
,- 3 :, -rt"-- *f"!.^5."

(^

CONF-8509121—26

DE86 005149

DEVELOPMENT AND APPLICATIONS OF TWO F I N I T E ELEMENT
GROUNDWATER FLOW AND CONTAMINANT TRANSPORT MODELS:

FEWA AND FEMA

G. T. Yen, K. V. Wong, P. M. Craig, and E. C. Davis
Environmental Sciences Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

ABSTRACT

This paper presents the construction, verification, and
application of two groundwater flow and contaminant
transport models: A Finite Element Model of Water Flow
through Aquifers (FEWA) and A Finite Element Model of
Material Transport through Aquifers (FEMA). The
construction is based on the finite element approximation
of partial differential equations of groundwater flow
(FEWA) and of solute movement (FEMA). The particular
features of FEWA and FEMA are their versatility and
flexibility for dealing with nearly all vertically
integrated two-dimensional problems. The models were
verified against both analytical solutions and widely used
U.S. Geological Survey finite difference approximations.
They were then applied for calibration and validation,
using data obtained in experiments at the Engineering Test
Facility ?J Oak Ridge National Laboratory. Results
indicated ....at the models are valid for this specific
site. To demonstrate the versatility and flexibility of
the models, they were applied to two hypothetical, but
realistic, complex problems and three field sites across
the United States. Tn these applications the models
yielded good agreement with the field data for all three
s'tes. Finally, the predictive capabilities of the models
were demonstrated using data obtained at the Hialeah
Preston site in Florida. This case illustrates the
capability of FEWA and FEMA as predictive tools and their
usefulness in the management of groundwater flow and
contaminant transport.

INTRODUCTION

Acquiring predictive capability is the ultimate applied goal in the
development of any numerical computer model. To achieve this goal, the
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model should represent as many relevant processes as possible. In other
words, the model should be properly formulated to realistically represent
the system being simulated. The model should be versatile and flexible
as well. Appropriate numerical schemes should be devised not only to
ensure stable and convergent solutions but also to minimize computer
execution time and memory requirement. The model should be able to
account for temporal and spatial variability of the natural setting ac

well as artifirial disturbances. It should be applicable to
heterogeneous and anisotropic aquifers having complex boundaries.
Numerous digital computer models that utilize finite difference and
finite element methods have been reported in the literature as being
useful in simulating groundwater flow and contaminant transport in
aquifers (1). However few existing models could meet the objectives and
requirements outlined above. This paper presents the construction,
verification, and validation of two finite element groundwater flow and
contaminant transport models, A Finite Element Model of Water Flow
through Aquifers and A Finite Elemert Model of Material Transport through
Aquifers (2,3). The models were designed to address the complex
geometry, porous medium properties, and boundary conditions inherent in
natural aquifer systems.

The major processes included in FEWA are (1) flow, (.2) gravity,
(3) infiltration and evapotranspiration, and (4) leakage; those included
in FEMA are (1) carrier fluid advection, (2) hydrodynamic dispersion and
molecular diffusion, (3) radioactive decay, (4) sorption
(5) consolidation, (6) sources and sinks, and (7) biological degradation.
These processes are combined to form two partial differential equations,
one for the groundwater flow and the other for the contaminant
transport. Finite element methods are then applied to the solution of
these two transip^t partial differential equations under appropriate
initial and boundary conditions. The most important features of FEWA and
FEMA are t h e " versatility and flexibility for dealing with nearly all
vertically integrated flow and transport problems. Three optional
sorption models are available in FEMA: a linear isotherm and Freundlich
and Langmuir nonlinear isotherms. Point as well as distributed
source/sink terms are included to represent artificial injections or
withdrawals and natural infiltration or evapotranspiration. Prescribed
hydraulic head and contaminant concentration on the Dirichlet boundary,
specified gradient on Neumann boundary, and known fluxes on the Cauchy
boundary can be time dependent or invariant. The source/sink term over
each element or node, head or concentration at each Dirichlet boundary
node, gradient at each Neumann boundary segment, and flux at each Cauchy
boundary segment can vary independently of each other. The aquifer may
consist of as many formations as desired. Either completely confined or
completely unconfined, or partially confined and partially unconfined
aquifers can be dealt with effectively. The FEWA and FEMA models also
include simulations of transient leakage to or from the aquifer of
interest through confining beds. Discretization cf a compound region
with irregular curved boundaries is made easy by including both
quadrilateral and triangular elements in the formulation. Large field
problems can be solved without an excessive requirement of central



processing unit memory or CPU time by including pointwise iterative
solution strategies as optional alternatives to the direct elimination
solution method for the matrix equations.

To ensure the consistency of the computer code and the accuracy of
numerical algorithms, FEWA and FEMA models were verified against
analytical solutions for three simple examples and the widely used U.S.
Geological Survey finite difference approximations. To demonstrate the
versatility and flexibility of FEWA and FEMA, two hypothetical, but
realistic and complex, problems were simulated. They were then applied
for calibration and validation, using data obtained in experiments
conducted at the Engineering Test Facility at Oak Ridge National
Laboratory. To demonstrate practical applicability of the models, they
were applied to three sites across the United States. Finally, the
predictive capabilities o,r the models were demonstrated using data
obtained at the Hialeah Preston site in Florida designated by the
U.S. Environmental Protection Agency as a number one priority site for
cleanup. This case illustrates the power and flexibility of both FEWA
and FEMA as predictive tools and their usefulness in the management of
jroundwater flow and contaminant transport.

MODEL DEVELOPMENT

Mathematical Statement

Based on (1) the continuity of fluid, (2) the continuity of solid,
(3) the motion of fluid (Darcy's Law), (4) the consolidation of media,
and (5) the compressibility of water, a three-dimensional transient
partial differential equation governing the distribution of pressure head
can be obtained (2,4). Then, by assuming that the groundwater flow in
aquifers is mainly horizontal (4), one can vertically integrate the
three-dimensional equation to yield the following standard groundwater
flow equation in aquifers:

Ss 9^ = V • T • V h + W(x,y,t) (1)

where Ss is the generalized storage coefficient, t is the time, h is
the hydraulic head, T is the transmissivity tensor, and W is the
source/sink function. The storage coefficient, S s, includes the
effects of the compressibility of water, the consolidation of the media,
and the specific yield of the aquifer. The transmissivity tensor is the
product of aquifer thickness and hydraulic conductivity tensor; thus, for
a confined aquifer, it is independent of the hydraulic head and the
problem ir linear. However, for an unconfined aquifer, it depends on the
hydraulic head, and the problem becomes nonlinear. The source/sink
function, W, includes three types of source/sink terms in FEWA (2):
(1) distributed source/sink, to represent the infiltration and
evapotranspiration; (?) point source/sink, to represent artificial
injections or withdrawals; and (3) leakage through confining beds, in the
case of confined aquifers.



Similarly, based on (1) the continuity of mass, (2) thp flux laws of
hya-ologic transport, (3) the consolidation of the media,
(4) cherrisorption, (5) radioactive decay, and (6) hypotheses of
biochemical decomposition, one can derive the governing equation for the
distribution of contaminant in three-dimensional aquifers. Using the
principle of vertical integration, one can obtain the following standard
transient partial differential equation of solute transport in horizontal
plane (3):

neRdb |C + V . (vt) = V • (ngbD • V C) - (\ + a'|h) b(n £ + P bS)

- neKwbC - peKsbS + M(x,y,t) (2)

where ne is the effective porosity, R^ is the retardation factor,
b is the aquifer thickness,.C is the vertically averaged concentration,
Vs is the Darcy's velocity, D is the dispersion tensor, \. is the decay
constant, a' is the modiTied compressibility of the media, S is ihe
sorbed concentration, Kw and Ks are degradation constants through
dissolved and sorbed phases respectively, and M(x,y,t) is the mass
source/sink function. The sorbed concentration, S, is related to the
dissolved concentration, C, by one of the three sorption models in FEMA
(3). Analogous to W in the flow equation, M in the mass transport
equation also includes three types of sources and sinks. In cases of
mass sources, M(x,y,t) is noc a function of C; but, in the case of mass
sinks, M is a linear function of the dissolved concentration, C.

Numerical Approximation

Solving Eqs. (1) and (2), with the associated initial and boundary
conditions (2,3), is the most important task in modeling groundwater flow
and contaminant transport in aquifers. (Without the solution, the models
are incomplete and of little use. Modeling is, after all, nothing more
than the computation of assumed processes.) Thus, devising appropriate
computational algorithms is of paramount importance in the development of
FEWA and FEMA. Basically, two approaches are available to solve Eqs. (1)
and (2): analytical techniques and numerical approximations.

To obtain an analytical solution, one generally must assume constant
:ystem parameters, constant flow field, and highly simplified geometry
for the region of interest. Exact explicit expressions for the
spatial-temporal distribution of hydraulic head, flow, and concentration
are then generated using integral and differential calculus. The
advantages of analytical solutions are numerous: for example, stability
and convergence are not a problem, accuracy is guaranteed, convenience is
a certainty, efficiency is assured, and the programming can be done with
minimum effort. However, the necessity of having to make various
simplifying assumptions severely restricts the applicability of these
solutions to natural problems. In spite of these restrictions, it
appears that some of the available one-, two-, and three-dimensional
analytical solutions (5,6,7,8) could be applied to well-defined and
simple geohydrological systems or could be used for approximate



calculations. Furthermore, these well-constructed analytical solutions
could be used to verify numerical methods.

While analytical solutions may be suited to some situations, most
field problems have such complex physical, chemical, and biological
characteristics that the flexibility of numerical approaches is
mandated. Numerical techniques approximate the governing partial
differential equations, Eqs. (1) and (2), by a set of algebraic
equations, which subsequently are solved using linear algebra. The most
commonly used numerical techniques are the finite difference method (FDM)
und the finite element method (FEM). There exist a variety of other
numerical methods, such as the method of characteristics (MOC) (9) and
the integrated finite difference method (IFDM) (10). These methods can
solve only a limited class of problems, however. For example, the IFDM
is stymied when the media are anisotropic, a common occurrence in
practically all field problems. Only the FDM and FEM are generic methods
that can be applied to almost all classes of problems. The fundamental
distinction between FEM and FDM is that the former is based directly upon
approximatinq the function, whereas the latter is based on approximating
derivatives. Thus, the FEM provides spatially continuous solutions
whereas the FDM yields solutions only at discrete points. In addition,
FEM has several advantages over FDM: (1) a better description of
irre^-lar boundaries, without the need for special formulas; (2) ease of
employing an irregular grid to provide different levels of spatial
discretization in different regions of the aquifer; (3) ease of handling
aquifer heterogeneity and anisotropy; (4) a requirement of fewer node
points, sometimes, to represent the aquifer to the same level of
accuracy, resulting in savings of computational time and computer
storage; and (5) the naturally resulting flux types of boundary
conditions from the integral formulation. Hence, the FEM was employed to
the solution of Eqs. (1) and (2) in developing FEWA and FEMA (2,3).

Model Verification and Demonstration

To verify the code consistency and to ensure the numerical accuracy,
three simple examples were used in FEWA (2) to compare numerical
simulations with analytical solutions. These three verfication examples
are (1) transient simulation in a confined aquifer without source, sink,
or leakage; (2) steady-state simulation in an unconfincd aquifer with
source/sinks but without leakage; and (3) steady-state computation in an
unconfined aquifer with both source/sink and leakage. Results indicated
that almost perfect agreements between FEWA computations and analytical
solutions were obtained for all three examples. The maximum error
produced by FEWA is less than two-tenths of a percent. After the
computer code was thoroughly checked and verified, two hypothetical but
realistic, complex problems were used to demonstrate the flexibility and
versatility of FEWA. These two examples were devised to show how FEWA
can be applied to heterogeneous and anisotropic media under transient
Dirichlet and flux boundary conditions with time-dependent source/sink
for both confined and unconfmed aquifers. Model predictions for these



two examples were consistent with and comparable to the qualitative
analysis of the hydrologic setting.

Five examples were presented in FEMA (3) for its verification and
demonstration. Two of these five examples were used to verify the
accuracy of numerical schemes and to check the consistency of the FEMA
program. Verification results indicated that the numerical algorithms
were accurate as long as the mesh Peclet number was less than ten. Many
other computer codes require that the mesh Peclet number be less than two
(11) to achieve acceptable accuracy. The requirement of a smaller mesh
Peclet number necessitates the adaptation of a smaller grid size,
resulting in excessive computational time and memory requirements. The
third example was used to show that, for large field problems, the
alternative successive iteration methods of solving the matrix equations
in FEMA would greatly save both the computational time and storage. The
example showed that even with a moderate size (61 x 51 nodes) problem,
the option in FEMA can save more than nine times as much CPU storage and
more than 30 to 50 times as much CPU time as customary (12). Finally,
two demonstration examples were devised to show how FEMA can be applied
to complex heterogeneous and anisotropic media in both confined and
unconfined aquiers (3). They also serve as a final verification of the
consistency of the computer code for various options built into the
program.

ENGINEERING TEST FACILITY SITE-SPECIFIC APPLICATIONS

In the continuing effort to develop and evaluate better computer
models for groundwater flow, an evaluation of the recently developed FEWA
model was conducted. FEWA was developed by Yeh & Huff (2) as part of the
model development subtask of the Shallow Land Burial, Humid Climates
task. FEWA is a two-dimensional finite element model of vertically
integrated horizontal, saturated groundwater flow. The model allows for
a variety of sources and sinks; confined, unconfined, or partially
confined/unconfined aquifers; and a host of other input options.

The model was validated using data collected at the ETF located in
SWSA 6 on the Oak Ridge Reservation. Approximately three years of
rainfall data and well-level data were collected at the site during a
site characterization study. The site is located on a small hillock and
the aquifer of interest is the unconfined aquifer directly below the
experimental disposal trenches (13). The site was modeled using four
different scenarios: (1) one-dimensional steady-state flow, (2) one-
dimensional transient flow, (3) two-dimensional steady-state flow, and
(4) two-dimensional transient flow (the two-dimensional steady-state flow
was used only as input to the two-dimensional transient model runs). For
the transient case, a single rainfall event, which occurred in February
1984, was modeled in an attempt to match the computed vs measured
well-level responses. The one-dimensional cases, which were completed
first, were used to determine the initial estimates of the hydraulic
conductivities, aquifer depth, and specific yield.



The aquifer recharge was estimated using rield observaii •-•?>•- during
rainfall events, time lag information for well-level response, and a
computed infiltration. The Greene & Ampt procedure was used to compute
the infiltration, which was assumed to be equal to the aquifer recharge
(zero evapotranspiration). The X and Y hydraulic conductivities were
estimated by assuming that the anisotropy ratio was 2:1 (along
strike:cross strike). The effective porosity and specific yield were
quite low compared with the total porosity (effective porosity 0.03;
t tal porosity 0.48). These small values are typical of the weathered
shale that makes up the upper portion of the unconfined aquifer. The
size of the area modeled was about 1 ha. The whole region is discretized
with 158 elements and 169 nodes. Nodes were located at each of the
piezometric head monitoring wells to aid comparisons. The boundary
conditions north of the two flumes were zero flux boundaries, except at
the nodes around well 375 at the top of the hill (assumed to be the
groundwater divide). These nodes used the measured water levels from the
well. The nodes south of the two flumes used Dirichlet boundary
conditions.

Two-dimensional simulations of transient flow were performed for the
data and conditions mentioned above. The response of the groundwater
table at wells is compared with the response of the co-located nodes.
The available data were insufficient to obtain an approximate steady-
state initial condition. Thus, an exact spatial match of the measured vs
computed water table was not expected. The objective was, instead, to
simulate the rise in the water table as a function of space and time.
Given the limited quantity of the input data, the simulated results were
considered surprisingly good. The agreement between model-response and
field measurements varied spatially.

This effort is just the first step in calibrating and validating the
FEWA model for the ETF. A report is currently being prepared that
contains more complete documentation of efforts to obtain a calibrated/
validated FEWA model of the ETF. A sensitivity study will also be
included in the report for a fuller evaluation of FEWA.

The FEWM/FEMA coupled modeling system for groundwater flow and mass
transport is currently being applied to the ETF. Previously FEWA had
been applied to the ETF and now, using the FEWA results, FEMA is being
used to simulate radionuclide transport. Tracer tests are being
conducted at the ETF to obtain necessary dispersion characteristics.
Unfortunately, the tracer has not broken through at any of the monitoring
wells. As a result, there are insufficient data at the ETF to perform
model calibration and validation for the mass transport model FEMA.
Therefore, a sensitivity analysis of FEMA is being conducted, using as
many of the ETF's characteristics as possible. The results from the
analysis will enable future users of FEMA to understand better the
sensitivity of model response to various input parameters.



GENERIC SITE APPLICATIONS

The application of a mode', consists of the following steps:
(1) selecting the physical sites to be modeled, (2) acquiring the data
required by the model, (3) preparing the input data and executing the
model, and (4) evaluating the model output. Step 1 is linked closely to
step 2, since it is not uncommon for sites to be unsuitable because of a
lack of data.

FEWA was first compared with the USGS two-dimensional finite
difference model developed by Trescott et al. (14). Although both trie
USGS model and FEWA included evapotranspiration, each treats this process
differently. While the USGS model considers evapotranspiration to be a
linear function of water depth from the surface, FEWA treats
evapotranspiration as being prescribed sinks. Therefore, the USGS model
would require two sets of data to simulate this process: one, the
measured evapotranspiration rate, and the other, the depth below land
surface at which evapotranspiration ceases. On the other hand, FEWA
needs only one data set to simulate this process, the measured
evapotranspiration rate. All geological and hydrologi^al input data
required by FF.WA are given in the USGS report, except for the
evapotranspiration potential. A default value of zero evapotranspiration
was used in FEWA. The results as simulated by the USGS model and FEWA
are comparable, with FEWA yielding consistently larger values of
piezometric head. This is expected because the latter neglects the
evapotranspiration. However, the maximum discrepancy between Lhe two
model results is less than 2% (piezometric head 173.6 ft vs 68.7 ft).
This implies that the evapotranspiration is negligible in comparison with
the sink from two pumping wells for this hypothetical problem.

The second example to which FEWA was applied was the Love Canal Site
in New York. This site was chosen partly for its notoriety but also
because practically all geological and hydrological data are available
for the site, which facilitated FEWA simulation (15,16). This site has
been studied previously, using the USGS model (16). Results indicated
that FEWA produced a good match (17) with both the field data and
Geotrans simulation. To demonstrate further the capability of FEWA, we
chose the Conesville site in Ohio, which has been investigated using a
digital model, VTT, other than the USGS model (18). The geological and
hydrological setting for this site has been very well described (18).
The input data for FEWA simulation can be readily obtained from Bond's
study. The agreement between FEWA simulation and field data is, in
general, excellent (19). The match between the results of FEWA and those
of the VTT model is almost perfect. Both computer models predicted
slightly lower piezometric heads than the field-measured values. The
maximum difference between FEWA simulation and field data is about 0.5 %
of the field data (17,19)

To test the predictive capability of FEWA, we chose a site for which
field data are available for two dates; information is also available for
the period in between those dates regarding rainfall, surface runoff and



jvaporat ion, pumping ra tes , and other relevant fac to rs . The s i t e
selected was the Hialeah-Preston we l l s , par t of the Biscayne aqui fer i n
south F lo r ida . Geological and hydrological information required fo r the
study was obtained from reports by M i l l e r , Hull and Beaven
(20,21,22,23). From these studies, piezometric surfaces data are
avai lable for Hay 3, 1977, and October 4 , 1977. The f i r s t set of data
(Hay 3, 1977) was used to ca l i b ra te model parameters. This was done by
matching the calculated piezometric surface at various values of the
parameter with the measured piezometric surface. A f te r the caMbra t ion ,
the same set of of parameters was used t o predic t the piezometric head on
October 4 , 1977, using measured i n f i l t r a t i o n , pumping ra tes , and
evaporation. The p red ic t ion fo r October 4, 1977, is i n good agreement
with the f i e l d data (17) .

The appl icat ion of FEMA to generic s i tes is being inves t iga ted . I t
w i l l be f i r s t compared w i th the USGS two-dimensional so lu te t ransport and
dispersion model developed by Konikow and Bredehoeft ( 9 ) . This w i l l
serve as a comparison between f i n i t e element models and hybr id f i n i t e
difference-method of charac te r i s t i c models. FEMA would then be applied
to the Idaho Chemical Processing Plant (ICPP) at Idaho National
Engineering Laboratory (INEL). This s i t e was chosen because the f i e l d
data are very complete and several studies have been made (24,25) . FEMA
w i l l a lso be ca l ib ra ted and val idated w i th the 58th St reet l a n d f i l l s i t e
in Miami, F lor ida. The l a n d f i l l is s i t ed over the Biscayne aqu i fe r ,
which has been rated by the U.S.EPA as being the number one p r i o r i t y s i t e
for superfund cleanup. Concentration data fo r the s i t e have been
obtained fo r many years, and geohydrological data are wel l documented.
Thus t h i s s i te i s very wel l sui ted f o r model v a l i d a t i o n , t o establ ish the
pred ic t i ve capab i l i t y of FEMA.

CONCLUSION

Two f i n i t e element models of groundwater flow and contaminant
t ranspor t , FEWA and FEMA, have been implemented that can deal wi th
t rans ien t boundary cond i t ions , tempora l -spat ia l l y dependent source/sink
terms, and variable i n i t i a l condi t ions. Heterogeneity and anisotropy of
the med^a can be handled eas i l y using the f i n i t e element approach. The
models have been v e r i f i e d in comparison wi th ana ly t i ca l so lu t ions and
with the results of the well-known USGS f i n i t e d i f ference model. They
were appl ied to three f i e l d s i tes across the country, as wel l as to the
ETF s i t e at Oak Ridge National Laboratory. In add i t i on , two hypothet ical
sites tha t were, by design, more complicated than the three f i e l d s i tes
were a lso simulated. These appl icat ions show that FEWA and FEMA can deal
with near ly a l l v e r t i c a l l y integrated two-dimensional groundwater f low
and contaminant t ranspor t problems.
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