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ABSTRACT

HIERARCHICAL PATCH DYNAMIC MODELING OF COMPLEX

GROUNDWATER SYSTEMS ACROSS MULTIPLE SCALES

By

Soheil Afshari

In this research, I apply a hierarchical patch dynamics paradigm (HPDP) for

solving complex groundwater problems that are difficult to solve using traditional

modeling methods. The HPDP takes advantage ofhierarchy theory, mimics how

biological systems “divide and conquer” complexities, and decouples subsurface

dynamics hierarchically. The new paradigm enables modeling complex groundwater

systems in high resolution without having to solve large, ill-posed matrix systems,

significantly alleviating the infamous “curse of dimensionality” and the associated

modeling bottlenecks in large-scale groundwater modeling.

My first application is a synthetic example patterned after a field situation

concerning the regional management ofwater resources in the presence of site—specific

constraints associated with groundwater contamination, wellhead protection, sustainable

yield evaluation, and local groundwater surface water interactions. The problem is

difficult to solve using traditional approaches because of the large domain size, the

multiple scales of complex stresses, sources/sinks, and natural variability, and the need to

characterize both regional and local dynamics. The application demonstrates that, by

hierarchically decoupling the system and then dynamically integrating the sub-solutions,

the HPDP enables integrated watershed-scale analysis that honors the local data in a way

that is physically-based. The example also shows that the HPDP not only makes it



possible to solve this large problem, but also enables solving it on the fly and

interactively. It allows “zooming” in real-time incrementally from the regional scale into

local hotspots of interest. The accuracy of the hierarchical solution is verified through a

comparison with a single fine grid solution. Empirical guidelines for selecting

hierarchical boundaries and resolutions are provided.

My second application involves predicting well drawdown dynamics in large

complex systems. Detailed drawdown is needed for many water management problems.

Typical applications of numerical models to large problems generally require large grids

that can seldom accommodate cells as small as the actual well diameter. Locally

applying analytical solution within the well grid block in a numerical model represents a

useful alternative, but it only applies for situations when the flow is 2D, steady, isotropic,

homogeneous and free of other sources and sinks within the regional well cell. This

example shows the HPDP enables accurate prediction of drawdown dynamics under

general conditions in a large region. Furthermore, this accurate prediction can be

achieved even on a small computer. The accuracy of the hierarchical solution is verified

for a 2D well field problem in which an analytical solution exists and for a 3D unsteady

problem through a single fine grid numerical solution.

My final example is for a real site. The HPDP is applied to evaluate hydraulically

a bioremediation delivery system for a contamination site in Schoolcrafi, MI. In

particular, the HPDP is used to model the interplay of the flow dynamics at a number of

scales present at the site. The example demonstrates that the HPDP makes it possible to

characterize the detailed 3D delivery dynamics and evaluate its robustness in the presence

of larger scale heterogeneity across the biocurtain and irrigation pumping in the region.
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ABSTRACT

In this paper, we present an object-oriented hierarchical patch dynamics paradigm

(HPDP) for modeling complex groundwater systems across multiple scales--one that has

the potential to significantly alleviate the infamous “curse-of-dimensionality” and the

associated computational bottlenecks. The HPDP takes advantage ofhierarchy theory,

divides and conquers complexities, and decouples scale-dependent dynamics

hierarchically. The object-oriented HPDP represents a generalization of the “telescopic-

mesh-refinement” (TMR) techniques, providing dynamic model coupling, visual

interactive steering, and freeing the modelers fi'om the impractical task ofhaving to

interact offline and iteratively with potentially large numbers ofmodeling patches. The

HPDP provides a valuable tool for understanding scale-dependent processes and for

 

‘ Latest version ofpaper is available at www.cgrmgreduhlishug

1



practical groundwater investigations. We illustrate the effectiveness ofthe HPDP and its

potential for multi-scale groundwater modeling using an example.

Software Availability

Software name: Interactive Groundwater (IGW)

Developers: Shu-Guang Li, Qun Liu

Hardware/software required: IBM-compatible PC/Windows-

NT4/95/98ME/2000/)(P/Server 2003

Programming language: Visual-Basic 6; Visual-FORTRAN 5; Borland C++ Builder 6;

Borland Delphi 5

Program size: 150MB

Availability: downloadable with documentation at http://www.egr.msu.edu/igw.

License: free trial version 3.x

INTRODUCTION

Despite the exponential growth of computational capability over the last two decades—

one that has allowed computational science to become a powerful tool for scientific

discovery - our ability to model large groundwater systems and accurately represent

complex processes is still limited because ofthe following computational challenges:

0 The machine bottleneck. Modeling computation increases exponentially with the

domain size and the level of details simulated and quickly becomes prohibitively

expensive for large problems. This is especially the case for multi-scale modeling,

coupled processes modeling, inverse modeling and parameter estimation,

uncertainty analysis, hypothesis testing, and data sufficiency evaluation.

0 The algorithmic bottleneck. Modeling based on a single numerical representation

of a complex system faces an algorithmic bottleneck. The high-dimensionality,



especially when combined with distorted-grids representing heterogeneity, a

multitude-of-scales, and complex structure, translates into ill-posed matrices and

causes a host of numerical problems, including solution failure.

A HIERARCHICAL PATCH DYNAMICS PARADIGM

In this paper, we address systematically these difficulties or the so-called “curse-of-

dimensionality” in numerical modelling. In particular, we present a hierarchical patch

dynamics paradigm (HPDP) for modelling complex systems across multiple-scales. The

basic idea is to move away from developing a single monolithic system that would solve

a large and ill-conditioned problem, and to employ a hierarchy of simpler sub-systems

that cooperatively solve the problem. In such hierarchical systems, each sub-system is

simpler to solve than the monolithic system. The integrated system based on the whole

population can generalize better than any single subsystem in the hierarchy.

Specifically, we propose to represent a complex system hierarchically, breaking it

“vertically” into many levels and “horizontally” into many patches (Figured-left). The

dynamics in different patches are related efficiently to each other through a hierarchical

patch network (Figurel-right). The patches at higher-levels are used to simulate larger-

scale dynamics whereas nested-patches at lower-levels are used to simulate smaller-scale

processes. The upper-level exerts constraints (e.g., as boundary conditions) to the lower-

level. The conceptual basis for the HPDP emerges from hierarchy theory (Simon, 1973)

and a diversity of studies in various disciplines, including management science, biology,



ecology, and system science. The hierarchy theory has been significantly expanded in the

context of evolutionary biology and ecology (Wu and David, 2002).
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Figure 1. Hierarchical decomposition of a groundwater system: left) recursive

subdivision, right) hierarchical patch network

Hierarchical Equations

Mathematically, the HPDP involves solving a set of hierarchically-formulated

groundwater equations (Table 1). These equations describe the space-time distribution of

head h, velocity u,-, and concentration c for a typical patch at level I defined on Q’ , and

its interaction with its “parent” patch onQ“ at level [-1, and various “daughter” patches

(Qf', k=1,2,.., ) at level 1+] (Figure 2).

Equations (1-2), (1-3) and (1-5) and (1-6) provide patch boundary and initial conditions,

reflecting the coupling with the parent at level 1-1. The symbols ne, S,, R, K,-,- and ng are

effective porosity, specific storage, retardation factor, conductivity-tensor, and dispersion-

tensor; 8 and r are the water and solute source/sink term. We assume that groundwater is
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incompressible, homogeneous, and isothermal and the medium saturated and non-

deformable.

The equations in Table 1 can be solved sequentially for l=0, 1,2, , based on a scale-

dependent discretization through a systematic process called “downscaling”. This process

begins with modeling at the highest-level on a coarsest grid/timestep and proceeds

downward to finer-scales with increasing space-time resolutions. Successive solution of

Eq.1 down the hierarchy provides an approximation ofthe system dynamics and a

mechanism to pass field information from high to low-levels.
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Table 1. Governing patch-dynamic equations
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Figure 2. A typical model-patch and its interaction with the parent daughters.

Patch Boundary Identification

The HPDP represents a generalization of the frequently-used telescopic mesh refinement

(TMR) techniques (e.g, Mehl and Hill, 2002) and the marriage of hierarchical modeling

and patch-dynamics (Wu and David, 2002) to specifically address the infamous “curse-

of-dimensionality” and the associated computational bottlenecks in multi-scale modeling.

The way to specify patch boundaries are essentially the same as that in a basic TMR. In

other words, patch boundaries are identified empirically based on the parent solution

behavior, system characteristics, and data densities. Modeling patches are created in

localized areas exhibiting much more rapidly-varying dynamics. The patch boundaries

are selected such that they are located outside the “hot-spots” or in areas where the parent

head varies relatively slowly and is deemed accurate.

In many cases, the patch definition may be significantly facilitated by the fact that

groundwater usage, data distributions, impacts from industrial activities, and the areas of

concerns are often naturally-clustered spatially at different scales. For example, a

groundwater basin may include multiple regions ofmuch higher groundwater uses. Each



of these regions may consist of multiple wellfields, which may in turn include many well-

clusters made of individual wells. This naturally-nested clusteredness is ideally-suited

for hierarchical modeling.

In general, identifying patches for local grid refinement may have to be iterative. A patch

solution is deemed accurate if it becomes insensitive to changes in the patch boundary

location. One may also potentially avoid the need to iterate or minimize the number of

trial runs needed if modeling patches are defined “conservatively” or made larger than

needed.

Patch Grid Resolution

To ensure that any model in the patch hierarchy is well-posed and can be easily solved

we always limit the patch grids to relatively small sizes that can be easily handled using

the computer available (e.g. 50 by 50 by 3 for a geological layer). Highly variable local

dynamics that cannot be resolved are left to additional nested-submodels. This nested

modeling process is applied recursively for as many times as desired until one obtains

needed details. Given the patch grid resolution, the number ofnested patches needed

generally increases with the problem size and complexity. Given the problem size and

complexity, the nrunber ofnested patches decreases with the increasing patch grid

resolution.



Significance of the HPDP

The generalized HPDP makes it possible to:

0 model approximately large systems in high resolution without having to solve

large matrix systems and thus significantly alleviate the machine bottlenecks.

0 model heterogeneous dynamics incrementally, thus obviating the need to use a

highly-distorted grid representing multiple-scales of variability, and significantly

alleviating the algorithmic bottleneck.

As the nested grid is refined, the geometries of the sources and sinks and parameter

heterogeneity can be represented more and more accurately. Discretized lakes and rivers

approach their actual shape and discretized wells become asymptotically “point”

sources/sinks at their actual locations. Detailed local measurement clusters can be also

resolved more faithfully.

We feel that the HPDP is essential to understanding large, complex systems. It is hardly

justifiable theoretically and overwhelmingly difficult technically to translate information

directly between two distant-levels, when ignoring relevant intervening-levels. Although

it is possible to scale down from regional processes at basin-scale to detailed dynamics at

site-scale, successful approaches most likely have to be hierarchical.



The Achilles’ Heel

Before one can reap the potential benefits ofthe HPDP we have to cross another critical

hurdle. The following are inevitable questions facing practical implementation:

0 How can one manage the large numbers ofmodeling patches?

0 How can one tolerate the potential enormous numbers of files and book-keeping

necessary?

0 How can one know a priori where to define the patch boundaries?

0 How can one effectively route the information across the hierarchical network?

Indeed, a general and flexible implementation of the HPDP under the traditional, batch-

based modeling flarnework can be difficult, if not impractical. To transform the powerful

concept into a tangible impact, we need a new way in modeling — one that allows

accommodating flexibly-and-seamlessly the complex interactions of large numbers of

disjointed-models, fleeing the modeler flom having to interact offline and perhaps

iteratively with individual patches and large numbers of data-streams.

THE HPDP ENVIRONMENT

We have recently developed such an approach and a software to support the HPDP. The

new environment enables flexible and interactive patch-creations and simulation of

evolutionary patch-dynamics. It provides dynamic integration ofpatch-models at each



time-step during simulation and makes the modeler feel as if they were using a single

model that can provide efficiently high-resolution dynamics. Results flom the parent-

models (e.g., boundary-conditions), and any changes to the parent-models propagate

automatically to all children, without the need for offline post-processing. The HPDP

becomes a process of successively and visually zooming into more details. A modeler can

insert interactively and recursively a hierarchy ofpatches into a parent-model in order to

provide greater detail where it is required. Modeling under the HPDP continually

displays results that have been intelligently processed and integrated.

A “PARALLEL COMPUTING” PARADIGM AND REAL-TIME STEERING

We achieve these interactive hierarchical modeling capabilities by adopting a “parallel

computing” paradigm and implement it in a single, seamless and object-oriented program.

The term “parallel computing” here does not mean modeling on multiple-processors but,

rather, a new way of structuring computation.

The basic concept is simple. Instead of treating flow and transport separately, we model

them concurrently. Instead of treating the various scales of patch-dynamic modeling

(regional, subregional, local, site, hot spots) as different phases in a long sequential

batch-process, we couple the multi-scaled processes and model them simultaneously.

Instead of relegating the graphical result presentation and analysis for each patch of

interest to the “post-processing” phase, at the end of a time-consuming sequence ofmany

disjointed-steps, we incorporate them into a single program along with the simulation, to
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permit the interpretation of results as soon as they become available, at the end of each

time-step.

To achieve this, the software utilizes a number of dynamic-linking-libraries (DLLs) and

dynamically-embedded software components, including a single-step flow modeling

DLL, a single-step transport modeling DLL, a sparse-matrix solver DLL, a Geostatistics

DLL, a 2D-graphics component, a GIS mapping component, and a 3D-visualization

component. At a particular time-level tn and given the head h,.-1 and concentration c,.-1 at

time-level t,,-1, the software performs the following tasks:

1. Call the flow DLL to compute head h,, and velocity u,, given h,,-, .

If particles are released, compute particle coordinates at tn given those at t,,.,.

If a concentration plume(s) is introduced, call the transport DLL to compute

0,, given ca.1,

If a patch(es) is introduced, perform single-step subscale flow modeling with the

boundary/initial conditions extracted flom the parent flow-models. If

particles/contarninant(s) are also introduced, perform single-step subscale particle-

tracking/transport-modeling, with boundary/initial conditions flom the parent

transport-models.

Call the 2D graphics component to visualize overlays ofmodel

output/input distributions (head, velocity, particles, concentration,

aquifer-properties) for a selected layer or cross—sections.

If requested, perform and visualize water/solute budget over interactively-defined

zones/volumes in selected patch-models
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7. If requested, call the 3D visualization component to visualize aquifer flamework,

head, velocity, plumes, particles, scattered-observations, and monitoring-network

in selected patch-models.

The “parallel computing” strategy makes the HPDP practically implementable since it

eliminates the strangling I/O, offline-processing/file organizations and the disconnect

between potentially large numbers of patch-models, analyses, and visualizations. The

visual interactive implementation enables computational steering since it provides

flexibility and allows tracking user-actions. Therefore, the modeler is always "in-the-

loop". At anytime, the modeler can interrupt/pause the program to assess the solution,

and based on this assessment, to insert patches in selected areas and layers of interest.

Since the modeling-hierarchies are dynamically-coupled, the modeler can easily perform

sensitivity-analysis, making changes to patch boundaries, resolutions, conceptual

representations, solvers, and assessing iteratively the influence of these changes on the

solutions.

The object-oriented “parallel” implementation allows the investigator to interactively

steer the hierarchical computation, to control flexibly the program execution-sequence, to

guide the evolution of the aquifer- dynamics, to control the visual data representation

during processing, and to dynamically modify the hierarchical computational process

during its execution.
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ILLUSTRATIVE APPLICATION

We illustrate in this section how the generalized, dynamically-integrated HPDP

significantly enhances our ability to model a large complex region across multiple scales

with improved accuracy, efficiency, and flexibility.

Our example is patterned after a real-field situation concerning integrated, regional

management ofwater resources in the presence of scattered, localized, and site-specific

constraints associated with groundwater contamination, wellhead protection, sustainable

yield evaluation, local groundwater surface water interactions, and monitoring network

design. The problem is difficult to solve using a traditional approach because of the large

domain size, the multiple scales of variability, and the need to characterize both regional

and scattered local dynamics. The issues involved are characteristic ofmany current

water resources and environmental problems in the nation and around the globe.

Our example considers a region that encompasses an area of 10,000 square kilometers

(figure 3), including many wells ofvery different pumping capacities (table 4) and a

network of sloughs, wetlands, wildlife habitats, and lakes ofvastly varying sizes (Table

3). Table 2 presents key parameters describing the regional aquifer system features. The

wellfields which provide drinking water for major cities nearby, lies in the proximity of

several industrial contamination sites, two ofwhich have caused significant

contamination ofthe underlying groundwater. The local communities are concerned how

the various contamination sites may impact the drinking water supply and how the city
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pumping may complicate the on-going characterization and remediation activities at the

various contamination sites and potentially draw more contamination into the aquifers

flom the overlying pollution sources. The local communities are also concerned about

potential water rights and conflict issues and how city pumping may in general stress the

ecosystem, potentially disrupting the wetland and groundwater links and drying up

wildlife habitats.

To enable addressing these issues in a systematic and integrated fashion, we apply here

the new, dynamically integrated HPDP that allows modeling the aerially expansive area

while at the same time easily and fleely zooming interactively into local subareas or

patches across the entire regional aquifer system . To demonstrate the advantage of the

approach and verify its accuracy, we also utilize the single model approach to simulate

the entire region in highest resolution possible on our 2GHz/2GB Pentium 4 computer

and compare the single model solution with the HPDP-based predictions.

Figure 4 presents the final, complete hierarchical patch network solutions to the example

problem. The HPDP-based solution allows characterizing the regional groundwater

system across multiple scales in response to both regional and local stresses and

heterogeneity. The hydraulic conductivity is regionally defined by 130 scattered values

and a number of isolated data clusters, low permeability lenses and preferential channels

of different sizes. The aquifer stresses are characterized by large numbers of

sources/sinks of very different scales and strengths. The dynamically coupled patch

solutions and especially their sensitivity to different integrated management options

provide valuable information for integrated analysis and allow addressing both coupled
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regional issues and local problems and site specific constraints related to, e.g.,

contamination, remediation, water conflicts, pollution control, groundwater and surface

water interaction, and wellhead protection. The interactive, flexible HPDP allows

capturing regional and subregional hydrogeological controls and at the same time

resolving detailed local data, aquifer features, local heterogeneity, preferential channels,

plume structures, and even drawdown dynamics around individual low capacity wells

without having to solve large, ill-conditioned matrix systems or bottlenecked by the

limited computer system capacity.

Under the HPDP, we model, visualize, and analyze the region incrementally and

hierarchically. Figure 4b provides a graphical representation of the hierarchical patch

dynamic network for the overall groundwater system. We begin with modeling the

heterogeneous system using a uniform coarse grid and then refine the dynamics in areas

where we believe the predictions are inaccurate and where we are interested in knowing

more. We create modeling patches, and patches within a patch recursively until we are

able to obtain sufficient details in the areas of critical interest (e.g., the local

contamination areas, wells, wellfields, and other local “hot spots”). The modeling patches

are interactively created based on a visual examination of the parent solution and the

patch boundaries selected in areas where the predicted parent dynamics are deemed

accurate or properly resolved.
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Figure 3. Modeling region for the example problem. Solid circle represents a well or a

group ofwells. The shaded areas (irregular polygons) denote surface water features. Note

the locations ofmany wells are too close to be resolved and the sizes ofmany

hydrological features are far too small to be visible in this regional map.
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Aquifer type Unconfmed

Domain size 100000 m by 100000 m

Head on north boundary 10 m

Head on south boundary -90 m
 

Aquifer bottom elevation Variable —50 m to —150m
 

Recharge 1.392 x 10'5m/day
 

Pumpingwells (30 wells) 1500 to 10 gpm
 

Number of surface water bodies

simulated (lakes, streams, wetlands)

20 (see table 3 for more detailed description)

 

Variable, more data in plume areas, regionally

 

 

Hydraulic conductivity described by 130 scattered points, locally by zone-

based heterognrw. Average K =15m/day

Effective porosity 0.3

Dispersivity 0
 

concentration

Contamination source area / Plume B: 560 m2 / 100 ppm

Plume A: 300 m2/ 100 ppm
 

Transport time step 50 days
  Maximal plume simulation time  3 years   

Table 2. Aquifer properties and boundary conditions for the example problem

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

Surface water bodies Elevation (m) Leakance Area (m2) Comments

see Figures 3 and 4) (1/day)

L1 Lake -26 l 2.221e7 Head dependent flux

L2 Lake -48 1 9.541e7 Head dependent flux

L3 Lake -32 0.1 1.878e7 Head dependent flux

L4 Lake -17 0.05 1.339e6 Head dependent flux

L5 Lake -31 0.1 1.893e7 Head dependent flux

L6 Lake -90 NA 6.249e8 Const head

L7 Lake -10 to 20 0.1 7.597e7 Head dependent flux

L8 Lake -21.5 0.05 3.23e5 Head dependent flux

L9 Lake -22 0.01 4.9e4 Head dependent flux

L10 Lake -22.6 0.01 5.265e4 Head dependent flux

L11 Lake -24 0.05 5.688e5 Head dependent flux

L12 Lake -17.5 0.05 2.297e6 Head dependent flux

L13 Lake -18 0.05 4.296e6 Head dependent flux

81 Stream -90 to ~30 l 8.071e7 Head dependent flux

82 Stream -23.4 to 26 0.01 1.765e5 Head dependent flux

S3 Stream -23.2 to —22.6 0.01 5.835e4 Head dependent flux

S4 Stream -24 to -18 0.05 2.678e6 Head dependent flux

W1 Wetland -18 0.01 5.501e5 Drain

W2 Wetland -l9.5 0.01 3.51e3 Drain

W3 Wetland -27 0.01 1.049e6 Drain
 

Table 3. Surface water bodies modeled in the example
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Well X(m) x 10‘ Y(m) x 10‘ Rate

ID (gpm)

1 4.8000 3.4000 1000

2 2.4000 5.4000 1000

3 5.428125 5.46875 10

4 5.4250 5.46875 10

5 5.6000 5.6000 100

6 5.6375 5.6625 100

7 6.0500 6.4000 10

8 6.3500 6.0000 100

9 6.0000 6.4000 100

10 5.3500 6.3000 100

1 1 5.2000 6.6000 1500

12 5.4625 5.4625 100

13 5.4750 5.4375 200

14 5.0000 3.6000 1000

15 6.0000 6.4500 460

16 5.4000 6.3000 800

17 6.4000 6.0000 100

18 5.6125 5.6000 10

19 5.465625 5.465625 10

20 7.6000 2.8000 1000

21 2.8000 5.2000 1000

22 4.4000 2.6000 1000

23 7.4000 3.0000 100

24 3.6000 3.2000 40

25 3.8000 5.8000 100

26 5.4000 5.4375 20

27 5.48125 5.43125 20

28 5.528125 5.39375 10

29 5.5375 5.4000 40

30 5.54375 5.390625 10   
 

Table 4. Pumping wells and rates used in the example
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For this illustration, we have created a total of 8 different hierarchical levels and 11 patch

models zooming into 3 different areas of critical interest (including 2 local contamination

sites, 1 wellhead protection site). We have purposely limited the maximal grid size of

each modeling patch to about 100 by 100 in order to drive home the point that we can

solve a large problem even on a relatively “small” computer (one that is only powerful

enough to solve small 0(100 by 100) matrix systems), if we approach the large problem

hierarchically and take advantage ofhow the patch dynamics are correlated.

In general, the number of levels and patches needed to achieve a given resolution in

hierarchical modeling depends on how large and complex the problem is, how powerful

the computer is, and how much data is available. Obviously, the number of hierarchical

levels required decreases as the problem sizes decrease and the computing power

available increases. We can “zoom” into the details needed in one “shot” ifwe were to

have a computer of infinite speed and memory and if numerical solvability were not an

issue however heterogeneous, anisotropic, singular, or complex the aquifer system in

question is.

Figure 4-M111 shows the coarsest solution at the top of the hierarchical model tree. The

symbol M,1 represents a patch model at level a whose parent is b and is the cth children

of b — a represents the generation level (grandparent), b is the parent index, and c the

child index. This highest level solution provides the big picture of the general dynamics

and overall water budget balances. Figure 4-M211 presents a patch model that provides

more details in describing the subregional dynamics and the interactions between the
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wellfields. Figures 4-M311, M411, and M511 present additional hierarchically nested patch

models zooming incrementally into an environmentally sensitive region. These modeling

patches allow capturing more detailed surface and groundwater interactions and the

interactions among the wells and wellfields. Figures 4-M611 , M7ij , and M8”- present

successions of patch models further zooming incrementally into two contamination hot

spots and a wellhead protection delineation project that play critical roles in the overall

scheme of integrated regional groundwater management.

The initial coarse model M111 at the highest level covers a large area with a grid

resolution of 2000 m. The modeling patches at the finest level (level 8) cover much

smaller areas with a resolution being three orders ofmagnitude higher at approximately 1

m. The grid resolution used at level 4 corresponds to the highest resolution we can

achieve using the single model with a uniform grid of 125m on our Pentium 4 computer.

At this resolution, it takes 36 hours for the single model approach to solve just the

groundwater flow equation. By contrast, the hierarchical patch approach allows providing

flow and transport solutions at multiple resolutions and integrated visualizations,

mapping on the fly.

Of course, the most important advantage of the object-oriented hierarchical modeling

approach lies in that it allows at any time zooming into new patch areas of interest or

further into more details within existing patches. Figures 4-M51 1, M6“, M7,], and M8,]-

show four additional levels of local patch solutions at a grid resolution of respectively

62.5m, 15.7m, 3.9m, and 0.9 m. These successive patch models provide scale dependent
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representation of the stresses, heterogeneity, site features, locations of the wells, and

increasingly more detailed descriptions of local dynamics of interest within the regional

system.

Figures 5a and 5b present a detailed comparison of the predicted water level along the A-

A cut (see Figure 4 for the cut location) using the single model (solid line, grid resolution

= 125m) with the corresponding hierarchical patch solution (flom M411 of same

resolution, represented as open diamonds). The results clearly show that, despite the

hierarchical decoupling, the local patch model W11 provides virtually identical solution

to that flom the single fine model. The finer patch models M511 and M6“ provide more

detailed, deeper drawdown cone of depression than that can be achieved using the single

fine model. The results also show that the coarser patch model M311 (dotted line) is

unable to provide the necessary details in the area around the wells but is sufficient to

provide the boundary condition for M4” away flom the wells or wellfields. The coarsest

patch model M111 (dash line) totally misses the local dynamics although, as illustrated in

figure Sa, it is adequate at the regional or subregional scale.

Figure 6 presents a comparison of the solute concentration profile along the B-B cut (see

Figure 4 for the cut location) obtained flom the three fine patch models M611, M713, and

M831. The solute plume is conservative and originates flom a continuous source with a

steady concentration of 100 ppm. At the finest level, the patch model M831 is able to

characterize the detailed plume structure and reproduce the maximal source concentration

even with a relatively simplistic transport solver (the modified method of characteristics

with linear backward interpolation). The coarser patch models M713 and especially M6”
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suffer flom significant numerical dispersion and underestimate the maximum

concentration. The coarsest patch models at levels 1 through 5 cannot even pick up the

plume because of the large grid size.
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Figure 5. Comparison of the hierarchical and single model solutions along the y-sect A-

A in patch M f; : a) regional scale, b) local scale. The location of the y-section A-A is

defined in Figure 4. Note the hierarchical solution M 1‘, (open diamond) reproduces the

single model solution (the solid line).
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area M f, . The location of the x-sect B-B is defined in Figure 4.

Finally, we want to stress that our numerical experience shows that the HPDP is

consistent with how human brain works and processes information. Although the total

number of submodeling patches can be quite large daunting for large problems,

especially on a small computer, they are created in an incremental, flexible, and intuitive

fashion and in a way consistent with how we naturally assimilate information. In fact,

even if the computer we have were infinitely fast, none of our five senses has sufficient

bandwidth to pennit conveyance and interpretation of the immense amount ofdata
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obtained flom a single large-scale simulation. This simple physiological constraint still

requires that we process, visualize, analyze, and assimilate the results hierarchically and

in patches — beginning flom large-scale, general dynamics to ultimately finest-scale,

critical details.

CONCLUSIONS

We have presented an interactive, dynamically-integrated HPDP for modeling complex

groundwater systems and illustrated it with an example. The preliminary results show the

effectiveness of the HPDP and its potential to significantly alleviate the computational

bottlenecks in large-scale groundwater modeling. We are currently conducting additional

testing on the HPDP, especially with respect to its ability to model more complex and

heterogeneous systems. The results will be reported in future publications.
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ABSTRACT

One of the challenges in groundwater modeling is the prediction ofhydraulic head in

close proximity to a pumping well using a regional-scale model. Typical applications of

numerical models to field-scale problems generally require large grids that can seldom

accommodate cells as small as the actual well diameter. Several methods have been used

to simulate a more accurate head at the well scale. The three primary methods are: 1)

local grid refinement, 2) local analytical correction, and 3) local nested numerical

correction. However, all these methods have limitations, particularly for applications that

involve the development of numerical models for large-scale hydrogeologic systems with

many pumping wells. In this paper, we present a method utilizing the hierarchical patch

dynamics paradigm (HPDP) (Li et al. in press) to predict head at the well scale. The

HPDP enables converting a large, complex problem into a network of hierarchically

nested and dynamically coupled patch models that can be easily solved. The performance

ofthe method is verified against the analytical solution for a single well, against a

 

° To be submitted to GroundWater, latest version of paper is available at www.cgr.rnsu/~lishug
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superposition of analytical solutions for a well field, and against a numerical solution in a

3D heterogeneous system involving a well. The results show that the HPDP-based

method is capable ofmatching an exact solution ofwell drawdown and providing an

accurate and efficient representation of head and groundwater velocities in a well field in

large-scale hydrogeologic systems.

INTRODUCTION

In groundwater modeling, it is usually impractical to employ grids that are comparable in

size and dimension to a pumping well. However, predicting head, or drawdown, in close

proximity to a pumping well (well scale) may be important for many groundwater flow

and solute transport modeling applications, especially in complex environments. In

groundwater flow modeling, long term drawdown prediction at the well is critical for

proper well design and for evaluation of groundwater management, pollution control,

remediation, and sustainability strategies. In solute transport modeling, the estimated

velocity field is derived flom head values at the model nodes; this is needed to predict the

advection component of the transport of solutes.

In finite-difference models, many discrete cells, that typically have relatively large spatial

dimensions, are used to represent the aquifer system. A point source or sink ofwater is

injected, or extracted, over the volume of aquifer represented by the cell that contains the

point source or sink. However, the diameter ofthe well is typically much smaller than

the dimensions ofthe cell. Field-scale problems generally cover large geographic areas
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that require grids having cells with large spatial dimensions and can seldom

accommodate cells as small as the actual well diameter. The resulting simulated heads

are generally not a good approximation of heads or hydraulic gradients in close proximity

to the pumping well; numerous small cells are needed to simulate the relatively steep

hydraulic gradients near a point source or sink accurately. However, regional model-

derived heads may be correct at nodes located away flom the point source or sink

(Anderson and Woessner. 1992).

Several methods have been adopted in an attempt to improve the accuracy of simulated

heads at the well scale. Three commonly used methods in finite-difference models are:

1) local grid refinement (LGR), 2) local analytical correction (Prickett, 1967; Peaceman,

1978; Pritchett and Garg, 1980), and 3) local nested numerical correction (e.g., Mehl and

Hill, 2002; Ward et al., 1987). However, all these methods may have limitations,

particularly for applications that involve the development ofnumerical models for large-

scale, complex hydrogeologic systems with many pumping wells.

The objective of this paper is to address the limitations in the traditional methods and

present an accurate and efficient method for modeling complex well dynamics utilizing

the hierarchical patch dynamics paradigm (HPDP) (Li et al. in press). We begin with a

very briefreview of the traditional methods for calculating hydraulic heads at the well

scale and point out their practical implementation difficulties.
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Local Grid Refinement

Local grid refinement represents the most commonly used method to predict detailed well

dynamics in a numerical model. The relatively large finite-difference grid cell flom a

model is subdivided or refined with progressively smaller spatial dimensions. This

results in a more accurate estimation ofhydraulic head or drawdown at the well scale. In

other words, there will be less approximation error involved with averaging the predicted

head for that particular well node. In using local refinement for simple or small-scale

problems, the solution is obtained quickly, and consistency between the regional and

local area around the wells is maintained. However, for large-scale, regional groundwater

models where there may be a significant increase in the number ofnodes (e.g., millions

rather than thousands), the cost of computation increases exponentially and the process

can become prohibitively expensive.

Local Analytical Correction

An alternative approach to model detailed well dynamics in a regional model is to use

local analytical correction within the cell containing the well. The model calculated head

at the well node can be thought to represent the head at an effective distance (re ) flom

the well node. An estimation of the head in the well can be obtained flom formulas based

on the following steady-state Thiem equation (Thiem 1906; Anderson and Woessner,

1992»
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where hw is the head in the well; hi . is the head computed by the finite-difference

3

model for the well node (ij); QWT is the total pumping or injection rate flom the well;

T is the transmissivity in the well cell; re is the effective radial distance measured flom

the node at which head is equal to hi . ; and ’iv is the radius of the actual well.

9

Prickett (1967), Peaceman (1978, 1983) and Trescott et al. (1976) provided an equation

to approximate re based on different model grid sizes. Trescott et al. (1976) examined

the performance of the corrected drawdown based on Eq. (1) against the analytical

solution. Results revealed a reasonable improvement for predicting the drawdown in the

pumping well. Trescott et al. (1976) also stressed that the local analytical correction

based on (1) is applicable only if the following assumptions are satisfied: (1) flow to the

well is within a square finite-difference cell (well block) and can be described by a

steady-state equation with no source term except for the well discharge, (2) the aquifer is

isotropic and homogenous in the well block, (3) only one well, located at the cell center,

is in the well block, and (4) the well firlly penetrates the aquifer.
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Local Nested Numerical Correction

A more general approach for modeling detailed local well dynamics is through “local

numerical correction” or nested grid modeling. In this approach, grid-dependent

information flom the regional model is used to construct a separate model with finer grid

spacing to obtain more information around the area of interest (Ward et al. 1987). The

model with the finer grid is called a “submodel” or “local model.” In order to obtain

detailed information for the local model, it is necessary to interpolate grid-dependent

information flom the regional model at the finer grid spacing of the local model. The

transformation of information flom regional model to local model and the selection of

boundary conditions and starting conditions for the local model are the most important

issues using this numerical methodology (Townley and Wilson 1980; Ward et al. 1987;

Buxton and Reilly 1986).

A nested grid approach avoids the potential difficulties encountered with local grid

refinement by separating the regional model flom the local model, and solving each

model individually. Therefore, instead of solving very large, complex matrices, a

problem is solved using multiple, smaller-scale local models. The local model will

derive its boundary and starting conditions flom the parent model. Once the local model

is created, it performs as an independent model.

However, a major drawback in implementing the nested models is that the interaction

between the parent and local models (of which there can be many) depends on the offline
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analysis and processing ofmodel modifications or simulation results flom the parent

model to obtain the boundary and starting conditions for the local model. For example,

once a new simulation is completed using the regional model, new boundary conditions

and starting flow and solute transport conditions, if applicable, are determined for each

local model at the local model grid spacing. Making modifications to models or

processing simulation results for use in different scales of models can be very time

consuming; especially when the problem is a transient-flow or transport condition, or

there is uncertainty in selecting the boundary conditions. The effort involved may

become impractical when the offline conceptual changes must be made iteratively or in

more than one model. Because ofthis, applications of the nest grid approach are limited,

in most cases, to very small number of submodels (e.g., 1 or 2), and are implemented

with little flexibility.

A DYNAMICALLY INTEGRATED HIERARCHICAL PATCH DYNAMICS

APPROACH

Li et al. (in press) recently presented an object-oriented, dynamically integrated

hierarchical patch dynamics paradigm (HPDP) for modeling flow and transport in

complex groundwater systems. The new paradigm is particularly suited for modeling

complex, clustered dynamics in a regional model.

The HPDP represents a generalization of the nested grid approach and enables modeling

of a large complex system as a network ofhierarchically-nested patch models. For a
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particular patch model at a particular scale, the HPDP is just a nested grid approach (Li et

al. in press). The way to breakdown the problem and to relate a particular submodel to its

immediate parent model is the same as that in a basic nested grid approach. Prior

methodological research or empirical modeling experience related to nested grid can be

directly used in the generalized HPDP.

But under the HPDP, the patch dynamics models are dynamically coupled. The

interaction between the regional model and all submodels are seamless. In other words,

regional-model-simulation results (e.g., boundary conditions), and any changes to the

regional model propagate automatically to all submodels, without the need for offline

post-processing of data or simulation results. This transfer of information between the

regional model and submodels is accomplished for each time step. It gives the modelers

the perception of using a single model that provides high resolution dynamics at the

speed that is very similar to that of a low-resolution coarse-grid model. The dynamic-

integration eliminates the disconnection in a traditional disjointed nested grid approach

and makes generalized hierarchical patch dynamics modeling practical.

The object-oriented implementation enables flexible, interactive creation of hierarchical

patch models. The hierarchical modeling process becomes a recursive process by which

a modeler can create incrementally and interactively a hierarchy ofnested submodels in

order to “zoom in” more and more details where it is required.
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Our experience with hierarchical modeling and submodel development has shown that to

maintain computational efficiency and robustness in modeling detailed flow dynamics

around wells in a very large complex system it is best to keep the number of grid cells

relatively small and grid spacing relatively uniform. This may result in the development

ofmany submodels with successively-smaller grid spacing until it is possible to estimate

head accurately at the well scale. However, with the HPDP, this process of creating an

appropriate number of submodels with successively-smaller grid spacing is accomplished

easily and in a way that is naturally intuitive (Li et al., in press).

ILLUSTRATIVE EXAMPLES

In this section we illustrate this HPDP-based method for modeling near well dynamics in

large regional models through three concrete examples. Our first example considers a

simple situation involving unsteady flow toward a single well. Our second example

extends our examination to a more complex well-field system and the simulation of

detailed flow dynamics around wells in a large regional system. Finally, we apply the

HPDP to a 3D example involving cyclic pumping flom a well in a heterogeneous

unconfined aquifer.
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Single Well Example

The simulation results obtained using the HPDP are compared to the analytical solution

given by Theis (1935) to demonstrate the ability of the hierarchical modeling approach to

predict drawdown at the radius of a pumping well. The analytical solution assumes that

the confined aquifer is homogenous and isotropic, with impermeable boundaries

bounding the top and bottom of the aquifer. It firrther assumes that the aquifer is two-

dimensional and has infinite lateral extent. The objectives of this example are to 1)

illustrate the process and concept of hierarchical modeling and verify its accuracy in

predicting the drawdown at the radius of a pumping well, and 2) examine the relationship

between the number ofnested modeling levels and the submodel grid resolution in

hierarchical modeling.

In the finite-difference model developed to solve this problem, the aquifer is represented

by a rectangular layer whose extent is 10,000 meters by 10,000 meters. No-flow

boundary conditions are imposed along each face of the model. The aquifer parameters

are as follows: the transmissivity and storage coefficient ofthe aquifer are 17.3 mz/day

and 0.001, respectively; the discharge rate of the pumping well is 518.4 m3/day; the well

radius is 0.1 meters (0.1m) and the duration ofpumping is 50 days.

Figure 1 presents the hierarchical-network and solutions to the single well example

problem. The regional model and the six submodels have grid resolutions of 500m,

100m, 30m, 9m, 2.7m, and 0.81m respectively. Each model has a grid that is 21 rows by
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21 columns in size. Figure 2 illustrates the drawdown comparison between the numerical

model and analytical solution. Drawdown data flom every other node were used to

prepare this graph. It is apparent, in examining the results obtained flom hierarchical-

modeling-approach, that the numerical model closely-approximates the analytical

solution. Also, it is important to point out that the results flom each submodel were

obtained and visualized instantaneously. And, with hierarchical modeling, different

drawdown values may be recomputed, displayed, and analyzed very quickly whenever

the model stresses or other model parameters are changed.
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Figure 1. Presents the hierarchical-network and simulated heads after 50 days pumping

for the single well example problem. Each model has a grid that is 21 rows by 21

columns in size.

39



     

    

  
   

 
 

10 - """""""""""

S

A _ ”,—””"

E 20 ra”"'

l: 1

g — xxr” Exact solution

All" ,

g d ,e”/’ “-0-" M1,;Ax=500m

g 30; ’ —---El---- M3,;Ax=100m

4 ----A---- M?,;Ax=30m

----e---- M1,;Ax=9m

40 ----x---- M5;Ax=2.7m
11

—---o---- M?,;Ax=0.81m

50 411111111 1 11111111 4 11111111 1 11111111 14111111]

10'1 10° 101 102 103 10‘

Distance from well node (m)

Figure 2. Illustrates the drawdown comparison at the end of 50 days between the

numerical model and analytical solution. Each model has a grid that is 21 rows by 21

columns in size.
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An alternative hierarchical model applied to the same single well problem is shown in

Figure 3. In this case, each model has a larger grid that is 51 rows by 51 columns in size,

requiring only three nested submodels to accurately predict the drawdown at the well

scale. Figure 4 illustrates the drawdown comparison between the analytical solution and

numerical hierarchical models. On this graph, only the simulated drawdown results flom

every other model node are plotted. The alternative hierarchical solution show that there

is more than one way to subdivide a larger regional model into several smaller

submodels. The decision on how to subdivide a regional model depends primarily on the

computational ability of the computer available to perform the analysis. One may choose

to divide the regional model into larger numbers of smaller submodels when using a less

powerful computer. Likewise, an approach using a smaller number of larger submodels

would be taken when using a more powerful computer. This flexibility eliminates the

longstanding, infamous “curse of dimensionality” in large—scale groundwater modeling

and allows the modeler to simulate detailed flow dynamics, even around low capacity

wells, in a large, regional groundwater system.
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Figure 3. Presents the hierarchical-network and simulated heads after 50 days pumping

for the single well example problem. Each model has a grid that is 51 rows by 51

columns in size.
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Well Field Example:

The objective of this example is to illustrate the capabilities of the hierarchical-modeling-

approach in calculating hydraulic heads for a large grid containing a well field with

multiple wells each pumping at different rates. This example applies for groundwater-

management problems, delineating the wellhead protection area (WHPA) for a well field,

or prediction of groundwater-flow directions and velocities for solute-transport modeling.

Computational difficulties encountered in modeling well fields center around calculating

heads and groundwater flow rates where there are clusters ofwells that pump at different

rates and with different pumping schedules. In this case, the system may be very

dynamic with spatially- and temporally-variable heads and groundwater flow. In areas

far removed flom the well field, predictions using a regional model are usually accurate;

however, closer to the well node, a finer grid is needed to model the system. Model grids

of different extent and cell size are needed to model the system accurately so that the

flow dynamics in a well field with multiple well clusters and variable pumping rates are

resolved.

Another difficulty in modeling a well field is representing the exact location of the

individual pumping wells, especially those in close proximity to each other. With a

regional model, or coarse grid submodel, clusters of closely spaced wells are grouped

together in a single well node. A locally refined grid is needed to simulate the impact of

individual wells on heads and flow rates.
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The model simulation results are compared to an analytical solution for drawdown in a

well field obtained by superimposing Theis solutions for each pumping well to verify the

hierarchical-modeling—approach for a well field in a regional model. The distribution of

the pumping wells and their pumping rates for the well-field example are shown in Figure

5. The regional-model domain is 100 km by 100 km with a uniform grid size of 4000

meters. As with the single-well example, the outer boundaries are represented by no-

flow boundaries,. The no-flow boundaries in the regional model have been placed at this

distance so they do not affect the simulated drawdown in the well field, satisfying the

assumption of an infinite aquifer. The aquifer parameters are as follows: the

transmissivity and storage coefficient of the aquifer are 200 mz/day and 0.001 ,

respectively; the well radius is 0.1 meter (0.1m); and the duration ofpumping is 64 days.

The discharge rates of the pumping wells are variable and are shown in Figure 5.
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Figure 5. The distribution of the pumping wells and their pumping rates for the well-field

example.
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Figure 6. Hierarchical modeling layout which illustrates the relationship between

submodels and their parent models. [In label of Submodel M,1 a represents the

generation level (grandparent), b is the parent index, and c is the kid index which is

related to parent index].
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One possible example of the application ofhierarchical modeling is shown in Figure 6.

In this example, different levels of submodels are developed for each pumping well.

Starting flom a coarse model we can successively approach the area of interest and obtain

detailed information as close as the effective well radius. The diagram shown in the

upper right quadrant of this figure illustrates the hierarchical relationship between parent

models and subsequent submodels. The remainder ofthe figure shows the different

model domains, pumping wells and simulated drawdowns. Lines showing the

relationship between parent model and dependent submodel domains were not included

for figure clarity reasons. However, an examination of the hierarchical tree and the

different model domains should be sufficient to understand the relationship between

models. The grid resolution flom the regional model to finest well-scale model varies

between 4000 m to 0.49 m. The number ofrows or columns in these models is typically

30 to 100, depending on the size of the model area and the uniform grid spacing for that

model.

Figures 7a and 7b show the comparison between modeling results for different submodel

levels and grid resolutions and the analytical solution obtained by superimposing Theis

solutions for the different pumping wells. The results are plotted along a cross-section

profile (A-A) drawn through the regional model whose location is shown in Figure 6. In

the drawdown comparison we show the results flom the regional model (M 11) through

the finest-grid submodel (M 181). The area of interest in this problem is the pumping well

shown in the center ofmodel M18I (pumping well of interest). Figure 7a shows the
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simulated heads along a profile through the entire well field flom model M12, including

the pumping well of interest. Figure 7b shows simulated heads flom model M ,8, along

the same profile through the pumping well of interest. However, in this figure, the lateral

extent of the profile is limited to the extent of the domain ofmodel M?1 in the X-

direction. As with the single well example, these results show that, as the grid spacing is

reduced, the numerical solution approaches the analytical solution. In addition, the

results flom each submodel were obtained and visualized instantaneously. With

hierarchical modeling, different drawdown values may be recomputed, displayed, and

analyzed very quickly whenever the model stresses or other model parameters are

changed.
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Figure 7 - The modeling results are compared to the analytical solution on a cross-section

profile (A-A) for different submodel levels and grid resolutions (a)- large scale (b)- local

scale.
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Three-dimensional Example for Single Well:

In this example we apply the HPDP to illustrate the capability of the hierarchical

modeling approach in calculating hydraulic heads for a pumping well with a variable

pumping rate in a large fully three-dimensional grid having heterogeneous media. A

sketch of the problem is shown in Figure 8. The example problem consists oftwo

conceptual layers that each represents an aquifer system. Conceptual layer 1 is an

unconfined heterogeneous aquifer with a uniform thickness of 120 m and a mean

hydraulic conductivity of 0.1 m/day. This upper layer has a lower overall hydraulic

conductivity than the underlying layer. Conceptual layer 2 is a semi-confined aquifer

having a uniform thickness of 80 m and a mean hydraulic conductivity of 1 m/day.

Heterogeneity for each layer is defined by using 100 scattered points within the model

domain having a hydraulic conductivity within one standard deviation of the mean and a

correlation scale of400 meters in the x-and y—directions. The steady state solution for the

initial and boundary conditions shown in Figure 8 were obtained prior to conducting the

transient simulation. The pumping well is located in Conceptual layer 2 and has a screen

length of 2 meters. The well pumping rate is 545 m3/day (100 gpm) with a recycle period

of 50 days. That is, the well pumps continuously for 50 days and is idle for 50 days. The

transient solution is simulated for three recycle periods, a total of 300 days. A uniform

time step of4 days was used.
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Figure 8- Definition sketch for three-dimensional example for single well.

A finite-difference model with a uniform grid spacing of 100 meters and four

computational layers for each conceptual layer was developed for the example problem

against which the results of the hierarchical modeling at the well-scale were compared.
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The final grid size for this uniform-grid model (Base Model) was 100 rows by 100

1

columns by 8 layers. The parent hierarchical model (M 11 , see Table 1) used a coarse

grid having dimensions in the x- and y-direction of 500 meters and two computational

layers for each conceptual layer, resulting in four computational layers in the parent

model. As with the two-dimensional hierarchical approach presented earlier in this

paper, additional submodels, consisting of finer girds are developed. The process of

selecting each submodel area for the three-dimensional example problem is same as with

the two-dimensional hierarchical modeling approach. In this problem, because of the

three dimensions the grids of submodel are refined in the vertical direction (2 direction)

by adding computational layers. The boundary condition for each new submodel in

horizontal (x-y) direction is represented by a constant head boundary, whose values are

interpolated hydraulic heads flom the coarse-model nodes flom the preceding parent

model. The head values are also interpolated in the vertical dimension for new

computational layers. A linear interpolation scheme is used for nodes where the aquifer

is confined and a zero-order extrapolation method is used for nodes where the aquifer is

unconfined. At every time step, the interpolated head value in each submodel node is

updated flom each preceding parent model. A harmonic averaging scheme is used to

represent hydraulic conductivity in three dimensions. The numerical grid configuration

for each model is shown in Table 1.
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Model name Lecrlrgth in x and y Grid'sizein x and y Number of computational layers in

1rectlon (m) direction (m) each conceptual layer

Base Model 10000 100 4

M1‘, 10000 500 2

M ,2, 6000 100 4

M ,3, 2000 50 8

M ,4, 1000 12.5 12

Mf, 600 6.25 16 (only in aquifer 2)    
 

Table 1- Presents the numerical parameter set up for all the models in three dimensional

single well example.

Each submodel is defined within the preceding parent model. We can continue creating

new submodels until the desired grid resolution is achieved. In this example, for

comparison and illustration purposes, the grid spacing in horizontal direction has been

reduced to 6.25 meters, which is about 100 times finer than the coarse model grid

resolution. The grid spacing in the vertical direction has also been reduced to 5 meters,

compared to 40 meters for the coarse-grid parent model and 10 meters for the Base

Model.

The simulation results for each hierarchical model are shown in Figure 9. For

comparison purposes the solution for each hierarchical model are plotted with the

solution flom the Base Model (shown in Figure 9 by the solid line). The simulation

results shown in Figure 9 represent the transient drawdown and recovery at the cell in

which the pumping well screen is located within conceptual layer 2. Results are plotted
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flom the regional coarse model (M l',) to finest submodel level (M151). As a result of

computational difficulties, we were not able to discretize and obtain a solution for the

Base Model was at grid resolution that was less than 100 meters in x-y direction with 4

computational layers for each conceptual layer. The results show that coarse grid

solution (M 1',) does not have the resolution necessary to resolve the drawdown at the

well-scale during each pumping event. The solution using submodel (M121): which has

same resolution as the Base Model, is better able to capture the impact of the pumping

stress, these results also match the Base Model results fairly well. By introducing

additional submodels (M ,3, and M 141) we improve the prediction ofdrawdown and

recovery in the vicinity of the well screen. The A2 listed in the legend in Figure 9

represents thickness of each computational layer for aquifer 2 (second conceptual layer)

in each model. In the finest submodel (M151), the addition of computational layers is

performed only for the second conceptual layer ofparent submodel. This allows us the

ability to simulate only the area of interest without refining and modeling any area not

necessary for this solution.
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Figure 9. Illustrates the drawdown comparison at the well screen between the numerical

model and Base Model solution.
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An analysis to investigate the impact of selecting the extent of submodel boundaries was

performed. For comparison purposes, the results were compared to those obtained using

the Base Model. In this analysis, three submodels each having equal grid spacing in three

dimensions (x, y, and z) and but with different submodel dimensions in the x- and y-

direction (Table 2) were created. The Base Model and each submodel have a uniform

grid spacing of 100 meters. The parent model grid spacing is the same as that used in the

previous analysis.

 

 

 

 

 

 

 

Model name ”352;:0:? y Grid spacing (m)

Base model 10000 100

Mf, 10000 500

M ,2, 6000 100

M ,2, 8000 100

M ,2, 4000 100   
 

Table 2- Numerical parameter setup for different submodels

The simulated drawdowns and recoveries for the different submodels (M 121 , M 122, and

M123), and the Base Model are shown in Figure 10.
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Figure 10. Represents the drawdown comparison between the numerical model and Base

Model solutions.

These results show that the smaller the submodel extent the greater the difference in

drawdown and recovery flom the Base Model solution. The difference in simulated

drawdown and recovery values between the submodel solutions and the Base Model

solution is partially due to loss of information at the boundary. But even for the
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submodel with the smallest extent, the accuracy gained through nested grid refinement is

much more significant than that that lost due to errors introduced through inaccurate

submodel boundary conditions.

SUMMARY

Nested grids are frequently applied in groundwater modeling but most applications are

limited to a very small number ofmodeling patches (e.g., 1-2 patches) and nested levels

(e. g., 1-2 levels). Even for a simple nested system with just one submodeling patch,

practical implementation proves to be difficult when iterative conceptualizations and

evaluations are needed. This difficulty is caused by the fact that the submodels are

disconnected and to iterate back and forth among different disconnected models (which

may require in themselves iterative implementation, analysis, and postprocessing) is

difficult, if not impractical.

In a recent paper, Li et al. (in press) generalized the nested grid approach to a systematic,

dynamically integrated hierarchical patch-dynamics paradigm (HPDP). The HPDP solves

a complex system as a network of hierarchically-organized, small patch models. Since

solving many small, uniformly gridded models are much easier than solving one single

large model on potentially strongly nonuniform gn'ds, the HPDP is very efficient,

substantially relaxing the infamous “curse of dimensionalit)?’ and the associated

computational bottlenecks in modeling complex systems across multiple scales.
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In this paper we apply the dynamically-integrated HPDP (Li et al. in press) to address a

difficult groundwater modeling problem — modeling well-scale drawdown and detailed

near well dynamics in a large, regional groundwater model.

We employ three examples to demonstrate the HPDP’s ability in modeling well-scale

drawdown and the detailed near well dynamics in large regional models. The results

show that the HPDP has the following advantages for modeling complex well dynamics:

0 The HPDP allows simulating detailed well dynamics in a large regional model

without solving large matrix systems.

0 The HPDP eliminates the restrictive assumptions inherent in the analytical

correction approaches.

0 The HPDP eliminates the strangling I/O and intermediate offline operations in the

traditional, nested grid-based nmnerical correction approaches.
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ABSTRACT:

This paper describes three-dimensional multi-scale flow and transport modeling effort for

a contaminated aquifer at the Schoolcrafl site in western Michigan. The ultimate

objective is to design a broadly applicable “biocurtain” which be applied to remediate

this site using a recirculation well gallery installed normal to groundwater flow.

Characterization of flow and transport phenomena during the delivery and treatment

process is crucial for designing the biocurtain. But this process is significantly

complicated by the potential complex interaction of the flow dynamics across a number

ofrelevant spatial scales present at the site —the “delivery unit-scale” 0(10m), the

“biocurtain scale” —0(100m), the “site scale” —O(1000m), and the “regional scale” —

 

' To be submitted for publication, latest version is available at www.cgr.msu.edu/~lishug

63



0(10,000m). At the unit scale, the closely-spaced injection and extraction wells create

complex and rapidly varying head variation and a grid resolution on the order of 10

centimeter is required to resolve the local spatial dynamics. For the accurate modeling of

transport and delivery process an even smaller grid size may be required to drive the

numerical dispersion to an acceptable level. Creating such high resolution, 3D unsteady

model is only feasible for a relatively small area (e.g., on a unit scale). On the other hand

the presence ofheterogeneity can potentially induce significant unit-to-unit interaction

and evaluation of this interaction requires modeling simultaneously multiple delivery

units or the entire biocurtain on a fine grid. Additionally, potential impact from seasonal

irrigation further complicates the site characterization since it may require expanding

substantially the modeling domain from the site-scale to on the order 10,000 meter. In

this paper, we apply the hierarchical patch dynamic paradigm (HPDP) to model

efficiently the complex interplay of the flow dynamics across multiple scales in the

vicinity of the Schoolcrafi site. The resulting integrated hierarchical modeling system is

used to characterize, evaluate, and optimize the performance ofthe biocurtain and the

three dimensional delivery system with and without the presence of large-scale

heterogeneity and seasonal inigation.
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INTRODUCTION

Over the last decade, bioremediation has become increasingly common and accepted in

applied groundwater remediation efforts (Azadpour-Keeley et al. 2001). In situ

remediation is one of the alternative strategies that have been in a great deal of interest in

groundwater remediation technologies. The in situ remediation process carries on by

injecting and delivering nutrients and microbes to contaminated zone and degrade the

contaminants to harmless end products (Phanikumar et al. 2005).

Our research case study in this paper is, a volatile organic compound (VCC)

contaminated Plume G site at Schoolcraft Michigan (Figure 1). In situ remediation

strategy for clean up the plume G was chosen by series of extraction injection well

gallery installed across the width ofthe plume and normal to groundwater flow. The

objective of remediation design is to deliver nutrients and microbes to a treatment zone,

which is called as “biocurtain”, and maintain a uniform microbial concentration across

the vertical and horizontal extent ofbiocurtain during the treatment period.

Numerical models have been used to design subsurface delivery strategies (Lang et al.,

1997; Hyndman et al., 2000; Scheibe et al., 2001 , Phanikumar et al., 2005). Due to

limited access to field data and characterization of contaminated sites, we apply the

numerical models to maximize the use of valuable data and provide design guidance and

predict the delivery efficiency. Utilizing numerical models will allow us to perform

sensitivity analysis on variable physical parameters and evaluate design efficiency for a
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long run, under different circumstances. Due to high grid resolution that is required to

accurately model the flow and transport phenomena at delivery zone, numerical models

are dimensionally limited to small modeling area. Such models can be very useful for

modeling labrotary scale or small field scale. Ifthe regional flow is uniform we can take

advantage of symmetry and only model one unit of extraction injection system, which has

smaller dimensions and will allow us to use smaller grid size for modeling. Creating a

high-resolution model for a small area is affordable. Then we can apply the single unit

design to the full biocurtain scale. This is a traditional single scale modeling approach.

However, in reality delivery can be a significant problem because the transport of

contaminant and agents needed for remediation are profoundly affected by heterogeneous

properties of aquifer sediments (Hyndman et al. 2000). Due to heterogeneity ofmedia

and complexity of flow dynamic of each system, full-scale biocurtain flow dynamic

could be nonuniform. In this case a single unit design will not be adequate and we need to

expand the scale ofproblem to entire width ofthe plume or full biocurtain scale. We need

to model full scale biocurtain [300 m] and the influence area ofbiocurtain to predict

interaction between individual sets ofpumping and injection systems [unit set includes

one pumping well and two injection well].

Additional complicating factor is possible seasonal irrigation events that could cause a

temporal and spatial nonuniform flow dynamic and generate a unit set to set flow and

transport variation. Impact of irrigation complicates the issues and adds an additional

level of complexity with a different scale ofnonuniformity across the full biocurtain
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scale. To address the impact of irrigation on fiill biocurtain scale we need to expand the

problem boundaries to a larger scale [10000m] and model beyond the biocurtain scale.

Scale Dependent Problem

In general this problem is a complex interplay between multiple scales of flow and

transport dynamic systems. Multiple scales in this problem includes 1) Unit scale that

includes a single pump and two delivery well system which covers a small area (Order of

10m) with high small scale variation. 2) Biocurtain scale which includes the entire pump

and injection well gallery and it extents to the full width ofplume (Order of 300m) 3)

Local scale which includes the area beyond full biocurtain scale and captures the

influence area of biocurtain scale (Order of 1000m) 4) Regional scale which includes

possible irrigation pumping region that could impact the biocurtain flow dynamic (order

of 10000m). Each ofthese problem scales is very complex and difficult to solve, they

also interact with each other at different scales. It requires a detail flow and transport

model to capture the multiple scales of variability and complex flow dynamic. A higher

level of difficulty is to model the interaction between these scales and ability to address

the interrelated issues between multiple scales simultaneously. Therefore we have to deal

with different levels of difficulties in this problem. Another fact is that in most of the

cases treatment zones are designed to remediate for span of large time (0 decades).

Therefore our design stability and delivery for a long period oftime is highly crucial for

treatment efficiency; specially if some large scale or seasonal flow dynamics occur

during the treatment period. Having the capability to model multi-scale flow and
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transport variability is essential to investigate the delivery process across spatial and

temporal scales.

Research Questions and Challenges

A major question arises that how can we simultaneously predict the impact of large flow

dynamic variation on small scale flow and transport phenomena? How can we address

the delivery process in small scale and mean while model the large scale flow dynamics?

Is it possible to decouple the flow and transport phenomena at different scales and be able

to address them at individual scales, and still keep them connected across the scales? Is it

possible to fill the gap between large scale and small scale flow and transport dynamic

and provide a ladder to transit the information across multiple spatial and temporal

scales?

These research questions are very challenging using the traditional approach (Li et al. in

press). Traditional approach includes 1) Local grid refinement, which employs a set of

non uniform girds to solve a multi-scale large problem. Large number ofnon uniform

grids are needed to model a large multi-scale problem, which cause an ill-posed matrix

systems that leads to convergence and solution failure. 2) Telescopic Mesh Refinement

method (TMR) (Ward ed al. 1987; Mehl and Hill 2002) which breaks down a large multi-

scale problem to individual single scale smaller problems. Advantage ofTMR is that it

makes modeling a large multi-scale problem possible by solving multi-single scale

problems. However, disadvantages ofTMR are that it only applies to few numbers of

levels. In addition TMR requires post processing the data for flow and transport model,

69



and works offline for multi-scale problems. In general TMR could only apply to limited

numbers of local models and data post processing and visualizing the data in a real time

is very time consuming.

For problems that consist ofhuge scale disparity it is impossible to apply the traditional

approach to solve the problem. Modeling complex interaction between flow and transport

phenomena at different scales is still one of the advanced challenges in numerical

modeling research.

In this research paper we present an innovative hierarchical patch dynamic paradigm

(HPDP) (Li et al. in press) modeling tool to address the impact of multi-scale flow and

transport variation on the delivery process. The combination of delivery design process

for this specific research site and applying the innovative HPDP tool to address the

impact of multi-scale variability across spatial and temporal scales on delivery process

makes this research work very interesting and unique. Remarkably in this research

project we had the opportunity to utilize site characterization data and field tracer data

from previous research at Schoolcraft, MI site (Hyndman et al. 2000; Dybas et al. 2002;

2003; Graulau 2003).

Our modeling strategy in this paper is organized in three different categories. Basically

due to insufficient regional detailed information and high uncertainty about large scale

data, we begin our modeling practice with simplified assumptions. Then gradually we

build on top ofthe base case model and investigate different levels of complexity in the
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model. In the ultimate regional multi-scale model we assess the most complex and

nonuniform flow situation which involves in multiples scales of variability across

different models. We test several hypotheses in the multi-regional scale model.

In the first base case model, we applied uniform flow and took advantage of symmetry to

model the local scale flow and transport dynamic. In the first numerical model, a tracer

scale model [0 10m] created to calibrate against the tracer data. The objective of this

model was to better characterize the hydrogeological aspect of contaminated site and

obtain calibrated parameters to employ for larger scale model so called biocurtain scale.

In the biocurtain scale model [0100m] we added additional level ofcomplexity by

predicting the delivery process for multiple sets of extraction and injection wells. Purpose

of this model is to predict the delivery at full scale spacing design, and investigate the

impact ofmultiple sets of extraction injection wells on each other. Additional level of

complexity in this model, canied on by imposing small scale heterogeneity. Number of

realizations for different heterogeneous scenarios simulated in the biocurtain scale model

to better understand the complex hydraulic system between extraction and injection wells

during the recirculation event, and also provide guidelines for design purposes.

Finally the ultimate regional multi-scale model was created to assess impact of large

scale flow dynamic on local scale delivery process. In this model we applied HPDP

capability and exceeded the traditional single scale modeling approach for design

purposes. Traditional single scale modeling approach evaluates the simplified local scale
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model and uses a factor of safety to design the recirculation system and model the

delivery process. However it fails to provide a big picture from regional scale dynamic

and to connect its impact on local scale delivery process and also to test design stability.

The purpose of regional multi—scale model was to address more complex and nonuniform

large scale regional flow dynamic and interactively predict the impact of large scale flow

dynamic on biocurtain scale delivery process.

Scope of Work

Specific research modeling objectives and efforts in this paper are:

0 Create a three dimensional flow and transport model and calibrate the model against

field tracer data fi'om previous research study [tracer test scale].

0 Expand the modeling domain to full biocurtain scale and investigate efficiency of

delivery at heterogeneous media for a larger scale [biocurtain scale].

0 Utilize an innovative HPDP modeling tool to predict the impact of multi-scale

variability across different spatial and temporal scales on delivery process and design

stability [regional multi-scale].
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OVERVIEW OF THE SCHOOLCRAFT FIELD SITE

The Village of Schoolcrafi is a small rural community located approximately 16 km

south ofKalamazoo, MI, USA (Figure 1). The unconfined glaciofluvial aquifer

underneath the village has been contaminated with organic and metal compounds as

result ofprevious industrial and commercial activities in the village. Schoolcraft Plume G

is 1.6 km long and 360 m wide and it extends from about 9 to 27 m below ground surface

(bgs). The water table at this site is roughly 5 m bgs and the base of the aquifer is defined

by the top of a thick clay unit at 27.3 m bgs. For more information regarding regional and

local hydrogeologic conditions refer to Lipinski 2002; Hyndman et al. 2000; Dybas et al.

1998; Mayotte et al. 1996.

Site Characterization and Pilot Scale Tracer Test

Site characterization

Previous research presents a fairly smooth and uniform head distribution with gradient of

0.0011 on Schoolcrafi site (Figure 2) (Graulau 2003). Figure 3 shows the main features

found during the visual classification of hydraulic conductivity analysis (Graulau 2003).

There are two distinct layers with in the 27m (82 ft) vertical extent of aquifer. A top layer

which consists of (19m) 62ft is mostly fine sand changing to medium sand as one moves

deeper into the formation (Graulau 2003). Deeper layer with average thickness of (6m)

20 ft consists of mixture of coarse and medium sands with gravel and cobbles at specific

depth (Figure 3, and 4) (Graulau2003).
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Figure 2.Groundwater contour map in the VOC contaminated region[source Graulau

2003]
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Figure 4. Measured hydraulic conductivity for specific depth [source Graulau 2003].

There are partially some high conductivity layers with in the (6m) 20ft thickness layer but

due to uncertainty in extent of this layers we decided to use the entire 20 ft thickness

layer as one conceptual layer. Later in sensitivity analysis section we will investigate

impact ofheterogeneity on delivery process. The variogram analysis from previous

research studies shows a horizontal correlation scales of 18m and vertical correlation
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scale of 4.4 m with variance of 0. l 3 (Graulau 2003). Average total porosity from

laboratory repacked samples was 0.331 with a standard deviation around the mean of

0.050. Maximum and minimum values were 0.504 and 0.208, respectively (Graulau

2003)

Field tracer test

Field tracer test was conducted to estimate flow and transport parameters that influence

distribution of solutes within this aquifer section. The main objective of these

experiments was to study the impacts that the stratigraphy exert upon contaminant

migration and distribution in this region. An “injection-extraction” strategy was used to

deliver tracer solution to the saturated zone ofthe aquifer. To achieve uniform tracer

delivery in the geologic formation, a 4hour injection time was chosen since preliminary

numerical models predicted an approximate 80% tracer breakthrough in the extraction

well at the end of the pumping period. The screened interval for the extraction and

injection wells in the network is between 18.3 to 25.0m bgs [62-82ft]. Details of the field

tracer experiments are provided in Table 1 (Graulau 2003). Tracer breakthrough at

delivery wells reached a maximum relative concentration (C/Co) of 1.8 at 4hr of

pumping. Relative concentration in delivery wells are greater than 1 as soon as tracer

breaks through in the flux control well. When this condition occurs, the injected

concentration will increase by the relative concentration coming from the flux control

well (Figure 5) (Graulau 2003).
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FluoresceinTracer

injected concentration (t=0) 100ppm

injection into DWI-DW2

pumping rate 1.3 x 10’ m3/s (each well)

4 hrs
pumping time

 

Tracer injected into DW's

by adding the solute to

the pumped waterfi'om

FCW’s,

Tracer test procedure

.see Figure 5 for well notation

Table 1. Details of tracer experiments (source Graulau 2003).
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CONCEPTUAL AND NUMERICAL MODELS

Real world aquifer is heterogeneous with nonuniform flow dynamic, however due to lack

of information from nonuniformity of regional flow and formation heterogeneity, we

approach the problem with simplified assumptions. From previous research we know that

the regional flow is fairly uniform (Figure 2), therefore we begin the modeling practice

with assumption of uniform regional flow and a homogenous formation to build the

tracer model.

The first numerical model created to model the tracer field event and calibrated against

the tracer data. Second numerical model predicts more complex situation comparing to

tracer scale model. This model created for biocurtain scale and includes four sets of

extraction injection well system with spacing of 10 meters. Third numerical model

utilized the HPDP tool and modeled the regional multi-scale for possible high capacity

regional pumping events. This model assessed additional complexity due to

nonuniformity of flow and heterogeneity across different spatial and temporal scale. In

the following sections we discuss these numerical models and their prediction on delivery

process across multiple spatial and temporal scales.
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Tracer Scale Numerical Model

The objective of two meter tracer scale model is to calibrate the model against data and

enhance our knowledge about physical properties of aquifer and understand the transport

phenomena in the delivery process. The tracer model set up includes one pumping well

and two injections well with distance of 2 m (Figure 6). We applied Interactive

Goundwater Model (IGW) (Li et al. 2003; 2006) to create a three dimensional finite

difference flow and transport model. In general the model has two conceptual layers,

although the earlier studies reveal some high conductivity sub layers with in the 20ft

thickness of deep layer but we were not confident with continuity and extent of this

layers. On the other hand the injection and extraction wells were screened across the 20ft,

and the tracer data during the delivery was an averaged measurement through entire

extent of aquifer [20ft] . Therefore we decided to model the entire 20 it as one conceptual

layer. In addition the calibrated physical parameters from the tracer model will be utilized

in the biocurtain scale model (010m well spacing). It is more conservative to use an

average physical parameter rather than providing detailed calibrated parameter for a

small model (0 2m well spacing). In order to provide a conservative design and avoid

any under or over prediction on delivery process we use an average value and model two

conceptual layers.

Due to higher conducive material in the deeper layer (20ft), major part of the delivery

occurs in this layer. However, very small portion ofdelivery occurs in the top 6011

thickness layer, which is less permeable comparing to deeper layer. Physical vertical

mixing between two layers could change the final concentration result in the delivery
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process. To better resolve the mixing process in the vertical direction we added multiple

computational layers at the interface oftwo conceptual layers. Modeling domain selected

such that pumping and injection influence doesn’t disturb the boundary condition.

Boundary condition of the model was set up as constant head boundaries in two sides,

perpendicular to groundwater flow and two no flow boundaries placed parallel to

groundwater flow.
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Figure 6. Conceptual model set up for tracer scale model
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Selection ofnumerical parameters for delivery modeling requires a good understanding

ofphysics of the problem. Delivery process is a transient process therefore modeling

result is extremely sensitive to grid resolution and time step selection. These two

parameters should be selected such that to reflect the physics involved in the tracer

delivery and mixing process. As we mentioned earlier in order to accurately capture the

flow dynamic we need a grid resolution in order of cm. Because the well diameter

installed in the test was 15 cm (6 inches) we set the model grid resolution at 15 cm in

horizontal direction to create a model which numerically be a close representative of

physics of the problem. In the tracer test, injection process happens almost instantly

therefore we need to use a very small time step to model the delivery process. Transport

modeling is very sensitive to numerical parameter selection. We select time step such that

to minimize the numerical dispersion introduced into the modeling result. We examined

that by utilizing a time step of 1.2 min, transport solution converges. For flow model we

compared the results between transient flow and steady state, a good agreement between

steady and transient flow model results was obtained. Therefore we modeled the flow at

steady state condition. Numerical and physical parameter set up for this model is

presented in Table 2.
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Regional gradient 0.001

Aquifer-type Unconfined

Aquifer-top layer thickness 62 ft (18.9m)

Aquifer-bot layer —thickness 20 fl (6.1m)

Hydraulic conductivity top layer 0.027 cm/sec

Hydraulic conductivity bottom layer 0.17 cm/sec

Effective porosity top layer 0.3

Effective porosity bottom layer 0.175

Physical digaersion in longitudinal direction 0.05 m

Physical dispersion in transverse direction 0.005m

Domain-size 15m by 15m

Grid resolution in horizontal direction 0.15 m

Time step, total simulation time 1.2 min, 240 min   
 

Table 2. Input physical and numerical parameters for tracer scale model.

Calibration Process and Discussion

After creating the numerical model now the task is to calibrate the model against tracer

data. Calibration process is always challenging; it requires a good understanding of

conceptual physics and numeric associated with the problem. In the breakthrough

calibration process one can always argue that there is a unique set of physical parameters

to fit the data. In the calibration process we alter hydraulic conductivity, effective

porosity and physical dispersion to produce the breakthrough curve at extraction and

injection well. Our major target was to calibrate against the data from extraction well,

because the data from extraction well were obtained from underground but data from

injection well were measured before injecting to ground, and also numerical model

predicts the results from underground.
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During the calibration process we observed that effective porosity and hydraulic

conductivity control the pick magnitude and can shift the entire curve up or down.

Specially breakthrough curve was very sensitive to effective porosity, because effective

porosity can vary the pore velocity and in this problem pore velocity during the pump and

inject even dictates the delivery performance. We also had to take into account the impact

ofphysical dispersion. Although during pumping event advection portion of transport has

major role in the delivery but due to averaging the hydraulic conductivity over the entire

conceptual layer we had to add the physical dispersion to compensate the hydraulic

conductivity averaging. Altering the physical dispersion can impact the early arrival in

the breakthrough curve, it also smooth out the curve and yields to a less pick

concentration at the end of the curve. Given our general physical understanding of the

problem, after testing multiple scenarios and adjusting the physical parameters to fit the

breakthrough curve at the extraction well we came up with the physical parameters which

is illustrated in Table 2. Figure 7 presents the breakthrough comparison between model

and data, which illustrates a relatively good match between model results and data.
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Figure 7. Comparison ofmodel results and data for breakthrough curve at extraction and

injection wells.
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BIOCURTAIN SCALE MODEL

Due to complex interplay of different scales of variability, modeling the delivery process

could be very challenging. In scaling up the model, we investigate the problem for a

larger pumping rate and longer recirculation period and wider spatial spacing between the

wells. Therefore we need to know the breakthrough value after certain recirculation

period to come up with the design parameters.

In the design process ofbiocurtain scale in order to minimize the treatment cost we need

to expand the distance between extraction and injection wells as far as possible with in

the range ofpumping rate of 100gpm and recirculation period of 24-48 hours. In the

meantime we have to maintain a uniform delivery concentration for the entire extent of

biocurtain in vertical and horizontal direction. The tentative desire concentration delivery

is 50 percent relative concentration achievement in 24 hours of recirculation period. Dr.

Dybas in his report to department of environmental quality (DEQ) (Dybas. et al, 2003)

proposed using a triangle layout with two injection wells and one extraction well. Figure

8 illustrates the spacing and the geometry between the wells. We will evaluate

performance of suggested design with given spatial distance between extraction and

injection wells with 100gpm pumping and 50 gpm injection.

The ultimate objective of delivery is to create a uniform microbial concentration

treatment area across the width ofplume (Figure 9) (for more information regarding

treatment area see Kim et al. in review). Plume G is the largest plume in the series of
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plumes in Schoolcraft, MI. It is spread 1200fi (366m) perpendicular to groundwater flow.

In order to treat about 300 m width of the plume and employing proposed spatial distance

in extraction injection wells set up (Figure 8), we potentially need to install l7sets of 10

m pumping and injection wells to cover core portion ofwidth of the plume G.

The major purpose of this model is to investigate the impact of different sets of extraction

injection wells on each other. An interesting issue in the biocurtain scale model is the

interaction between different units of extraction injection systems. The “squeeze effect”

between different units may change the flow dynamic along the biocurtain and also it

may impact the biocurtain scale delivery process. To better understand the squeeze effect

we need to model multiple units of extraction injection wells. In the biocurtain scale

model we take advantage of flow uniformity and only model 4 sets of extraction injection

wells. We chose 4 sets because two sets at the edges will represent the edge condition of

the biocurtain and the other two sets in the middle will represent the condition in the

center of the biocurtain.
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Figure 9. A typical control volume [black box-solid line] for comparison purposes. Light

blue zone is treatment area.
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A conceptual sketch of 4 sets is represented in Figure 10. We applied the same physical

parameters from tracer scale model in the biocurtain scale model; the numerical model

set up parameters is shown in Table 3. The head contour map and delivery concentration

plots are illustrated in Figure 11, 12.

 

 

 

 

 

 

 

 

 

 

 

 

  

Regionaljradient 0.001

Aquifer-type Unconfined

Aquifer-top layer thickness 62 ft (18.9m)

Aquifer-bot layer ~tlrickness 20 ft (6.1m)

Hydraulic conductivity top one 0.027 cm/sec

Hydraulic conductivity bottom layer 0.17 cm/sec

Effective porosity top layer 0.3

Effective porosity bottom layer 0.175

Physical dispersion in longitudinal direction 0.05 m

Physical dispersion in transverse direction 0.005m

Domain-size 120m by 120m

Grid resolution in horizontal direction 0.75 In

Time step, total simulation time 0.2, 24 hour   
Table 3. Input physical and numerical parameters for biocurtain scale model.

To address the “squeeze effect” issue we compared the breakthrough results from the

middle extraction well in the biocurtain scale with a single (one set ) 10 In case. The

breakthrough curve for a 24 hour extraction and injection is shown in Figure 13.

Comparison reveals a significant difference in breakthrough magnitude. The relative

concentration for the breakthrough curve at the extraction well in the single 10 meter

model set reaches to % 30 (c/co), however for the same physical parameters the 4 sets of

10 meter model reaches to %58 relative breakthrough concentration at the extraction

well.
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Figure 11. Steady state head contour map for 4 sets of 10 meter extraction injection well

at biocurtain scale model.
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one day pumping.
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of 10 meter well spacing model. Notice the difference between breakthrough results due

to squeeze effect which occurs in the 4 set of 10 meter model results.
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One alternative way to explain the results is that squeeze effect or interplay complex flow

dynamic between different sets of 10 meters create higher gradient. And higher gradient

dictates the tracer transport. For the single case of 10 m, local gradient imposed by pump

and inject is less than 4 set case, therefore it takes longer to pickup the concentration and

it reaches to a smaller pick value. Therefore for homogenous design purposes we can use

this breakthrough range for the design.

Sensitivity Analysis and Discussions

Heterogeneity could enhance complexity ofthe interaction between different units.

Impact ofheterogeneity on delivery process has been illustrated by various researchers

(Freyberg 1986; Hess et al. 1992; LeBlanc et al. 1991; Garabedian et al. 1991 ; Adams

and Gelhar 1992; Boggs et al. 1992; Rehfeldt et a1. 1992; Hyndman et al. 2000). To

better understand and investigate the impact of heterogeneity on delivery process we

simulated tracer model for heterogeneous media. From previous research we used the

correlation scale of20m in horizontal direction (Hyndman et al. 2000; Graulau 2003).

Comparison results for different breakthrough curves for multiple variances and

realizations provides a flavor of the range of uncertainty in the breakthrough curve

(Figures 14 through18). The range is between %40 to %60 relative concentration at the

extraction well. Results also show that the bigger the variance the larger the range of

breakthrough value. Different breakthrough curves for heterogeneous case shows that the

homogenous (constant k) breakthrough curve is always close to ensemble mean curve.
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This may suggest that for design purpose the homogenous breakthrough curve potentially

could be adequate for design purposes. We may investigate more stochastic analysis in

feature research.

In addition we investigated the impact of effective porosity on transport phenomena. We

altered the effective porosity positively correlated with the natural logarithmic of

hydraulic conductivity (In k). In general when effective porosity varies positively

correlated with In k we expect a drop in breakthrough concentration. However, after

comparing the results to the case where In k was the only variable, results didn’t agree

with our expectation. A higher breakthrough range, for variable effective porosity which

was positively correlated with In k was obtained.
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Figure 14. Comparison breakthrough curves at the extraction well [point E2 Figure 19]

for different hydraulic conductivity variances and multiple realizations with homogenous

[constant k] case. Notice that homogenous case result agrees with ensemble mean for all

the realization. Next 4 figures presents each breakthrough curve separately.
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Figure 15. Comparison breakthrough curves at the extraction well for different

realizations of hydraulic conductivity with variance of 0.15 with homogenous [constant

k] case. Relative concentration value varies from %49 to %60.
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Figure 17. Comparison breakthrough curves at the extraction well for different

realizations ofhydraulic conductivity with variance of 0.5 with homogenous [constant k]

case. Relative concentration value ranges from %46 to %70. Notice that the breakthrough

range for variance of 0.5 is bigger than the range with variance of 0.15.
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Figure 18. Comparison breakthrough curves at the extraction well for different
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case. Relative concentration value ranges from %41 to %61. Notice that the breakthrough
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The breakthrough curve at the extraction well predicts the delivered concentration at a

specific point. Our objective in the biocurtain design is to provide a desire relative

concentration along the biocurtain horizontal and vertical extend. To better investigate

the delivered concentration during the recirculation process we investigated the

breakthrough results at a possible weakest points in terms of concentration coverage. This

point is located between two edges of each unit system (point W Figure 19).

As we expect the breakthrough results for homogenous case at point W shows a smaller

concentration value (Figure 20 through 24). The interesting part is that the homogenous

breakthrough value shows the lowest breakthrough value comparing to most ofthe

realization’s predictions. This is different from the homogenous breakthrough curve at

extraction well where the homogenous k case was in a good agreement with ensemble

mean value. Additional interesting point is that in point W due to high level of

uncertainty we obtain a higher range in breakthrough magnitude.

We need to highlight that for the given correlation scale and physical parameters

selection, homogenous case for design purposes, is a conservative design approach and

leads to potential worst case scenario performance.
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Figure 20. Comparison breakthrough curves at point W [Figure 19] for different

hydraulic conductivity variances and multiple realizations with homogenous [constant k]

case. Notice that the results for homogenous case doesn’t agree with ensemble mean of

all the realizations. Due to high uncertainty at point W [typical weakest point] the

breakthrough range is significantly bigger than the range at extraction well [point E2

Figure 19].
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Figure 21. Comparison breakthrough curves at point W [Figure 19] for hydraulic

conductivity with variances ofO. 15 with homogenous [constant k] case. Homogenous

case predicts the lowest breakthrough value %9, however the range for other realizations

varies from %13 to %69.
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Figure 22. Comparison breakthrough curves at point W [Figure 19] for different

realizations of variable effective porosity positively correlated with hydraulic

conductivity variance of 0.15 with homogenous [constant k] case. Homogenous case

predicts the breakthrough value %9, however the range for other realizations varies from

%6 to %79. Notice that one of the realizations drops below the homogenous case’s result.
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Figure 23. Comparison breakthrough curves at point W [Figure 19] for hydraulic

conductivity with variances of 0.5 with homogenous [constant k] case. Homogenous case

predicts the lowest breakthrough value %9, however the range for other realizations

varies from %9 to %88.
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Figure 24. Comparison breakthrough curves at point W [Figure 19] for hydraulic

conductivity with variances of 1 with homogenous [constant k] case. Homogenous case

predicts the lowest breakthrough value %9, however the range for other realizations

varies from %9 to %100. Notice that by increasing the variance the range of

breakthrough results increases.
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Basically in this problem variability in hydraulic conductivity and effective porosity will

be in favor of design, because it will help the particles to randomly migrate around the

boarders ofweak point and that will lead to a higher concentration breakthrough curve at

weak area (point W). This may not be true for all the cases but for most ofthe cases could

be applicable.

To better investigate discontinuity of the biocurtain along width of the plume and

highlight the inadequate concentration coverage area we compared the concentration

results at the end of day one delivery, along the biocurtain (profile cut D-D in figure 19).

Different realization comparison shows that for most of the predictions homogenous case

predicts the lowest concentration (Figures 25 through 28). If tentative desire standard

concentration coverage along the biocurtain is %40-50 of relative concentration, a gap of

1 meter long with relative concentration of%10-35 occurs at the edges of unit sets (weak

area Figures 25 through 28). Profile cut D-D shows that, due to high uncertainty at weak

coverage area, variability concentration values for the weak area is much higher than the

concentration range at the pick area.
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Figure 25. Profile D-D presents the concentration distribution along the biocurtain for

multiple realization of variable effective porosity positively correlated with variable

hydraulic conductivity with variance of O. 1 5 and also the homogenous case [constant k]

[4 sets of 10 meter extraction injection well model]. Notice that pick concentration values

drops slightly comparing to the case of only k variable with variance of 0.15.
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Figure 26. Profile D-D presents the concentration distribution along the biocurtain for

multiple realization of variable hydraulic conductivity with variance of 0.15 and also the

homogenous case [constant k]. Notice that minimum concentration value obtains at the

middle of two extraction injection set. Range of uncertainty in the results drops when we

move toward the injection well.
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Figure 27. Profile D-D presents the concentration distribution along the biocurtain for

multiple realization of variable hydraulic conductivity with variance of 0.5 and also the

homogenous case [constant k] [4 sets of 10 meter extraction injection well model]. Notice

that range ofpredicted concentration value increases by increasing the variance from 0.15

to 0.5.
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Figure 28. Profile D-D presents the concentration distribution along the biocurtain for

multiple realization of variable hydraulic conductivity with variance of 0.5 and also the

homogenous case [constant k] [4 sets of 10 meter extraction injection well model]. Notice

that range ofpredicted values increases by increasing the variance.
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Additional point is that for the case of variable effective porosity, we obtain about %10

less relative concentration comparing to the same variance and realization case where

only hydraulic conductivity was variable. The prediction agrees with our general

understanding from impact of variable effective porosity with hydraulic conductivity on

delivery performance.

By comparing other profile cuts (Figures 29 through 36), we can conclude that

uncertainty by velocity variability dictates the performance of the design and delivery

process. At the extraction point there is less uncertainty variability in velocity and that

explains why we obtain acceptable concentration coverage from all the cases. However,

for design purposes the concentration at the weak spot may drop below the minimum

standard design concentration coverage. Results reveal that deterministic homogenous

case could be utilized for a conservative design approach.

To firrther investigate effectiveness of delivery, we compared the average delivery

concentration at the end ofone day for a typical control volume (see Figure 9). Typical

control volume is the zone which covers both highest and weakest area of coverage at

delivery area. We ran 5 different realization for three different variances. The average

concentration with minimum and maximum concentration obtained in the typical control

volume are illustrated in Table 4. Tentative desire delivery objective is to reach an

average relative concentration of40-50% at the end of 24hours at a typical control

volume; however the average relative concentration for constant k case and average of all

realizations are %116 and %121. Since effective porosity is also one of the major key
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parameters in the delivery process; we investigate impact of variability in effective

porosity. Results show that by varying the effective porosity which is correlated with In k

[variance of O. l 5], we can cover an average of% 119.5 relative concentration.
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Figure 29. Profile cut C-C presents the concentration distribution for different

realizations of heterogeneous case with variance of 0.15 and also homogenous case. This

cross passes the possible weakest zone of concentration coverage. Notice that results for

homogenous case predicts the lowest. The range ofpredicted realizations at pick vary

from %20 to %105.
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Figure 30. Profile cut C-C presents the concentration distribution for different

realizations ofheterogeneous case with variance of 0.5 and also homogenous case. This

cross passes the possible weakest zone ofconcentration coverage. Notice that due to high

uncertainty the range ofpredicted values are very large. The range ofpredicted

realizations at pick varies from %20 to %122.
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Figure 31. Profile cut C-C presents the concentration distribution for different

realizations ofheterogeneous case with variance of 1 and also homogenous case. This

cross passes the possible weakest zone of concentration coverage. Notice that

homogenous case predicts the lowest concentration across the profile and range Ofresults

for other realizations vary from %20 to %128.
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Figure 32. Profile cut C-C presents the concentration distribution for different

realizations ofheterogeneous porosity and conductivity with variance of O. 15 and also

homogenous case. This cross passes the possible weakest zone of concentration coverage.

Notice that one of the realization predicts value lower than homogenous case and the

range ofprediction varied from %9 to %118.
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Figure 33. Profile cut B-B presents the concentration distribution for different

realizations of heterogeneous case with variance of O. l 5 and also homogenous case. This

cross passes a possible strong zone of concentration coverage [injection zone]. Notice

that there is a good agreement with homogenous case prediction and other realizations.
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Figure 34. Profile cut B-B presents the concentration distribution for different

realizations ofheterogeneous porosity positively correlated with hydraulic conductivity

with variance of 0.15 and also homogenous case. This cross passes a possible strong zone

of concentration coverage [injection zone].
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that by increasing the variance the range ofprediction at the pick area increases.
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We further investigate the delivery in treatment zone after recirculation. Figure 37

presents the concentration contour for three different time periods, one day during

recirculation, and 10, 14 days after shutting down the wells and modeling transport under

natural gradient [no reaction]. Comparison results show that center of the concentration

moves with speed of 0.8m/day. It also shows that biocurtain readjusts itself after shutting

down the recirculation system. Transport under natural gradient will help the delivered

concentration to spread more towards the weak points and that will create a more uniform

biocurtain in the treatment zone. Results show that after 10, and 14 days we have an

average concentration of% 104 and %108 at the typical boundary volume in the

 

 

 

 

 

 

 

 

 

 

 

 

treatment zone (Figure 9).

Conductivity n correlated with

Variance 0.15 0.15 variance 0.5 1

Average Average Average Average

min, max min, max min, max min, max

Realization #1 127 128 126 127

46,165 58,161 55,163 46,165
-

Realization #2 121 133 122 120

48,155 63,162 61,155 52,154

Realization #3 1 12 91 1 12 109

84,156 2.5,143 13.4, 162 7,165.20

Realization #4 127 126 130 135

58,162 63,161 46,167 74,170

Realization #5 118 123 1 18 1 16

38,152 41,157 37,149 36,147     
 

 
Table 4. Spatially averaged relative concentration with minimum, and maximum value

obtained in the typical control volume in biocurtain scale model for 5 different

realizations with 3 different hydraulic conductivity variances for bottom layer. Second

column represents the case which effective porosity for bottom layer was varied spatially

correlated to natural logarithmic of hydraulic conductivity.
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Figure 37. Concentration layout and profile cut for a) 24 hour period during the

recirculation system, b) 10, and c) 14 days after shutting down the wells.
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We will utilize the information obtained in sensitivity analysis to provide guidance for

next phase of field full scale tracer test. In addition we can also provide detail information

to set the location for piezometers to measure and identify the weak coverage points from

extraction and injection well.

REGIONAL MULTI-SCALE MODEL

So far most of our modeling effort is obtained in a relatively local scale and closed flow

system with simplified assumptions. Basically we have applied regional gradient and

included local sources and sinks posed by recirculation system. We have ignored any

possible large scale flow nonuniformity (i.e: irrigation event) and its impact on delivery

in biocurtain scale. Specially delivery design system will be operated for a long term (i.e

25 years), therefore we need to have the capability to address a large scale flow dynamic

and its impact on biocurtain scale delivery and evaluate efficiency of the design during

and after recirculation event. One may raise a question that how can we model large scale

dynamic and mean while address the local scale flow and transport phenomena? In the

introduction of this paper we mentioned to the challenges associated with multi-scale

modeling and the status ofpractice in multi-spatial and temporal scale modeling. In the

next section we will introduce the HPDP (Li et al. in press) tool which is incorporated in

IGW (Li et al. 2003; 2006). Then we will apply the HPDP to create a regional multi-scale

model [OlOOOOm] which is extended beyond the biocurtain scale. We use regional multi-

scale model to assess the impact of large scale flow dynamic on biocurtain scale delivery

during and after recirculation.
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HIERARCHICAL PATCH DYNAMIC PARADIGM (HPDP)

In this project, we apply a hierarchical patch dynamic paradigm (HPDP) (Li et al. in

press) to evaluate the biocurtain recirculation system and model the complex interplay of

different dynamics in multiple scales. HPDP represents a powerful generalization of

TMR, which could arbitrary apply to number of levels and recursively solve multiple

local models or submodels. HPDP breaks down a large multi-scale problem to number of

small problems and simultaneously model flow and transport dynamics at different

scales. HPDP fi'ees us from any post data processing and allows us to refine the gird to

the extent ofrequired resolution and enables to visualize the coarse model and local

models results in multiple scales in a real time. HPDP allows us to explore large number

of scenarios, which is important for design purposes. Utilizing HPDP we can perform a

sensitivity analysis for different design parameters at different scales and address the

effectiveness ofbioremediation and clean up process at different scales. HPDP satisfies

required highlighted points for modeling the interplay ofmulti-scale problems for this

specific site. However difficult portion ofthe work is how to implement the HPDP in a

modeling fi'amework and apply it to a large multi-scale problem?

HPDP is adopted in a new software system so called Interactive Ground Water (IGW) an

innovative approach to groundwater modeling and model-based design at the plume site.

Parallel computing paradigm which is implemented in IGW software system make the

HPDP approach possible. The new modeling approach makes it possible to quickly
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explore a large number of alternative complex modeling scenarios, enabling rapid

groundwater modeling, immediate display of results to allow visualization, a process that

greatly facilitates group discussion and analysis. This approach has tremendous

advantage in that the new paradigm has the potential to significantly reduce lead times for

model implementation and visualization during the design phase.

In addition we can utilize the high performance 3D visualization tool in IGW to better

visualize and understand 3D delivery process in the real time. This will allow us to test

multiple scenarios and provide intuitive guidelines for design purposes.

Regional Multi-scale Model Construction

To create the hierarchical regional multi-scale model, and estimate the regional modeling

domain, initially we need to identify regional major sources and sinks in vicinity of

biocurtain area. Figure 38 shows three high capacity wells at vicinity of biocurtain.

Detailed information about the wells and their distance from center of the plume is

presented in Table 5. We considered a possible scenario that all the wells are at a full

pumping rate and reached steady state. This was a reasonable assumption to predict the

long term regional influences on local delivery. Modeling area and input parameters are

tabulated in Table 6. We applied the same physical parameters fi'om biocurtain scale

model and applied the regional gradient to the model. We also created the full well

gallery across the width ofplume. Well gallery consists ofpotential 17 extraction well

and 34 injection well at the rate of 100gpm pumping and 50 gpm injection. After creating
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the regional large scale model, we need to create and add submodels to get to the vicinity

of biocurtain. We need to create multiple levels of submodel to transfer the information

from regional scale model to local biocurtain scale model. For more information about

HPDP method and model construction see Li et al. in press. Figure 39 shows the level of

submodels and their patch network. It shows that how different submodel at different

spatial scales and different grid resolution can related to each other and transit

information from large scale model to a local scale model. Input parameters for

submodels are illustrated in Table 6. By applying HPDP method we can break down a

regional scale model with grid resolution of 120m and construct smaller area model with

finer resolution. The finest scale model in this problem has resolution of 60 cm which is

comparable to a 4 set of 10 m scale model. Time step in this model is 0.2 hour.

The uniqueness of the regional multi-scale model is that it provides regional scale flow

information and mean while predicts the local flow and transport phenomena at smaller

scale. It allows us to assess the large scale impact on local scale model and also monitor

the delivery process across the biocurtain scale for different modeling scenarios. Regional

multi-scale model allows us to test the complicating factors of regional flow in local scale

delivery. I-IPDP capability provides the opportunity to assess several complex scenarios

in regional scale modeling and predicts their impact on local scale delivery.
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Figure 39. Hierarchical modeling layout for regional multi scale model which illustrates

the relationship between submodels.
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Table 5. Distance and pumping rate of existing high capacity wells in the vicinity of

biocurtain.

 

 

 

 

 

. Distance from

Well # Pumpmg rate gpm biocurtain (m)

[RI 900 1426

IRR2 900 563

Production 300 927  
 

 

 

 

 

 

 

 

 

Model name Model length in x Grid size in x andy

and y direction (m) direction (m)

M111 11910, 9765 120,122

M121 4876,4267 60, 61.5

M131 2175,1700 25.2,25.7

11,1141 495,712 6.2,8

M151 200,430 2.5,3.9

M161 50,38 06,06   

 

 
Table 6. Regional multi-scale input parameters for different submodels. Physical

parameters for this model are same as biocurtain scale model.

Results and Discussions

To investigate the impact of large scale flow dynamic on local scale delivery process, we

compared the breakthrough curve at a typical extraction well for the cases ofwith and

without irrigation event. Figure 40 shows the breakthrough curve results from the
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hierarchical regional multi-scale model. For the case ofpresence irrigation pumping, we

obtain a relatively close curve to the case ofno irrigation scenario. However the impact

of large scale dynamic raised the curve by %2-3.

We also compared the concentration distribution along the profile cut DD for the cases

ofwith and without irrigation pumping during the recirculation period. We need to

mention that for the case of regional multi-scale model we set the maximum injection

well to %100 ofrelative concentration and we didn’t add the additional concentration

from extraction well. Results are not comparable with 4 sets of 10 meter scale model,

however they are comparable with cases ofwith and without irrigation event for the

hierarchical model. Figure 41 shows similar results to the results of biocurtain scale

model, at the edges of each extraction injection system, concentration may vary to the

range of %10-40 relative concentration. However this gap is in the range ofone meter.

In general, results reveal that for this test case [homogenous] during the recirculation

system local flow dynamic is very dominant and large scale flow dynamic doesn’t have

much impact on delivery process. Although this statement is NOT an absolute

conclusion, we know that in reality the homogeneity assumption is not valid, and real

aquifer is heterogeneous. Results for different physical parameters may vary. To further

investigate the impact of regional scales dynamic on local scale delivery we may need to

test flow nonuniformity and heterogeneity scenarios to set an uncertainty bandwidth for

our generalized conclusion.
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Figure 40. Breakthrough comparison for an extraction well from regional multi scale

model during the one day recirculation for cases ofwith and without regional irrigation.

Notice that results for two cases are very close.
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We performed additional comparisons to investigate the impact of irrigation on local

gradient at vicinity of biocurtain after shutting down the extraction injection systems.

Figure 42 presents the change ofhead across the profile cut A—A (Figure 39) for multiple

pumping scenarios. The cut passes between two sets of extraction injection systems, and

shows the change ofhead for cases of a) natural gradient b) presence of irrigation and no

recirculation c) presence of irrigation and recirculation (1) presence of recirculation and

no irrigation. The results show that the natural gradient is 0.001 (m/m) and with presence

of irrigation gradient changes to 0.0016 (m/m). Therefore, local gradient increases by

%60 due to background irrigation.

The increase in local gradient due to background irrigation has a significant potential in

biocurtain transport. It may impact the design of recirculation periodic time. In overall

big picture design we need to consider the impact of large scale pumping event on local

delivery.
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SUMMARY AND CONCLUSIONS

In this research paper we investigated the impact of large scale and local scale flow

dynamic on delivery process for an in situ remediation project at Schoolcrafi, MI.

Our modeling strategy was to create a simplified base case model and investigate more

complex cases by scaling up the numerical model. We constructed three levels of

numerical model in this project to address different aspects of delivery process.

In the simplified tracer scale model we utilized hydraulic conductivity and tracer test data

from previous research to characterize the site. We applied IGW (Li et al. 2003;2006) to

calibrate a local 2 meter extraction and injection well system. We further employed the

calibrated physical parameters to a larger scale [4 sets of extraction injection ] biocurtain

scale model. We found that “squeeze effect” or interplay interaction between extraction

and injection well system can create a significant difference in the breakthrough curve at

the extraction well. We further investigated the efficiency of delivery during recirculation

for homogenous and heterogeneous cases. Results reveal that the uncertainty range due to

heterogeneity based on different points at biocurtain varies between %40-80 relative

concentrations. However results for homogenous case predicts the lowest breakthrough

value in the weakest point. Therefore, for design purposes choosing the homophonous

value is a conservative approach. In this problem impact ofheterogeneity on delivery

process is in the favor of design. In the heterogeneous case for a typical control volume

we obtained an average value of 121% relative concentration. Results satisfy the goal of
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design which was delivering more than %50 relative average concentration to the

delivery zone and maintains this concentration for 10 to 14 days to the treatment zone [no

reaction, pure forward transport].

We further investigated impact of large scale flow dynamic on biocurtain scale delivery.

We applied an innovative HPDP tool implemented in IGW to construct and model a

multi-scale regional model. HPDP capability allowed us to monitor the delivery process

for cases ofwith and without regional pumping during recirculation and after shutting

down the wells. Results reveal that during the recirculation system, given the input

physical constant parameters impact of large scale dynamic doesn’t have much impact on

biocurtain scale delivery. We need to emphasize that this is not a general conclusion. To

better evaluate the impact of large scale dynamic on local scale delivery we may need to

run additional variable scenarios to better predict the impact of large scale dynamic on

local scale delivery process. We further assessed the impact of large scale pumping on

local scale delivery after shutting down the recirculation system. Results reveal that due

to irrigation the local gradient increase about %60, which directly impacts the biocurtain

retention time which may yield to a different recirculation timing design during the

irrigation season.

HPDP methodology enhanced our research capability in assessing the impact of

nonuniformity of flow and variability of physical parameters on local scales delivery

phenomena.
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SUMMARY OF ORIGINAL CONTRIBUTIONS

Taking advantage of the innovative hierarchical patch dynamics modeling paradigm [Li

et al., in press; Li and Liu, accepted], I have made in this dissertation research a number

of original contributions. Specifically,

o I have developed a hierarchical modeling approach that enables integrated, model-

based groundwater management analysis that provides both a regional solution and

detailed local characterizations at critical hotspots;

o I have developed a hierarchical modeling approach that enables predicting the

clustered drawdown dynamics around wells and the drawdown at the radius of a well

in a complex groundwater model under general conditions; and

o I have developed a multi-scale groundwater model that can be used to evaluate the

complex 3D delivery dynamics and the hydraulic performance of the bioremediation

curtain for the plume G at the Schoolcrafi site, Michigan in the presence of large scale

spatial heterogeneity and seasonal irrigation pumping in the region.
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