variations in regional background gradient, caused by a combination

of pumping in nearby wells and fluctuations in the Salt River, make necessary the

consideration of transient effects in the design of a containment wellfield. A single-

well groundwater pump-and-treat system is well suited to accomplishing remediation

objectives. These objectives are two-fold. The first objective is to prevent further

migration of contaminated groundwater off site property. The second is to accompany

soil vapor extraction technology (designed to remove contaminant in the vadose zone)

in the remediation of groundwater at the site.

The program Trans_PT2 was used to perform the analysis, after making one

assumption: that the aquifer is confined. This assumption will reduce the accuracy of

the final solution. In an effort to better simulate unconfined conditions, however, and

in light of the fact that drawdowns are small relative to the saturated thickness of the

aquifer, a large storage coefficient (0.15) will be used. The large storage coefficient is
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typical of unconfined aquifers. Thus, while the final results represent a solution to a

site with a different aquifer type, an effort is made to improve the solution accuracy

and the scenario provides data and a field setting that highlights the transient

capabilities of Trans_PT2. The final design is derived from an analysis of the

background hydraulic gradient observed at the site in conjunction with intermittent

pumping of the extraction well. Trans_PT2 generated the steady-state capture zones

and capture efficiency maps (CEMs) used to ensure that capture was achieved

throughout the test scenario.

6.1 Site Location and History

The site is located in Phoenix, Arizona immediately west of 7 th Avenue on

Buchanan Street (Figure 6.1). It consists of several buildings and is covered

completely in asphalt (Figure 6.2). Owned by the American Linen Services Company

(ALSCo, also known as Maryatt Industries), dry cleaning was performed from 1970 to

1985, while laundering continues presently. The site is located within the eastern

boundary of the West Van Buren (WVB) Water Quality Assurance Revolving Fund

(WQARF) site, in which elevated concentrations of Tricloroethylene (TCE) and PCE

are present from several commingled sources (Arizona Department of Environmental

Quality [ADEQ], 1998). Based on groundwater investigations, the ALSCo site is

contaminated with elevated concentrations of PCE and to a lesser extent, TCE, 1,2-cis-

dichloroethylene (DCE), 1,1,1-trichloroethane, and benzene (CEC/WRA, 1993;
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Weston 1996). Figure 6.3 depicts the measured PCE concentrations in groundwater

under the facility. The site is near the upstream edge of a plume nearly 10 miles in

length extending from the eastern boundary of the WVB site westward. For this

reason, the prime objective is to prevent the migration of contaminant off the site.

Releases of PCE may have occurred through leakage in on-site PCE storage

containers, from direct dumping, or from overflow of PCE-laden solution from sumps

or sewers. Also, some contamination was possible from spillage that occurred during

the transport of dry cleaning solutions containing PCE.

6.2 Hydrogeology

The City of Phoenix is located in the Basin and Range Province of southern

Arizona where broad alluvial-filled basins separate mountain ranges bounded on one or

both sides by large normal faults. To the north of the site are the Phoenix Mountains,

to the south the South Mountains. These mountains, together with the Papago Buttes

and Camelback Mountain, bound the West Salt River Valley sub-basin. The Salt River

flows from east to west within the sub-basin, primarily in response to flood events

requiring water release from upstream reservoirs (Core11, 1992). The ALSCo site is

located approximately 7,000 feet north of the Salt River channel.

The basin on which Phoenix lies is divided into five hydrogeological units. In

descending order they are the Upper Alluvial Unit (UAU), the Middle Alluvial Unit

(MAU), the Lower Alluvial Unit (LAU), the Red Unit (RU) and the Basement
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Complex (Brown and Pool, 1989). The alluvial deposits are of Middle to Late Tertiary

Age, the RU of Tertiary Age, while the Basement Complex is made up of Precambrian

age crystalline granites, schists, and gneiss (Oppenheimer and Sumner, 1980). In

general, the alluvial units become more cemented and contain more conglomerates and

sandstones as depth increases. The UAU, the unit in which the contamination is

present, consists of silt, gravel and sand. It includes channel, flood plain, terrace, and

alluvial fan deposits derived primarily from the Salt River (Core11, 1992). At a nearby

site, known as the Maricopa site, the UAU has an estimated thickness of 220 feet (GTI,

1995).

The geologic structure at the site, as determined from borelog data,

(CECAVRA, 1993; IT, 1999; Flour Daniel GTI, 1998) consists of sand and gravel in

the uppermost 55 to 60 feet. From 55 to 65 feet below land surface (bis) there exists a

clay layer covering the site. Underlying the clay are sand and gravel to a depth of

approximately 220 to 260 feet.

Depth to water is approximately 75 feet, although water levels ranged between

54 and 78 feet bls between 1992 and 1999 (Figure 6.4). Hydraulic gradients at the site

were calculated with linear regression from water elevation data collected in the four

monitoring wells shown in Figure 6.2. The predominant direction of groundwater flow

is west-northwest, toward Luke Air Force Base and a groundwater depression known

locally as the Luke Sink (GTI, 1995). The magnitude and the direction of the hydraulic

gradient are presented in Figure 6.5 and Table 6.1. The gradient direction, measured

clockwise from due north, is seen to vary over a range of nearly 50 degrees at the site.
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Measurement Date
(moi Iddlyr)

Gradient Direction
(degrees clockwise from due north)

07/18/92 0.00357 267.9
08/18/92 0.00353 266.8
11/17/92 0.00250 295.0
12/04/92 0.00189 282.6
12/11/92 0.00220 280.4
12/29/92 0.00172 296.9
01/08/93 0.00208 299.9
01/15/93 0.00190 286.7
01/22/93 0.00209 293.2
02/04/93 0.00222 299.9
02/26/93 0.00222 301.6
03/29/93 0.00354 315.4
05/14/93 0.00287 275.1
06/01/93 0.00297 275.4
07/13/93 0.00357 267.2
10/18/93 0.00265 278.8
11/30/93 0.00322 307.8
04/21/94 0.00378 291.8
06/03/94 0.00387 288.4
06121/94 0.00409 293.9

Average value 0.00274 288.16

Table 6.1
Groundwater Hydraulic Gradient and Direction at ALSCo
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This gradient fluctuation is most likely caused by occasional flows in the Salt River

channel and by nearby pumping wells active for only a portion of the year. The

variation in groundwater direction is approximately periodic, as the sinusoidal curve

given in Figure 6.5 approximates the gradient data well, especially in the time period

from 1992 to 1994. Additional data might confirm or deny the periodic nature of the

trend, although the data collected in early 1996, late 1998 through early 1999 indicate

that the direction change remains roughly periodic.

Aquifer tests performed at the Maricopa site 1,000 feet east of the ALSCo site

indicated that the transmissivity of the UAU is in the range of 13,000 to 35,000 ft 2/day

(GTI, 1995). Reviews of the lithologie logs indicate that the aquifer materials and

structure at the two nearby sites are similar, and thus the transmissivity values obtained

at the Maricopa site may be used at the ALSCo site. The lithologie log from MW-5D

indicated that the saturated thickness of the UAU at ALSCo site is approximately 225

feet. Dividing the transmissivities obtained from the Maricopa site by 225 feet yields

hydraulic conductivities of 60 feet/day to 150 feet/day (HOC, 1999). This is within the

range of conductivities reported by the Arizona Department of Water Resources

(1990), who reported a range of UAU hydraulic conductivity of 10 feet/day to 267

feet/day.
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6.3 Transport of Contaminants

The three contaminants of concern are PCE, TCE and DCE. The maximum

allowed contaminant levels (MCL) for PCE and TCE are 5 jig/L, and the MCL for

DCE is 70 tg/L. Although the contaminants exist in up to four phases at the site: as a

vapor in the vadose zone, dissolved in pore water in the saturated zone, sorbed to soils,

or as non-aqueous phase liquid, the focus of this investigation is on dissolved

contaminants. For all three contaminants of concern, concentrations in the

groundwater exceed the MCL. The contamination originated from faulty handling and

storage of contaminant solution at the site, but also migrates on site from an upgradient

plume (HGC, 1999). The current PCE concentration in MW-2, on the west edge of the

property, is 2,800 pig/L. Measurements in other wells indicate PCE concentrations that

exceed the MCL (Figure 6.3). Historically, concentrations of the contaminants of

concern have been even higher, as indicated by sampling in May, 1998 at MW-4: 7,200

[tg/L PCE, 180 lig/L TCE and 250 Rg/L of DCE (Flour Daniel GTI, 1998). As an

aside, PCE concentrations of up to 27,36714/L have been detected in the vadose zone

at VMW-2-4 (HGC, 1999). Thus, PCE concentrations show a sharp decrease with

depth. In addition, PCE may exist as a non-aqueous phase liquid (NAPL) at the site.

Cohen and others (1993) determined that concentrations above 1% of the solubility of

PCE (150,000 tg/L) can indicate the presence of NAPL. For these reasons,

groundwater pump-and-treat is one part of a comprehensive remediation plan for the

ALSCo site.
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Groundwater acts as an effective vehicle to transport contaminant beyond the site

boundaries. Transport is considered to be retarded due to contaminant sorption to

organic constituents in the soil. Sorption is assumed to occur according to a linear

isotherm model in which the distribution coefficient . Kd , is calculated from organic

sorption models. The equation for the retardation factor, R, is given by Fetter (1993)

as:

pd
R =1+--G—Kd (6.1)

where pd is the bulk density of the soil and 0 is the water content. Kd is calculated

from the following equation (Fetter, 1993):

K 1 = f K„,	 (6.2)

and where fo, is the fraction of organic carbon in the soil and Koc is the partitioning

coefficient based on the organic fraction. The velocity of contaminants (v a) is

expressed as

(6.3)

where v f is the fluid velocity and R is a retardation factor. Particle tracking

simulations will focus on PCE, as it is the contaminant present in the highest

concentrations. For the ALSCo site, the following parameters were used in calculating

the retardation factor:

log K0 ==	 2.14 mLig
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foc =	 0.001

Pd	 1.6 g/cm 3

=	 0.3

The Ko , value is on the conservative (low retardation) end of the range of partitioning

coefficients presented by Fetter (1993), as calculated by Karichoff, Brown, and Scott

(1979). The foc and Pd are typical of desert soils and 0 is equal to the porosity, because

the soil is saturated. The distribution coefficient calculated from these parameters is

0.138 mL/g, giving a retardation factor of 1.74. Based on a literature review (Fetter,

1993), this value is conservative.

6.4 Aquifer Parameters Used in Modeling

The horizontal hydraulic conductivity used in the model was 138.5 ft/day. This

is an average of the range provided by the ADWR. The porosity was 0.3. For aquifer

storativity, the model used 0.15 [-], an average value for unconfined aquifers (Freeze

and Cherry, 1979). As a note, the model Trans PT2 simulates confined aquifers.

However, the use of a high storativity allows the model to better simulate the effects of

pumping an unconfined aquifer.
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6.5 Results of Preliminary Steady-State Simulations

Figure 6.6 shows a capture zone generated by Trans_PT2 under steady-state

conditions. Also shown in the figure is the modeled containment area. Due to the

contaminant migrating onto the property from the WVB site, it was difficult to

determine if the owners of the property were responsible for all of the contamination

present. For this reason, it was necessary to define a "hot spot" of contamination to

target for remediation. The five-sided polygon defines this target containment zone.

All simulations seek to maintain advective containment of particles passing through or

originating from this containment area. The steady state capture zone encompasses this

target containment area. Trans_PT2 generated this capture zone by simulating the

average gradient conditions. The average gradient magnitude during the simulation

period was 0.00274 ft/ft, and the average direction of groundwater flow was 288

degrees from due north or approximately west-northwest. The capture zone generated

with steady state conditions is called the "Average gradient capture zone" or "AGCZ."

The pumping rate required to establish the capture zone was 3,700 cfd, or 19.2 gallons

per minute (GPM). The well was located at the western boundary of the property in

order to reduce the volume of pumping needed to maintain capture. In the model

coordinate plane, the well was located at (4, 145), with dimensions in feet. This

preliminary steady-state analysis provides the base solution on which to build the

transient solution.
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6.6 Approximating a 3D Aquifer With a 2D Model

In order to utilize a 2D model in a 3D aquifer, several assumptions were made.

First, it was assumed that vertical flow occurs only locally around the well. That is ,

vertical flow components are negligible at distance from the extraction well. This

allows the simulation of a 3d scenario with a 2D model that uses the capture zone

height as calculated by a 3D model as the aquifer thickness. This has the effect of

straightening flow paths of particles near the well. The second assumption is that the

contaminant is distributed uniformly in the upper 30 feet of the aquifer. This

assumption is supported by field data outlined above.

The method used in this analysis approximates a 3D scenario with a 2D model.

The 3D model was used to evaluate the vertical thickness of the well's capture zone.

The model, We1l3D (Philip and Walter, 1992), evaluates particle paths is a 3D, steady-

state velocity field. It uses Darcian flow equations and relies on image wells to

simulate the presence of boundaries. For simulations of the ALSCo site, an upper

boundary representing the water table was established at 1,000 feet above mean sea

level. Two types of upper boundaries were simulated: constant head and no-flow. A

constant head upper boundary simulates the condition where the upper boundary

supplies a significant amount of water to the aquifer. A no-flow upper boundary

simulates the upper boundary providing no additional water to the model. Reality is

somewhere between the two. For comparison purposes, simulations are performed

using vertical capture extents from both types of boundaries. Finally, the horizontal
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and vertical hydraulic conductivity were assigned values of 138.5 ft/day and 6.93

feet/day, respectively, for a vertical to horizontal anisotropy ratio of 1/20. The ADWR

reported a vertical hydraulic conductivity of 0.1, but this was thought to be too low

based on the lithologie data.

The method equates the 2D aquifer thickness and the maximum thickness of the

capture zone as determined by the 3D model. The 3D model provides one value: the

vertical capture extent. It accomplishes this by tracing particle paths in reverse from

the extraction well. A simple post processor measures the vertical distance between the

upper boundary and lowermost particle path far from the well. This is the height of the

capture zone. Finding this value requires iteration. First, by trial and error, the 2D

model (Trans_PT2) is used to establish a capture zone under steady-state conditions

and using an aquifer thickness equal to a screened interval of 30 feet. This screened

interval was chosen because the highest PCE concentrations were located there.

Described in the previous section, the pumping rate required to establish the required

zone was 19.2 gallons per minute (GPM). Next, the screened interval of 30 feet and

the pumping rate required to establish the capture zone was given as input to the 3D

model. Tracking particles in 3D, a vertical capture extent was calculated. Figure 6.7

shows a cross section of 3D flow paths created by We113D. A multiplier equal to the

vertical capture extent divided by the previous 2D aquifer thickness is next calculated.

This multiplier is then multiplied by the previous flow rate to determine the flow rate

required to establish the same capture zone considering vertical flow. This multiplier

is, for the first iteration, greater than 1. This represents the additional water the well
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was required to pump to compensate for vertical flow. Water from vertical flow has

the effect of reducing the horizontal capture extent of the well. Thus, the new flow rate

is higher to provide the additional horizontal capture required. Tables 6.2a and 6.2b

give the results of this iteration process for the constant head boundary and no-flow

boundary 3D. Examining the constant head model as an example: the first multiplier

for this scenario was 1.491, resulting in a new flow rate of 28.7 GPM. Next,

Trans PT2 is used to verify that the new pumping rate/aquifer thickness combination

achieves steady state capture. Returning to the first step, the 3D model is provided the

higher flow rate and a new vertical capture extent calculated. This process is repeated

until the multiplier is equal to 1. The result is a pumping rate and aquifer thickness

combination for simulation in 2D that approximately equals the 3D aquifer. This

process results in flow lines that are straightened, eliminating vertical flow by

extending the length of the screened interval. For ALSCo with the constant head

model, the final flow rate and aquifer thickness for equivalent 2D simulations is 26.79

GPM and 43.38 feet, respectively. Results of the iterative process with the no-flow

model were 32.81 GPM and 51.22 feet for the equivalent pumping rate and aquifer

thickness. As expected, the thicknesses and flow rates are larger for the no-flow

model. This is because the constant head boundary provides flow to the well that is

obtained from below the well screen in the no-flow model. Figures 6.8a and 6.8b show

plan views of the 3D capture zones calculated with the two types of models. Note that

only the no-flow simulations achieve the full horizontal capture. Again, the constant

head boundary provides flow to the well that the well in the no-flow model obtains by
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Iteration # 2D Aquifer Thickness
[feet]

Pumping Rate
[cubic feet per day]

3D Vertical Capture Extent
[feet]

Q multiplier

/-]
1 30 3700 40.64 1.3547
7 40.64 5012 42.98 1.0576
3 42.98 5301 43.41 1.0100
4 43.41 5354 43.38 0.9994

5 43.383 5351 43.38 0.9999
6 43 3775 5350 4338 0 9999

Table 6.2a
Iterations Performed to Equate 2D and 3D Aquifer Models - Constant Head Model

Iteration # 2D Aquifer Thickness
[feet]

Pumping Rate
[cubic feet per day]

3D Vertical Capture Extent
[feet]

Q multiplier

[-./
1 30 3700 44.76 1.4920

44.76 5520 49.39 1 1034
3 49.39 6091 50.71 1.0267
4 50.711 6254 51.08 1.0073

5 51.079 6300 51.18 1.0020

6 51.182 6312 51.21 1.0005

7 51.2098 1.0002

Table 6.2b
Iterations Performed to Equate 2D and 3D Aquifer Models - No-Flow Model
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reaching farther horizontally into the aquifer. The actual solution probably lies

between these two, but the no-flow model requires a higher pumping rate to maintain

capture and therefore is the more conservative. The following sections report results

from both models.

6.7 Transient Simulations

Two aquifer influences make the simulation transient: intermittent well

pumping and a time-varying background hydraulic gradient. First, to account for

periodic well shutdowns for maintenance or repair, the extraction well pumped

according to a 90% time weighted average pumping scenario with one week well

shutdown periods (see Chapter 3 for further explanation of this scenario). Second, the

hydraulic gradients present at the site from July, 1992 through June 1994 were

simulated with Trans_PT2 two ways: with an sinusoid function approximating the

direction change and with the actual time history of gradients. Figure 6.9 gives the

simulated hydraulic gradients. Both methods of simulating the gradient have

advantages. The actual data has the advantage of greater accuracy, while the

approximating sinusoid has a computational efficiency advantage. Simulation with the

actual gradients requires additional calculations to interpolate between input points and

takes two to three times longer to complete the simulations. Except where noted, the

sinusoidal approximation is used.
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6.7.1 Results of Transient Simulations with No Pumping Compensation

The solution obtained with a steady-state approximation fails under transient

conditions. Figure 6.10 shows the Capture Efficiency Map (CEM) for the steady-state

solution under transient conditions, computed using the aquifer thickness and pumping

rate calculated with the constant head 3D model. Figure 6.11 shows the same scenario

computed with results from the no-flow 3D model. In both cases, particles originating

in the northeast and southeast corners of the modeled containment area escape from the

capture well. An increase in the pumping rate of the extraction well will compensate

for the capture zone degradation due to transient effects. The following sections

describe the methods used to determine this increase in pumping rate.

6.7.2 Effects of TWA Pumping

Trans_PT2 generated capture efficiency versus x along a line for the ALSCo

wellfield design. Figure 6.12 shows the profiles for several well shutdown times.

Using results from the constant head model, the profiles were obtained by pumping at

the operational pumping rate of 30.88 GPM. This number was calculated using

Equation 4.2 with a design rate of 26.79 GPM and an operational percentage, P- operation

of 90%. Hydraulic gradient direction and magnitude were held constant. Figure 6.13

shows additional pumping versus well shutdown time for TWA pumping at the site.

From this plot, the analyst can determine additional pumping required to compensate
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for TWA pumping during wellfield operation for any well shutdown period. For the

seven day (one week) well shutdown time specified in this analysis. the well requires

an additional 1.62 GPM to guarantee that the contour of 1.0 capture efficiency

coincides with the constant pumping capture zone.

The capture zone degradation in TWA pumping is a function of the distance a

particle travels under the influence of the background gradient during the well

shutdown time. Thus, a more efficient method for arriving at this additional pumping

number is to use Equation 4.6 directly. To calculate the particle travel distance,

equation 2.8 and 6.3 are combined with

x = vAt	 (6.4)

to get the equation for particle distance traveled during a given amount of time

(6.5)

Using the average magnitude of the background hydraulic gradient, ahlax= 0.00274

ft/ft, the R = 1.74, n = 0.3, t = 7 days and K = 138.5 ft/day, a particle travels a distance

of 5.07 feet. Section 4.6 describes that the CEM profile generally passes through the

50% capture percentage, splitting the transition zone evenly to both sides of the

constant pumping profile. Thus, to obtain an approximation of the Ax in equation 4.6,

one must halve the travel distance. Performing this calculation (Ax = 2.535 feet) and

substituting the proper values for the variables into equation 4.6, an analyst will arrive

at an additional pumping value of 1.51 GPM. The two solutions differ by 6%,
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indicating that the simple hand calculation is sufficient for calculating the required

pumping rate compensation.

6.7.3 Effects of Time-Varying Background Gradient

Using an A. of 25 degrees, Trans_PT2 computed parallel and perpendicular

profiles of the CEM. The average gradient magnitude of 0.00274 ft/ft was used while

the direction varied sinusoidally with a period of I year.

Figure 6.14 shows parallel profiles for pumping rated derived from the constant

head model. The figure also shows the 90%, one-week TWA degradation profile for

comparison purposes. Note that the degradation from TWA pumping is larger than the

enhancement of the capture zone from the sinusoidally varying background gradient

direction. (For a discussion of capture zone enhancement in aquifers with a

sinusoidally varying background gradients, please refer to section 5.2.2.) Examining

Figure 5.19, one might expect greater enhancement of the capture zone, perhaps large

enough to compensate for degradation due to TWA pumping. From Figure 5.19, using

the curve for a background gradient magnitude of 0.003 ft/ft, an enhancement of 5%, or

2.6 feet, is expected. The results indicate that sinusoidal gradient oscillation enhances

the capture zone by only 0.5 feet, however, or approximately by 1%. This

demonstrates that capture zone enhancement depends on aquifer parameters such as

aquifer thickness or hydraulic conductivity, parameters not examined in Chapter 4.

Thus, an analyst should examine sinusoidal effects in each design scenario.
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Figures 6.15a and 6.15b show the perpendicular profiles for equivalent 2D

aquifers calculated with the constant head and no-flow 3D models, respectively. The

profiles were drawn through x = 50 feet for the case in which the average gradient

direction is due west. This location was chosen because it is the approximate location

of the southwest corner of the modeled containment area, where the full capture zone is

required to maintain containment. Note the significant capture zone degradation.

Along the flanks of the capture zone, gradient oscillation causes a 19.6% and 16.4%

degradation (as calculated with Equation 4.3) for pumping rates derived from constant

head and no-flow 3D models, respectively. Taking advantage of the linear

relationship between capture zone width and pumping rate, the pumping rate is

increased by these degradation percentages. As a first approximation for compensating

for the effects of sinusoidally varying background gradients, this is effective. Figures

6.15a and 6.15b also show the capture zone improvement made by this first correction.

The second correction of an additional 3.4% and 4.4%, calculated with a simple

relative distance calculation based on the profile, increases the size of the capture zone

sufficiently. Thus, the total pumping rate increase percentage equals approximately

23% and 21%, bringing the pumping rates to 34.2 GPM and 40.0 GPM for the

pumping rates derived from constant head and no-flow models. Figures 6.15a and

6.15b show the perpendicular profile obtained from these corrections. The figures

indicate that the contour of 1.0 capture efficiency is sufficiently large as to encompass

all the area originally encompassed by the AGCZ.
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6.7.4 Total Pumping Rate Compensation for Transient Conditions

For pumping rates and aquifer thicknesses derived from 3D modeling with a

constant head upper boundary, the final results are as follows. Summing the required

compensation for intermittent pumping (1.51 GPM) and for sinusoidally varying

background gradients (6.4 GPM), the final pumping rate required is 35.7 GPM. This

constitutes a 28.3% increase in pumping rate to account for transient conditions. Figure

6.16 shows the CEM generated by Trans_PT2 for TWA pumping and the sinusoidal

approximation to the gradient. Note that the contour of 1.0 capture efficiency

coincides or lies outside of the AGCZ in all areas.

As a final correction to the flow rate, use the 3D model was used to adjust the

pumping rate for vertical flow losses. The increased pumping rate computed to

compensate for intermittent pumping and time-varying background gradients induces

greater vertical flow, creating a larger vertical capture extent. Performing the steady

state 3D simulation with the final transient flow rate, We113D calculates a vertical

capture extent of 45.56 feet. Dividing this number by the 2D aquifer thickness (43.38

feet) gives a pumping rate multiplier of 1.05. Multiplying by the final 2D pumping

rate, one arrives at a final TWA flow rate of 36.5 GPM.

For pumping rates and aquifer thicknesses derived from 3D modeling with a no

flow upper boundary, the final results are as follows. Summing the required

compensation for TWA (1.51 GPM) and for sinusoidally varying background gradients

(6.2 GPM), the final TWA pumping rate required is 41.5 GPM. This constitutes a
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26.5% increase in pumping rate to account for transient conditions. Figure 6.17 shows

the CEM generated by Trans_PT2. Again, the simulation achieves successful capture

in all area of the target containment area. Figure 6.18 shows successful capture derived

from the no-flow boundary pumping rates and using actual hydraulic gradients. The

results displayed in the figure were obtained after an adjustment to the final well

location as a result of the actual gradient history. To obtain capture, the well was

moved to (1, 138) in model coordinates. This new location reflects the slight reduction

in southward flow present in the actual time history of hydraulic gradients that is not

reflected in the sinusoidal approximation. The flow rate compensations added

sufficient pumping capacities to maintain capture in the transient scenario.

Due to its more conservative results, the no-flow boundary model will be used

in the final design. The final correction to the flow rate for the no flow boundary

model flowrate is required due to the new vertical capture extent of 54.78 feet, as

calculated by We113D. Dividing this number by the 2D aquifer thickness (51.22 feet)

gives a pumping rate multiplier of 1.06. Multiplying by the final 2D pumping rate, one

obtains the final TWA flow rate of 44.4 GPM.

6.8 Final Results

In this site example, the methodologies and conclusions described in this report

regarding transient effects were applied to the design of a single well containment

system. The preliminary design, reached by applying steady state averages of
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intermittent well pumping and background hydraulic gradients, failed under transient

conditions. Using the procedures outlined in sections 3.7 and 4.4, a pumping rate

adjustment was calculated to compensate for transient effects. The result is a single

well, placed at site coordinates (1, 138) and pumping at a rate of 44.4 GPM, that

contains all particles originating from or passing through the designated containment

area in a transient simulation.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

This thesis has investigated the impact of transient stresses on the capture

efficiency of a single extraction well in a confined aquifer. Capture efficiency was

defined as the fraction of particles released from a small finite area (represented by a

grid node) that is captured by the well. Multiple finite areas were connected by a

numerical grid to give a spatial distribution of capture efficiency called a "capture

efficiency map" (CEM).

The model used to generate the CEM was a two-dimensional particle-tracking

model called Trans_PT2. Trans_PT2 uses the derivative of the Theis equation to

compute groundwater velocities induced by a pumping well. These velocities were

superimposed on the velocities generated by the background gradient. The analysis is

limited to homogeneous, isotropic confined aquifers of infinite extent and with

constant transmissivity.

The CEM was used as a primary analysis tool. It was used to redefined the

capture zone as the spatial area over which the capture efficiency was greater than zero.

Further, the area delineated by the contour of 1.0 capture efficiency (inside which all

particles released were captured) was compared to the capture zone computed under

steady state, average conditions (the bounding streamline). The areas in which the

contour of 1.0 capture efficiency was inside the bounding streamline the CEM were
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referred to as "degraded." Thus, the transient conditions had a negative effect on the

capture performance of the well. In areas in which the contour of 1.0 capture

efficiency was outside, or larger than the bounding streamline, the CEM was called

"enhanced. - In these areas, the transient stresses had a positive impact on the capture

performance of the well.

Using the concept of capture efficiency, three specific modes of transience in

the aquifer were evaluated: intermittent pumping of the capture well, sinusoidal

oscillations in the magnitude and the direction of the background gradient, and the

impact of nearby extraction wells (pumping both at a constant rate and intermittently).

The following is a summary of results and conclusions drawn.

Intermittent pumping of the extraction well

1. The concept of the time weighted average (TWA), a method that averages

intermittent pumping over time to determine an equivalent constant extraction rate,

is used in design and implementation of remediation wells. However, transient

aquifer analysis reveals that even successful implementations of TWA pumping

result in particle escape from the capture zone computed using the TWA (the TWA

capture zone). The operational pumping rate, the elevated pumping rate meant to

compensate for well shutdowns, alone is not sufficient to maintain 1.0 capture

efficiency of all particles originally located in the TWA capture zone. This loss of

particles from within the TWA capture zone is more likely in low to average

diffusivity aquifers during long well shutdowns, is independent of dispersion or
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diffusion, and can result in loss of containment.

2. The degradation of the capture zone due to intermittent pumping is a function of

the distance a particle travels during the well shutdown time. This in turn is a

function of the magnitude of the background gradient, the length of the well

shutdown time, the porosity, and the hydraulic conductivity. Specifically, the

width of the transition zone between 1.0 and zero capture efficiency, is

approximately equal to the distance a particle travels under the influence of the

background gradient during the well shutdown time. Capture efficiency versus x

along a line drawn through the downstream edge of the CEM indicates that the

transition zone profile is nearly linear. However the decrease in gradient induced

by pumping with distance leads to additional particle loss outside the TWA capture

zone, causing a slight deviation from linear. In addition, the capture efficiency

versus location curve generally passes through the profile of the TWA capture zone

at 0.5 capture efficiency.

3. A wellfield designer may compensate for the detrimental effects of periodic,

intermittent pumping by additional pumping. The equation used to compute the

additional pumping required to ensure containment of all particles located within

the TWA capture zone is a function of three values. First, it is a function of the

background gradient. It is also a function of the aquifer thickness and the distance

traveled by a particle under the influence of the background velocity during the

well shutdown period. It is derived from the equation defining the stagnation point

of the well.
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Sinusoidal Oscillations in the Magnitude and Direction of the Background Hydraulic

Gradient

4. The shape of the contour of 1.0 capture efficiency in aquifers with low background

gradients that varies in direction sinusoidally closely mirrors that of the constant

gradient capture zone in its roughly parabolic shape. In other aquifers with time-

varying background gradients of higher magnitude, however, the contours of the

CEM become fluted, alternating along the line of the contour between enhancement

and degradation of the capture zone relative to the average gradient capture zone

(AGCZ). The degradation is most significant near the well.

5. Particle escape from the AGCZ in aquifers with gradient that sinusoidally varies in

direction is location specific. In some regions, the sinusoidal direction variation

enhances the contour 1.0 capture efficiency relative to the AGCZ and in others it

degrades the contour of 1.0 capture efficiency. The gradient direction as the

particle makes its approach to the well determines capture success or failure. The

entire spectrum of aquifer properties and characteristics affects this process. The

relationships between the period of directional oscillation, the background seepage

velocity, the extraction well flow rate, and the amplitude of direction oscillation

(AŒ) govern the motion of a particle and thus its fate. Particle escape is more likely

in aquifers with high background gradients relative to the strength of the well.

Additional research, however, is required to understand the exact nature of the

relationships that govern the capture success or failure from specific locations.
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6. In time-varying background flow scenarios in which the direction of the

background gradient varies with time, enhancement of the CEM relative to the

AGCZ often occurs. This effect is most noticeable in aquifers with lower

background gradients (<0.008 ft/ft), as the velocities induced by the pumping well

are large relative to the background gradient magnitude. Enhancement is as a result

of the curvilinear path taken by the particle as a result of the varying background

gradient direction. It occurs because the distance a particle travels away from the

well during times when the background gradient is directed in such a way as to

counteract well-induced gradients, is smaller than the distance traveled toward the

well during times when the background gradient is directed toward the well.

Conversely, the additive velocities (due to well pumping and background gradients)

sum to pull a particle at a greater velocity toward the well resulting in particle

capture occurring well outside the area delineated by the AGCZ. The period of

oscillation of controls the width of the capture efficiency transition zone. The

transition zone width increases linearly with period.

7. Compensating for capture zone degradation in aquifers with sinusoidally varying

background gradients is best accomplished by the calculation of the percent

degradation followed by a corresponding percent increase in extraction well

pumping rate. This is effective because of the direct relationship between the

capture zone width and the pumping rate of the extraction well.

8. In analysis of capture efficiency versus location along a line parallel to the direction

of flow and through the stagnation point, enhancement of the 1.0 capture efficiency
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contour occurs in all scenarios of aquifers containing background gradients whose

direction varies sinusoidally. This enhancement is a result of the local reversal of

the gradients in areas near but not inside the capture zone of the well. The well is

able, by the periodic motion of its capture zone, to capture particles originally

located outside the AGCZ. This enhancement is linearly related to the magnitude

of the background gradient oscillation. In addition, the period of background

gradient direction oscillation controls the width of capture efficiency transition

zone. The transition zone width increases linearly with the period oscillation of the

background gradient.

9. From the analysis of sinusoidal oscillations in the magnitude of the background

gradient, it was determined that this aquifer behavior creates a transition zone at the

downstream edge of the CEM. This transition zone is centered on the AGCZ and

thus will result in the escape of particles (capture zone degradation) from the

AGCZ. The degradation increases linearly with the amplitude of magnitude

oscillation and is broadest immediately downstream of the extraction well. In

addition, the width of the transition zone increases linearly with the period of

oscillation of the gradient magnitude.

10. The interaction between periodic magnitude and direction oscillations in the

background gradient can significantly affect the capture performance of a

remediation well. Depending on the phase relationship, directional variations can

be amplified or muted, leading to significant change in the size and shape of the

contour of 1.0 capture efficiency. A wellfield designer should examine carefully
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the relationships between direction and magnitude variability in background

gradients.

Nearby Wells

11. Capture zone degradation from nearby wells increases with nearby well pumping

rate and decreases with increasing distance to the nearby well. The former

relationship is linear while the latter more closely resembles an exponential decay.

Short-term periodic oscillations in the nearby well pumping rate, such as

intermittent pumping, do not affect the capture zone of the remediation well

significantly. However, longer-term variations in the nearby well pumping rate,

such as seasonal pumping for agriculture, do significantly impact the contour of 1.0

capture efficiency by reducing the overall degradation of the capture zone relative

to the constant pumping nearby well degradation.

Miscellaneous

12. The numerical process of first locating the local minimum velocity along the

circumference of a circle of given radius followed by the determination of that

radius which contains the global minimum velocity, successfully locates the

stagnation point. Releasing particles near the stagnation point then effectively

defines the bounding streamline for a given velocity distribution.
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